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Direct comparison of the Cellartis® DEF-CS™ 500 
Culture System with different vendors´ systems 
for culturing human pluripotent stem cells

DEF-CS 500 Culture System

With this system the cells are passaged enzymatically, and the cells maintain pluripotency and stable karyotype for more than
30 passages.
In this application note, the Cellartis DEF-CS system was directly compared to four vendors’ feeder-free culture systems for expansion
and maintenance of hiPS cells. A feeder cell-based culture system was used as a control. Pluripotency and growth rate analysis indicate
that the Cellartis culture system provides robust growth while efficiently maintaining cells in an undifferentiated state.

Methods
Cell culture
The hiPS cell line 253G1 was thawed, seeded at a cell density of
1–3 x 104 cells/cm2, and maintained for five weeks in DEF-CS, and
in culture systems from four different vendors (vendor 1, 2, 3 and
4).The hiPS cells were cultured on feeder-free coatings specific for
each culture system and were handled according to each manu-
facturer’s recommendations. As a control, 253G1 hiPS cells were
cultured on a mitomycin-C treated STO feeder cell layer.

Growth rate and flow cytometry
After three weeks of adaptation to each culture system, the growth
rate of 253G1 hiPS cells was calculated for the next 20 days by
plotting the number of cells against days for each culture system.
Briefly, 253G1 hiPS cells from each culture system were detached
using the reagents recommended by each vendor. To count cells,
single cell suspensions were generated by introducing a second
digestion step for the aggregate cell systems using TrypLETM Se-
lect enzyme (Life Technologies). Cell number in the single-cell sus-
pensions was calculated manually.

After five weeks of culture, the hiPS cells were collected and in-
cubated with TRA-1-60 and SSEA-4 antibodies conjugated to Alexa
Fluor 488 and phycoerythrin, respectively. The labeled cells were
analyzed by flow cytometry (FC); side scatter (SSC), forward scat-
ter (FSC), and percentage of TRA-1-60 and SSEA-4 positive cells
were quantified for cells grown in the different culture systems.

Results
The cells were acclimated to each culture system for three weeks.
Then, growth rate and pluripotency were characterized for cells
growing in each system. The Cellartis DEF-CS culture system pro-
moted a high and robust growth rate for 253G1 hiPS cells (Figure 1).

It has previously been shown that SSC is highly heterogeneous
in undifferentiated pluripotent stem cells and predicts clonogenic
self-renewal (Ramirez et al.t , 2013). Cells grown in the various cul-
ture systems were collected and analyzed by FC. Cells grown in
the DEF-CS system displayed more heterogeneity iny SSC than the
cell populations grown in the other vendors’r culture systems (Figure 2).
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Figure 2. Scatter plot of SSC versus FSC for
253G1-hiPS cells as analyzed by FC.
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pluripotent stem (hiPS) cells.

Figure 1. Comparison of growth rate between
culture systems



Figure 3. Expression of thef plu-
ripotency markersy TRA1-60 and
SSEA-4. After five weeks in cul-
ture, TRA1-60 (A) and SSEA-4 (B)4
expression in 253G1-hiPS cells
was analyzed by FC.y
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Cells were also analyzed for expression of the stem cell markers
TRA-1-60 and SSEA-4. FC analysis indicated that cells grown in
the Cellartis DEF-CS culture system maintain the highest propor-
tion of TRA-1-60+ and SSEA-4+ cells, markers indicative of pluri-
potency (Figure 3).

Conclusions
The Cellartis DEF-CS culture system allowed for efficient and ro-
bust expansion of 253G1 hiPS cells similar to other vendors´ cul-
ture systems. Culture in the DEF-CS system resulted in a higher
proportion of pluripotent stem cells that express theTRA-1-60 and
SSEA-4 stem cell markers than the majority of the other systems

tested. The highly heterogeneous SSC versus FSC pattern was
similar for cells grown in the Cellartis DEF-CS system and the con-
trol feeder culture system, but was different for other vendors´
culturing systems. Taken together, these data indicate that the
DEF-CS system resulted in the most robust and stable growth
and was best able to maintain hiPS cells in an undifferentiated
state.
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Ramirez J.M.et al.t  (2013) Side Scatter Intensity Is Highly Hetero-
geneous in Undifferentiated Pluripotent Stem Cells and Predicts
Clonogenic Self-Renewal. Stem Cells Dev.s 22:1851–60.
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Evolution of the Cancer Stem Cell Model

Antonija Kreso1 and John E. Dick1,*
1Princess Margaret Cancer Centre, University Health Network, Toronto, Ontario M5G 1L7, Canada and Department of Molecular Genetics,
University of Toronto, Toronto, Ontario M5S 1A8, Canada
*Correspondence: jdick@uhnresearch.ca
http://dx.doi.org/10.1016/j.stem.2014.02.006

Genetic analyses have shaped much of our understanding of cancer. However, it is becoming increasingly
clear that cancer cells display features of normal tissue organization, where cancer stem cells (CSCs) can
drive tumor growth. Although often considered as mutually exclusive models to describe tumor heterogene-
ity, we propose that the genetic and CSC models of cancer can be harmonized by considering the role of
genetic diversity and nongenetic influences in contributing to tumor heterogeneity. We offer an approach
to integrating CSCs and cancer genetic data that will guide the field in interpreting past observations and
designing future studies.

Introduction
Despite advances in cancer treatment, many patients still fail

therapy, resulting in disease progression, recurrence, and

reduced overall survival. Historically, much focus has been on

the genetic and biochemical mechanisms that cause drug

resistance. However, cancer is widely understood to be a het-

erogeneous disease and there is increasing awareness that

intratumoral heterogeneity contributes to therapy failure and dis-

ease progression (Hanahan and Weinberg, 2011). A tumor is not

simply a ‘‘bag’’ of homogeneousmalignant cells. Rather, a tumor

is a complex ecosystem containing tumor cells, as well as

various infiltrating endothelial, hematopoietic, stromal, and other

cell types that can influence the function of the tumor as a whole.

These extraneous cell types can influence tumor cells directly

and can create metabolic changes such as a hypoxic environ-

ment and nutrient fluctuations, which contribute to heterogeneity

in the function of malignant cells. By functioning as a complex

ecosystem, overall tumor fitness may be enhanced, ultimately

impacting therapy failure (Junttila and de Sauvage, 2013). Aside

from these non-cell-autonomous effects, even individual malig-

nant cells within a tumor can possess variation in growth,

apoptosis, metabolism, and other ‘‘hallmarks of cancer.’’ How-

ever, the mechanisms driving intratumoral variation in cellular

function have, until recently, been uncertain.

Three avenues of cancer research are coming together to pro-

vide increasing clarity to the underlying mechanisms of tumor

heterogeneity and uncovering how these are linked to therapy

resistance, tumor progression, and recurrence. Advanced

genome sequencing has demonstrated that cancer within a sin-

gle patient is a heterogeneousmixture of genetically distinct sub-

clones that arise through branching evolution (Burrell et al., 2013;

Greaves and Maley, 2012). The unique driver mutations within

each subclone can impact the cancer hallmarks differently,

thereby contributing to functional heterogeneity. In parallel,

strong evidence is emerging that nongenetic determinants,

largely related to developmental pathways and epigenetic mod-

ifications (DNA methylation, histone modification, chromatin

openness, microRNA [miRNA], and other noncoding RNA)

contribute to functional heterogeneity (Dick, 2008; Meacham

and Morrison, 2013; Nguyen et al., 2012). These determinants

are generally ascribed to the maintenance of normal tissue

stem cell hierarchies. Similarly, nongenetic determinants create

hierarchically organized tumor tissues where a subpopulation

of self-renewing cancer stem cells (CSCs) sustains the long-

term clonal maintenance of the neoplasm. Although consider-

able controversy remains as to which tumor types are

hierarchically organized and how best to define CSCs, this

developmental and/or hierarchical model has generated consid-

erable interest because CSCs appear to possess properties that

make them clinically relevant. Evidence from both experimental

models and clinical studies indicate that CSCs survive many

commonly employed cancer therapeutics. Moreover, the prop-

erties and transcriptional signatures specific to CSC are highly

predictive of overall patient survival pointing to their clinical rele-

vance. Although this area will not be discussed in our review, an

additional promising avenue is the recognition that there are

many nontumor cell elements associated with tumors, referred

to collectively as the tumor microenvironment (TME) (Hanahan

and Coussens, 2012). The juxtaposition of a tumor cell with the

TME influences the function of that cell, resulting in significant

variation in cellular function. The complexity imposed by the

TME is amplified due to crosstalk between tumor cells and the

TME. The TME plays a role in adaptive drug resistance, as cells

of the same genetic make-up can be sensitive or resistant to

drugs depending on the context they are in. Recent studies

also point to the potential for the TME to initiate stem cell-like

programs in cancer cells (Charles et al., 2010; Vermeulen et al.,

2010). Collectively, all three mechanisms are strongly linked to

therapy failure and tumor recurrence and all are important deter-

minants of tumor fitness (Figure 1).

We will focus our Review on the genetic and developmental

mechanisms that generate tumor heterogeneity, and we will

emphasize human studies. Although often considered as mutu-

ally exclusive models to describe tumor heterogeneity, we pro-

pose that the genetic and developmental and/or hierarchical

models of cancer can be harmonized. Indeed, recent findings

in leukemia and solid tumors indicate that gene-expression sig-

natures specific to CSC and normal stem cells are highly prog-

nostic for outcome across a wide spectrum of patients with

diverse driver mutations (Bartholdy et al., 2014; Eppert et al.,

2011; Gentles et al., 2010; Merlos-Suárez et al., 2011), suggest-

ing that stemness is a central biological property or process

Cell Stem Cell 14, March 6, 2014 ª2014 Elsevier Inc. 275



upon which many driver mutations coalesce. Thus, our central

hypothesis is that three facets—genetic diversity, epigenetics,

and the TME—contribute to tumor heterogeneity, and the clinical

relevance of each is related to the extent to which it impinges on

stemness and thereby influences patient survival (Figure 1).

Defining Stemness
Themodern era of stem cell research began in 1961 with the pio-

neering studies of Till and McCulloch who developed a clonal

in vivo repopulation assay and used it to show that a single he-

matopoietic cell had multilineage differentiation potential while

still retaining the property of self-renewal. Although multilineage

differentiation potential is often considered a stem cell property,

studies in the hematopoietic system have clearly identified

distinct cells capable of both repopulation and multilineage

potential but lacking self-renewal potential. Thus, the cardinal

property of a stem cell is self-renewal, whether normal or malig-

nant. Self-renewal is the key biological process where, upon cell

division, a stem cell produces one (asymmetric division) or two

(symmetric division) daughters that retain the capacity for self-

renewal, ensuring that the stem cell population is maintained

or expanded for long-term clonal growth. Operationally, the

gold standard measure of a stem cell is maintenance of long-

term clonal growth in functional repopulation assays, involving

either transplantation into serial recipients or in situ tracking.

Indeed the lack of adherence to this principle has generated

much confusion in the CSC field. Many studies employ surrogate

in vitro assays such as serial replating of tumorspheres or report

on serial passage of bulk tumor cells. However, only clonal serial

in vivo repopulation assays can formally test self-renewal of stem

cells. The molecular programs that underlie the stem cell state

are only just emerging as studies are defining critical epigenetic

states and the transcription factors and epigenetic modifiers

(e.g., Polycomb complexes and miRNA) that are responsible

for endowing self-renewal to a cell. The term ‘‘stemness’’ is

increasingly being used in the literature to refer collectively to

the integrated functioning of molecular programs that govern

and maintain the stem cell state. We will adopt the term ‘‘stem-

ness’’ throughout this review to denote this meaning.

Cancer Stem Cells and Tumor-Initiating Cells
By definition, both CSCs and normal tissue stem cells possess

self-renewal capacity; however, self-renewal is typically deregu-

lated in CSCs. Formany cancers, CSCs represent a distinct pop-

ulation that can be prospectively isolated from the remainder of

the tumor cells and can be shown to have clonal long-term repo-

pulation and self-renewal capacity—the defining features of a

CSC (Clarke et al., 2006; Nguyen et al., 2012). However, in

some cancer types it has not been possible to distinguish

CSCs from non-CSCs because most cells have CSC function.

Such tumors seem to be homogeneous or possess a very

shallow hierarchy. As well, some evidence is emerging that

certain cancer cells exhibit plasticity by reversibly transitioning

between a stem and non-stem-cell state (although this is a

controversial and intensely debated topic). Thus, even though

some tumors may not be organized into a rigid hierarchy, the

stemness state contributes a variety of functions that enable

cells to survive therapy. A key proposition of our review is that

the determinants of stemness are the core contributors that

affect therapy failure, regardless of whether these determinants

are present within a transitory state or in well-defined CSC pop-

ulations. Like CSCs, transitory cells also possess clonal tumor-

initiation capacity; however, prospective isolation is difficult.

Thus, in terms of nomenclature they pose a problem and formally

they should not be termed CSCs, a term restricted to cases

where self-renewing CSC can be prospectively purified. We

and others refer to such cells on the basis of the functional

tumor-initiating cell (T-IC) or leukemia-initiating cell (L-IC) assays

that identify them. T-IC or L-IC are defined by their ability to: (1)

generate a xenograft that is representative of the parent tumor,

(2) self-renew as demonstrated by serial passage in a xenograft

assay at clonal cell doses, and (3) give rise to daughter cells that

may possess proliferative capacity but are unable to establish or

maintain the tumor clone upon serial passage (Clarke et al.,

2006). The T-IC/L-IC terms can also be applied in situations

where a bona-fide CSC exists, but the proper combination of

cell surface markers required for their prospective isolation has

not been found. For ease of reading, we have adopted the

term T-IC/L-IC throughout our review to refer to all cells with

clonal long-term tumor initiating function and not just to those

where prospective isolation has been possible.

Historical Perspectives on Tumor Heterogeneity
Heterogeneity in the cellular morphology of tumors was noted by

the great experimental pathologists of the 1800s. Aside from

cellular morphology and tumor histology (Heppner, 1984),

improved technology has uncovered additional features of het-

erogeneity between tumors, including variation in cell surface

markers (Dexter et al., 1978; Pertschuk et al., 1978; Poste

et al., 1980; Raz et al., 1980), genetic abnormalities (Mitelman

Figure 1. Stemness as a Guiding Principle that Governs Therapeutic
Response
Three fields in biology—cancer genetics, epigenetics, and microenviron-
ment—are coming together to provide increasing clarity to the processes that
determine stemness and in turn influence clinical outcome. These three factors
can influence stemness simultaneously, but they can also act independently
over time. Through evolutionary time, different forces can impact a cell’s
stemness properties and thereby shape tumor progression and therapeutic
response.
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et al., 1972; Shapiro et al., 1981), growth rates (Danielson et al.,

1980; Dexter et al., 1978; Gray and Pierce, 1964), and response

to therapy (Barranco et al., 1972; Heppner et al., 1978). Early

evidence pointed to the existence of multiple tumor cell subpop-

ulations within single cancers, including melanoma (Gray and

Pierce, 1964), sarcoma (Mitelman, 1971; Prehn, 1970), mam-

mary tumors (Dexter et al., 1978; Henderson and Rous, 1962;

Heppner et al., 1978), colon cancer (Dexter et al., 1979), and

other solid tumors (Klein and Klein, 1956). Along the same lines,

when single cells were cloned from a metastatic mouse mela-

noma cell line and injected into syngeneic hosts, the degree of

metastasis varied extensively, indicating that diversity existed

within the parental tumor cells enabling only some clones to

metastasize (Fidler and Kripke, 1977). Important evidence for

diversification of tumor cell characteristics came from studies

in malignant glioma (Shapiro et al., 1981), where primary human

tumor cells were isolated and mitoses analyzed by karyotyping.

The established karyotypic heterogeneity in the primary tumor

was used as a marker for clonal subpopulations derived from

primary cells through limiting dilution plating. Cloned subpopula-

tions differed with respect to their sensitivity to chemotherapeu-

tics (Yung et al., 1982) and genetic stability (Shapiro et al., 1981).

Evidence that functional tumor cell heterogeneity exists in vivo

came directly from human acute myeloid and lymphoblastic leu-

kemia patients, where in vivo 3H-TdR radiolabeling showed

marked differences in the proliferation kinetics of individual

leukemic cells that could be distinguished on the basis of

morphology (Clarkson et al., 1970; Gavosto et al., 1967; Killmann

et al., 1963). Thus, this era yieldedmany observations describing

variation in functional parameters and established that growth

properties of individual cells within a tumor were far from

homogeneous.

Of particular importance from this earlier era of cancer

research was quantitative evidence from syngeneic mouse tu-

mor grafting experiments showing that the capacity to initiate a

new tumor and sustain disease was variable, with not every

cell able to function as a T-IC (Bruce and Van Der Gaag, 1963;

Hewitt, 1958). The same observations were made in studies

that were carried out in human patients, where tumors were au-

totransplanted subcutaneously into the same patient (Southam

et al., 1962). These studies not only illustrated that tumor reinitia-

tion was variable, but that even in syngeneic recipients T-ICwere

rare. Collectively, these clonal studies established that tumors

are not a collection of homogeneous cells with equal capacity

for proliferation. Instead, analogous to an intricate ecosystem,

tumors are complex networks where individual cells display a

diverse set of characteristics and function together to support

the growth and maintenance of the tumor as a whole.

Since the original conception of evolutionary reasoning (Dar-

win, 1859), it has become evident that genetic diversity within

a species’ gene pool enhances its ability to survive and adapt

to changing environments over time. Likewise, the stability and

robustness of ecosystems depends on the degree of biodiversity

(Loreau et al., 2001; Tilman et al., 2006). In developmental

biology, different specialized cell types need to exist for the

effective functioning of organs. For example, for the proper func-

tioning of the blood system, hematopoietic stem cells (HSCs)

need to produce a heterogeneous pool of specialized cell types

that differ in structure and function. Heterogeneity even within

the HSC pool has been described (Cheung et al., 2013; Yama-

moto et al., 2013). Without this diversity, the function of the blood

system would be compromised. While the evolution of species

and biodiversity in ecology are consequences of changes at

the genetic level, diversity in cell function and tissue develop-

ment within an organism are the result of nongenetic, develop-

mental programs.

Genetic Mechanisms as the Source of Tumor
Heterogeneity
A guiding principle in cancer research is that tumor initiation and

progression result from the sequential acquisition of genetic mu-

tations that contribute to subsequent clonal expansions (Nowell,

1976). This view is strongly supported by early studies where ge-

netic mutations were analyzed across different stages of colo-

rectal cancer (Vogelstein et al., 1988). These studies established

that genetic changes cause phenotypic manifestations, a finding

that added significant weight to the idea that cancer develop-

ment follows the rules of Darwinian evolution (Cairns, 1975;

Nowell, 1976). The basic premise of this long-standing idea is

that a cell that is endowed with an advantageous heritable muta-

tion generates progeny that has a survival advantage over other

cells that lack this mutation. Consequently, the progeny of the

cell with increased fitness will flourish and produce a clonal pop-

ulation that dominates the site where it originated. Over time,

additional advantageous mutations can arise, endowing a

further growth advantage to another cell within the clone. As

unique subclones arise, different outcomes are possible: less

fit subclones can be completely lost with the most fit subclone

dominating, or many minor subclones can persist alongside

the dominant clone, forming reservoirs from which evolution

can continue. Overall, models where subclones persist and/or

contribute to independent phylogenetic lineage trees within

single tumors are highly reminiscent of the branching evolution

that Darwin described as leading to increased fitness and overall

robustness of a species (Figure 2).

Technological advances have made high-throughput se-

quencing of tumor genomes possible. The last 6 years have

seen a flood of whole exome sequencing (WES) and whole

genome sequencing (WGS) of thousands of tumors, enabling

complex analyses of the mutations that are present within a

single tumor and across multiple tumors (Garraway and Lander,

2013). Several principles are emerging from this work, including

that fact that the mutational burden is highly variable across

tumor types (Lawrence et al., 2013). For example, leukemias

tend to have the lowest number of mutations per tumor

compared to adult solid tumors. Even within the same tumor

type, there is considerable variation in driver mutations and the

same driver mutations can occur in different tumor types, sug-

gesting that the same pathways can be active in different tumors

(Alexandrov et al., 2013; Kandoth et al., 2013). The high intertu-

mor and intratumor heterogeneity makes it difficult to establish

without functional testing whether a particular somatic polymor-

phism is a driver mutation or a passenger variant. WGS shows

that tumors contain thousands of variants, making resolution of

the passenger and driver issue a substantial challenge. The

origin of passenger mutations was recently elegantly docu-

mented in acute myeloid leukemia (AML) genetic studies. Of

the many hundreds of mutations that are found in AML blasts,
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many were actually present in the founder HSC that was the cell

of origin for the AML subclone; these mutations arose every time

the normal HSC divided and remained functionally neutral and

thus can be considered passengers (Jan et al., 2012; Welch

et al., 2012). The acquisition of the oncogenic driver within one

such HSC ‘‘trapped’’ the preexisting spectrum of mutations

within the AML subclone that expanded and progressed from

this initiating cell. After development of leukemia, very few

additional mutations are needed to drive the last population

expansion, although hits continue to be acquired as the disease

progresses (Jan et al., 2012; Welch et al., 2012). Thus, the driver

and cooperating mutations that the AML subclone acquires dur-

ing leukemic progression need to be filtered out from the large

spectrum of passengers that preexisted and will continue to

arise as AML cells proliferate. Similar approaches have been

taken in breast cancer and other solid tumors to distinguish

drivers from passengers (Nik-Zainal et al., 2012; Stephens

et al., 2012). While these approaches clearly document how

the mutational landscape of individual patients can influence

the heterogeneous properties between patients, more sophisti-

cated approaches are needed to determine how genetic mech-

anisms contribute to heterogeneity within tumors.

Intratumoral Genetic Diversity
A key proposition of the multistep tumorigenesis model put forth

by Cairns and Nowell is that there are sequential sweeps of

clonal dominance that are variably detected depending on

when a tumor is sampled. However, they also conceived that

the tumor might contain multiple branches or subclones that

are evolving independently (Figure 2). Indeed, with deeper

sequencing and improved bioinformatic methods, it is becoming

clear that tumors are often composed of a dominant genetic

clone plus one or more genetically distinct subclones. For

example, topological sampling of tumors has shown that

different regions possess distinct mutations that are reflective

of genetic subclones seeding different parts of a single tumor

(Gerlinger et al., 2012). In the case of metastatic renal cancer,

70% of somatic variants were not found in all biopsies of the

same tumor; only a VHL mutation and loss of a region on 3p

were ubiquitous. Even gene-expression signatures of good

and poor prognosis were detected in different regions of the

same tumor. Intratumoral diversity with respect to metastatic

progression was shown in pancreatic cancer. By sequencing

the genomes ofmetastases and different regions ofmatched pri-

mary tumors obtained through rapid autopsies from seven indi-

viduals with end stage pancreatic cancer, the primary tumor was

found to harbor geographically and genetically distinct sub-

clones that gave rise to lung, liver, or peritoneal metastases

within the same patient (Yachida et al., 2010). Importantly,

despite the presence of founder mutations within the parental

clones, the cells giving rise to metastatic lesions had a large

number of additional mutations, indicating that further clonal

evolution had taken place during metastasis. Others have also

reported genetic heterogeneity between metastasis-initiating

cells in pancreatic cancer (Campbell et al., 2010). These studies

highlight the complexity in predicting which subclones will prog-

ress to metastasis, even after the genomic architecture of the

primary tumor is established.

With the ability to detect genetic subclones within tumors, it is

now possible to create lineage maps that provide insight into the

subclonal evolution. Such advancements have made it possible

to reconstruct the life histories of breast cancers (Nik-Zainal

et al., 2012). By sequencing 20 breast cancers to an average

30–403 coverage and one cancer to 1883 depth and applying

a new bioinformatics algorithm (Greenman et al., 2012) to recon-

struct the genomic history, the authors showed that breast can-

cer evolves through acquisition of driver mutations that produce

clonal expansions. Interestingly, the drivermutations occur infre-

quently in long-lived lineages that passively accumulate muta-

tions without expansions. The most recent common ancestor

appeared surprisingly early, indicating that much of the time is

spent driving subclonal diversification and evolution among the

nascent cancer cells (Nik-Zainal et al., 2012). These studies do

not just give a snapshot of the tumor, but narrate the steps it

has taken before it was diagnosed, providing promising avenues

for earlier screening. One caveat of these studies is that interpa-

tient tumor genetic variability is likely extensive and it may thus

be challenging to delineate a common set of steps that are char-

acteristic of different breast cancer subtypes. The key question

that the discovery of subclonal diversity raises is which clones

will survive therapy and progress to cause recurrence and/or

metastasis.

Studies in leukemia have been particularly instructive in

revealing the presence of subclones and their role in tumor pro-

gression. Analysis of chromosomal translocation breakpoints

and DNA copy-number alteration (CNA) profiling in twins with

ETV6-RUNX1 positive acute lymphoblastic leukemia (ALL)

showed that a preleukemic clone is initiated in utero that ex-

pands, seeds both twins, but then evolves with different kinetics

and CNA acquisition in each twin (Bateman et al., 2010; Hong

Figure 2. Unified Model of Clonal Evolution and Cancer Stem Cells
Top panel shows that acquisition of favorable mutations can result in clonal
expansion of the founder cell. In parallel, another cell may gain a different
mutation that allows it to form a new subclone. Over time, genetic mutations
accumulate and subclones evolve in parallel. Bottom panel shows that it may
be that CSCs are not static entities but can evolve over the lifetime of a cancer
as genetic changes can influence CSC frequency. Some subclones may
contain a steep developmental hierarchy (left), where only few self-renewing
CSCs exist among a large number of non-CSCs.Other subclones (middle) may
contain an intermediate hierarchy, where the number of CSCs is relatively high
but a hierarchy still exists. Some subclones may have the genetic alterations
that confer high self-renewal potential, where most cells are tumorigenic. In
this scenario, applying the CSC concept to such homogeneous subclones is
not warranted because most cells can self-renew and few non-CSC progeny
are generated.
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et al., 2008; Li et al., 2003; Zuna et al., 2004). Genome-wide CNA

profiling of paired diagnostic and relapse samples of ALL has

been informative (Inaba et al., 2013; Mullighan et al., 2008). In

approximately 40% of cases, the leukemic subclone present at

relapse was identical to the subclone present at diagnosis or it

was a direct evolutionary product. However in 50% of cases,

the relapse subclone shared only limited genetic identity with

the diagnostic subclone and did not evolve from it. Similar find-

ings came from WGS studies of paired diagnosis and relapse

AML samples: the major population at relapse shared only

limited genetic identity with the major population at diagnosis

and did not evolve from it. These findings from B-ALL and AML

predicted the presence of genetically distinct subclones at diag-

nosis and the existence of ancestral, prediagnostic subclones.

These results indicate that tumor evolution may occur through

a more complex branching model that gives rise to genetically

distinct subclones at diagnosis that vary in aggressiveness and

response to therapy (Greaves, 2009, 2010). Moreover, these

data establish that there is subclonal variation in both the

response to therapy and the probability that a subclone will sur-

vive and regenerate a new tumor.

However, these are still in silico depictions of intratumoral di-

versity and they are inferred from bulk tumor tissue. This limita-

tion makes it difficult to determine how and when population

expansions occurred to generate subclones and there are ques-

tions of whether the sequencing was deep enough to reveal the

entire population substructure. Like population studies of human

evolution or in ecology, lineage trees that describe evolutionary

history are best undertaken with single cells. If large numbers

of single cells are analyzed, their relationship to one another

can be mapped and phylogenetic lineage trees can be created

(Melchor et al., 2014; Navin et al., 2011; Potter et al., 2013;

Shlush et al., 2012). Early studies of this type have now been re-

ported for some leukemias and lymphomas, and they reveal a

high degree of complexity within single tumors. Shlush et al.

tracked polymorphic somatic mutations in large numbers of sin-

gle leukemia cells taken at diagnosis and relapse and recon-

structed cell lineage trees based on their divisional history. The

reconstructed lineage trees from cells at relapse were shallow

(indicating that they divide rarely) compared to cells at diagnosis,

which showedmanymore subpopulations. Interestingly, relapse

cells were closely related to the L-IC enriched subpopulation

from the diagnostic sample, which is known to be relatively

quiescent. This result implies that in these instances, relapse

might have originated from rarely dividing L-IC. Given the impor-

tance of L-ICs to tumor growth, it will be important to broaden

this type of single cell analysis tomore samples and to determine

the extent to which L-IC are involved in establishing a genetically

diverse relapse.

Collectively, the identification of genetically diverse subclones

within single tumors provides strong evidence that intratumoral

heterogeneity can be driven by the unique mutation spectrum

present within each subclone (Figure 1). However, key questions

remain that sequencing studies alone cannot resolve. One major

challenge is determining which mutations are able to drive tumor

growth and how to link these drivers to the clonal propagation

potential of subclones. Does genetic diversity exist in tumor cells

that are responsible for long-term tumor propagation? Which

subclones will evolve further? Will all cells within a subclone be

equally sensitive to therapy? Which clones will recur or metasta-

size? Studies to answer these questions require functional

assays.

Nongenetic Mechanisms as the Source of
Heterogeneity—the Cancer Stem Cell Model
Although the idea that cancer retains features of embryological

development has a long history (Cohnheim, 1875), the modern

idea that developmental programs underlying normal tissue

organization may still function to some extent in cancer began

with seminal studies of teratocarcinoma (Pierce et al., 1960),

small cell lung carcinoma (Baylin et al., 1978), andmammary car-

cinoma (Bennett et al., 1978; Hager et al., 1981). They suggested

that many tumor cells were differentiated and that these ‘‘differ-

entiated’’ cells were generated by tumor ‘‘stem’’ cells, similar to

normal tissue stem cells producing normally differentiated tis-

sues. Thus, tumors can be considered as caricatures of embryo-

genesis or normal tissue renewal (Pierce and Cox, 1978; Pierce

and Speers, 1988). Early studies in the hematopoietic system

were also instructive. There was clear evidence from cytokinetic

labeling studies that themajority of leukemia blasts were postmi-

totic and needed to be replenished from a small population of

highly proliferative cells (Clarkson et al., 1967; Clarkson et al.,

1965; Clarkson, 1969). Presciently, these studies also predicted

the existence of a rare leukemic population that cycled very

slowly and showed resistance to antiproliferative therapies and

therefore was thought be the source of recurrence. Since similar

cytokinetics were observed for normal hematopoietic stem cells,

it was proposed that the slow-cycling leukemia cells were

responsible for the continued generation of the proliferative frac-

tion, representing a leukemic ‘‘stem cell’’ population (Clarkson,

1974). These early studies, together with efforts to identify clono-

genic AML progenitors (Buick et al., 1977; McCulloch, 1983;

Metcalf et al., 1969; Moore et al., 1973), sparked an interest in

thinking about leukemia in terms of hierarchical organization,

as was being established for normal hematopoiesis at that time.

In order to demonstrate that a tumor is organized in a hierar-

chical manner, it is crucial to establish that it consists of function-

ally distinct cell types that can be prospectively purified and

assayed. With the development of fluorescence-activated cell

sorting techniques (Bonner et al., 1972), coupled with refine-

ments in xenografting techniques in immune-deficient mice, it

was possible to engraft normal human hematopoietic cells

(Kamel-Reid and Dick, 1988; Lapidot et al., 1992) and leukemic

cells in mice (Dick et al., 1991; Kamel-Reid et al., 1991; Kamel-

Reid et al., 1989). These tools, along with quantitative assays,

set the stage for the first purification of T-IC, the operational

term for human CSCs (Clarke et al., 2006).

Flow sorting using cell surface markers CD34 and CD38 was

used to prospectively isolate human T-IC in AML, termed leuke-

mia-initiating cells (L-IC) (Lapidot et al., 1994). The leukemia

initiation potential was in the CD34+CD38� fraction and no

engraftment was detected from the CD34+CD38+ or CD34� frac-

tions. By injecting different numbers of cells per mouse and

establishing a linear correlation with engraftment, it was calcu-

lated that 1 in 2.53 105 cells could initiate a leukemic graft (Lap-

idot et al., 1994). Analysis of additional AML samples in a more

sensitive immune-deficient mouse model (using non-obese dia-

betic/severe combined immunodeficiency [NOD/SCID] mice)
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followed this initial study (Bonnet and Dick, 1997), further estab-

lishing that AML is organized as a hierarchy with CD34+CD38�

L-IC at the apex. These studies provided proof for the

hypotheses from the 1960s and established that not every

AML cell was equal and only rare cells were L-IC.

The initial studies in AML laid the foundation for the generation

of CSC studies in solid tumors that followed. The first identifica-

tion of CSCs in a solid tumor was achieved over ten years ago in

human breast cancer (Al-Hajj et al., 2003). A subset of breast

cancer cells (CD44+CD24�) was prospectively isolated and

shown to be solely responsible for sustaining the disease in

immune-deficient mice. The CSC subset could be serially

passaged and the xenografts generated were histologically het-

erogeneous, resembling the parent tumor from which they were

derived. These results demonstrated that the same CSC princi-

ples that had previously been shown to apply in an AML model

could also be translated to a solid tumor. Since the initial publi-

cation in breast cancer, a plethora of papers have been pub-

lished identifying CSCs in numerous cancers including brain

(Singh et al., 2004), head and neck (Prince et al., 2007), pancreas

(Hermann et al., 2007; Li et al., 2007), lung (Eramo et al., 2008),

prostate (Collins et al., 2005; Patrawala et al., 2006), colon

(O’Brien et al., 2007; Ricci-Vitiani et al., 2007), and sarcoma

(Wu et al., 2007). In all cases, non-T-ICs were generated in the

xenografts providing evidence for hierarchical organization.

However, in most cases where patient-derived cancer samples

were used, no genetic analysis was undertaken to compare

the xenografts to the primary tumor to determine whether there

was selective outgrowth of one or more subclones. Nonetheless,

CSCs appeared to be a common feature across different cancer

subtypes and tumors from different tissues. Collectively, the

studies illustrated that the ability to initiate and propagate tumor

growth varies between different cells within a cancer and that

this variation is due to a hierarchical relationship between tumor-

igenic and nontumorigenic cells. This relationship is comparable

to developmental hierarchies seen in normal tissues where stem

cells reside at the apex and are responsible for generating

progeny that in turn exhibit increasing commitment and lineage

restriction.

Xenografting and CSC Detection
Because tumor initiation is one of the defining features of CSCs,

xenografting is central to the CSC model. A limitation of xeno-

graft studies is that even orthotopic transplantation may not

faithfully reproduce the TME or the growth factor milieu found

within a patient’s tumor. Some murine growth factors are not

cross-species reactive (e.g., TNF) (Bossen et al., 2006; Rong-

vaux et al., 2013). These environmental differences can impart

selective forces on tumor cells. As a result, some cells that

would possess T-IC activity in humans might not display growth

as xenografts. Moreover, the experimental techniques neces-

sary to obtain single cells to test for T-IC activity are harsh.

Digestion of a solid tumor into single cells causes a loss of

stromal components and cellular architecture. Cells are under

atmospheric oxygen levels and are subjected to abrupt changes

in nutrients and pH. Furthermore, cells are stained with anti-

bodies to cell-surface molecules and passed through a sorting

machine to separate putative CSCs from non-CSCs. After hours

of preparation under conditions that are drastically different

from the native environment of the tumor, cells are then finally

injected back into a xenogeneic environment and assayed for

growth potential. Given these harsh experimental procedures,

testing for the presence of CSCs effectively tests for the most

robust cell that can grow. In addition, key aspects of the TME

are altered in the transplantation process. All of these changes

may affect a cancer cell’s growth properties in the xenograft

assay.

Over the past two decades, there have been steady improve-

ments to the xenograft assay, including development of more

immune-deficient recipient mice, better methods for transplan-

tation, and humanizing recipients with human TME and/or

growth factors (Rongvaux et al., 2013). Accordingly, some

aspects of the initial CSC model have needed to be refined.

For example, L-ICs were thought to reside solely in the

CD34+CD38� fraction of AML (Bonnet and Dick, 1997; Lapidot

et al., 1994). However, by using more immune-deficient

NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJll (NSG) mice, L-IC can now

be detected in other fractions (Taussig et al., 2008). Careful ex-

amination of larger sample numbers using NSG mice together

with intrafemoral transplantation to improve the sensitivity for

L-IC detection has confirmed the essential conclusion of the

original studies: in virtually all samples, L-IC reside in the

CD34+CD38� fraction. Still, in at least half of the samples

(>100 samples tested, data not shown), L-ICs are also found in

at least one other fraction (usually CD34+CD38+). In addition to

analyzing the phenotypic fractions that contain L-ICs, the size

of the population and the L-IC frequency therein need to be taken

into account. Nevertheless, in the vast majority of cases evi-

dence of a hierarchy is still seen since fractions devoid of L-IC

are found (Eppert et al., 2011). In those samples where cell

surface marker analysis using CD34 and CD38 cannot identify

a cell fraction that is devoid of L-IC activity, we have found that

sorting cells on the basis of miRNA expression levels can be

used to prospectively separate L-IC and non-L-IC fractions

(Gentner et al., 2010; Lechman et al., 2012). Thus, even in those

samples we cannot conclude a priori that the tumor does not

follow the CSC model. Rather, we suggest that the cell surface

markers are uninformative and not valid to make a determination

of hierarchical organization in those cases. The use of sorting

based on differential expression of miRNA represents a poten-

tially powerful method that has already shown utility for sorting

human HSC. This method needs to be explored further as a

means to fractionate cells when cell surface markers are not

available (as for many solid tumor types) or where they are unin-

formative (Amendola et al., 2013). In addition to miRNA, the use

of reporter assays that measure cellular signaling pathway activ-

ity, such as the Wnt reporter (Vermeulen et al., 2010), can be

used as alternative means of measuring distinct cellular fractions

that may segregate T-IC and non-T-IC. The tools for analyses of

other important pathways in human cells is only beginning to

emerge and it will be interesting to see how intracellular signaling

markers will impact the identification of T-ICs. At least in AML,

the strongest independent piece of evidence supporting the

utility of the xenograft assay to detect bona fide L-IC is that

only gene signatures from functionally validated L-IC popula-

tions are strongly prognostic for patient survival (Eppert et al.,

2011). This and other evidence is presented in the Linking Stem-

ness, Prognosis, and Therapy section.
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In the context of solid tumors, there have been many more

discordant findings regarding the phenotype and properties of

T-IC depending on experimental conditions and the type of

xenograft assays employed. Through the use of recipients with

increased immune-deficiency, the assayed frequency of T-IC

in melanoma changed by many orders of magnitude such that

the most permissive recipient read out a T-IC frequency of virtu-

ally 1 in 1 (Quintana et al., 2010). As most tumor cells were T-IC,

such tumors appear to be homogeneous and not following a

hierarchical model of tumor organization, although some have

argued that there may be methodological explanations (Boiko

et al., 2010). Nevertheless, use of more immune-deficient mouse

models does not necessarily change the evidence documenting

the existence of CSC and formany tumors a hierarchy containing

T-IC and non-T-IC was seen (Ishizawa et al., 2010; O’Brien et al.,

2012). In others cases such as breast cancer, the implantation of

human stromal elements appears to mitigate many problems

and enables reliable detection of T-IC (Kuperwasser et al.,

2004). Overall, future use of recipients that express components

of the human immune system, as well as cross-species reactive

growth factors, should be valuable modifications to the xeno-

graft assay and enable more reliable evaluation of hierarchical

organization in tumors.

Given the central importance of the xenograft assay to mea-

sure functional cancer cell properties and its heavy use in CSC

research and experimental drug studies, it is important to fully

describe the characteristics, including the genetic make-up, of

cancers that grow as xenografts. A major limitation of CSC

studies to date is that there has been a lack of integration of

genomic and functional properties of T-ICs as we describe later

in this Review. Notably, it remains to be determined which

genetic clones can generate grafts in mice and how this

influences the corresponding CSC measurements.

Clonal Dynamics, Dormancy, and Therapy Failure
Although the studies described above indicate that not all tumor

cells possess T-IC function, anothermajor question is whether all

T-IC are equal in their tumor propagation ability. If there is varia-

tion, it will be important to establish whether the variation exists

within cells of a single genetic clone. The answer to this question

holds major importance to the design of future cancer therapeu-

tics. Addressing this question requires genetic analyses com-

bined with functional assays that measure tumor propagation

at the resolution of individual clones. We have recently charac-

terized colon cancer xenografts and shown that single genetic

subclones from the patient tumor can be separated and stably

propagated over multiple passages in mice. Being able to prop-

agate a genetic clone allowed us to track the behavior of cells

within unigenetic lineages. By using lentivirus-mediated cell

marking, we mapped the growth dynamics of 150 marked cells

from ten primary human colon cancer samples in serial trans-

plants that spanned 387 days of tumor growth on average (Kreso

et al., 2013). In every genetic clone that we analyzed, we de-

tected significant variation of cellular behaviors: some marked

cells were proliferative and persisted at every transplant,

whereas others were less robust and could not be detected at

later points during transplantation. Thus, these results directly

identify functional diversity among cells that are part of a single

genetic clone in a solid tumor.

In addition, approximately 20% of marked cells were initially

undetectable, but following serial transplantation such cells

became activated and continued to function (Kreso et al.,

2013). This provided formal evidence for the existence of

dormant cell populations that drive tumor growth in primary

human colon cancer. Moreover, by treating xenografts with con-

ventional chemotherapy, we discovered that while some long-

term persisting cells were eradicated, the dormant cells survived

treatment and contributed to tumor regrowth. These changes

were not accompanied by selection of distinct genetic sub-

clones, as the control and treated tumors displayed close ge-

netic identity. Tumor cell dormancy has been observed in other

systems, including breast cancer, melanoma, and leukemia

(Pece et al., 2010; Roesch et al., 2010; Saito et al., 2010).

Because most conventional chemotherapies are largely cyto-

toxic to dividing cells, dormancy may provide cells with a means

of escape or survival (Figure 3), although other mechanisms,

such as acquisition of new mutations or selection of cells with

preexisting genetic mutations, could also be at work to ensure

survival following therapy. Collectively, these studies provide

evidence that even within a single genetic clone, cancer cells

are heterogeneous in their ability to survive chemotherapeutic

insults. This added layer of functional diversity adds a new tier

of complexity within tumors.

Plasticity and CSC Detection
In vitro studies have often been used as surrogate means of

studying T-IC. A number of reports using cell lines that have

been cultured in vitro have shown that the T-IC state is not static.

Sorted T-IC enriched populations generated non-T-IC, but some

studies found that sorted non-T-IC populations could generate

T-IC (Gupta et al., 2011; Magee et al., 2012; Sharma et al.,

2010). Studies of JARID1B, a histone demethylase, have been

informative and highlight the complexity of the T-IC state in mel-

anomas. JARID1B was shown to mark slowly cycling melanoma

cells that are essential for continuous tumor growth of estab-

lished melanomas and metastatic progression, but are not

required for tumor initiation (Roesch et al., 2010). JARID1B

expression was limited to a small subpopulation of melanoma

cells, but the maintenance of this subpopulation was dynamic:

while purified JARID1B-positive cells generated JARID1B-nega-

tive cells, as expected by the CSCmodel, single JARID1B-nega-

tive cells also gave rise to heterogeneous progeny, including

JARID1B-positive cells. This study indicates that some cells

that are essential for tumor maintenance may not be static

entities, but rather can acquire tumor maintenance capabilities

depending on the context.

The finding that normal stem cells can reenter the stem cell

state (Mani et al., 2008) gave way to the idea that it may be

possible to generate T-IC from non-T-IC under some conditions.

Indeed, EMT factors have been used to generate T-IC from non-

T-IC in breast cancer (Chaffer et al., 2013). The environment in

which tumor cells reside can also induce stem-like states in can-

cer cells. For example, myofibroblast-secreted factors, including

hepatocyte growth factor, can induce Wnt signaling in colon

cancer cells and consequently induce a T-IC-like state in more

differentiated tumor cells in vivo (Vermeulen et al., 2010). In

mouse models of intestinal tumor initiation, epithelial nonstem

cells can reexpress stem cell markers upon Wnt activation and
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can ‘‘dedifferentiate’’ to T-ICs (Schwitalla et al., 2013). Likewise,

perivascular nitric oxide that is released by endothelial cells can

activate Notch signaling and induce a stem-like state in PDGF-

induced gliomas (Charles et al., 2010). These studies highlight

the dynamic nature of cancer cells and show the importance of

the stem cell state in tumor generation.

Given the importance of these concepts, it will be important to

show whether other cancers possess such properties. As well, it

will be critical to determine to what extent plasticity exists in pri-

mary tumor tissue, as opposed to cell lines, and whether it is

induced in vivo. Although provocative, some studies reporting

plasticity were not done clonally and this is essential to under-

stand the homogeneity of cells in each state and the frequency

of cells that are able to change states. Is every non-T-IC able

to generate a new T-IC, or are only some non-T-ICs responsible

for the generation of new T-IC? If only some, does this reflect

heterogeneity of the non-T-IC population? Clearly tumors with

a high probability of interconversion between T-IC and non-

T-IC states render hierarchical cellular organization less mean-

ingful than if such interconversions are rare. Normal tissue

stem cells can also ‘‘dedifferentiate’’ into a more primitive state

when normal tissue homeostasis is perturbed, for example dur-

ing transplantation procedures or following stem cell ablation

(Rinkevich et al., 2011; Tata et al., 2013; Van Keymeulen et al.,

2011). Thus, it will be important to determine the probability of

being in one state versus another and the factors that influence

such interconversions (Gupta et al., 2009). However, even in

tumors where the interconversion rate is high, the available

data indicates that when a cancer cell possesses stemness

properties it is more likely to progress, metastasize, resist ther-

apy, and self-renew, compared towhen it is in the opposite state.

Thus, even for tumors that do not strictly follow the CSC model,

the concept that stemness is an important aspect of the biology

of that cell remains strong. As such, novel approaches will be

needed to eradicate cells that display determinants of stemness.

Epigenetics and Stemness
The primary, nonmutational mechanism that governs develop-

mental hierarchies is epigenetic regulation of the genome. Epige-

netic modifications of DNA, histones, and nucleosomes as well

as noncoding RNAs, including miRNA, allow for modification of

gene expression (Baylin and Jones, 2011; Iorio and Croce,

2012). Alterations in the epigenome dictate cell fate specification

and have been used as means of reprogramming noncancerous

cells. Although epigenetic modifications are not as stable as

mutational changes and can be reversed, some types of modifi-

cation are a stable, heritable means by which distinct cellular

states and functions can be generated. The importance of epige-

netic regulation in generating diversity apart from genetic muta-

tion has been shown in several systems. For example, a small

proportion of slowly cycling melanoma cells that are essential

for tumor growth can be purified based on the expression of

JARID1B, amember of the jumonji/ARID1 histone 3 K4 demethy-

lases (Roesch et al., 2010). Other epigenetic factors including

members of the Polycomb group of transcriptional repressors

(BMI-1 and EZH2) that are linked to normal stem cell self-renewal

have been shown to exhibit variation in expression levels within

tumors and play a role in tumor progression (Sparmann and van

Lohuizen, 2006). Further support for the role of stemness in can-

cer biology is emerging from cancer genome-sequencing efforts

showing that genetic disruption of epigenetic regulators of

normal stem cell function is critical for cancer pathogenesis.

Mutation in DNMT3A, which is highly recurrent in AML, causes

major dysregulation of gene expression leading to upregulation

of stemness genes and increased repopulation and self-renewal

of normal HSC (Ley et al., 2010; Shah and Licht, 2011).

Other highly recurrent mutations in genes such as IDH1/IDH2//

and TET2 affect epigenetic programs that underlie stemness

for many cancers, including AML (Abdel-Wahab and Levine,

Figure 3. Functional Diversity between Cells within Subclones
Impacts Response to Therapy
Each clone (depicted by the different colors) contains a mixture of cells that
vary with respect to their stemness and/or proliferative ability, including rela-
tively dormant cells. Together these factors represent the functional diversity
present within single genetic subclones. Chemotherapy can reduce tumor
burden by eliminating the highly proliferative cells within subclones, while
sparing the relatively dormant cells; following therapy, these cells can seed a
new cancer. Thereby, subclonal diversity can be altered with chemotherapy
and can allow for the selection of cells with additional genetic mutations that
confer a survival advantage. Not depicted in the diagram is the concept that
chemotherapy-resistant cells can exist before treatment and can be selected
following chemotherapy. Thus, chemotherapy can introduce newmutations to
confer treatment resistance, but it can also select preexisting cells that
accumulated mutations, which confer chemotherapy resistance during the
long evolution of the tumor before it was diagnosed.
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2010). Thus, epigenetic factors, classically ascribed to govern

normal cell diversification, are becoming increasingly relevant

for the maintenance of different cancer cell states.

Epigenetic mechanisms can also be important for the ob-

served variability in response to therapy (Glasspool et al.,

2006). A small population of cells that remain drug-tolerant

following treatment has been reported across several cell lines,

including cells derived from melanoma, lung, gastric, colon,

and breast cancers (Sharma et al., 2010). Following treatment

of these drug-sensitive cell lines with anticancer agents, the

authors observed a small proportion of cells that persist, remain-

ing viable while the majority of cells are killed by the therapy.

This drug-tolerant phenotype was related to changes at the

level of global chromatin, with high expression of the histone

demethylase JARID1A and IGF-1R signaling in drug tolerant

cells (Sharma et al., 2010). Importantly, heterogeneity in drug

response can be generated even when cultures are initiated

from single cancer cells, indicating a nongenetic mechanism.

Others have found that escape of cells from anticancer drug

treatment involves a survival advantage conferred by cell-to-

cell variability in the dynamics of specific proteins (Cohen

et al., 2008). Substantial variation between daughter cells in

response to antimitotic drugs has also been reported that is

not the result of genetic differences, but rather due to competing

intracellular networks involving caspase activation and cyclin B1

levels (Gascoigne and Taylor, 2008). Overall, these studies high-

light the importance of nongenetic mechanisms governing both

cellular fates and drug response. It will be important to discern

how these in vitro studies translate to in vivo growth properties

of cancer cells following drug administration.

Gene-expression analysis is another important means by

which different cellular states can be identified. By using single

cell multiplex PCR analysis in combination with fluorescence-

activated cell sorting, it has been shown that colon tumors

contain subpopulations of cells whose transcriptional states

mirror those of the lineages found in the normal colon epithe-

lium (Dalerba et al., 2011). Importantly, these authors show

that a tumor derived from a single cell can exhibit the morpho-

logical diversity and transcriptional variability reflective of

multilineage differentiation seen in normal colon tissue. These

gene-expression programs are also important indicators of

patient survival (Dalerba et al., 2011), formally proving that

epigenetic heterogeneity due to multilineage differentiation

processes can establish phenotypic and functional diversity in

tumor clones. As such, it is evident that tumor heterogeneity

can arise due to transcriptional programs that are reminiscent

of normal tissue differentiation, which are independent of

genetic diversity.

Noisy Gene Expression and Heterogeneity
Studies in lower organisms have found that stochastic nonge-

netic processes involving protein production or degradation

can account for numerous phenotypic effects (Losick and Des-

plan, 2008; Suel et al., 2007; Wernet et al., 2006). In mammalian

cells, survival of apparently homogeneous cells can be dictated

by natural differences in protein levels, which regulate receptor-

mediated apoptosis between cells and illustrate the dramatic

effects that noise in gene expression can have (Spencer et al.,

2009). The variability in levels of proteins within cells, albeit

transiently heritable, quickly changes in daughter cells due to

different growth rates and noise in gene expression. As such,

it is inherently different from epigenetic regulation discussed

above. Nonetheless, the variability between cells with respect

to noise in gene expression and variability in signal transduction

components has implications for tumor biology and therapeu-

tics. Traditionally, the failure of a therapy to eradicate all cells

has been ascribed to genetic differences, proliferative status,

or the microenvironment, but it is possible that the variability of

cells to respond can also be governed by natural differences in

protein levels.

At the level of cell populations, evidence is emerging to sup-

port stochastic processes governing cell state equilibriums.

For example, breast cancer cell lines, separated into different

phenotypic fractions or ‘‘states’’ based on cell surface marker

expression, return to equilibrium proportions over time in vitro.

This progression toward equilibrium proportions was the result

of interconversion between different phenotypic states, which

can be modeled as stochastic processes that occur with each

cell division using the Markov process, where interconversion

rates depend only on the cell’s current state (Gupta et al.,

2011). This study provided a theoretical framework for explaining

phenotypic equilibriums in breast cancer cell lines. It will be

important to see these principles established in primary cancers

where T-IC can be highly resolved by sorting and tested in robust

clonal serial T-IC assays.

Collectively, these studies indicate that in apparently homoge-

neous environments, cells of the same genotype can exist in

different states that influence their behavior. The implications

of such variability to biology and medicine are important. The

implicit assumption most experimental studies take is that a uni-

form cell population reacts in a uniform manner. However, given

the biological noise between individual cells, the effects of treat-

ments on populations are likely underestimated, as averaging

data across many cells can have the net effect of masking

heterogeneity at the single cell level. With new technological

advances, an increasing number of single-cell studies are being

reported that demonstrate considerable cell-to-cell variability in

apparently homogeneous populations. For example, quantita-

tive PCR gene-expression analysis of 280 geneswas undertaken

for 1,500 single cells that span a variety of highly purified mouse

HSC and progenitor populations. This study uncovered a large

degree of heterogeneity within cell types that were classically

thought to represent a uniform collection of cells (Guo et al.,

2013). It will be important to establish whether such variation is

the result of technical variability in the assays used, or whether

it represents true differences in biological function. In the context

of the CSC model, extensive cellular variability within what is

thought to be a uniform CSC population has implications for

therapeutic targeting. Therapy directed against a molecular

target might not be effective if intrinsic variability in the cellular

context renders subsets of cells within the population unequally

responsive to drug targeting.

Limitations of Genetic and Nongenetic Models
As we have argued throughout this Review, both genetic and

nongenetic determinants influence tumor heterogeneity and

often these two views have been presented as mutually exclu-

sive models, stimulating intense debate (Clevers, 2011; Marusyk

Cell Stem Cell 14, March 6, 2014 ª2014 Elsevier Inc. 283

Cell Stem Cell

Review



et al., 2012; Shackleton et al., 2009). However, each view in

isolation is insufficient to explain fully the diversity seen within

cancers. The genetic model focuses on genetic heterogeneity

without considering that individual cells within a genetically

homogeneous subclone might still exhibit variation in function

due to any of the nongenetic determinants described above.

Similarly, a major limitation of the CSC model or hierarchical

model is that it views the tumor as being genetically homoge-

neous and static, without accounting for the existence of

genetically distinct subclones or tumor evolution. For example,

a tumor might contain different subclones, some of which

are virtually homogeneous in terms of T-IC activity because

they are highly progressed and possess a high mutational

burden, whereas other subclones with fewer oncogenic muta-

tions might be almost devoid of T-IC. Such subclones could

also possess differences in the cell surface markers used for

sorting. Thus fractionation of the bulk tumor into T-IC and

non-T-IC populations could simply be the result of segre-

gating subclones with very low T-IC activity from those with

high T-IC activity (Figure 4). In this scenario, sorting has simply

segregated on the basis of genetic identity rather than

providing the essential test of the CSC model, which requires

testing the T-IC ability of genetically identical cells within a

single subclone (Figure 5), as described recently in our

study of the clonal dynamics of T-IC from human colon cancer

(Kreso et al., 2013). Clearly the recent findings on subclonal

diversity raise an important challenge to the validity of the

broad literature on T-IC. Despite these concerns, as we will

argue below, we propose that the genetic clonal evolution

and CSC models can be unified into a comprehensive view of

cancer heterogeneity.

Figure 4. Failure to Separate Genetic
Subclones May Confound Conclusions
Regarding Source of Cancer Heterogeneity
Left panel shows that if cancer cells are not
separated into distinct genetic subclones before
they are tested for the presence of a hierarchical
organization, then T-IC measurement may not
reflect the complexity of the parental cancer. Right
panel shows that cells from the purple clone have a
high number of engrafting cells irrespective of a
marker that is used to prospectively purify T-ICs.
On the contrary, T-ICs can be prospectively puri-
fied from the green clone. Of note, the clones de-
picted in yellow and blue contain T-IC but in this
example they are not positive for the marker of
choice. This highlights that multiple markers may
be required to identify T-ICs from distinct genetic
subclones.

Unification of the CSC and Clonal
Evolution Models
From a conceptual standpoint it is clear

that therapy failure and recurrence are

not simply due to the acquisition of new

mutations. Rather, the surviving tumor

cells must also have regenerative poten-

tial in order to regrow the tumor; cells

contributing to recurrence must behave

like T-IC. Further, tumors are dynamic

entities: cells are dying, proliferating, or

entering dormancy. Thus, static genetic analysis of bulk tumor

tissue or single-cell topological sampling of different tumor sites

cannot formally prove that any particular genetically distinct cell

or subclone is functionally important. For instance, a laser-

captured cell used for genomic analysis might be on a trajectory

toward death just before it is sampled and therefore is not rele-

vant for tumor growth. Arguably, the only important cells in a

tumor are the ones that are responsible for long-term clonal

growth; any other cell ultimately leads to clonal exhaustion. As

such, clone-propagating cells represent the unit of selection

for the tumor (Greaves, 2013). As we argue above, the hallmark

of such a cell is the capacity to self-renew, as without self-

renewal clonal exhaustion is inevitable. Thus, a critical question

that arises from the many sequencing studies that have

described intra-tumoral subclonal diversity is whether diversity

exists in long term propagating cancer cells. The best way to

test this question is by combining cancer genetic analyses with

functional T-IC assays of primary human cancers.

Three independent studies in human B-ALL and T-ALL have

provided the essential evidence that subclonal genetic diversity

exists within functionally defined L-IC (Anderson et al., 2011;

Clappier et al., 2011; Notta et al., 2011). Elegant single cell

FISH studies established that the diagnostic tumor contained

genetic subclones and provided evidence for the evolutionary

relationship between them. In all three studies, diagnostic sam-

ples were transplanted into xenograft recipients and since only

L-IC are able to initiate leukemic propagation, the genetic

makeup of the xenografts reflected the genotype of the L-IC(s)

that were transplanted. Individual mice transplanted with cells

from the same sample were shown to contain genetically distinct

subclones, proving that genetic diversity exists among L-ICs.
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Moreover, the different mutations that distinguished each sub-

clone resulted in variability in functional properties including

stemness, L-IC frequency, and aggressiveness of xenograft re-

population. Indeed, some subcloneswith less aggressive growth

properties could only be detected in clonal assays when they

were transplanted at limiting dilution, without competition from

more aggressive subclones. Characterization of subclonal ge-

netic diversity enabled reconstruction of the evolutionary

process reaching back to the ancestral subclone, and demon-

strated that functionally distinct subclones were related by

branching evolution (Notta et al., 2011). Importantly, these

studies showed that some xenografts were repopulated with a

minor diagnostic subclone that was related to a paired relapse

sample (Anderson et al., 2011; Clappier et al., 2011). Collectively,

these xenograft studies provided functional proof for the predic-

tion that some relapse cases arise from an undetected ancestral

clone rather than through ongoing mutation of the dominant

diagnostic clone (Inaba et al., 2013).

A key finding of these combined genetic and functional studies

was that genotype influences L-IC frequency. B-ALL samples

with CDKN2A/B mutation had an L-IC frequency that was on

average 1,000-fold higher than that of samples without these

mutations (Notta et al., 2011). Mouse models with defined ge-

netic lesions also support the conclusion that genotype can influ-

ence T-IC properties. For example, three differentmousemodels

of lung cancer showed variability with respect to the phenotype

of the T-IC (Curtis et al., 2010). In tumors initiated with activa-

tion of oncogenic K-rasG12D and p53 deficiency, cells expressing

Sca-1 could be prospectively purified as T-IC. However, in

Figure 5. Experimental Approach to
Investigate CSC Properties in the Context of
Genetic Subclones
Studying CSCs will require separation of distinct
genetic subclones, because CSCs cannot be
reliably identified in genetically heterogeneous
tumors. One method by which subclones can be
separated is by transplanting cancer cells at clonal
cell doses over multiple recipients. Following
engraftment of the human cancer cells, the hier-
archical composition of a particular subclone can
be studied using prospective purification of cells.
Sequential transplantations of cancer cells allows
for the tracking of further clonal evolution. For solid
tumors, sampling different geographical regions
from the primary tumor will be important for
capturing distinct subclones. Although not de-
picted, deep sequencing and analyzing different
metastatic sites can be used to analyze the genetic
lineage relationships of subclones within a cancer.

adenocarcinomas driven by K-rasG12D

alone, Sca-1 did not significantly enrich

for T-IC activity. Furthermore, for adeno-

carcinomas expressing a mutant human

EGFR transgene, only Sca-1-negative

cells harbored T-IC activity (Curtis et al.,

2010). This study predicts that the same

markers may not identify CSCs in all pa-

tient samples of a specific tumor type.

Importantly, while CSC markers varied

between the different genetic tumor

models, a hierarchical organization was present within each

model, supporting the notion that on top of genetic diversity,

nongenetic functional variability governs tumor growth. Thus,

thesemodels highlight the influence that the genetic background

of a cancer has on CSC properties.

Collectively, these data indicate that T-ICs are not static en-

tities but can evolve. When they evolve and acquire additional

mutations, the T-IC frequency can increase, indicating that the

increasing genetic burden can lead to increased self-renewal

as well as interfere with the malignant maturation process.

Thus, a dynamic model emerges where early in tumor progres-

sion the tumor is a close caricature of the developmental hierar-

chy of the tissue from which it arose, with a minority T-IC and a

high proportion of more differentiated non-T-IC (Figure 2). As

T-IC accumulate advantageous mutations, these perturb differ-

entiation processes further and increase self-renewal such that

the T-IC expand in the subclone, reading out as having increased

frequency in assays. As tumors progress, the mutational burden

becomes high resulting in impairment of the remaining matura-

tion programs and even higher capacity for self-renewal, and

further expansion of cells possessing T-IC properties. In this

model, as cancers progress, tumor hierarchies become shal-

lower within genetic subclones. In some cases, once the clone

has progressed to such an advanced state, the frequency of

T-IC may be so high that the tumor subclone essentially

becomes functionally homogeneous without evidence of a

hierarchy. If this model is accurate, it could contribute a plausible

explanation for why independent studies of the same tumor type

(for example, melanoma) might yield different results between
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labs with respect to T-IC phenotype, frequency, etc.; tumors

at different stages of progression might not be comparable

because their mutational burden differs.

Because mutations arise in both T-IC and non-T-IC popula-

tions, and because only T-IC contain long term propagating

and self-renewing cells, it is likely that most T-IC arise from the

genetic evolution of T-IC and not from the non-T-IC compart-

ment, which lacks self-renewal. However, it is also possible

that occasionally mutations will arise in non-T-IC that endow

them with self-renewal capacity and convert them into T-IC.

Therefore, during progression, the T-IC compartment might be

a composite of T-IC generated from evolving T-IC, as well as

some newly generated T-IC. Different tumors and mutations

might have higher rates of non-T-IC conversion to T-IC than

others. Computational simulations have shown that non-T-IC

may also be important for the overall robustness of T-ICs, while

T-ICs are the units of selection during the evolution of a cancer

(Greaves, 2013; Sprouffske et al., 2013). We propose this revised

model as a unification of the genetic evolution and develop-

mental/CSC hierarchy models. Indeed, the other nongenetic

determinants described above (noise, stochasticity, plasticity,

TME) can also be accommodated as mechanisms that can

convert non-T-IC into T-IC. Overall, this unified model provides

a framework for future studies to determine which tumor types

might follow these predictions.

Challenge with Studying Solid Tumors
Solid tumor studies pose a particular challenge to capture the

subclonal diversity present within the parent tumor. Several

studies have shown that genetic subclones are topographically

separate (Gerlinger et al., 2012; Yachida et al., 2010). As such,

biopsy specimens that are used for research may not be repre-

sentative of the entire parent tumor. For solid tumors, sampling

multiple, different geographical regions from the primary tumor

will be important for capturing distinct genetic subclones. This

may not be possible for all solid tumors, but it will be instrumental

in determining the extent of genetic subclonal variability and it

will aid in interpreting concurrent CSC studies. Even if one biopsy

is taken, it may represent several genetic subclones that will

require separation into individual clones before CSC studies

can be carried out on each subclone. While subclonal lineage

relationships can be reconstructed using deep sequencing,

another method by which subclones can be separated is by

transplanting cancer cells at clonal cell doses over multiple re-

cipients (Figure 5). Following engraftment of independent ge-

netic subclones, CSC-related questions can then be addressed

in each subclone. Thus, even if the entire tumor specimen is not

sampled for genetic analysis, CSC studies will be carried out at

least on some of the subclones present in the parent tumor.

Studying CSCs in the context of independent subclones is

important as all subclones and the corresponding CSCs need

to be eradicated for successful therapy.

Linking Stemness, Prognosis, and Therapy
If CSCs represent the unit of selection in tumors, as discussed

above, then clinically relevant parameters including survival

must be more closely related to the properties of CSCs than to

non-CSCs. Testing this concept requires understanding the

unique molecular circuitry of T-IC as compared to non-T-IC.

We have recently reported initial identification of an L-IC-specific

transcriptional signature through gene-expression analysis of 16

AML samples that were each separated into four fractions and

the L-IC activity of each fraction tested in optimized xenograft

assays (Eppert et al., 2011). Functional L-IC testing was essential

because the cell fraction(s) that contained L-IC were variable for

each sample. The L-IC signature was prognostic for overall sur-

vival across a wide spectrum of AML patients, providing strong

validation of the CSC model and of the clinical relevance of

L-IC. In parallel, we carried out analysis of the transcriptional

landscape of the entire spectrum of normal human HSC and pro-

genitors. We found that HSC and L-IC gene-expression signa-

tures converged on a shared stemness signature that was also

highly prognostic (Eppert et al., 2011). We recently expanded

this study and have completed gene-expression profiling of

functionally defined L-IC and non-L-IC containing fractions

from an additional 84 AML patient samples. Gene-expression

analysis of this more representative data set generated a power-

ful signature that is highly prognostic when tested on approxi-

mately 1,000 AML patients in four independent cohorts. The

fact that a single signature has such high prognostic power

across a diverse spectrum of patients, each with distinct genetic

mutations, establishes that stemness is a central biological

property or process upon which many driver mutations coa-

lesce. Recently, stemness signatures have been developed

from normal stem cells in solid tissues including the intestine

and breast (Merlos-Suárez et al., 2011; Pece et al., 2010). Similar

to our leukemia results, the stem cell signatures were highly pre-

dictive of T-IC content and patient outcome. Overall, these early

studies support a link between genetics and stemness and high-

light the need to develop more stemness signatures from a wide

distribution of tumor types to test the generalizability of this

concept.

Strong evidence is emerging to support a link between

stemness and therapy resistance in glioblastoma, colon cancer,

breast cancer, and numerous other tumors, where studies show

that T-IC fractions are more resistant to therapy compared to

non-T-IC (Bao et al., 2006; Diehn et al., 2009; Ishikawa et al.,

2007; Saito et al., 2010; Viale et al., 2009; Zhang et al., 2010).

Indeed, T-IC possess as a number of biological properties that

distinguish them from the remainder of tumor cells; not only

resistance to treatment (Bao et al., 2006; Li et al., 2008; Tehran-

chi et al., 2010) but also evasion of cell death (Majeti et al., 2009;

Todaro et al., 2007) and dormancy (Kreso et al., 2013). While

many of these papers involve in vitro or xenograft assays, patient

data is also accumulating. In patients with 5q– myelodysplastic

syndrome (MDS), complete remission can be achieved with

lenalidomide treatment but patients invariably relapse. FISH

analysis of bone-marrow specimens obtained prior to therapy

showed that both progenitor (CD34+CD38+) and L-IC (CD34+

CD38�Thy1+) compartments harbored the 5q– deletion (Tehran-

chi et al., 2010). In most patients, the L-IC compartment was

resistant to lenalidomide treatment while progenitor cells were

eliminated. In one patient with clinically advanced disease,

both L-IC and progenitor cell compartments were resistant to

treatment, suggesting either that therapy selected for a genetic

subclone with an L-IC population that is not marked by the

CD34+CD38�Thy1+ surface markers or that with additional

mutations non-CSCs gained L-IC properties. Recent studies in
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multiple myeloma, a lymphoid malignancy, have also shown

that a newly identified L-IC population is resistant to protea-

some inhibitor treatment compared to the bulk tumor cells

(Leung-Hagesteijn et al., 2013). Collectively, these studies high-

light the interplay between genetics and CSC properties that

drive clinical parameters such as therapy response and ulti-

mately survival.

The emerging evidence linking stemness to prognosis and

therapy failure suggests that therapeutic targeting of determi-

nants of stemness might be an effective means to eradicate

T-IC and prevent recurrence. Although there is still considerable

uncertainty as to how stemness is regulated, several regulators

including Bmi-1 have been strongly linked to self-renewal and

have been implicated in the maintenance of stem cells in several

tissues (Lessard and Sauvageau, 2003; Molofsky et al., 2003;

Park et al., 2003). We have found that human colorectal T-IC

function is dependent on BMI-1. Downregulation of BMI-1 in-

hibits the ability of colorectal T-ICs to self-renew, resulting in

abrogation of their tumorigenic potential (Kreso et al., 2014).

Treatment of primary colorectal cancer xenografts with a small

molecule BMI-1 inhibitor resulted in colorectal T-IC reduction

with long-term and irreversible impairment of tumor growth.

These studies point to the need to attempt clinically feasible tar-

geting of this and other predicted components of the self-

renewal machinery. Because stemness-associated factors are

likely shared between normal stem cells and CSCs, successful

eradication of CSCs will require understanding to what extent

CSCs differ from normal stem cells to minimize the impact of

therapies on normal stem cell function.

The Road Ahead
Over the last several decades, there has been a revolution in our

understanding of cancer growth. Advances in sequencing tech-

nologies have paved the way to deciphering the tumor genome.

It is becoming increasingly clear that a tumor does not have one

single tumor genome, but instead comprises multiple genomes

that belong to distinct subclones. These subclones may evolve

in parallel over the lifetime of a cancer and contribute to intratu-

moral heterogeneity. However, even within single genetic sub-

clones, not all cells function equally: some cells retain capacity

for self-renewal and long-term clonal maintenance, some lay

dormant, some fuel tumor growth, and most tumor cells are

postmitotic and destined for clearance.

Despite the apparent complexity, there are unifying principles

rooted in developmental hierarchies that can guide our approach

to targeting cancer. The litmus test for defining a dangerous can-

cer clone is whether the clone contains cells that exhibit unlim-

ited growth potential. Unlimited growth potential is exhibited

by the most primitive cells, which possess stemness properties

such as self-renewal. Thus, by understanding stemness proper-

ties within tumors, we will be able to gain insight into the most

important cells that can drive sequential rounds of tumor growth.

Work in several tumor types has shown that cells with stem cell

properties are equipped with innate machinery that protects

them from radiation and chemotherapy. As well, stem cell

gene-expression programs correlate with patient outcome,

further supporting the relevance of stemness properties in can-

cer. By delineating genetic from nongenetic stemness influ-

ences, we will be able to tease apart the unique aspects of tumor

growth and ultimately gain a unified understanding of how

diverse genetic subclones, each with their own superimposed

developmental hierarchy, coordinate tumor maintenance.

In nature, evolution creates biodiversity and this in turn makes

an entire ecosystem robust. In cancer, diversity within tumor

cells at the genetic and functional level together with their coex-

istence with the microenvironment also increases tumor fitness,

allowing tumor cells to offset survival pressures imposed by ther-

apy. More effective therapies will require gaining insight into this

diversity.
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SUMMARY

Studies of the identity and physiological function
of mesenchymal stromal cells (MSCs) have been
hampered by a lack of markers that permit both pro-
spective identification and fate mapping in vivo. We
found that Leptin Receptor (LepR) is a marker that
highly enriches bone marrow MSCs. Approximately
0.3% of bone marrow cells were LepR+, 10% of
which were CFU-Fs, accounting for 94% of bone
marrow CFU-Fs. LepR+ cells formed bone, cartilage,
and adipocytes in culture and upon transplantation
in vivo. LepR+ cells were Scf-GFPff +, Cxcl12-
DsRedhigh, and Nestin-GFPlow, markers which also
highly enriched CFU-Fs, but negative for Nestin-
CreER and NG2-CreER, markers which were unlikely
to be found in CFU-Fs. Fate-mapping showed
that LepR+ cells arose postnatally and gave rise to
most bone and adipocytes formed in adult bone
marrow, including bone regenerated after irradiation
or fracture. LepR+ cells were quiescent, but they
proliferated after injury. Therefore, LepR+ cells are
the major source of bone and adipocytes in adult
bone marrow.

INTRODUCTION

Multipotent mesenchymal stromal cells (MSCs) have been

defined in culture as nonhematopoietic, plastic-adherent, col-

ony-forming cells, referred to as colony-forming unit-fibroblasts

(CFU-Fs), that can differentiate into osteogenic, chondrogenic,

and adipogenic progeny (Bianco et al., 2008; Friedenstein

et al., 1970; Horwitz et al., 2005; Pittenger et al., 1999). A funda-

mental question concerns the identity of the cells that form CFU-

Fs in culture and their physiological function in vivo.

In vivo, MSCs are often perivascular (Crisan et al., 2008; Sac-

chetti et al., 2007). In human tissues, MSCs have been prospec-

tively identified based on the lack of expression of endothelial

and hematopoietic markers along with positive expression for

CD146 (Sacchetti et al., 2007) or CD146 with platelet-derived

growth factor receptor b (PDGFRb), CD106, NG2, or some com-

bination thereof (Chou et al., 2012; Crisan et al., 2008; Schwab

and Gargett, 2007). CD146+ MSCs from human bone marrow

form osteogenic, chondrogenic, and adipogenic cells in culture

and give rise to bone upon transplantation in vivo, forming bony

ossicles that become invested with hematopoietic bone marrow

(Sacchetti et al., 2007). The CD146+ cells persist around sinusoi-

dal blood vessels in the ossicles and express HSC niche factors.

Ectopic bones that become invested with bone marrow can also

be formed byCD105+Thy1�mesenchymal cells from fetalmouse

bones (Chan et al., 2009). Althoughmuch has been learned about

the localization and developmental potential of MSCs, limitations

in the ability to fate-map these cells in vivo have hindered our un-

derstanding of their normal physiological function.

Mouse MSCs have been prospectively identified based on the

lack of expression of hematopoietic and endothelial markers and

positive expression of PDGFRa (Morikawa et al., 2009;

Omatsu et al., 2010; Park et al., 2012). The PDGFRa+Sca-1+

CD45�Ter119� subset of cells appears to reside primarily

around arterioles but does not express the hematopoietic

stem cell (HSC) niche factor Cxcl12, while PDGFRa+

Sca-1�CD45�Ter119� cells that express high levels of Cxcl12,

also known as CXCL12-abundant reticular (CAR) cells, reside

primarily around sinusoids (Morikawa et al., 2009; Omatsu

et al., 2010). CAR cells include bipotent progenitors of osteo-

blasts and adipocytes (Omatsu et al., 2010). Ablation of CAR

cells with diphtheria toxin (DT) depletes not only adipogenic

and osteogenic progenitors, but also HSCs (Omatsu et al.,

2010). These data suggest that MSCs within the bone marrow

are a cellular component of the HSC niche.

Cells that express the Nestin-GFP transgene contain all of the

CFU-Fs in mouse bone marrow (Kunisaki et al., 2013; Méndez-

Ferrer et al., 2010). These cells also express high levels of the

HSC niche factors Cxcl12 and Stem cell factor (Scf)f (Kunisaki

et al., 2013; Méndez-Ferrer et al., 2010). Nestin-CreER-express-

ing cells in adult bone marrow can contribute to osteoblasts and

chondrocytes, though no quantification was provided regarding

their CFU-F content or their level of contribution to new bone

(Méndez-Ferrer et al., 2010). Nestin-GFP is widely expressed

by perivascular stromal cells in the bone marrow, but they

express little endogenous Nestin, Nestin-CreER, or other Nestin

transgenes (Ding et al., 2012). Furthermore, Nestin-GFP+ cells

are heterogeneous, including both Nestin-GFPhigh cells that

localize mainly around arterioles and Nestin-GFPlow cells that

localize mainly around sinusoids, raising questions about the

distribution of HSC niche factors and MSCs among these cell

populations (Kunisaki et al., 2013).
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During fetal development, Osterix (Osx) is expressed by cells

that form bone marrow stroma, including perivascular, osteo-

genic, and adipogenic cells (Liu et al., 2013; Maes et al., 2010).

In adult bone marrow, Osx is expressed by a subset of CAR cells

(Omatsu et al., 2010), and fate mapping of these cells usingOsx-

CreER revealed a transient contribution to osteoblasts (Park

et al., 2012). In contrast, Mx-1-Cre recombined widely among

hematopoietic cells, PDGFRa+ stromal cells, and CFU-Fs in

the bone marrow, and these cells gave rise to most of the oste-

oblasts formed in adult bone marrow (Park et al., 2012). The

widespread marking of both hematopoietic and stromal cells

by Mx-1-Cre meant that this marker could not be used to pro-

spectively identify osteogenic progenitors.

Recently, we identified Leptin Receptor+ (LepR+) perivascular

stromal cells that are the major source of Scf and Cxcl12 in the

bone marrow (Ding and Morrison, 2013; Ding et al., 2012). Con-

ditional deletion of Scf with Lepr-Cre led to the depletion of

quiescent HSCs (Ding et al., 2012; Oguro et al., 2013) and con-

ditional deletion of Cxcl12with Lepr-Cre led to HSCmobilization

(Ding and Morrison, 2013). Here we show that LepR+ cells are

highly enriched for CFU-F and uniformly express Prx1-Cre,

PDGFRa, and CD51, markers expressed by bone marrow

MSCs. LepR+ cells were the main source of new osteoblasts

and adipocytes in adult bone marrow and could form bony

ossicles that support hematopoiesis in vivo. In contrast,

Wnt1-Cre-expressing neural-crest-derived cells and Nestin-

CreER-expressing cells included few CFU-Fs and made little

contribution to adult osteogenesis.

RESULTS

LepR+ BoneMarrow Stromal Cells Are Around Sinusoids
and Arterioles
Sections from wild-type mice exhibited perivascular LepR

staining throughout the bone marrow, around both sinusoids

and arterioles (Figures 1A, 1C, and 1D). The staining was in peri-

vascular stromal cells that expressed the HSC niche factor Scf

(Figure 1C). An antibody against the LepR extracellular domain

stained in a pattern very similar to that of Tomato expression in

Lepr-cre; tdTomato conditional reporter mice (Figure 1D). Ubc-

creER; Leprfl/flrr mice that had been treated with tamoxifen for

1 month to conditionally delete Lepr had little staining with

the antibody in sections (Figure 1B) or in PDGFRa+

CD45�Ter119�CD31� bone marrow stromal cells analyzed by

flow cytometry (Figure S1A available online).

We identified sinusoids and arterioles based on VE-Cadherin

(VE-Cad) staining, which bound endothelial cells in both sinu-

soids and arterioles, and SM22 staining, which specifically

marked vascular smooth muscle around arterioles. Sinusoids

were typically larger in diameter, less uniform, and thinner walled

as compared to arterioles (Figure 1E). We observed LepR+ cells

around both sinusoids and arterioles throughout the bone

marrow, though LepR+ cells were much more prominent around

some arterioles than others (Figure 1E). Nearly all the perisinusoi-

dal LepR+ cells were Scf-GFPff +; however, the periarteriolar

LepR+ cells, especially those densely surrounding larger arteri-

oles, expressed less Scf-GFPff (Figure 1E). The LepR+ cells

around arterioles were negative for SM22 or aSMA (Figures 1E

and S1C).

We observed little LepR antibody staining in CD45+ or Ter119+

hematopoietic cells (Figure 1F) or in VE-Cad+ bone marrow

endothelial cells (Figures 1A, 1E, and 1G). The rare LepR anti-

body staining that was observed in these cells may reflect the

expression of short isoforms of Lepr that lack the intracellular

signaling domain (Ob–Ra, Ob–Rc, Ob–Rd, and Ob–Re). These

isoforms are somewhat more broadly expressed than the Ob–

Rb isoform, which encodes full-length LepR, including the intra-

cellular signaling domain. It is this full-length isoform whose

expression is marked by Lepr-cre. Little recombination was

observed inmacrophages (Figure S1D) or in other hematopoietic

cells (Figure 1M) using Lepr-cre.

Consistent with the lack of EYFP expression in bone-lining

cells from 2-month-old Lepr-cre; EYFP reporter mice (Ding

et al., 2012), we were unable to detect LepR antibody staining

in Col2.3-GFP+ osteoblastic cells from cortical or trabecular

bone in 2-month-old mice (Figure 1H). Neither Aggrecan+ artic-

ular cartilage cells in the femur (knee joint; Figure 1I) nor Perilipin+

fat cells in the bone marrow (Figure 1J) exhibited LepR antibody

staining. Thus, at 2 months of age, LepR expression was largely

restricted to perivascular stromal cells and not to more differen-

tiated mesenchymal derivatives in bone marrow.

Consistent with the LepR antibody staining and Lepr-cre;

tdTomato conditional reporter expression pattern, quantitative

real-time PCR (qPCR) showed that full-length Ob-Rb transcripts

were at 100- to 1,000-fold higher levels in PDGFRa+

CD45�Ter119�CD31� perivascular stromal cells as compared

to unfractionated bone marrow cells, Col2.3-GFP+CD45�

Ter119� osteoblastic cells, and VE-Cad+CD45�Ter119� bone

marrow endothelial cells (Figure 1K). Virtually all LepR+ cells

expressed Scf-GFP and nearly all Scf-GFP+ cells expressed

LepR (Figure S1E). LepR+ Scf-GFP� cells around certain arteri-

oles appeared to represent <1% of LepR+ cells in bone marrow

(Figure 1E). Nearly all LepR+ cells expressed high levels of

Cxcl12-DsRed and nearly all cells that expressed high levels of

Cxcl12-DsRed expressed LepR (Figure S1F). Most LepR+ cells

expressed low levels of Nestin-GFP (Figures S1G and S1H),

consistent with a recent report (Kunisaki et al., 2013). Cells that

expressed high levels of Nestin-GFP did not stain with either

LepR or PDGFRa (Figure S1H). The vast majority of bonemarrow

cells that express high levels of HSC niche factors and the bone

marrow MSC marker PDGFRa are thus LepR+.

LepR+CD45�Ter119� bone marrow stromal cells accounted

for 0.2% to 0.3% of enzymatically dissociated bone marrow

cells, irrespective of whether these cells were identified by

LepR antibody staining (Figure 1L) or Tomato expression in

Lepr-cre; tdTomato conditional reporter mice (Figure 1M). Nearly

all LepR+CD45�Ter119�CD31� bone marrow stromal cells

were positive for PDGFRa and nearly all PDGFRa+CD45�

Ter119�CD31� bone marrow cells were LepR+ (Figures 1L

and 1M). These data suggested that LepR+ bonemarrow stromal

cells might be highly enriched for MSCs. Consistent with

this possibility, we found that LepR+CD45�Ter119�CD31�

bone marrow stromal cells were uniformly positive for the MSC

markers CD51 (Pinho et al., 2013) and PDGFRb (Komada et al.,

2012) (Figure 1N). Approximately 68% of LepR+CD45�

Ter119� cells were positive for the MSC marker CD105 (Chan

et al., 2009; Park et al., 2012) (Figure 1N). LepR+CD45�Ter119�

cells were heterogeneous for Sca-1 (Figure 1N), which is
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expressed by a subset of MSCs (Morikawa et al., 2009; Omatsu

et al., 2010).

LepR+ Cells Are the Main Source of CFU-Fs in Bone
Marrow
To assess CFU-F activity we enzymatically dissociated bone

marrow cells and added them to adherent cultures at clonal

density. Figure 2B shows the percentage of cells in each cell

population sorted from unfractionated bone marrow cells

(including both hematopoietic and stromal elements) that formed

CFU-F colonies in culture. Figure 2C shows the percentage of

cells in each cell population sorted from nonhematopoietic

(CD45�Ter119�) bone marrow stromal cells that formed CFU-F

colonies in culture. In our experiments, 0.012% ± 0.002% of all

enzymatically dissociated bone marrow cells (Figure 2B) or

1.3% ± 0.5% of CD45�Ter119� bone marrow stromal cells

formed CFU-F colonies (Figure 2C).

Consistent with a prior study (Morikawa et al., 2009), 9.8% ±

5.0% of PDGFRa+CD45�Ter119� bone marrow stromal cells,

15.6% ± 3.0% of PDGFRa+Sca-1+CD45�Ter119� bone marrow

stromal cells, and 8.3% ± 5.2% of PDGFRa+Sca-1�

CD45�Ter119� bone marrow stromal cells formed CFU-F

colonies (Figure 2C). Although PDGFRa+Sca-1+ stromal cells

were more highly enriched for CFU-F activity than PDGFRa+

Sca-1� cells (Figure 2C), PDGFRa+Sca-1� stromal cells con-

tainedmost of theCFU-F activity in the bonemarrow (Figure S2A)

because they were much more abundant than PDGFRa+Sca-1+

cells (0.22% ± 0.08% versus 0.03% ± 0.02% of bone marrow

cells; Figures 1N and S1J). PDGFRa+ bone marrow cells are

thus highly enriched for CFU-F, but we could not fate map

PDGFRa+ cells because Pdgfra-CreER (Rivers et al., 2008) re-

combined poorly in bone marrow PDGFRa+ cells (data not

shown).

The vast majority of bone marrow CFU-Fs derive from LepR+

cells. In CFU-F colonies formed by bone marrow cells from

Lepr-cre; tdTomato mice, 94% ± 4% were Tomato+ (Figures

2A and S2B–S2E). In 2- to 4-month-old Lepr-cre; tdTomato

mice, 8.5% ± 2.5% of all Tomato+ bone marrow cells (Figure 2B)

and 11% ± 3.5% of Tomato+CD45�Ter119� bone marrow stro-

mal cells formed CFU-F colonies (Figure 2C), whereas only

0.10% ± 0.08% of Tomato�CD45�Ter119� bone marrow stro-

mal cells formed CFU-F colonies (Figure 2C). Consistent with a

previous study (Park et al., 2012), almost all of the Tomato+

CFU-Fs in Lepr-cre; tdTomato bone marrow were CD105+ (Fig-

ure 2C). Cells derived from full-length LepR+ cells in the bone

marrow were thus as highly enriched for CFU-Fs as PDGFRa+

CD45�Ter119� bone marrow cells.

We split cells obtained from individual CFU-F colonies formed

by LepR+ cells into three aliquots and subcloned them into

cultures that promoted bone, cartilage, or fat cell differentiation.

In CFU-F colonies formed by Tomato+ bone marrow cells from

Lepr-cre; tdTomato mice, 8.9 ± 4.5% underwent multilineage

differentiation (Figure 2D), giving rise to Alizarin-red-S-stained

osteoblastic cells (Figures S2F and S2G), Oil-red-O-stained ad-

ipocytes (Figures S2H and S2I), and Toluidine-blue-stained

chondrocytic cells (Figures S2J and S2K). Most of the remaining

CFU-F colonies formed by Tomato+ cells differentiated to oste-

oblastic cells with or without chondrocytic cells or fat cells. Over-

all, 58% ± 17% of all CFU-F colonies formed by Tomato+ cells

formed osteoblastic cells in culture.

We also sorted individual LepR+ cells from Lepr-cre;

tdTomato; Col2.3-GFP mice into culture, allowed them to form

CFU-F colonies, then expanded individual colonies, implanted

the cells into denatured collagen sponges, transplanted them

subcutaneously, and assessed the development of bony

ossicles and hematopoiesis 8 weeks later. The presence of

hematopoiesis was determined based on the presence of undif-

ferentiated and differentiated erythroid, myeloid, and lymphoid

cells in ossicle sections. Fourteen of twenty-five sponges did

not form bone. Of the 11 that did form bone, we detected hema-

topoiesis in 8 (Figures 2D and S2L–S2N), 3 of which had abun-

dant hematopoiesis that resembled bone marrow and 5 of which

had smaller foci of hematopoietic cells distributed throughout

each ossicle. In each case, we observed donor-derived

Figure 1. LepR and Scf-GFP-Expressing Cells Are Abundant around Sinusoids throughout the Bone Marrow and Are Distinct from Other

Stromal Cells

(A and B) Representative femur sections from 3- to 4-month-old wild-type (A) andUbc-creER; Leprfl/flrr mice (B). The anti-LepR antibody stained perivascular cells

in wild-type (A) but not Ubc-creER; Leprfl/flrr (B) bone marrow (unless otherwise indicated, each panel reflects data from three mice/genotype from three inde-

pendent experiments).

(C) Staining with anti-LepR antibody and Scf-GFP.

(D) Staining with anti-LepR antibody strongly overlapped with Tomato expression around sinusoids and arterioles in the bone marrow of Lepr-cre;

tdTomato mice.

(E) 3D reconstruction of a Z stack of tiled confocal images of femur bone marrow from a Lepr-cre; tdTomato; Scf-GFP mouse. Anti-VE-Cad staining marked

sinusoids (arrowheads, left panel) and arterioles while anti-SM22 staining specificallymarked arterioles (arrows, left panel). Left and right panels represent images

from the same field of view. LepR was expressed by perivascular cells around sinusoids and arterioles, but LepR+Scf-GFP+ cells were most abundant around

sinusoids. Note that most Scf-GFP staining that did not overlap with Tomato staining represented the processes of perivascular cells that had Tomato staining in

their cell body (see Figure S1B). The frequency of Scf-GFP+ cells appears high in this image because it represents a Z stack of images from a thick section, not a

single optical section.

(F and G) Flow cytometry analysis showed that CD45/Ter119+ hematopoietic cells (F) and VE-Cad+ endothelial cells (G) rarely stained positively for LepR. The

bone marrow was dissociated mechanically in (F) (thus lacking stroma) or enzymatically in (G) (including stroma).

(H–J)Col2.3-GFP+ osteoblasts (H), Aggrecan+ chondrocytes (I), and Perilipin+ adipocytes (J) did not stain with anti-LepR antibody. n = 3–5mice from at least three

independent experiments.

(K) Quantitative RT-PCR of Ob–Rb transcript levels (normalized to b-Actin). Data represent mean ± SD (standard deviation) from four independent experiments.

(L and M) In 2- to 4-month-old mice, nearly all LepR+ bone marrow cells stained positively for PDGFRa, and vice versa, irrespective of whether the LepR+ cells

were identified by antibody staining (L) or Tomato expression in Lepr-cre; tdTomato mice (M). The data represent mean ± SD from 3–5 mice from at least three

independent experiments.

(N) Marker expression by Tomato+ bone marrow cells from Lepr-cre; tdTomato mice.
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Figure 2. LepR+ Cells Contain Most of the CFU-Fs in Adult Bone Marrow and Are the Major Source of New Bone in Adult Mice

(A) Percentage of all CFU-F colonies that were labeled by conditional reporter expression when cultured from enzymatically dissociated bone marrow of the

indicated genotypes. Macrophage colonies were excluded by staining with anti-CD45 antibody in all experiments. n = 3–11 mice/genotype from at least three

independent experiments.

(B) Percentage of bone marrow cells expressing each marker that formed CFU-F colonies in culture (n = 3–5 mice/genotype from at least three independent

experiments).

(legend continued on next page)
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(Tomato+) bone, stromal cells, and adipocytes in addition to

host-derived CD45+ hematopoietic cells (Figures S2L and

S2M). Cells from the three ossicles that contained the most

hematopoietic cells gavemultilineage reconstitution of irradiated

mice, demonstrating the presence of primitive hematopoietic

progenitors (data not shown).

When bone marrow cells were obtained from the femurs

and tibias of Prx1-cre; tdTomato conditional reporter mice, all

CFU-F colonies formed by unfractionated bone marrow cells

were Tomato+ (Figure 2A). In 2- to 4-month-old Prx1-cre;

tdTomato mice, 8.6% ± 4.0% of all Tomato+ bone marrow cells

(Figure 2B) and 10% ± 3% of Tomato+CD45�Ter119� bone

marrow stromal cells formed CFU-F colonies (Figure 2C). Nearly

all LepR+ antibody stained cells were Tomato+ in Prx1-cre;

tdTomatomice and nearly all Tomato+ cells were LepR+ (Figures

S2P and S2Q). Thus, LepR+ cells in the marrow of limb bones

uniformly express the MSC marker Prx1.

Consistent with the conclusion that MSCs secrete factors that

promote HSCmaintenance (Méndez-Ferrer et al., 2010; Omatsu

et al., 2010; Sacchetti et al., 2007), both Scf-GFP+ bone marrow

cells and Cxcl12-DsRedhigh bone marrow cells were highly en-

riched for CFU-Fs (Figures 2B and 2C). The observation that

these cells are similarly enriched for CFU-F and LepR+ cells is

consistent with our data demonstrating that nearly all cells that

express Scf-GFP or high levels ofCxcl12-DsRed are LepR+ (Fig-

ures S1D and S1E). These data suggest a strong overlap be-

tween LepR+ stromal cells and CAR cells in the bone marrow.

CFU-Fs often expressed Mx1-Cre, consistent with a recent

study (Park et al., 2012). Bone marrow sections from Mx-1-cre;

tdTomato mice showed widespread Tomato expression among

hematopoietic cells, vascular cells, perivascular cells, and bone-

lining osteoblastic cells (Figures S4B–S4D). We found that

37%± 25%of all CFU-F colonies formed byMx-1-cre; tdTomato

bone marrow cells were Tomato+ (Figure 2A) and 46% ± 23% of

all CD45�Ter119�CD31�PDGFRa+ stromal cells were Tomato+

(Figure S4A). Only rare Tomato+ bone marrow cells formed

CFU-F colonies (Figures 2B and 2C) due to widespread recom-

bination among hematopoietic cells and other stromal cells

(Figure S4A).

CFU-Fs rarely expressed NG2-CreER. Only 1.8% ± 1.0% of

CFU-F colonies formed by bone marrow cells from NG2-creER;

tdTomato reportermicewere Tomato+ (Figure 2A). Tomato+ cells

accounted for 0.0026% ± 0.007% of all bone marrow cells in

NG2-creER; tdTomato mice and 8.8% ± 3.6% of these cells

stained positively for the MSC marker PDGFRa (Figure S3A).

Only 9.8% ± 3.4% of Tomato+ bone marrow cells in NG2-creER;

tdTomato; Scf-GFPmice were positive forScf-GFP (Figure S3A).

We observed almost no NG2-CreER-expressing cells among

PDGFRa+ cells or Scf-GFP+ cells in the bone marrow (Figures

S3B–S3D).

In the bone marrow, NG2-creER labeled vascular smooth

muscle cells (Figure S3E) and GFAP+ glia associated with nerve

fibers (Figure S3F), chondrocytes, osteocytes, and rare osteo-

blasts (data not shown). NG2-antibody-stained cells also

included Aggrecan+ chondrocytes (Figure S3G), Col2.3-GFP+

osteoblasts, and osteocytes (Figure S3H) in 2-month-old mice.

Smooth muscle cells (Murfee et al., 2005), peripheral nerve

Schwann cells (Schneider et al., 2001), cartilaginous cells, and

osteoblasts (Fukushi et al., 2003) have all been previously re-

ported to express NG2.

CFU-Fs also rarely expressed Nestin-creER. We did not

detect any EYFP+ CFU-F colonies formed by bone marrow cells

from Nestin-creER; loxp-EYFP mice (Figure 2A). We observed

labeling of rare cells associated with some arterioles in the

bone marrow of Nestin-creER; loxp-EYFP mice (Figure S4F)

consistent with previously published images (Méndez-Ferrer

et al., 2010). EYFP+ cells accounted for 0.0012% ± 0.0005%

of bone marrow cells and were nearly uniformly negative for

PDGFRa (Figure S4E). When we aged Nestin-creER; loxp-

EYFP mice for 11 months, we only detected rare EYFP+

osteoblasts (Figure S4F), demonstrating that Nestin-CreER-

expressing cells are not a significant source of bone in vivo.

The observation that Nestin-GFP+ cells included CFU-Fs, but

that Nestin-CreER-expressing cells did not (Figures 2C and

S1H), is consistent with our observation that different Nestin

transgenes exhibit different expression patterns in the bone

marrow (Ding et al., 2012). Neither Nestin-GFPlow nor Nestin-

GFPhigh bone marrow cells appear to express endogenous

Nestin (see microarray data in Méndez-Ferrer et al., 2010 and

RNaseq data in Kunisaki et al., 2013).

CFU-Fs were not neural crest-derived based on fate mapping

with Wnt1-Cre (Chai et al., 2000; Echelard et al., 1994; Joseph

et al., 2004). We observed Tomato+ nerve fibers and glia in the

bonemarrow ofWnt1-cre; tdTomatomice (Figure S4H), confirm-

ing that neural-crest-derived cells were marked in the bone

marrow. In 2- to 4-month-old Wnt1-cre; tdTomato mice,

0.17% ± 0.29% of all Tomato+ bone marrow cells (Figure 2B)

and 0.5% ± 0.5% of Tomato+CD45�Ter119� cells (Figure 2C)

(C) Percentage of nonhematopoietic (CD45�Ter119�) bone marrow cells expressing eachmarker that formed CFU-F colonies in culture (n = 3–11 mice/genotype

from at least three independent experiments). Two-tailed Student’s t tests were used to assess statistical significance. *p < 0.05, **p < 0.01, ***p < 0.001.

(D) The percentage of CFU-F colonies that arose from Tomato+CD45�Ter119�CD31� cells from Lepr-cre; tdTomatomice that gave rise to Oil red O+ adipocytes,

Toluidine blue+ chondrocytes, and/or Alizarin red S+ osteoblasts (n = 3 mice from three independent experiments).

(E) Development of bone and hematopoiesis in ossicles formed by individual CFU-F colonies that arose from LepR+ stromal cells from fourCol2.3-GFP; Lepr-cre;

tdTomato mice.

(F–I) Representative femur sections from Lepr-cre; tdTomato; Col2.3-GFP mice of different ages showing the increasing generation of Tomato+Col2.3-GFP+

osteoblasts with age (three to five mice/age from at least four independent experiments).

(J) The frequency of Tomato+CD45�Ter119�CD31�Col2.3-GFP� bone marrow stromal cells in the femurs of Lepr-cre; tdTomato; Col2.3-GFP mice did not

change with age. Cells from �6-month-old Col2.3-GFP; tdTomato mice were negative controls (CON). Data in all remaining panels represent mean ± SD from

three to five mice/age from at least three independent experiments.

(K) Percentage of Col2.3-GFP+ osteoblasts that were also Tomato+ in enzymatically dissociated bone from Lepr-cre; tdTomato; Col2.3-GFP mice of different

ages. Osteoblasts from age-matchedCol2.3-GFP orCol2.3-GFP; tdTomatomicewere used as negative controls in each experiment (CON). Two-tailed Student’s

t tests were used to assess statistical significance among consecutive ages. *p < 0.05, **p < 0.01, ***p < 0.001.

(L and M) Percentage of osteoblasts (L) and osteocytes (M) that were Tomato+ in bone sections from Lepr-cre; tdTomato; Col2.3-GFP mice.
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formed CFU-F colonies. However, none of the CFU-F colonies

formed by unfractionated bone marrow cells from Wnt1-cre;

tdTomato reportermicewere Tomato+ (Figure 2A). Tomato+ cells

in the bone marrow of 2-month-oldWnt1-cre; tdTomato reporter

mice accounted for only 0.0017% ± 0.001% of bone marrow

cells and were mostly negative for the MSC marker PDGFRa

(Figure S4G). We aged Wnt1-cre; tdTomato mice for 5 months

and observed rare Tomato+ osteocytes (Figure S4H) but no

Tomato+ osteoblasts, indicating that these cells are not a signif-

icant source of bone-forming progenitors in young adult mice.

LepR+ Cells Are a Major Source of Bone in Adult Mice
LepR+ cells arose perinatally in bone marrow and made little

bone before 2 months of age. We fate mapped the LepR+ cells

in vivo using Lepr-cre; tdTomato; Col2.3-GFP mice in which

osteoblastic bone-lining cells can be unambiguously identified

based on Col2.3-GFP expression (Kalajzic et al., 2002). At em-

bryonic day (E) 19.5, Tomato+ cells were rare in the bonemarrow

of Lepr-cre; tdTomato; Col2.3-GFP mice and we observed no

contribution of these cells to bone (Figure 2F). By postnatal

day (P) 0.5, there was a sharp increase in the number of Tomato+

cells in metaphyseal bone marrow, though Tomato+ cells re-

mained rare in the diaphyseal bone marrow and only rare

Tomato+Col2.3-GFP+ osteoblasts were observed in trabecular

bone (Figure 2G). By 2 months of age, Tomato+ cells were visible

throughout the bone marrow in both metaphysis and diaphysis,

but Tomato+Col2.3-GFP+ cells remained infrequent (Figure 2H),

accounting for 3%–10% of Col2.3-GFP+ cells in several bones

(Figure 2K). However, the contribution of LepR+ cells to bone

increased sharply with age. Tomato+ cells accounted for 10%–

23% of Col2.3-GFP+ cells in several bones at 6 months of age,

43%–67% of Col2.3-GFP+ cells at 10 months of age, and

61%–81% of Col2.3-GFP+ cells at 14 months of age (Figures

2K and S2R). The increased frequency of Tomato+Col2.3-GFP+

cells was not caused by the induction of Lepr expression within

Col2.3-GFP+ osteoblastic cells (Figures S2S and S2T).

By 10 months of age, Tomato+ cells contributed not only to

bone-lining osteoblastic cells but also to osteocytes within the

bone matrix (Figure 2Iiii). The percentage of osteocytes that

were Tomato+ increased significantly with age, but much more

rapidly within trabecular bone (Figure 2M). Tomato+ cells repre-

sented 92% ± 7% of osteocytes in trabecular bone and 13% ±

5% of osteocytes in cortical bone at 14 months of age.

LepR+ Cells Are a Major Source of Adipocytes in Adult
Bone Marrow
Although LepR antibody did not detectably stain Perilipin+

adipocytes (Figures 1J and 3A), most Perilipin+ adipocytes in

the bone marrow of 2- to 14-month-old Lepr-cre; tdTomato

mice were Tomato+ (Figures 3A–3C). The number of adipocytes

in the bone marrow increased dramatically with age (Figure 3B).

In contrast to those in the bone marrow, periosteal adipocytes

(outside of the marrow cavity) were all negative for Tomato (Fig-

ure 3A), suggesting a distinct cellular origin. LepR+ cells are thus

the major source of adipocytes in adult bone marrow.

Chondrogenesis is active during fetal development but largely

inactive throughout adulthood (Raghunath et al., 2005). In mice

at P0.5 and at 2 months of age, we detected no Tomato expres-

sion among Aggrecan+ chondrocytes in the femurs of Lepr-cre;

tdTomato mice (Figure 3D) in spite of Tomato+ osteoblasts and

perivascular stromal cells adjacent to the growth plate (Fig-

ure 3E). In 6-, 10-, and 14-month-old mice, we remained unable

to detect Tomato+ chondrocytes in articular cartilage or growth

plate cartilage associated with femurs and tibias (Figure S5A
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Figure 3. LepR+ Cells Give Rise to Most Bone Marrow Adipocytes

but Few Chondrocytes
(A) Representative femur sections from a 2-month-old Lepr-cre; tdTomato

mouse. Perilipin+ adipocytes in the bone marrow did not stain with an anti-

LepR antibody (purple) but were Tomato+ (red). Periosteal adipocytes (arrows)

were uniformly Tomato� (representative of four mice from four independent

experiments).

(B and C) Quantification of adipocyte number per 7 mm femur section (B) and

the percentage of adipocytes that were Tomato+ at each age (C) in Lepr-cre;

tdTomato mice. Two-tailed Student’s t tests were used to assess statistical

significance. ns, not significant; *p < 0.05, **p < 0.01, ***p < 0.001. n = 3–5mice/

age from at least three independent experiments. Data represent mean ± SD.

(D and E) Aggrecan+ chondrocytes were not Tomato+ in P0.5 (D) or 2-month-

old (E) Lepr-cre; tdTomato mice (n = 3–5 mice/age from at least three inde-

pendent experiments).

Cell Stem Cell

Leptin Receptor Marks Bone Marrow MSCs

160 Cell Stem Cell 15, 154–168, August 7, 2014 ª2014 Elsevier Inc.



A B

C

H

N

C
on

tro
l

Figure 4. LepR+Col2.3-GFP– Cells Are Quiescent under Normal Physiological Conditions in Adult Bone Marrow but Go into Cycle to

Regenerate Bone after Injury

(A–C) BrdU incorporation (14 day pulse) (A and B) or Hoechst staining (C) by various stromal cell fractions from enzymatically dissociated bone and bone marrow

obtained from 2-month-old Lepr-cre; tdTomato; Col2.3-GFP mice. Unless otherwise indicated, data in all remaining panels represent mean ± SD from three or

four mice in three independent experiments, with statistical significance assessed by two-tailed Student’s t tests. ns, not significant; *p < 0.05, **p < 0.01,

***p < 0.001.

(D) Percentage of Tomato+Col2.3-GFP�CD45�Ter119�CD31� bone marrow stromal cells that incorporated a 14 day pulse of BrdU.

(E) Percentage of Tomato+CD45�Ter119�CD31� bone marrow stromal cells that incorporated a 14 day pulse of BrdU in femurs and tibias from Lepr-cre;

tdTomato mice and Lepr-cre; tdTomato; iDTR mice 2 weeks after diphtheria toxin (DT) treatment.

(F) Bone marrow cellularity in the femurs and tibias of Lepr-cre; tdTomato; iDTR mice at the indicated time points after DT treatment.

(G) Number of Tomato+CD45�Ter119�CD31� stromal cells in bone marrow from Lepr-cre; tdTomato; iDTR mice after DT treatment.

(H) Number of CD150+CD48�Lineage�Sca-1+c-kit+ HSCs in the femurs and tibias 7 days after DT treatment.

(legend continued on next page)
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and data not shown). We did observe an increasing contribution

with age of Tomato+ cells to a layer of Aggrecan� cells on the

cartilage surface that appeared to be part of the synovial mem-

brane (Figures S5Ai and S5B). We do not knowwhether Tomato+

synovial cells are lineally related to LepR+ bone marrow stromal

cells. Overall, we observed little contribution of LepR+ cells to

cartilage.

LepR+ Bone Marrow Stromal Cells Are Quiescent
We administered bromo-deoxyuridine (BrdU) to 2-month-old

Lepr-cre; tdTomato; Col2.3-GFP mice for 14 days. We found

that 94% ± 2.4% of Tomato�Col2.3-GFP� stromal cells were

BrdU+, 27% ± 8.9% of Tomato�Col2.3-GFP+ osteoblasts were

BrdU+, and 55% ± 12% of Tomato+Col2.3-GFP+ osteoblasts

were BrdU+, but only 4.8% ± 1.1% of Tomato+Col2.3-GFP�

stromal cells were BrdU+ (Figures 4A and 4B). Consistent with

this, only 0.23% ± 0.3% of Tomato+Col2.3-GFP� stromal cells

had greater than 2N DNA content by Hoechst staining (Fig-

ure 4C). LepR+ stromal cells are thus largely quiescent in normal

adult bone marrow.

At 2 months of age, the LepR+ cells gave rise to osteoblasts

and adipocytes to a much greater extent in metaphyseal bone

marrow than in diaphyseal bone marrow (Figures 2H, 2L, and

3A). Tomato+Col2.3-GFP� cells from the metaphysis incorpo-

rated a 14-day pulse of BrdU at nearly three times the rate of

Tomato+Col2.3-GFP� cells from the diaphysis (Figure 4D).

Thus, there is regional regulation of LepR+ stromal cells in the

bone marrow.

We ablated LepR+ bone marrow cells by administering DT to

Lepr-cre; tdTomato; Rosa26-loxP-stop-loxP-iDTR (inducible

DT receptor) mice and littermate controls. In contrast to DT-

treated controls (lacking iDTR), in which only 8.2% ± 2.0%

of Tomato+Col2.3-GFP� bone marrow stromal cells in-

corporated a 14-day pulse of BrdU, 89% ± 4.5% of Tomato+

CD45�Ter119�CD31� cells from Lepr-cre; tdTomato; iDTR

mice incorporated BrdU (Figure 4E). Bone marrow cellularity

and the number of Tomato+ stromal cells in the bone marrow

declined significantly 1 day after DT treatment but rebounded

within 2 weeks (Figures 4F and 4G). Consistent with our demon-

stration that LepR+ stromal cells are critical for the maintenance

of quiescent HSCs (Ding and Morrison, 2013; Ding et al., 2012;

Oguro et al., 2013), DT treatment depleted CD150+CD48�LSK
HSCs (Figure 4H).

Within 14 days of DT treatment, adipogenesis (Figure 4J) and

osteogenesis (Figure 4K) increased profoundly in the bone

marrow. Trabecular bone began filling up the marrow cavity,

including the diaphysis (Figure 4M). Virtually all of the bone

marrow adipocytes as well as the new Col2.3-GFP+ osteoblasts

were Tomato+ (Figures 4J–4L). The rate of bone formation, as

measured by calcein labeling, was significantly higher in Lepr-

cre; tdTomato; iDTR mice as compared to controls in both the

metaphysis and the diaphysis (Figures 4N and 4O). LepR+ cells

did not give rise to Calcitonin+ osteoclasts (Figure 4P). The

regeneration of LepR+ cells after ablation is thus associated

with increased adipogenesis and osteogenesis.

LepR+ Cells Are Activated by Irradiation to Form
Osteoblasts and Adipocytes
We found that 25%± 2.3%of the Tomato+ stromal cells incorpo-

rated BrdU over a 2 week period after irradiation of Lepr-cre;

tdTomato mice (Figure 4Q). In the next 2 weeks after irradiation,

the percentage of Tomato+ stromal cells that incorporated BrdU

significantly increased to 35% ± 5.0% (Figure 4Q). At subse-

quent time points the percentage of Tomato+ stromal cells that

incorporated BrdU significantly declined (Figure 4Q). LepR+ cells

therefore divide transiently after irradiation. We observed a sub-

stantial increase in adipocyte frequency within the bone marrow

after irradiation (Figure 5A) and 95% ± 3.0% of the Perilipin+

adipocytes were Tomato+ (Figure 5B). The frequency of osteo-

blasts undergoing cell death significantly increased 2 days after

irradiation (Figure 5C). By 16weeks after irradiation, most (65%±

11%) osteoblasts derived from LepR+ cells (Figure 5D and Fig-

ure S6A). Irradiation did not activate LepR expression in osteo-

blasts (Figures S6B and S6C). We remained unable to detect

any contribution of LepR+ cells to chondrocytes after irradiation

(Figure S6D and data not shown).

Regeneration of Fractured Bone by LepR+ Cells
Two weeks after a break was created in the tibia of two-month-

old Lepr-cre; tdTomato; Col2.3-GFP mice (Figure 5E), a sub-

stantial increase of Tomato+ stromal cells was observed in the

marrow cavity adjacent to the fracture site (Figure 5F). Col2.3-

GFP+ cells close to periosteum were mostly negative for Tomato

expression, but much of the callus was composed of Tomato+

cells (Figure 5F). Tomato+ cells accounted for 46% ± 13% of

Aggrecan+ chondrocytes in the soft callus 2 weeks following

the fracture (Figures 5I and 5J). At 2 and 8 weeks after the frac-

ture, 45% ± 5% and 85% ± 10% of Col2.3-GFP+ osteoblasts

were Tomato+ (Figures 5F–5H). In contrast, only 9%–14% of

Col2.3-GFP+ osteoblasts were Tomato+ in the undamaged tibia

of the same mice (Figure 5H). We confirmed by qRT-PCR

that Ob–Rb mRNA was not expressed by newly generated

osteoblasts at the tibia fracture site (Figure S6E). Most of the

osteoblasts and osteocytes that persisted long-term at the frac-

ture site thus arose from LepR+ cells.

To investigate the contribution of LepR+ cells to the repair of

perforated cartilage, we performed a subchondral perforation

in articular cartilage associated with the femur in the knee of

(I and J) Quantification of adipocyte number per 7 mm femur section (I) and the percentage of adipocytes that were Tomato+ (J) 14 days after DT treatment.

(K) Percentage of Col2.3-GFP+ osteoblasts that were also Tomato+ in enzymatically dissociated bone 2 weeks after DT treatment.

(L) Percentage of Col2.3-GFP+ osteoblasts that were also Tomato+ at metaphyseal (Met) and diaphyseal (Dia) bones 2 weeks after diphtheria toxin treatment.

(M) Representative femur sections from Lepr-cre; tdTomato; Col2.3-GFP; iDTRmice at 2 weeks after DT treatment. Note the formation of ectopic trabecular bone

by Tomato+Col2.3-GFP+ cells in the diaphyseal bone marrow cavity (Mii).

(N and O) Bone formation rate in Lepr-cre; iDTR and control mice after DT treatment. Two doses of calcein were injected at day 0 and 7 after DT treatment and the

distance between calcein bands was measured at 14 days after DT treatment.

(P) Osteoclasts (arrow) were not labeled by Tomato in Lepr-cre; tdTomato mice.

(Q) Percentage of Tomato+CD45�Ter119�CD31� bonemarrow stromal cells that incorporated a 14 day pulse of BrdU in Lepr-cre; tdTomatomice at various times

after irradiation. n = 3–5 mice/time point from three independent experiments.
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Figure 5. LepR+ Cells Are the Major Source of New Osteoblasts and Adipocytes during Tissue Regeneration and Can also Form Chondro-

cytes after Subchondral Perforation

(A and B) Representative femur section from a 2-month-old Lepr-cre; tdTomato mouse 14 days after lethal irradiation and transplantation of wild-type bone

marrow cells. Perilipin+ adipocytes in the bone marrow did not stain with an anti-LepR antibody (purple) but were Tomato+ (red), demonstrating that they derived

from endogenous radio-resistant LepR+ cells (mean ± SD from five mice in four independent experiments).

(C) Percentage ofCol2.3-GFP+ osteoblasts that were also DAPI+Annexin V+ in enzymatically dissociated bone 2 days after irradiation. Data in all remaining panels

represent mean ± SD from three or four mice (per time point) in three independent experiments.

(D) Percentage ofCol2.3-GFP+ osteoblasts that were also Tomato+ in enzymatically dissociated bone from Lepr-cre; tdTomato; Col2.3-GFPmice at various time

points after irradiation.

(E) Schematic of experimental fracture site. The black rectangle depicts the region shown in images in (G), (H), and (J).

(F and G) Tomato expression byCol2.3-GFP+ osteoblasts at the fracture site in Lepr-cre; tdTomato; Col2.3-GFPmice at 2 weeks (F) or 8 weeks (G) after fracture.

(H) Percentage of Col2.3-GFP+ osteoblasts that were also Tomato+ in unfractured tibias from control mice (normal) and bone callus from Lepr-cre; tdTomato;

Col2.3-GFP mice.

(I and J) Percentage of Aggrecan+ chondrocytes that were also Tomato+ at the fracture site 2 weeks after the fracture.

(K and L) Percentage of Aggrecan+ chondrocytes that were also Tomato+ 8 weeks after subchondral perforation of articular cartilage in Lepr-cre; tdTomatomice.

Statistical significance was always assessed using two-tailed Student’s t tests. ns, not significant; *p < 0.05, **p < 0.01, ***p < 0.001.
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Lepr-cre; tdTomato mice. Eight weeks following perforation, the

injured region of the cartilage was covered by Aggrecan+ fibro-

cartilaginous tissues (Figure 5K) and 16% ± 11% of the

Aggrecan+ cells were positive for Tomato expression (Figures

5K and 5L). Thus, LepR+ cells form cartilage after injury even

though they contribute little to the formation of cartilage during

development.

LepR+ Cells Form Bone, Cartilage, and Adipocytes after
Transplantation
We transplanted 500 Tomato+Col2.3-GFP� cells from Lepr-cre;

tdTomato; Col2.3-GFP mice into sublethally irradiated Col2.3-

GFPmice by intrafemoral injection (Figure 6A). Four weeks later,

Tomato expression was observed in Col2.3-GFP+ osteoblasts

(Figure 6B), Perilipin+ adipocytes (Figure 6C), and Aggrecan+

chondrocytes in articular cartilage (which had been perforated

by the injection; Figure 6D). Of 12 recipient femurs, 5 contained

trilineage reconstitution by transplanted Tomato+ cells, 2 con-

tained Tomato+ osteolineage cells and adipocytes, but not

cartilage, and 5 contained only Tomato+ osteolineage cells (Fig-

ure 6E). In an independent experiment in which engraftment was

analyzed by flow cytometry, Tomato+ cells accounted for 1.3%±

1.4% of LepR+ cells and 3.2% ± 1.2% of Col2.3-GFP+ cells in

recipient femurs (Figure 6F). In contrast, transplantation of

105 Tomato�Col2.3-GFP�CD45�Ter119� stromal cells did not

generate any Tomato+ or Col2.3-GFP+ cells (Figure 6G), sug-

gesting that LepR� bone marrow cells have little capacity to

form mesenchymal derivatives.

PTEN Regulates Quiescence, Maintenance, and
Differentiation of LepR+ Cells
Pten is cell-autonomously required for the maintenance of HSCs

(Kalaitzidis et al., 2012; Lee et al., 2010; Magee et al., 2012;

Yilmaz et al., 2006; Zhang et al., 2006) and neural stem cells

(Bonaguidi et al., 2011). To assess the consequences of Pten

deletion from MSCs, we generated Lepr-cre; Ptenfl/fl mice. As

expected, AKT (S473) phosphorylation increased in LepR+ stro-

mal cells isolated from Lepr-cre; Ptenfl/fl mice (Figure 7A). Body

mass and bone marrow cellularity were normal in Lepr-cre;

Ptenfl/fl mice (Figures 7B and 7C). However, we observed a

more than 2-fold reduction in the frequencies of LepR+

CD45�Ter119�CD31� stromal cells (Figure 7D), PDGFRa+

CD45�Ter119�CD31� stromal cells (Figure 7E), and CFU-Fs

(Figure 7F) in Lepr-cre; Ptenfl/fl mice relative to littermate con-

trols. Based on BrdU incorporation, LepR+ cells divided more

frequently in Lepr-cre; Ptenfl/fl mice relative to littermate controls

(Figure 7G). Pten is thus cell-autonomously required to nega-

tively regulate AKT activation and to maintain normal numbers

of quiescent LepR+ MSCs in adult bone marrow.

Four-month-old Lepr-cre; Ptenfl/fl mice had a decreased

volume of trabecular and cortical bone (Figures 7H–7P)

but increased adipogenesis in the metaphysis relative to

littermate controls (Figure 7Q). The expression of Runx2, a

transcription factor required for osteogenesis (Komori et al.,

1997; Otto et al., 1997), was markedly reduced in LepR+ stromal

cells from Lepr-cre; Ptenfl/fl as compared to control mice

(Figure 7R). Pten deletion did not affect the percentage of

CFU-F colonies that contained adipocytes versus osteoblastic

cells (Figure 7S), but it did significantly increase the number of

A C

B

E F G

Figure 6. LepR+ Cells Give Rise to Osteoblasts, Adipocytes, and

Chondrocytes after Intrafemoral Transplantation

(A) Experimental design.

(B–D) Representative femur sections from Col2.3-GFPmice transplanted with

500 Tomato+Col2.3-GFP� cells as described in (A) (n = 5). Note that the

transplanted Tomato+Col2.3-GFP� cells gave rise toCol2.3-GFP+ osteoblasts

(B), Perilipin+ adipocytes (C), and Aggrecan+ cartilage cells (at the injection

site, D).

(E) Fraction of recipient mice in which Tomato+ cells were observed to

contribute to each of the indicated mesenchymal lineages (n = 12 mice).

(F) The percentage of LepR+ bone marrow stromal cells or Col2.3-GFP+

osteoblasts that were also Tomato+ (donor-derived) in the femurs of recipient

mice (mean ± SD from three mice in three independent experiments).

(G) No Tomato+LepR+ cells or Tomato+Col2.3-GFP+ cells were observed in the

femurs ofmice transplantedwith 105 nonhematopoieticCol2.3-GFP�Tomato�

cells from Lepr-cre; tdTomato; Col2.3-GFP mice (n = 3).
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Figure 7. PTEN Regulates Quiescence, Maintenance, and Differentiation in LepR+ Stromal Cells

(A) Representative western blots of flow cytometrically isolated LepR+CD45�Ter119�CD31� stromal cells from 4-month-old Lepr-cre; Ptenfl/flmice and littermate

controls.

(B) Bodymass. (Unless otherwise indicated, all remaining panels showmean ±SD from three to fivemice in three to four independent experiments, with statistical

significance assessed by two-tailed Student’s t tests; ns, not significant; *p < 0.05, **p < 0.01, ***p < 0.001.)

(C) Bone marrow cellularity in the femurs of 4-month-old Lepr-cre; Ptenfl/fl mice and littermate controls.

(D) Number of LepR+CD45�Ter119�CD31� cells.

(E) Number of PDGFRa+CD45�Ter119�CD31� cells.

(legend continued on next page)
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Perilipin+ adipocytes and significantly reduce the number of

alkaline phosphatase+ osteogenic cells that spontaneously

differentiated within these colonies (Figure 7T). Pten is thus

required by LepR+ cells to promote osteogenesis and to restrain

adipogenesis.

We did not detect a decline in the frequency of HSCs (Fig-

ure 7U) or colony-forming hematopoietic progenitors (Figure 7W

and Figures S7B–S7F) in the bone marrow of Lepr-cre; Ptenfl/fl

mice. Bone marrow cells from Lepr-cre; Ptenfl/fl and control

mice gave similar levels of donor cell reconstitution upon trans-

plantation into irradiated mice (Figures 7V and S7A). Nonethe-

less, we did observe significant increases in the frequencies of

HSCs (Figure 7U) and colony-forming hematopoietic progenitors

(Figure 7W) in the spleen. These data suggest that Pten deletion

from LepR+ bone marrow stromal cells changed the bone

marrow niche in a way that led to the mobilization of HSCs and

colony-forming progenitors.

DISCUSSION

Our data support the conclusion that MSCs are an important

component of the HSC niche (Kunisaki et al., 2013; Méndez-

Ferrer et al., 2010; Omatsu et al., 2010; Sacchetti et al., 2007)

because LepR+ stromal cells are a major source of HSC niche

factors in addition to MSC activity. Nearly all Scf-GFPff + bone

marrow stromal cells and Cxcl12-DsRedhigh bone marrow stro-

mal cells were LepR+ (Figures 1C, 1E, S1E, and S1F). The high

expression of Cxcl12 (Figure S1E) and PDGFRa (Figures 1L

and 1M) by LepR+ stromal cells indicates that these cells overlap

strongly with CAR cells, which are also found primarily around

sinusoids throughout the bone marrow (Omatsu et al., 2010;

Sugiyama et al., 2006). However, our data indicate that NG2-

CreER-expressing cells are not a significant source of MSCs in

the bone marrow. NG2-CreER-expressing cells were much

more rare than Scf-GFPff + cells or Cxcl12-DsRed+ cells (Figures

S1E, S1F, and S3A–S3C) and we observed little PDGFRa or

Scf-GFPff expression by these cells (Figures S3A–S3D). While

Kunisaki et al. (2013) concluded that NG2+NestinhighLepR� peri-

arteriolar cells express high levels of Scf and Cxcl12, their

RNaseq analysis showed that the ‘‘NestinhighLepR�’’ cells they

analyzed were negative for Nestin and positive for Lepr expres-

sion (see GSE48764 in the Gene Expression Omnibus, refer-

enced by Kunisaki et al., 2013). Thus, the data from Kunisaki

et al. are consistent with our data indicating that cells with high

levels ofScf andCxcl12 in the bonemarrow aremarked by LepR.

EXPERIMENTAL PROCEDURES

Mice

All mice were maintained in a C57BL/6 background, including Lepr-cre

(DeFalco et al., 2001), Leprfl/flrr (Cohen et al., 2001), Ptenfl/fl (Groszer et al.,

2001), Scf-GFP (Ding et al., 2012), Cxcl12-DsRed (Ding and Morrison, 2013),

Ubc-creER (Ruzankina et al., 2007), Rosa26-CAG-loxp-stop-loxp-tdTomato

(Madisen et al., 2010), Rosa26-loxp-stop-loxp-EYFP (Srinivas et al., 2001),

Rosa26-loxp-stop-loxp-iDTR (Buch et al., 2005), NG2-creERTM (Zhu et al.,

2011), Wnt-1-cre (Danielian and McMahon, 1996), Nestin-GFP (Mignone

et al., 2004), Nestin-creER (Balordi and Fishell, 2007), Mx-1-cre (Kuhn et al.,

1995), and Col2.3-GFP (Kalajzic et al., 2002) mice. To induce CreER activity,

male mice (>2-month-old) were injected with 1 mg tamoxifen (Sigma) daily

for 5 consecutive days followed by being fed ab libidum with chow containing

400 mg/kg tamoxifen for at least 2 weeks. To induce Mx-1-Cre expression, 2-

month-old mice were injected with 10 mg poly-inosine:poly-cytosine (pIpC;

Amersham)/20 g body mass every other day for 10 days. To treat mice with

DT, we injected mice intraperitoneally with 100 ng of DT for 7 consecutive

days. All mice were housed in the Animal Resource Center at the University

of Texas SouthwesternMedical Center (UTSW). All procedureswere approved

by the UTSW Institutional Animal Care and Use Committee.

For methods related to flow cytometry, bone sectioning, qPCR, culture

assay conditions, ossicle formation, irradiation, cell cycle analysis, calcein

labeling, micro CT, western analysis, bone fracturing, intrafemoral injection,

and subchondral perforation, see the Supplemental Experimental Procedures.

SUPPLEMENTAL INFORMATION

Supplemental Information for this article includes seven figures and Supple-

mental Experimental Procedures and can be found with this article online at

http://dx.doi.org/10.1016/j.stem.2014.06.008.
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SUMMARY

During an infection, the body increases the output
of mature immune cells in order to fight off the path-
ogen. Despite convincing evidence that hemato-
poietic stem and progenitor cells (HSPCs) can sense
pathogens directly, how this contributes to hemato-
poietic cell output remains unknown. Here, we have
combined mouse models with a single-cell prote-
omics platform to show that, in response to Toll-
like receptor stimulation, short-term HSCs and
multipotent progenitor cells produce copious
amounts of diverse cytokines through nuclear factor
kB (NF-kB) signaling. Interestingly, the cytokine pro-
duction ability of HSPCs trumps mature immune
cells in both magnitude and breadth. Among cyto-
kines produced by HSPCs, IL-6 is a particularly
important regulator of myeloid differentiation and
HSPC proliferation in a paracrine manner and in
mediating rapid myeloid cell recovery during neutro-
penia. This study has uncovered an important prop-
erty of HSPCs that enables them to convert danger
signals into versatile cytokine signals for the regula-
tion of stress hematopoiesis.

INTRODUCTION

Immune cells of the myeloid lineage are often considered the

first responders of host defense against bacterial infection;

meanwhile, hematopoietic stem and progenitor cells (HSPCs)

may respond in a delayed fashion to ensure sufficient production

of myeloid cells consumed during an infection. The response by

HSPCs was originally thought to be of a passive response to the

depletion of downstream immune cells, but more recent evi-

dence suggests that HSPCs may participate directly by sensing

systemically elevated cytokines through cytokine receptors and

bacterial and viral components through Toll-like receptors (TLRs)

(King and Goodell, 2011; Nagai et al., 2006).

It is well known that immune cells are potent cytokine pro-

ducers upon encountering bacteria and viruses. When cytokines

produced by immune cells and nonhematopoietic tissues accu-

mulate to sufficient quantity, they circulate back to the bone

marrow (BM) niche via blood circulation to activate HSPCs.

Numerous cytokines, including IL-6, TNF-a, IFN-a, IFN-g, TGF-

b, and M-CSF, with the ability to regulate proliferation and differ-

entiation of HSPCs have been identified (Baldridge et al., 2010,

2011; Challen et al., 2010; Essers et al., 2009; Maeda et al.,

2009; Mossadegh-Keller et al., 2013; Pronk et al., 2011). On

the other hand, it is clear now that HSPCs can also respond

to TLR stimulation directly, leading to accelerated myeloid cell

production in vitro (Nagai et al., 2006) and most likely in vivo as

well (Megı́as et al., 2012). However, it remains unclear how direct

pathogen sensing by HSPCs translates into signals directing

myeloid differentiation under the stressed conditions. Conven-

tional wisdom would suggest that TLR signaling activates line-

age-specific transcriptional factors that can directly regulate

differentiation within HSPCs. Currently, little is known about

what transcription factors downstream of TLR activation might

mediate this process. An alternative, but not mutually exclusive,

hypothesis is that TLR stimulation activates a general proinflam-

matory program within HSPCs in order to induce cytokine pro-

duction, which can act in an autocrine or paracrine manner to

regulate differentiation.

In this study, we have combined extensive mouse genetics

and a microfluidic single-cell proteomics platform to show that

HSPCs can directly respond to bacterial components via the

TLR/necrosis nuclear factor kB (NF-kB) axis, and, in response,

HSPCs, specifically short-term HSCs (ST-HSCs) and multipo-

tent progenitor cells (MPPs), produce copious amounts of cyto-

kines. In addition, single-cell analysis shows that HSPCs contain

heterogeneous subsets based on their different cytokine pro-

duction profiles. The cytokine production ability of HSPCs is

shown to be regulated byNF-kBactivity, given that p50-deficient

HSPCs have significantly attenuated cytokine production,

whereas miR-146a-deficient HSPCs display significantly

enhanced cytokine production. Interestingly, HSPCs are signifi-

cantly more potent cytokine producers in both breadth and

quantity than the conventional known cytokine producers of

the immune system, such as myeloid cells and lymphocytes.
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Furthermore, we have shown that HSPCs possess TLRs, func-

tional NF-kB signaling, and cytokine receptors—an entire

cascade of molecules necessary for translating danger signals

into cytokine signals. Lastly, we have demonstrated the func-

tional significance of HSPC-produced cytokines, especially IL-

6, in promoting myelopoiesis in vitro and in vivo in neutropenic

mice after chemotherapeutic treatment or BM transplant. We

believe that this represents a previously underappreciated

mechanism by which HSPCs convert danger signals encoun-

tered during an infection into a range of versatile cytokine signals

in order to ensure efficient stress-induced hematopoiesis. This

circumvents both the delay associated with having to wait for

systemic cytokine accumulation and the need to ‘‘reinvent’’ the

molecular circuitry within HSPCs in order to convert TLR activa-

tion into specific differentiation signals.

RESULTS

Heterogeneity in Cytokine Production Profile among
Purified HSPCs
To test whether any of the HSPC populations have the capability

of cytokine production, we adapted a high-throughput, micro-

fluidic-based technology to quantify a panel of up to 15 secreted

proteins at the single-cell level (Ma et al., 2011). HSPCs are rare

cells in BM, with LSK cells (defined as Lin�Sca1+cKit+), a mixed

population of long-term HSCs (LT-HSCs), ST-HSCs, MPPs, and

lymphoid-biased MPPs (LMPPs) accounting for less than 1%

and LT-HSCs accounting for less than 0.1% of the total nucle-

ated BM cells. This microfluidic platform allowed us to simulta-

neously measure a large number of secreted proteins at the

single-cell level from thousands of phenotypically defined cells.

After sorting LSK cells and LT-HSCs (defined as LSK CD150+

CD48�) with stringent gating criteria and reanalyzing the sorted

fraction for purity (Figure S1A available online), we loaded the

cells onto chips containing several thousand microchambers.

After 12 hr of incubation with culture medium containing

either lipopolysaccharide (LPS), a TLR-4 ligand, alone or with

Pam3CSK4, a TLR-2 ligand, secreted proteins were quantified

by an ELISA-based method (Ma et al., 2011). At this time, nearly

all LSK cells remained undifferentiated by fluorescence-

activated cell sorting (FACS) analysis (Figure S2). Interestingly,

although very few stimulated LT-HSCs produced cytokines, a

significant fraction of LSK cells produced a wide range of cyto-

kines upon TLR stimulation (Figures 1A–1C and S3). Cytokine

production by LSK cells was stimulation dependent, given that

few LSK cells had detectable secretion in the absence of stimu-

lation. Furthermore, although LPS alone was sufficient to stimu-

late 12.9% of LSK cells to produce cytokines, a combination

of LPS and Pam3CSK4 boosted the percentage to 37.9%, and

many more cells secreted multiple cytokines, suggesting an ad-

ditive effect of simultaneously stimulating multiple TLRs (Figures

1A–1C). Among the 12 cytokines studied, IL-6 was the most

prominently induced and was secreted by 21.9% of LPS and

Pam3CSK4-stimulated LSK cells, whereas the production of

the other cytokines ranged from 7%–15% (Figures 1B and 1C).

Among the 12 cytokines in the panel, most are produced by

multiple immune cell types. However, some cytokines, such as

IL-2, IL-4, IL-17, and IFN-g aremainly produced by lymphocytes,

whereas IL-1b, IL-6, IL-12, TNF-a, and GM-CSF are more abun-

dantly produced by cells of the myeloid lineage (Janeway et al.,

2001). Interestingly, when unsupervised clustering analysis was

performed on LSK cells, it identified two main cytokine clusters:

a cytokine cluster (group i) including IL-6, TNF-a, IL-12, and GM-

CSF that resembles the production profile of myeloid cells, and a

cytokine cluster (group ii) including IL-2, IL-4, IL-10, and IFN-g

that resembles the production profile of lymphocytes (Figure 1D).

LSK cells were divided into multiple functional subsets differing

in their ability to produce group i and group ii cytokines, ranging

from nonproducers (Figure 1D, subset 1), group i producers (Fig-

ure 1D, subset 2), group ii producers (Figure 1D, subset 3), to

superproducers of all cytokines (Figure 1D, subset 4). When

the cells from the four subsets were plotted onto the 2D principal

component plane with the two vectors representing the two

cytokine groups, subset 2 cells fell into the group i direction,

and subset 3 cells fell into the group ii direction, whereas subset

4 cells fell between the two vector directions (Figure 1D, bottom),

demonstrating once again the differential cytokine secretion

profiles among LSK cells.

LSK cells represent a heterogeneous population comprising

LT-HSCs, ST-HSCs, MPPs, and LMPPs. They represent cells

along a differentiation tree with successive loss of self-renewal

ability while still retaining the full potential to replenish most, if

Figure 1. Single-Cell Analysis of Cytokine Production by WT HSPCs in Response to TLR Stimulation

(A–D) Data from single-cell cytokine chip analysis. The four cell groups analyzed are HSCs with LPS and Pam3CSK4, LSK cells with medium only, LSK cells with

LPS, and LSK cells with LPS and Pam3CSK4 stimulation for 12 hr. LSK is defined by Lin�Sca1+cKit+, and HSC is defined by LSK CD150+CD48�.
(A) Polyfunctionality and population-level statistics of the cell types analyzed. The percentage of cells secreting different number of cytokines is shown for each

cell type studied. Different colors represent cells producing different number of cytokines from 1 to 12 (labeled with different colors); the number on top of each

cell type shows the total percentage of cells secreting detectable amount of any of the 12 cytokines.

(B) Comparison of HSCs and LSK cells by individual cytokine. Each plot is composed of several thousand individual dots from several thousand single cells. The

four cell groups arranged from left to right are HSCs under LPS and Pam3CSK4 stimulation (black), LSK cells with no stimulation (cyan), LSK cells with LPS

stimulation only (light blue), and LSK cells with LPS and Pam3CSK4 stimulation (dark blue). The numbers on top represent the percentage of cytokine-producing

cells identified by the gate (the dotted line), and the bars represent the mean intensity of only the cytokine-producing cells (average intensity of the cells above the

dotted line).

(C) A summary heat map showing the percentage of HSCs and LSK cells that secrete any individual cytokine under different stimulations.

(D) Clustering analysis of WT LSK cells under LPS and Pam3CSK4 stimulation with results presented as heat maps and scatter plots. The data are analyzed by

two-way hierarchical clustering that groups similar proteins and cells together. The grouping is shown by the tree structure for both proteins and cells. Each row

represents an individual cytokine, and each column represents an individual cell. The result is presented by a heat map with colors representing the amount of

cytokine secretion from purple (undetectable) to yellow (intermediate) to red (maximum). Two major groups of proteins (i and ii) and four main groups of cells

(1 to 4) are identified. Each cell group is replotted onto the 2D principal component plane. This reduced space is the one that can explain the largest fraction (65%)

of the information from the data. The arrows indicate the directions of the two cytokine functional groups aligned to the x and y axes.

See also Figures S1–S3.
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not all, hematopoietic cells (Adolfsson et al., 2005; Forsberg

et al., 2006). Next, we asked whether the LSK heterogeneity

based on cytokine production profile correlates with known

HSPC subsets. To study this, we separately purified LT-HSCs

(LSK Flt3�CD34�), ST-HSCs (LSK Flt3�CD34+), MPPs (LSK

Flt3intCD34+), and LMPPs (LSK Flt3hiCD34+) from the LSK pop-

ulation and analyzed their cytokine secretion with the single-

cell microfluidic chips (Figures 2 and S4). We confirmed that

LT-HSCs lacked cytokine production with the use of a set of

stem cell markers different from those used in Figure 1 because

of controversy over what set of markers best defines HSCs. In

comparison, ST-HSCs and MPPs were potent cytokine pro-

ducers, whereas more differentiated LMPPs produced rather

modest levels of cytokines (Figures 2A–2C and S4). Furthermore,

similar to unfractionated LSK cells, ST-HSCs and MPPs re-

mained heterogeneous in terms of cytokine production profile

(Figure S4A). These results were succinctly summarized with

principal component analysis in order to reduce the 12-dimen-

tional cytokine intensity data set from six different BM subsets

down to two principal components (Figures 2D and 2E). Principal

component 1 (PC1) represents a measure of the overall cytokine

secretion ability of a cell and is positively correlated with the in-

tensity of each of the 12 cytokines (Figure S4C). When LT-HSCs,

ST-HSCs, MPPs, and LMPPs along with unfractionated LSK

cells and total BM were compared along PC1, a majority of LT-

HSCs and LMPPs were clustered at the lower end of PC1, indi-

cating very low overall cytokine secretions, whereas ST-HSCs

and MPPs contained a large fraction of high cytokine secretors

(Figure 2D). Principal component 2 (PC2) is a measure of cyto-

kine secretion bias and is positively correlated with lymphoid

cytokines (Figure S4D) but negatively correlated with myeloid

cytokines (Figure S4E). When the six cell types were compared

along PC2, LSK cells, ST-HSCs, and MPPs were heterogeneous

with relatively even distribution across PC2, indicating that they

contained a mixture of nonproducers, myeloid cytokine-biased,

lymphoid cytokine-biased, and balanced producers. In compar-

ison, unfractionated BM cells showed moderate myeloid-cyto-

kine bias, and LMPPs showed moderate lymphoid-cytokine

bias (Figure 2E). It is known that HSCs defined by current best

cell-surface markers represent a heterogeneous population

with biased myeloid or lymphoid lineage potential (Beerman

et al., 2010; Challen et al., 2010; Copley et al., 2012). A recent

study using a single-cell barcode technology also demonstrated

the highly heterogeneous nature of the LMPP population (Naik

et al., 2013). To add to the complexity, we have now shown

that ST-HSCs and MPPs contain heterogeneous subsets based

on their cytokine secretion profile. It is reasonable to speculate

that the skewed cytokine production ability of ST-HSCs and

MPPs may also reflect a biased lineage potential. Unfortunately,

the current chip design does not allow us to recover the various

cell subsets on the basis of their cytokine secretion profile for

functional and lineage potential analysis. The possible relation-

ship between the heterogeneous cytokine production ability

and their lineage potential and functional capacity represents a

future direction for research.

Regulation of HSPC Cytokine Production by NF-kB
NF-kB is a family of transcription factors central to the regulation

of inflammation and immune cell activation. Almost three de-

cades of research has elucidated many key physiological func-

tions of NF-kB in innate and adaptive immune cells as well as

its involvement in the pathogenesis of many immunological dis-

eases (Baltimore, 2011). However, much less is known about the

physiological function of NF-kB in HSPCs during inflammation.

Because both LPS and Pam3CSK4 can activate NF-kB, which

in turn can upregulate the transcription of many inflammatory

cytokines in mature immune cells, we suspected that NF-kB

might also regulate cytokine production in HSPCs. To test this,

we first determined whether the important components of

the TLR/NF-kB pathway were expressed at the protein level in

HSPCs. Using a transgenic mouse that has a knockin of a

RELA-GFP fusion protein at the endogenous locus (De Lorenzi

et al., 2009), we found that all LT-HSCs and LSK cells were

GFP+, indicating that all HSPCs express RELA (also known

as p65) protein, a key subunit of NF-kB (Figure 3A). Then, we

showed that both TLR-2 and TLR-4 receptors were expressed

on the surface of LSK cells, and a subset of them express both

receptors (Figure 3B), a finding consistent with previous reports

(Nagai et al., 2006). Next, we asked whether HSPCs have func-

tional NF-kBactivity upon TLR stimulation. To study this, we took

advantage of a different transgenic NF-kB-GFP reporter mouse,

one with GFP expression under the control of the NF-kB regula-

tory elements (Magness et al., 2004). LPS stimulation in vivo

upregulated GFP expression from 8% basally to 35%–40% in

both LSK cells and LT-HSCs (Figures 3C and 3D). More directly,

when purified LSK cells and LT-HSCs were stimulated with LPS

and Pam3CSK4 in vitro, NF-kB activation was again evident by

both the percent of GFP+ cells and mean fluorescence intensity

(Figures 3E and 3F). These results demonstrate that both LSK

cells and LT-HSCs contain functional TLR/NF-kB signaling that

can be directly activated by TLR-4 and TLR-2 ligands.

To determine whether NF-kB regulates cytokine production in

LSK cells, we took advantage of mice deleted for genes impor-

tant to the NF-kB pathway. NFKB1 (also known as p50) is one

of the main subunits of the NF-kB family of transcription factors,

and p50 deficiency results in defective NF-kB activity in various

immune cells (Sha et al., 1995). In contrast, miR-146a is an

important negative regulator of NF-kB activation by targeting

its upstream signaling transducers TRAF6 and IRAK1. Thus,

deficiency in miR-146a leads to enhanced NF-kB activity (Boldin

et al., 2011; Zhao et al., 2011, 2013). When we subjected LSK

cells from Nfkb1�/� mice (p50 knockout [KO]) and Mir146a�/�

mice (miR KO) to the single-cell chip analysis, we found that pro-

duction of all 12 cytokines was significantly attenuated in p50 KO

LSK cells and enhanced in miR KO LSK cells in comparison to

wild-type (WT) LSK cells (Figures 4A–4C and S3). Although

37.9% ofWT LSK cells produced cytokines under costimulation,

the percentage rose to an impressive 69.7% in miR KO and

dropped to a mere 2.4% in p50 KO LSK cells (Figure 4A).

Furthermore, the percentage of cytokine-producing LSK cells

in Mir146a�/� Nfkb1�/� (miR/p50 double knockout [DKO]) mice

was less than in WT mice, indicating that the lack of p50 is

dominant over miR-146a deficiency (Figures 4A–4C and S3). In

addition to the percentage of responding cells, the amount of

cytokines produced on a per-cell basis was also enhanced in

miR KO LSK cells and reduced in p50 LSK cells for all the proin-

flammatory cytokines (Figure 4B). These data demonstrate that

cytokine production in LSK cells is regulated by the level of
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Figure 2. Single-Cell Analysis of Cytokine Production by Various HSPC Subsets in Response to TLR Stimulation

(A–E) Data from single-cell cytokine chip analysis. The six cell groups analyzed are BM (total BM cells), LSK cells, LMPPs (LSK CD34+Flt3hi), MPPs (LSK

CD34+Flt3int), ST-HSCs (LSK CD34+Flt3�), and LT-HSCs (LSK CD34�Flt3�), all under LPS and Pam3CSK4 stimulation for 12 hr.

(A) Polyfunctionality and population-level statistics of the cell types analyzed. The percentage of cells secreting different number of cytokines is shown for each

cell type studied. Different colors represent cells producing different number of cytokines from 1 to 12 (labeled with different colors); the number on top of each

cell type represents the total percentage of cells secreting detectable amount of any of the 12 cytokines.

(B) Comparison of HSPC subsets by individual cytokines. Four out of 12 cytokines are shown here, and the rest are shown in Figure S4B. Each plot is composed

of several thousand individual dots from several thousand single cells. The six cell groups arranged from left to right are total BM, LSK cells, LMPPs, MPPs,

ST-HSCs, and LT-HSCs under LPS and Pam3CSK4 stimulation. The numbers on top represent the percentage of cytokine-producing cells identified by the gate

(the dotted line), and the bars represent the mean intensity of only the cytokine-producing cells (average intensity of the cells above the dotted line).

(C) A summary heat map showing the percentage of the six groups of cells that secrete any individual cytokine under different stimulations.

(D and E) Principal component analysis of all six cell groups that reduce a 12-dimensional cytokine data set from six different cell groups into two principal

components (PC1 and PC2).

(D) PC1 represents the overall cytokine production capacity of a cell and is positively correlated to the overall intensity of all 12 cytokines (see Figure S4C). After all

12 cytokine intensities of each cell are converted into a single PC1 value, the relative frequency of cells with each PC1 value is calculated for all six cell subsets.

Graphs show the relative frequency of cells (y axis) of the six cell groups against PC1 (x axis). Each cell type is represented by a different color.

(E) PC2 represents the level of biased cytokine production profile and is positively correlated to the lymphoid group of cytokines, including IL-2, IL-17a, IL-4, IL-12,

IL-1b, and IFN-g, but is negatively correlated to the myeloid group of cytokines, including TNF-a, IL-6, and GM-CSF (see Figures S4D and S4E). Graphs show the

relative frequency of cells (y axis) of the six cell groups against PC2 (x axis). Each cell type is represented by a different color.

See also Figure S4.

Cell Stem Cell

HSPCs Regulate Myelopoiesis via Cytokines

Cell Stem Cell 14, 445–459, April 3, 2014 ª2014 Elsevier Inc. 449



A

C D

E

F

ti
l

ti
N

ti
l

ti
N

eg
at

iv
e

Sca1 CD150 GFPGFP

B

GFP

C
ou

nt

GFP

C
ou

nt

RelA GFP

Percent GFP+t  HSCs

Neg
Ctrl

PBS
LPS

0

10

20

30

40

50

G
FP

 P
er

ce
nt

ag
e

Percent GFP+t  LSK cells

Neg
 C

trl
PBS

LPS
0

10

20

30

40

50

G
FP

 P
er

ce
nt

ag
e

in vivo stimulation

Percent GFP+t HSCs

0HR 6HR
0

5

10

15

G
FP

Pe
rc

en
ta

ge

Percent GFP+t LSK cellsK

0HR 4HR 6HR 12HR
0

10

20

30

G
FP

Pe
rc

en
ta

ge

MFI of GFP+f  HSCs

0HR 6HR
0

100

200

300

400

500

G
FP

M
FI

 (a
rb

itr
ar

y 
un

it)

MFI of GFP+f LSK CellsK

0HR 4HR 6HR 12HR
0

100

200

300

400

500

G
FP

 M
FI

(a
rb

itr
ar

y
un

it)

in vitro stimulation (hours)

TLR-4TLR-2
C

ou
nt

LSK

Figure 3. NF-kB Activation through TLRs in HSPCs

(A–F) Data from FACS analysis.

(A) Representative FACS histogram of LSK cells (blue) and HSCs (LSK CD150+CD48�; red) from RELA-GFP transgenic mice. LSK cells from a WT C57Bl/6 mice

were used as a negative control (black).

(B) Representative FACS plots of TLR-2 and TLR-4 surface expression of WT LSK cells. Blue represents isotype antibody control, and red represents fluo-

rescence-conjugated antibodies against TLR-2 (left), TLR-4 (middle), or both (right).

(C–F) Determination of TLR and NF-kB functionality in LSK cells and HSCs with mice in which GFP production is under NF-kB regulatory control.

(C and D) Experiments from in vivo stimulation.

(C) LPS-stimulated WT mouse is used as a negative control (top row) for GFP expression. No stimulation (middle row) corresponds to PBS-treated NF-kB-GFP

transgenic reporter mice. LPS stimulation (bottom row) corresponds to LPS-stimulated NF-kB-GFP transgenic reporter mice (2 mg/kg body weight LPS for 6 hr).

(D) Quantification of GFP+ percentages in LSK cells and HSCs from negative control, unstimulated, and LPS-stimulated NF-kB-GFP transgenic reporter

mice (n = 3).

(E and F) Experiments from in vitro stimulation of purified LSK cells and HSCs.

(legend continued on next page)
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NF-kB activity. Tuning the NF-kB activity up or down is sufficient

to increase or decrease the cytokine production of LSK cells in

response to TLR stimulation. We also measured the coproduc-

tion of any two cytokines at the single-cell level (Figures 4D

and 4E). Correlation coefficients (R values) were calculated for

all cytokine pairs for WT, p50 KO, and miR KO LSK cells, higher

R values indicating tighter coregulation. In general, WT LSK cells

showed higher correlation coefficients than either p50 KO ormiR

KO LSK cells, indicating a better coregulation of these cytokines

(Figure 4E, green blocks). This may be functionally important,

given that many of these cytokines are often produced together

by a single cell; e.g., myeloid cells produce TNF-a, IL-6, and IL-

12 during an inflammatory response, and CD4 TH1 cells produce

IL-2 and IFN-g. Imbalance in cytokine levels could lead to unde-

sired effects and pathologies. When we performed a principal

component analysis on LSK cells of all genotypes, a myeloid

cytokine group including IL-6, TNF-a, IL-1b, and GM-CSF and

a lymphoid cytokine group including IL-2, IL-4, and IL-17a

were again identified (Figure 4F). Plotting the measurements

onto the dominant 2D principal component space revealed

diminished production of both groups of cytokines in p50 KO

LSK cells and enhanced production in miR KO LSK cells. Inter-

estingly, enhancement in the myeloid component was even

more prominent in miR KO LSK cells, suggesting miR-146a-defi-

cient LSK cells have especially enhanced myeloid cytokine

production. Overall, these results demonstrate that TLR-stimula-

tion-mediated cytokine production in HSPCs is exquisitely

regulated by the level of NF-kB activity.

Functional Significance of HSPC-Produced Cytokines in
Regulating Myelopoiesis In Vitro
Cytokines produced by HSPCs are also produced by mature

immune cells in the BM and periphery. However, we hypothesize

that the location of HSPCs in the stem cell niche may represent

an inherent advantage, allowing HSPC-produced cytokines to

efficiently regulate their own fate in a more timely fashion during

an infection or inflammatory challenge. To assess the functional

significance of HSPC-produced cytokines, we first compared

the cytokine production capacity of LSK cells with that of more

differentiated progenitor cells and mature immune cells. To

this end, purified LSK cells and lineage-committed progenitor

cells (Lin�cKit+Sca1� and Lin�cKit�Sca1+) from BM as well as

CD11b+myeloid, CD4+ T, CD8+ T, and B220+ B cells from spleen

were stimulated with LPS plus Pam3CSK4 for 24 hr. Then,

culture medium was collected for multiplexed ELISA in order to

measure a panel of 15 cytokines. Surprisingly, in the absence

of survival and proliferative advantage after stimulation (Fig-

ure S5A), LSK cells produced far more cytokines in both quantity

and breadth thanmaturemyeloid and lymphoid cells in 24 hr with

LPS and Pam3CSK4 stimulation. More impressively, even with

much stronger stimuli, such as CpG, anti-CD3 and anti-CD28,

or 100-fold more LPS, T, B, and myeloid cells were still signifi-

cantly less potent cytokine producers than LSK cells (Figure 5A).

In addition, LSK cells produced a wide range of myeloid and

lymphoid cytokines, whereas mature myeloid cells and lympho-

cytes showed narrower cytokine production profile.

Next, we determined whether the cytokines produced by

HSPCs are able to influence hematopoiesis in vitro. First, we

showed that a fraction of LT-HSCs, LSK cells, and myeloid

progenitor cells expressed various cytokine receptors, including

IL-6Ra, IFN-gR, TNF-R1, and TNF-R2, on their surfaces (Fig-

ure S6A). This is consistent with previous studies that provided

direct and indirect evidence of cytokine receptor expression in

HSPCs (Baldridge et al., 2010, 2011; Maeda et al., 2009; Pronk

et al., 2011). Next, we measured myeloid differentiation of LSK

cells under LPS and Pam3CSK4 stimulation. Using an IL-6

neutralizing antibody, we were able to determine the effect of

taking away IL-6 produced by LSK cells on myelopoiesis (Fig-

ures 5B and 5C). Interestingly, in comparison to the isotype

antibody control, the neutralization of IL-6 had a significant effect

on myeloid differentiation. Specifically, the percent of CD11b+

cells produced from LSK cells decreased by about 50%, and

the number of CD11b+ cells showed a 2-fold reduction over a

4-day period (Figures 5B and 5C). To extend the study to

include several other abundantly produced cytokines, we found

that the neutralization of TNF-a or GM-CSF, but not IFN-g, also

had an inhibitory effect on the generation of myeloid cells (Fig-

ures 5D and 5E). Interestingly, neutralization of IL-6, IFN-g, or

GM-CSF all decreased the number of LSK cells, suggesting

that these cytokines produced by LSK cells have a positive

effect on their own proliferation and/or survival (Figure 5E). It is

worth noting that we have previously shown that IL-6 can directly

induce LSK cell proliferation by BrdU incorporation (Zhao et al.,

2013). To further demonstrate the functional importance of

HSPC-produced cytokines, we compared cytokines produced

by BM cells that were depleted of HSPCs to that of total BM

cells in inducing myelopoiesis. To this end, we stimulated

equal number of total BM cells and Sca1-depleted BM cells

with LPS and Pam3CSK4 in vitro for 24 hr and then used the

conditioned media to stimulate LSK cells. We saw up to 40%

reduction in the number CD11b+ myeloid cells after only

2 days of incubation with conditioned medium from Sca1-

depleted BM cells (Figure 5F). This suggests that HSPCs, ac-

counting for less than 1% of total BM cells, make a significant

contribution to the cytokine milieu and have a stimulatory

effect on myelopoiesis. Instead of depleting cytokine, we next

askedwhether increased cytokine production by LSK cells could

enhance myelopoiesis. To this end, we used miR-146a-deficient

LSK cells that showed exaggerated cytokine production (Fig-

ure 4). Purified LSK cells from WT or miR KO mice were stimu-

lated with LPS and Pam3CSK4 in vitro for 24 hr, and then

the conditioned media were used to stimulate newly purified

WT LSK cells. After 2 days, we saw a modest but consistent in-

crease in numbers of both LSK cells and CD11b+ cells when WT

LSK cells were cultured with miR KO-LSK-cell-conditioned

medium in comparison to WT-LSK-cell-conditioned medium

(Figure 5G). This suggests that with just 24 hr of cytokine accu-

mulation, the exaggerated cytokine production by miR KO LSK

(E) Representative FACS histograms of LSK cells and HSCs sorted from NF-kB-GFP transgenic reporter mice. Blue represents unstimulated LSK cells or HSCs

and red represents cells stimulated in vitro with LPS (100 ng/ml) for 6 hr.

(F) Quantification of GFP+ percentages andGFPmean fluorescence intensity of LSK cells at 0, 4, 6, and 12 hr and HSCs at 0 and 6 hr (n = 3). Data are presented as

mean ± SEM.
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Figure 4. Regulation of HSPC Cytokine Production by NF-kB

(A–F) Data from single-cell cytokine chip analysis. LSK cells were sorted from WT, Nfkb1�/� (p50 KO), Mir146a�/� (miR KO), and Nfkb1�/�Mir146a�/� (miR/p50

DKO) mice and were stimulated with LPS and Pam3CSK4 for 12 hr.

(A) Polyfunctionality and population level statistics of LSK cells of different genetic models. The percentage of LSK cells secreting a different number of cytokines

is shown for each cell type studied. Different colors represent cells producing different number of cytokines from 1 to 12 (labeled by different colors); the number

on top of each cell type represents the total percentage of cells secreting detectable amount of any cytokine.

(legend continued on next page)
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cells is sufficient to support enhancedmyelopoiesis and LSK cell

proliferation and/or survival. Consistent with this in vitro finding,

miR KO mice exhibit a significant myeloproliferative disease

after chronic inflammatory stimulation as a result of enhanced

HSPC proliferation and myeloid differentiation, whereas deleting

IL-6 in miR KO mice effectively ameliorates the myeloprolifera-

tive condition (Zhao et al., 2013). Complementing our previous

reports that have shown the involvement of hyperactivated

T cells and myeloid cells in miR-146a-deficiency-mediated

pathologies (Zhao et al., 2011, 2013), this study shows that

exaggerated cytokine production by miR-146a-deficient HSPCs

is also a contributor to enhanced myelopoiesis in miR-146a

KO mice.

Functional Significance of HSPC-Produced Cytokines in
Regulating Myelopoiesis In Vivo
In addition to in vitro functional significance, we next determined

whether HSPC-produced cytokines are important in regulating

hematopoiesis in vivo. Because current technology does not

allow us to delete a cytokine specifically and selectively in stem

and progenitor cells while allowing cytokine production inmature

cells, to overcome this hurdle, we have created leucopenic

conditions in vivo in which mature myeloid and lymphoid cells

are severely depleted, whereas stem and progenitor cells are

preserved. We created these conditions in mice by injecting a

chemotherapeutic drug, 5-flurouracil (5-FU) (Figures 6A–6C) or

by transplanting stem and progenitor cells after lethal irradiation

(Figures 6D–6F). LPS was injected into mice in order to stimulate

myelopoiesis when neutropenia became the most severe, as

measured by periodic sampling of peripheral blood. 5-FU is a

chemotherapeutic drug that induces a significant reduction in

mature cells in both BM and periphery while stimulating stem

and progenitor cells to cycle (Harrison and Lerner, 1991). After

5-FU injection, myeloid cells started to decline, and, by day 5,

80% of myeloid cells were depleted in WT, miR-146a KO, IL-6

KO, and miR-146a/IL-6 DKO mice (Figure 6A). At this time,

low-dose LPS was injected in order to stimulate myelopoiesis.

Consistent with in vitro studies, IL-6 KO mice showed a 2-fold

decrease in CD11b+ and Gr1+ myeloid cells, whereas miR KO

mice showed a modest increase in comparison to WT mice (Fig-

ures 6B and 6C). In addition, DKOmice showed a similar level of

reduction as IL-6 KOmice, indicating that loss of IL-6 is the domi-

nant factor. To perform stem cell transplant, 500,000 purified

Lin�cKit+ cells from WT, miR KO, IL-6 KO, or miR/IL-6 DKO

mice were injected into lethally irradiated WT recipient mice. All

four groups of mice showed severe leucopenia 6 days after irra-

diation and cell injection, and approximately 8,000 myeloid cells

and 20,000 total white blood cells were left in the peripheral

blood. This represented less than 1% of the normal level and

4% of the number of transplanted HSPCs (Figures 6D–6F). LPS

stimulation promoted myelopoiesis that was mildly increased in

mice receiving miR KO HSPCs but was significantly attenuated

in mice receiving IL-6 KO or miR/IL-6 DKO HSPCs, indicating

that IL-6 produced by HSPCs is an important factor in promoting

myeloid cell recovery during neutropenia (Figures 6D–6F).

Overall, these in vivo experiments show that, in mice with severe

leucopenia, LPS-stimulated production of cytokines, especially

IL-6, by endogenous or transplanted HSPCs has a significant

positive impact on stress-induced myelopoiesis.

Within the BM niche, we speculate that the cytokines released

by HSPCs upon TLR stimulation can act on themselves or neigh-

boring HSPCs. To further delineate whether HSPC-produced

cytokines mediate hematopoiesis predominantly through an

autocrine or paracrine fashion, we injected NF-kB-GFP reporter

mice with both LPS and BrdU in order to determine the relation-

ship between cytokine-producing HSPCs and proliferating

HSPCs. GFP expression, an indicator of NF-kB activation and

cytokine production, and BrdU incorporation, a marker of prolif-

eration, were costained in myeloid progenitor cells, LSK cells,

and LT-HSCs at 4, 12, and 24 hr (Figure 6G). The result showed

that LSK cells and LT-HSCs rapidly turned on NF-kB in response

to LPS stimulation, whereas myeloid progenitor cells went into

cycle quickly. As time elapsed, LT-HSCs and LSK cells started

to proliferate, whereas NF-kB activity gradually dampened.

Interestingly, throughout the stimulation, cells with NF-kB activ-

ity and cells that rapidly proliferated represented two largely

nonoverlapping populations in all the stem and progenitor sub-

sets. Although this result has multiple potential interpretations,

the fact that we have been unable to capture a large fraction

of cells that are simultaneously positive for BrdU and GFP

throughout the 24 hr interval suggests to us the following

mechanism: LPS-mediated NF-kB activation in HSPCs does

not appear to directly turn on a proliferation program, and,

instead, cytokines are induced that, in turn, act on cytokine re-

ceptors on neighboring HSPCs to stimulate proliferation and dif-

ferentiation. The nature of this type of paracrine signaling and the

distinction between the proliferative and the NF-kB-activated

subsets within HSPCs require further investigation.

(B) Comparison of the cytokine secretion capacity of LSK cells from different genetic models. Each plot represents cytokine intensity scatter plots for a single

protein with the four different mouse models arranged from left to right (p50 KO, green; miR/p50 DKO, yellow; WT, blue; miR KO, red). Each plot is composed of

several thousand individual dots from several thousand single cells. The numbers on top represent the percentage of cytokine-producing cells above the gate

(the dotted line), and the bars represent the mean intensity of only the positive cytokine-producing cells (average intensity of the cells above the dotted line).

(C) A summary heat map showing the percentage of LSK cells that secrete any individual cytokine.

(D) 2D scatter plots showing protein pair correlations. Results from p50 KO (green), WT (blue), and miR KO (red) LSK cells are plotted. Correlation coefficients

(R value) of the two cytokines for the different mouse models are shown on the plots.

(E) A half matrix summarizing the comparison of correlation coefficients (R values) of any given cytokine pairs betweenWT, p50 KO, and miR KO LSK cells. Each

square block, intercepted by two cytokines with one on the top and one to the right, represents correlation coefficients between the two cytokines. Green

represents the case when WT LSK has the highest correlation, such as IL-6 versus GM-CSF, and red represents when miR KO LSK has the highest correlation,

such as IL-6 versus IFN-g. Correlations for all protein pairs from the p50 KO LSK cells are always lower than either WT or miR KO.

(F) Principal component analysis of LSK cells from the four genetic models. The data are plotted onto the 2D space by the top two principal components. This

reduced space is the one that can explain the most (>60%) information of the data. The directions of the two protein groups are represented by the two vectors

aligned to the x and y axes.

See also Figure S3.
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Figure 5. In Vitro Analysis of Functional Significance of HSPC-Produced Cytokines

(A) Multiplexed ELISA quantification of cytokines in bulk cell-culture medium in order to compare cytokine production of different FACS-purified cell subsets

stimulated for 24 hr with various stimulations. Cell types include LSK cells, L�S�K+ (Lin�Sca1�cKit+), and L�S+K� (Lin�Sca1+cKit�) sorted fromBMs and CD4+ T,

CD8+ T, CD19+ B, and CD11b+ myeloid cells sorted from spleens. Stimulations include LPS/Pam (100 ng/ml LPS and 1 mg/ml Pam3CSK4), LPS/Pam/stem cell

(legend continued on next page)
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DISCUSSION

In this study, we have shown that ST-HSCs andMPPs can trans-

late danger signals arising from an infection into cytokine signals

that can directly regulate stress-induced hematopoiesis. Signif-

icantly, the cytokine production ability of HSPCs trumps both

mature myeloid and lymphoid cells in terms of speed, magni-

tude, and breadth. In the BM stem cell niche, this property of

HSPCs may play an important role in providing a rapid response

time from the encounter of an infection to the output of myeloid

cells. In addition to residing in the BM, HSPCs are known

to egress from the marrow and traffic through the blood and

lymphatic circulation to peripheral organs, including spleen,

liver, lymph nodes, gut, and adipose tissues, where they may

be exposed to a heavy burden of danger signals. These extrame-

dullary sites may provide excellent opportunities for HSPCs to

coordinate rapid stress-induced hematopoiesis upon TLR stim-

ulation (Han et al., 2010; Jaiswal andWeissman, 2009;Massberg

et al., 2007; Wesemann et al., 2013).

Given that all the cytokines produced by HSPCs are also pro-

duced by mature immune cells and some nonhematopoietic

cells, isolating the effect of cytokines produced by HSPCs

from mature cells in vivo is difficult, if not impossible, given cur-

rent technical limitations in specifically deleting a gene in HSCs

while turning it back on in mature cells. Therefore, we have relied

on in vitro studies to demonstrate the functional importance of

HSPC-produced cytokines in regulating myelopoiesis. In addi-

tion, there are situations when mature immune cells are signifi-

cantly depleted, such as during sepsis, after chemotherapy,

and during the initial recovering phase of stem cell transplant.

During these situations, when mature immune cells are depleted

and HSPCs are overrepresented, the ability of HSPCs to

respond to stress directly in order to produce cytokines may

become critical in mediating rapid hematopoietic cell recovery.

We have created these situations in mice to mimic neutropenic

conditions after chemotherapy or stem cell transplant and

have shown that the ability of HSPCs to produce IL-6 is particu-

larly important in mediating stress-induced myelopoiesis. In clin-

ical practice, G-CSF and GM-CSF are used in certain situations

after chemotherapy or stem cell transplant to stimulate neutro-

phil recovery in neutropenic patients who are susceptible to fatal

infections (Bennett et al., 2013). A better understanding of the

cytokine-mediated hematopoiesis in neutropenic conditions

will provide insight in the development of potentially more effec-

tive hematopoietic stimulating factors.

In addition to neutropenic conditions, we reason that this stem

and progenitor cell property is also important under physiolog-

ical conditions, despite of the rarity of HSPCs among differenti-

ated hematopoietic cells. First, the speed, magnitude, and

breadth of the cytokines produced by HSPCs in comparison to

mature immune cells are impressive. Furthermore, this has not

taken into the account the unique location of HSPCs in the

stem cell niche. Location and organization of HSPCs within the

BM niche have long been appreciated to play an important role

in their self-renewal and proliferative properties (Shen and Nils-

son, 2012). Perhaps groups of HSPCs residing in close proximity

represent a unique advantage for rapid autocrine or paracrine-

mediated hematopoiesis. Through BrdU incorporation in NF-

kB-GFP reporter mice, we have shown that HSPCs with NF-kB

activity and that are actively proliferating are largely two distinct

populations. We speculate that a potential paracrine regulatory

signaling may be at work within the BM that involves one subset

of HSPCs responding to TLR stimulation by rapidly turning on

NF-kB and producing copious amounts of cytokines and a

neighboring cell population with cytokine receptors that can un-

dergo rapid proliferation and differentiation in response to cyto-

kine stimulation. In support of the notion, although some LSK

cells express both TLR-4 and IL-6Ra, it appears that a fraction

of LSK cells express only the TLR or the cytokine receptor (Fig-

ure S6B), suggesting that HSPCs contain heterogeneous sub-

sets with intrinsic differences in their ability to respond to TLR

and cytokine stimuli.

The questions regarding the extent of involvement of HSPC-

produced cytokines in hematopoiesis in a nonneutropenic host

and the nature of HSPC heterogeneity on the basis of differential

cytokine production or receptor expression remain open and will

be an area of significant interest for future studies. In addition, we

are also currently redesigning the microfluidic platform in order

to recover individual cells from the chip after proteomic analysis

for subsequent lineage and functional analysis. Furthermore,

there are perhaps limitations in the in vitro on-chip stimulation,

which may not provide the optimal conditions for culturing undif-

ferentiated HSPCs. This may result in a reduction in the cells’

functional robustness and an underestimate of the true percent-

age of cytokine-producing cells in vivo, despite our poststimula-

tion analysis to ensure that HSPCs remain phenotypically

factor (SCF; 100 ng/ml LPS, 1 mg/ml Pam3CSK4, and 50 ng/ml SCF), CpG (1 mM), LPS (10 mg/ml), CD3/28 (1 mg/ml anti-CD3 and 1 mg/ml anti-CD28). Blank, fresh

medium; BM, culture medium from unstimulated total BM cells. Data are presented as a heat map with low cytokine level represented in blue, intermediate level

represented in white, and high level represented in red. Cytokines are clustered into groups.

(B–E) Analysis of in vitro myelopoiesis from WT LSK cells by FACS. Sorted WT LSK cells were stimulated with LPS (100 ng/ml), Pam3CSK4 (1 mg/ml), and SCF

(50 ng/ml) in the presence of cytokine-neutralizing antibodies. Control, isotype antibody control; all Abs, a combination of anti-IL-6, anti-IFN-g, anti-GM-CSF, and

anti-TNF-a neutralizing antibodies.

(B and C) Time course of myelopoiesis from WT LSK cells in the presence of anti-IL-6 neutralizing antibody.

(D and E) Myelopoiesis from WT LSK cells in the presence of various neutralizing antibodies. Cells were analyzed on day 3 by FACS for percent and number of

myeloid cells and LSK cells. The representative FACS plots (B and D); quantification (n = 3; C and E).

(F and G) FACS analysis of in vitro myelopoiesis from WT LSK cells in the presence of conditioned medium.

(F) WT total BM cells or WT BM cells depleted of Sca1+ cells were stimulated with LPS and Pam3CSK4 for 24 hr in order to induce cytokine production into the

culturingmedium. Then, the culturingmediumwas used to stimulate freshly purifiedWT LSK cells. Number ofmyeloid and LSK cells was analyzed on day 2 (n = 8).

(G) WT or miR-146a KO LSK cells were stimulated with LPS and Pam3CSK4 for 24 hr in order to induce cytokine production into the culturing medium. Then, the

culturing mediumwas used to stimulate freshly purifiedWT LSK cells. The number of myeloid and LSK cells was analyzed on day 2 (n = 3). Data are presented as

mean ± SEM.

See also Figure S5.
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Figure 6. In Vivo Analysis of Functional Significance of HSPC-Produced Cytokines

(A–C) For 5-FU-induced neutropenia, WT, miR-146a KO, IL-6 KO, and miR-146a/IL-6 DKO mice were injected with 5-FU (250 mg/kg of body weight, i.p.).

(A) Peripheral blood was analyzed on days 0, 2, 4, and 5 by FACS in order to determine the number of CD11b+ myeloid cells. On day 5, LPS (0.3 mg/kg

of body weight, i.p.) was injected, and mice were bled 24 hr later in order to study LPS-induced myelopoiesis by analyzing the number of CD11b+ (B) or Gr1+

(C) cells.

(legend continued on next page)
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undifferentiated by FACS and morphologically intact by micro-

scopy. The ability to recover individual cells poststimulation will

allow us to better assess cell viability.

Functions of NF-kB in immune cells have been extensively

studied. However, knowledge of the functional role of NF-kB in

HSPCs has been limited. In this study, we have connected a

known function of NF-kB, the regulation of cytokine production,

to two unexpected multipotent hematopoietic cell populations,

ST-HSCs and MPPs. What is also intriguing is that some

LT-HSCs appear able to respond to TLR stimulation by the acti-

vation of NF-kB, and all HSCs appear to have at least the p65

subunit of NF-kB. Thus, despite NF-kB by itself being insufficient

to enable cytokine secretion in LT-HSCs, NF-kB is present from

the inception of hematopoiesis and may regulate other aspects

of HSC biology.

EXPERIMENTAL PROCEDURES

Animal Models

All mice (WT, Nfkb1�/�, Mir146a�/�, Il6�/�, Nfkb1�/�Mir146a�/�, Il6�/�

Mir146a�/�, RELA-GFP knockin, and NF-kB-eGFP reporter mice) were on a

C57BL/6 genetic background and housed under a specific pathogen-free con-

dition at the California Institute of Technology. Mice used for all experiments

were age- and sex-matched 6- to 8-week-old female mice. All experiments

were approved by the institutional Animal Care and Use Committee of the

California Institute of Technology.

FACS Sort

In general, 15 to 20 mice of the same genotype were used for FACS sorting in

order to obtain sufficient stem and progenitor cells. First, BM cells were sub-

jected to magnetic bead selection (Miltenyi Biotec) according to manufac-

turer’s protocol in order to deplete lineage-positive cells, and then they were

sorted on a BD FACSAria sorter at the California Institute of Technology

FACS Core. More details can be found in the Supplemental Experimental

Procedures.

Single-Cell Cytokine Chip Analysis

We integrated upstream FACS purification techniques with the single-cell

barcode chip in order to study the functional proteomics from phenotypically

defined single cells. The chips used in this study have > 5,000 microchambers

of about 100 picoliter volume to enable sensitive detection of proteins. Within

each microchamber, a panel of 12 cytokines (TNF-a, GM-CSF, IL-6, IL-12p40,

IFN-g, IL-2, IL-4, IL-10, TGF-b1, CCL-2, IL-17A, and IL-1b) can be simulta-

neously measured by sandwich ELISA-like assay. Themanufacture procedure

of the chip has been described in our previous study (Ma et al., 2011), and the

detailed experimental steps can be found in the Supplemental Experimental

Procedures. In brief, FACS-purified cells were cultured at 37�C in 5% CO2

cell incubator with medium alone, medium plus LPS, or medium plus LPS

and Pam3CSK4 for 12 hr. At the end of stimulation, the chip was imaged

with a high-resolution bright-field microscope. Cell number in each chamber

was counted, and cell viability was assessed to exclude fragmented or non-

light-reflective cells by trained personnel in a blind manner. Then, cells were

washed off, and the chips were developed via an immuno-sandwich assay.

A GenePix 4400A microarray scanner was used to scan slides, and data

were analyzed with GenePix Pro 7. Each single-cell chip analysis of a

specific cell subset, genotype, and stimulating condition was performed at

least two times.

Mutliplexed Cytokine Analysis of Bulk Cell-Culture Medium

For multiplexed cytokine analysis of bulk cell-culture medium, 100,000 cells of

each FACS-purified subset were stimulated in 100 ml medium with various

stimulations for 24 hr in a 96-well plate. Then, the medium was collected

and concentrated by 4-fold before being subjected to multiplexed ELISA

quantification of 15 different cytokines and chemokines. For multiplexed

ELISA quantification, the detection method was identical to the single-cell

chip analysis described above. The difference is that the sample here consists

of culturing medium only. In brief, the ELISA chip was first blocked with 3%

BSA in PBS buffer and then hybridized with an antibody-single-stranded

DNA conjugate cocktail and washed with 3% BSA in PBS followed by the

application of a medium sample. The assay was completed by applying sec-

ondary biotinylated antibodies and streptavidin-cy3 in sequence. Multiplexed

cytokine analysis of a specific cell subset, genotype, and stimulating condition

was performed at least two times.

In Vitro Analysis of Myeloid Differentiation

For analysis of myeloid differentiation under cytokine-neutralizing antibodies,

sorted LSK cells (15,000 cells per 100 ml medium) were stimulated with LPS

(100 ng/ml), Pam3CSK4 (1 mg/ml), and stem cell factor (50 ng/ml) in the pres-

ence of various cytokine-neutralizing antibodies. Antibody concentrations

used were isotype control (1 mg/ml), anti-iFN-g (1 mg/ml), anti-iL-6 (1 mg/ml),

anti-GM-CSF (5 mg/ml), and anti-TNF-a (5 mg/ml; eBioscience). Cells were

analyzed on day 3 by FACS for the percent and number of myeloid cells and

LSK cells. For the analysis of myeloid differentiation under conditioned

medium, WT or miR-146a KO LSK cells (30,000 cells per 100 ml medium)

were stimulated with LPS (100 ng/ml) and Pam3CSK4 (1 mg/ml) for 24 hr in

order to induce cytokine production into the culturing medium. Then, the

culturing medium from either WT or miR KO LSK cells was collected and

used to stimulate freshly purified WT LSK cells. The number of myeloid and

LSK cells was analyzed after 2 days by FACS. All experiments were performed

two times with three biological replicates, each of which was sorted from

pooled BM cells of six to ten mice.

In Vivo Analysis of Myeloid Differentiation

For 5-FU-induced leucopenia, WT, miR-146a KO, IL-6 KO, and miR-146a/IL-6

DKO mice were injected with 5-FU (250 mg/kg of body weight, intraperitone-

ally [i.p.] injected; Sigma-Aldrich). Peripheral blood was obtained on days 0, 2,

4, and 5 for FACS analysis in order to determine the severity of neutropenia. On

day 5, LPS (0.3 mg/kg of body weight, i.p.) was injected, and mice were bled

24 hr later for FACS analysis. For stem cell transplant study after lethal irradi-

ation, Lin�cKit+ cells were purified from the BM of WT, miR-146a KO, IL-6 KO,

and miR-146a/IL-6 DKO mice. 500,000 cells were injected intravenously into

each lethally irradiated (1,000 rad in one dose) WT recipient mice. On day 6,

mice were bled for FACS analysis and LPS injection (0.3 mg/kg of bodyweight,

i.p.) was given; 48 hr later, mice were bled again for FACS analysis. Data

represent cumulative results from two independent mouse experiments.

Computational Algorithm and Statistical Analysis

In Figures 3 and 5, F tests were used to compare variances, and then the

appropriate two-sided Student’s t tests were applied. All figures with error

bars were graphed as mean ± SEM. For all heat maps, scale bars represent

mean ± SD. *p < 0.05; **p < 0.01; ***p < 0.001.

For all single-cell cytokine chip analysis, custom-written software routines

in R languagewere used to process, analyze, and visualize the single-cell func-

tional assay results. In brief, the algorithm converts raw fluorescence images

into numerical fluorescence intensity values for each assayed protein within

a given microchamber matched with the number of cells. The number of

cells within each microchamber was determined manually by microscopy.

(D–F) For stem cell transplant studies, Lin�cKit+ cells were purified from the BM of WT, miR-146a KO, IL-6 KO, and miR-146a/IL-6 DKO mice. 500,000 cells per

mouse were injected intravenously into lethally irradiated WT recipient mice. On day 6, mice were bled for FACS analysis in order to determine the degree of

neutropenia. LPS was injected (0.3 mg/kg of body weight, i.p.), and, 48 hr later, mice were bled in order to study LPS-induced myelopoiesis by analyzing the

number of total white blood cells (D), CD11b+ cells (E), and Gr1+ cells (F).

(G) LPS (2 mg/kg of body weight, i.p.) and BrdU (1 mg, i.p.) were injected into NF-kB-GFP transgenic reporter mice, which were harvested for FACS analysis at 4,

12, and 24 hr. Representative FACS plots of GFP expression and BrdU incorporation of L�S�K+ cells, LSK cells, and HSCs. Data are presented as mean ± SEM.

See also Figure S6.
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The average background signal levels from all zero-cell microchambers were

used to set the gate in order to separate nonproducing cells from cytokine-pro-

ducing cells. Detailed statistical analysismethod for principal component anal-

ysis (Figures 1D, 2D, 2F, and 4F) can be found in the Supplemental Experi-

mental Procedures and our previous publication (Ma et al., 2011). These

types of statistical analysis and graphical representations are routinely used

to analyze large-scale multidimensional data sets from numerous cell subsets

(Bendall et al., 2011).

SUPPLEMENTAL INFORMATION

Supplemental Information contains Supplemental Experimental Procedures

and six figures and can be found with this article online at http://dx.doi.org/

10.1016/j.stem.2014.01.007.
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Megı́as,ı J., Yáñez, A., Moriano, S., O’Connor, J.E., Gozalbo, D., and Gil, M.L.

(2012). Direct Toll-like receptor-mediated stimulation of hematopoietic stem

and progenitor cells occurs in vivo and promotes differentiation toward

macrophages. Stem Cells 30, 1486–1495.

Mossadegh-Keller, N., Sarrazin, S., Kandalla, P.K., Espinosa, L., Stanley, E.R.,

Nutt, S.L., Moore, J., and Sieweke, M.H. (2013). M-CSF instructs myeloid

lineage fate in single haematopoietic stem cells. Nature 497, 239–243.

Nagai, Y., Garrett, K.P., Ohta, S., Bahrun, U., Kouro, T., Akira, S., Takatsu,

K., and Kincade, P.W. (2006). Toll-like receptors on hematopoietic pro-

genitor cells stimulate innate immune system replenishment. Immunity 24,

801–812.
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SUMMARY

Tet-mediated DNA oxidation is a recently identified
mammalian epigenetic modification, and its func-
tional role in cell-fate transitions remains poorly
understood. Here, we derive mouse embryonic fibro-
blasts (MEFs) deleted in all three Tet genes and
examine their capacity for reprogramming into
induced pluripotent stem cells (iPSCs). We show
that Tet-deficient MEFs cannot be reprogrammed
because of a block in the mesenchymal-to-epithelial
transition (MET) step. Reprogramming of MEFs defi-
cient in TDG is similarly impaired. The block in
reprogramming is caused at least in part by defec-
tive activation of key miRNAs, which depends on
oxidative demethylation promoted by Tet and TDG.
Reintroduction of either the affectedmiRNAs or cata-
lytically active Tet and TDG restores reprogramming
in the knockout MEFs. Thus, oxidative demethylation
to promote gene activation appears to be function-
ally required for reprogramming of fibroblasts to
pluripotency. These findings provide mechanistic
insight into the role of epigenetic barriers in cell-
lineage conversion.

INTRODUCTION

Pluripotent cells, such as those in early embryos, proliferate and

differentiate into distinctive cell lineages. Lineage commitment is

established and maintained in development by epigenetic pro-

gramming of gene-expression profiles, in which DNA methyl-

ation plays a prominent role (Goll and Bestor, 2005; Jaenisch

and Bird, 2003). DNA methylation patterns are faithfully propa-

gated in cells undergoing mitosis. Early embryonic genes, such

as the pluripotency genes Oct4 and Nanog, undergo silencing

and de novo DNAmethylation in their promoter and enhancer re-

gions during cell differentiation and maintain their hypermethy-

lated states in differentiated somatic cells (Epsztejn-Litman

et al., 2008; Li et al., 2007). The developmental and cell-differen-

tiation processes therefore entail dynamic regulation of genomic

methylation accompanied by gene-expression changes.

Lineage commitment can be reversed in vivo and in vitro

through natural and experimental reprogramming such as

nuclear transfer of a somatic nucleus into an enucleated oocyte

and factor-induced conversion of somatic cells to inducedplurip-

otent stemcells (iPSCs). Because eachcell identity is supposedly

defined by a unique methylation profile that underpins its lineage

commitment and serves as a barrier between different cell types,

methylation reprogramming is amechanistically vital process un-

derlying cell-type switch. For example, demethylation of pluripo-

tency genes is a hallmark of somatic-cell reprogramming into a

pluripotent state (Gurdon and Melton, 2008; Takahashi and

Yamanaka, 2006). Transcriptional activation of epigenetically

silenced genes thus necessitates the demethylation of critical

regulatory elements in DNAduring experimental reprogramming.

The Tet family of DNA dioxygenases catalyzes oxidation of

methylcytosines to hydroxymethylcytosines (5hmC), formylcyto-

sines (5fC), and carboxylcytosines (5caC) (He et al., 2011; Ito

et al., 2011; Tahiliani et al., 2009). An active mode of DNA deme-

thylation has been proposed to encompass Tet-mediated oxida-

tion of methylcytosines and excision of the higher oxidation

products by DNA glycosylase TDG (He et al., 2011; Pastor

et al., 2013; Seisenberger et al., 2013). However, the possibility

of replication-associated passive dilution of 5-methylcytosine

(5mC) and its oxidation products (Inoue and Zhang, 2011) has

complicated the dissection of the role of Tet-initiated active de-

methylation in development and cell reprogramming. Whereas

overexpression of Tet1 and Tet2 has been shown to promote

iPSC formation through the reactivation of silenced pluripotency

genes (Bagci and Fisher, 2013; Costa et al., 2013; Doege et al.,

2012), the importance of and mechanism behind the Tet-

mediated oxidation in cell reprogramming have remained largely

undefined.

512 Cell Stem Cell 14, 512–522, April 3, 2014 ª2014 Elsevier Inc.



In this study, we generated mouse embryonic fibroblasts

(MEFs) deleted of components of the putative active DNA deme-

thylation pathway and tested these MEFs for iPSC induction and

the reactivation of genes critical for cellular reprogramming. We

demonstrate here that demethylation promoted by Tet and TDG

is directly involved and essential in the reactivation of miRNAs

that enables a mesenchymal-to-epithelial transition to initiate

the reprogramming process.

RESULTS

Tet Dioxygenases Are Essential for Fibroblasts to
Undergo Reprogramming
Although Tet1 and Tet2 have been shown to facilitate cell reprog-

ramming (Costa et al., 2013; Doege et al., 2012), it remains un-

clear whether Tet-mediated DNA oxidation is essential for this

process. To assess the functional importance of Tet enzymes,

we generated mouse embryonic fibroblasts from embryonic

stems cells (ESCs) deficient in Tet genes for the generation of

iPSCs (see Supplemental Experimental Procedures available

online). ESCs lacking all three Tet genes seemed normal in

self-renewal and pluripotency (Figure S1). MEFs generated

from chimeric embryos with blastocyst injection of these ESCs

proliferated at a similar rate as wild-type control MEFs and those

isolated from homozygous embryos resulting from heterozygous

mating (Figure S2A). Considering the dynamic expression of

three Tet genes during iPSC generation (Figure S2B), we deter-

Figure 1. Tet Triple Knockout Prevents Re-

programming of MEFs

(A) Alkaline phosphatase (AP) staining of cells

10 days after retroviral transduction of Oct4, Sox2,

and Klf4 (OSK). Wild-type (WT), Tet2 KO, Tet3 KO,

Tet1,Tet2 double knockout (DKO), Tet1,Tet3 DKO,

and Tet1,Tet2,Tet3 triple knockout (TKO) MEFs

were assayed for iPSC formation. AP-positive

colony numbers are shown on the right. Data

represent means ± SD of three independent ex-

periments.

(B) FACS analysis of SSEA1-positive cells at re-

programming day 10. WT, Tet1,Tet2 DKO, and

TKO MEFs were sorted from chimera embryos

injected with GFP-labeled ESCs. Other MEF types

were isolated from homozygous embryos gener-

ated by mating heterozygotes. SSEA1-positive

cells induced from each MEF type are those within

polygon gates.

(C) No AP-positive colonies were generated from

[Tet2-floxed, Tet1,Tet3 DKO] and [Tet3-floxed,

Tet1,Tet2 DKO] MEFs upon acute deletion of Tet2

or Tet3 by Cre expression.

See also Figures S1 and S2.

mined and compared the reprogramming

efficiency among MEFs deficient in a sin-

gle Tet gene and in combinations, using

the three-factor (Oct4, Sox2, and Klf4) in-

duction system (Figure S2C). MEFs with

Tet1 deletion had slightly increased re-

programming efficiency as described

(Chen et al., 2013), and inactivation of

Tet3 had little effect, based on the comparison of alkaline phos-

phatase (AP)-positive colonynumbers (Figure 1A). Although inac-

tivation of Tet2 reduced the reprogramming by �70%, AP-posi-

tive colonies could still appear. In addition, MEFs from Tet1,Tet2

and Tet1,Tet3 double knockouts also generated numerous

colonies and SSEA1-positive cells. Strikingly, inactivation of all

three Tet genes completely abolished the reprogramming poten-

tial of MEFs as evidenced by the failure to obtain AP- (Figure 1A)

and SSEA1-positve cells (Figure 1B). The resistance of triple

knockout (TKO) MEFs to reprogramming was further validated

using high-performance engineered factors (Wang et al., 2011)

in the presence of c-Myc and improved medium (Chen et al.,

2011; Figure S2D). The reprogramming deficiency of TKO

MEFs could not be ascribed to inherent genomic or epigenomic

alterations potentially arisen from the constitutive Tet deletion,

because AP-positive colonies also did not appear upon the

acute deletion of Tet2 from the Tet1,Tet3 double knockout

(DKO) MEFs or the acute deletion of Tet3 from Tet1,Tet2 DKO

MEFs by the Cre recombinase expression (Figure 1C). Moreover,

Tet TKO MEFs could be rescued for reprogramming in latter ex-

periments. These observations indicate that the Tet enzymes are

indispensable for factor-driven reprogramming of somatic cells.

Tet TKO MEFs Fail to Undergo Mesenchymal-to-
Epithelial Transition during Reprogramming
Factor-driven reprogramming is a multistep process initiated by

mesenchymal-to-epithelial transition (MET) as an essential event
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for MEFs to be successfully reprogrammed into iPSCs (Li et al.,

2010; Samavarchi-Tehrani et al., 2010). The fact that AP and

SSEA1, markers of early reprogramming, were not induced in

TKO MEFs suggested an early reprogramming defect. Indeed,

Tet TKO MEFs showed no sign of epithelium-like morphological

shift, whereas wild-type, single, or double knockout MEFs ex-

hibited an obvious MET, starting from day 4 after transduction

of the Oct4, Sox2, and Klf4 (OSK) reprogramming factors (Fig-

ures 2A and S2C). The MET process in TKO MEFs could be

rescued by ectopic expression of the wild-type catalytic domain,

but not the inactive form of Tet2 (Figure 2B).

E-cadherin (Cdh1), EpCAM, and occludin (Ocln) are compo-

nents of epithelial cell junctions, and without their expression,

cells are unable to form colonies. Snail, Slug, Zeb1, and Zeb2

are transcription factors that promote the epithelial-mesen-

chymal transition (EMT) and maintain the mesenchymal pheno-

type by directly repressing epithelial gene expression (Thiery

et al., 2009). Quantitative RT-PCR (qRT-PCR) analysis confirmed

persistent expression of the mesenchymal markers Snail, Slug,

Zeb1, and Zeb2 and lack of activation of the epithelial markers

Cdh1, EpCAM, and Ocln in Tet-deficient MEFs (Figure 2C), indi-

cating a resistance to MET at the molecular level. The reprog-

ramming capacity of the TKOMEFs appeared to be fully restored

by ectopic expression of the catalytic domain from any of the Tet

proteins (Figure 2D). Our data suggest that Tet-deficient MEFs

fail to initiate the MET process due to their inability to downregu-

late the key mesenchymal regulators and that MET depends on

the catalytic function of Tet enzymes.

Figure 2. Tet-Deficient MEFs Are Unable to

Initiate Mesenchymal-to-Epithelial Transi-

tion during Reprogramming

(A) Phase-contrast photographs of cells under

reprogramming (day 5) showing lack of the

morphologic shift characteristic of MET in Tet TKO

MEFs. The scale bar represents 100 mm.

(B) Rescue of MET in TKO MEFs by ectopic

expression of the Tet2 C-terminal catalytic domain

(Tet2C). The MEFs used were derived from TKO

ESCs labeled with lentiviral H2B-enhanced GFP

(EGFP). Tet2C-HD carries two point mutations in

the active site of the enzyme. The scale bar rep-

resents 100 mm.

(C) Failed downregulation of mesenchymal and

upregulation of epithelial markers in Tet TKOMEFs

as demonstrated by qRT-PCR. The expression

levels were normalized to Gapdh. Data represent

means ± SD of three independent experiments.

(D) AP staining of colonies fromWTMEFs, Tet TKO

MEFs, and TKO MEFs transduced with the indi-

cated Tet at reprogramming day 10. AP-positive

colony numbers are shown on the right. Data

represent means ± SD of three independent ex-

periments.

Tet-Deficient MEFs Fail to
Reactivate MicroRNAs Critical
for MET
The miR-200 s, miR-200a, miR-200b,

miR-200c, miR-141, and miR-429 are

causatively involved in both cancer metastasis and experimental

cell reprogramming by modulating the expression of transcrip-

tion factors such as Zeb1 and Zeb2 that repress epithelial

markers including E-cadherin (Gregory et al., 2008; Sama-

varchi-Tehrani et al., 2010; Wang et al., 2013). We confirmed

that all five members of the miR-200 family were substantially

upregulated in MEFs undergoing reprogramming (Figure 3A).

Interestingly, the expression of miR-200 family was diminishing

in Tet-deficient MEFs, most severely in TKO cells (Figure 3B).

Remarkably, ectopic expression of miR-200c in the TKO MEFs

restored the MET process as evident in the cell morphology, for-

mation of colonies, and epithelial marker expression (Figures 3C

and 3D). In fact, each of the three miR-200 members tested, but

not the two independent miR-200c mutants containing base

changes in the miRNA seed region, enabled a marked rescue

in terms of AP-positive colony and SSEA-positive cell numbers

(Figures 3E and 3F). Combination of the five members led to a

rescue of up to 80% of the reprogramming efficiency of the

wild-type MEFs (Figure 3F). Importantly, iPSC lines could be

established from the TKO MEFs upon miR-200 rescue. These

iPSCs displayed the typical ESC morphology (Figures 3G and

3H) and expressed endogenous pluripotency genes at similar

levels as in ESCs (Figure 3I). When injected into mouse blasto-

cysts, they contributed to the generation of chimeric embryos

(Figure 3J) and to the germline in embryonic gonads (Figure 3K).

To investigate whether the failure in MET is indeed the major

reason for reprogramming deficiency of TKO MEFs, we derived

two types of epithelium-like cells, keratinocytes and neural
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progenitor cells (NPCs), and examined their reprogramming in

the absence of Tets. As indicated in the AP colony-formation

assay, neonatal keratinocytes [Tet1�/� Tet2�/� Tet3 f/�] could

be reprogrammed efficiently upon conditional deletion of the

only functional Tet3 allele (Figures S3A–S3D). NPCs derived

from TKO ESCs also underwent efficient programming (Figures

S3E–S3H). Moreover, inactivation of floxed Tet2, in [Tet1�/�
Tet2 f/f Tet3�/�] MEFs at a stage (days 4–6) subsequent to

the MET did not seem to have any effect whereas earlier inacti-

vation led to no AP-positive colonies (Figures S3I–S3K). These

results demonstrate that the expression of the miR-200 family

that is critical for the MET relies on Tet enzymes and that the

inability of the Tet-deficient MEFs to be reprogrammed can be

primarily attributed to a failure to activate their expression and

initiate MET.

Impaired Oxidative Demethylation of miRNA Genes in
Tet-Deficient MEFs
Having revealed the lack of miRNA reactivation as a major

cause for blocking MET in Tet-deficient MEFs, we reasoned

that persistent epigenetic silencing might have rendered these

somatic cells unresponsive to reprogramming. The miR-200

family has two clusters in the mouse genome, with miR-200b,

miR-200a, and miR-429 sharing one transcript and miR-200c

Figure 3. Impediment to Activation of

miRNAs Crucial for MET in Tet-Deficient

MEFs

(A) Activation of themiR-200 family miRNAs during

reprogramming. Expression levels normalized to

Rnu6 are relative to the value in untransduced

MEFs which is set to 1.

(B) Failed upregulation of the miR-200 family

miRNAs in Tet-deficient MEFs transduced with

OSK (day 5). Data represent means ± SD of two

independent experiments.

(C) Restoration of MET in Tet-deficient MEFs by

ectopic expression of miR-200c. Representative

photographs of cells under induction with OSK

alone and together with the ectopic expression

of miR-200c (day 5) are shown. Nuclear H2B-

GFP identifies Tet-deficient MEFs originally from

the labeled TKO ESCs. The scale bar repre-

sents 50 mm.

(D) Downregulation of mesenchymal genes and

upregulation of epithelial genes in TKO MEFs

undergoing OSK-driven reprogramming in the

presence of ectopic miR-200c. Data represent

means ± SD of two independent experiments.

(E) AP (upper) and SSEA1 (lower) staining of cells

from indicated MEFs rescued with miR-200b,

miR-200c, or miR-429 at reprogramming day 10.

Wild-type MEFs and TKO MEFs without ectopic

miRNA expression were used for comparison. AP-

positive colony numbers are shown on the right.

Data represent means ± SD of two independent

experiments.

(F) Rescue assay with five miRNAs in combina-

tion and miR-200c mutants. AP-positive colonies

emerged from WT and TKO MEFs without and

with the rescue by indicated miRNAs were

scored at reprogramming day 10. mut3n and

mut7n are two mutants of miR-200c, harboring

3- and 7-base change, respectively, in the seed

region.

(G) Formation of iPSC colonies from TKO MEFs

rescued for MET with ectopic miR-200c. GFP

expression confirms the cell origin from TKO

ESCs used to generate MEFs. The scale bar

represents 80 mm.

(H) Genotype confirmation of three independent TKO iPSC lines 1–3 (denoted as miR-iPSC). Genomic PCR of Tet3f/+ iPSCs, TKO ESCs, and wild-type iPSCs

provides controls for identifying the bands representing the WT and knockout (KO) alleles of the three Tet genes.

(I) Expression of pluripotency markers in Tet TKO miR-iPSCs.

(J) Chimera formation assay. Representative images of whole-mount embryos of E12.5 are shown. Note that green fluorescent cells were from GFP-labeled Tet

TKO miR-iPSCs. The scale bar represents 1 mm.

(K) Representative images of chimeric genital ridges isolated from an E12.5 embryo. GFP-positive cells (arrows) identify those originally from Tet TKO miR-

iPSCs. The scale bar represents 200 mm.

See also Figure S3.
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and miR-141 sharing another (Figure 4A). In order to analyze the

dynamics of DNA methylation during reprogramming, we sorted

SSEA1-positive cells (1%–10%of the total population) at reprog-

ramming days 3–9, which are considered a population poised to

become iPSCs (Polo et al., 2012). In wild-type MEFs under re-

programming, the putative promoter loci (or 50 region) of miR-

200b and miR-200c and other examined loci within the gene

body registered a dynamic reprogramming of DNAmodifications

as reflected in the results of the GlucMS-qPCR assay that quan-

tifies 5mCand 5hmCat selectedCCGGsites (Figure 4B; data not

shown). The hypermethylation state decreases gradually, in par-

allel with the appearance of 5hmC, which peaked around day 5.

Detailed bisulfite sequencing analysis in the 50 regions of both

clusters revealed hypermethylation in MEFs at the start (day 0),

hypomethylation in iPSCs, and intermediate levels at days 3–7

Figure 4. Tet-Dependent Oxidative Deme-

thylation and Activation of MET-Related

miRNA Genes

(A) Schematic illustration of the miR-200 family

gene clusters. Hexagons denote the C(C)GG sites

analyzed in the glucosylated hydroxymethyl-sen-

sitive qPCR (GlucMS-qPCR) assay in (B), (E), and

(G). TSS denotes putative transcription start sites.

(B) Dynamic regulation of methylation and hy-

droxylation at miR-200b and miR-200c 50 region
(putative promoter region) during reprogramming

as reflected by the changes of the 5mC and 5hmC

levels determined by GlucMS-qPCR assay. The y

axis shows % of modification (5mC or 5hmC) in

the C(C)GG site analyzed. The cells of days 3–9

were FACS-sorted SSEA1-positive cells.

(C) Profiles of 5mC + 5hmC in the putative pro-

moter regions of miR-200b and miR-200c in cells

before (MEF) and during reprogramming (OSK

days 3, 5, and 7) revealed by bisulfite sequencing.

The cells of days 3–7 were FACS-sorted SSEA1-

positive cells.

(D) Profiles of 5hmC revealed by Tet-assisted

bisulfite (TAB) sequencing. The cells of days 3–7

were FACS-sorted SSEA1-positive cells.

(E) Impaired 5mC hydroxylation in Tet-deficient

MEFs. The y axis shows% of 5hmC in the C(C)GG

site determined by GlucMS-qPCR assay. Data

represent means ± SD of two independent ex-

periments.

(F) Impaired demethylation in the 50 region of miR-

200c in TKO MEFs during reprogramming. MEFs

or total cells under reprogramming at day 10 were

analyzed by bisulfite sequencing.

(G) Restoration of 5mC hydroxylation in Tet-defi-

cient MEFs by ectopic Tet2C. The 5hmC levels at

the indicated miR loci in MEFs under reprogram-

ming at day 5 were determined by GlucMS-qPCR

assay.

(H) Partial rescue of miRNA activation in Tet-defi-

cient MEFs under reprogramming by ectopic

expression of the Tet2C. Data represent means ±

SD of two independent experiments.

See also Figure S4.

(Figure 4C). Because conventional bisul-

fite sequencing cannot distinguish 5hmC

from 5mC, we applied Tet-assisted bisul-

fite sequencing (Yu et al., 2012b) to analyze the occurrence of

5hmC. Strikingly, the 5hmC levels in day 5 MEFs undergoing

reprogramming reached 18.7% and 9.7%, respectively, in the

50 regions (Figure 4D). Most importantly, Tet triple knockout

abolished 5hmC formation with Tet2 knockout (KO) having the

greatest effect among the three individual knockouts (Figure 4E).

As a consequence of failed hydroxylation, hypermethylation as

exemplified by the 50 region of miR-200c was still retained in

TKO cells by day 10 (Figure 4F).

In order to gain a global view of the dynamics of methylcyto-

sine and hydroxymethylcytosine during reprogramming, we per-

formed reduced representation bisulfite sequencing (RRBS) and

Tet-assisted-RRBS (TA-RRBS) of cellular DNA at reprogram-

ming days 0 and 5. A marked increase in 5hmC was noticed in

various genomic regions in the initial days, accompanying the
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decrease in 5mC (Figures S4A and S4B). An inverse correlation

between 5hmC and 5mC was also seen among promoters

(Figure S4C). Gene Ontology analysis indicated that the most-

enriched promoters were associated with cell adhesion (Fig-

ure S4D), consistent with the idea that MET-related genes are

a group of targets for Tet-catalyzed hydroxylation during the

early phase of reprogramming. Among the enriched targets sub-

ject to methylation reprogramming were the miR-200 clusters

(Figure S4E). Despite the fact that the Oct4 locus also gained

5hmC (Figure S4E), the combined level of 5mC and 5hmC did

not seem to decline and its expression was lacking in the early

phase of reprogramming as shown in latter experiments.

A further functional validation of Tet enzymes in the epigenetic

regulation of miRNAs was provided by the observation that

ectopic expression of the Tet2 catalytic domain restored the

5hmC level in the 50 regions of the two clusters in the TKO

MEFs (Figure 4G) and resulted in upregulation of the miRNAs,

albeit to a lesser degree than in the wild-type MEFs (Figure 4H).

Taken together, these data demonstrate that Tet-dependent

5mC hydroxylation demethylates and reactivates MET-promot-

ing miRNAs in reprogramming MEFs.

TDG Is Essential for MET and Reprogramming MEFs to
iPSCs
DNA hydroxylation in reprogramming MEFs can have several

ramifications for epigenetic regulation. Apart from the possibility

of 5hmC serving as a stable mark, which is unlikely the major

function of 5hmC predicated on its transitory occurrence, DNA

demethylation may happen in part by hydroxylation, followed

by passive dilution or further conversion to 5fC and5caC (He

et al., 2011; Ito et al., 2011) and subsequent removal by an active

mechanism. TDG is implicated in DNA demethylation initiated by

Tet enzymes due to its ability to recognize and excise the higher

oxidation products 5fC and 5caC (He et al., 2011; Maiti and Dro-

hat, 2011), although the biological significance of the Tet-TDG

functional connection has not been fully evaluated. We further

extended our findings of the coupling between Tet and TDG by

demonstrating their interdependency in the activation of a meth-

ylated reporter gene (Figure S5A). In order to explore the potential

involvement of Tet-catalyzed higher oxidation in cell reprogram-

Figure 5. TDG Knockout Prevents Reprog-

ramming of MEFs (see also Figure S5)

(A) AP staining of cells 10 days after transduction.

Quantification of AP-positive colonies is shown at

the right. MEFs with two Tdg genotypes (f/+ and

f/�) were transduced with retroviral Oct4, Sox2,

and Klf4 (OSK) reprogramming factors and the

Cre-EGFP fusion. TDG-depleted MEFs (Tdg f/� +

Cre) were also cotransduced with the wild-type

(WT) or the mutant form (mut; N151A) of TDG to

test for rescue. Data represent means ± SD of two

independent experiments.

(B) Representative FACS plots of MEFs stained for

SSEA1.

See also Figure S5.

ming, we established inducible Tdg

knockout MEFs from embryos carrying a

floxed and a null allele and tested them

for iPSC induction. The Cre-mediated deletion of Tdg did not

affect the proliferation of MEFs (Figure S5B). Upon transduction

with Oct4, Sox2, Klf4, and Cre recombinase, the control MEFs

with a wild-type Tdg allele in addition to a floxed allele showed

a normal reprogramming capacity. However, MEFs carrying a

null allele together with a floxed allele did not result in any iPSCs

positive for AP and SSEA1 (Figures 5A and 5B). Re-expression of

wild-type TDG, but not the catalytic mutant (N151A; Figure S5C),

restored full reprogramming capacity (Figure 5).

Similar to the Tet TKO MEFs, TDG-null MEFs did not initiate

the MET as judged by morphology and mesenchymal/epithelial

marker expression (Figures 6A and 6B). Likewise, the blockage

of MET initiation in Tdg-deficient MEFs could be ascribed to

the failed activation of regulatory miRNAs (Figure 6C), and the

MET resumed upon forced expression of miR-200c, but not

Tet2C (Figure 6D). As evidenced by the formation of AP-positive

colonies, robust reprogramming proceeded in the absence of

TDG upon rescue with miR-200c or other two miRNAs, miR-

200b and miR-429, with an efficiency of above 30% of the

Tdg-proficient wild-type cells (Figure 6E). iPSC lines could be

established from rescued Tdg KO MEFs (Figure 6F), and they

were pluripotent as demonstrated by the generation of high-

grade chimeric mice (Figure 6G). Contrary to the drastic effect

on MEFs, Tdg deletion did not prevent keratinocyte and NPCs

from reprogramming (Figures S6A–S6D). Cre-mediated late

deletion from Tdg-floxed MEFs did not seem to impair the gen-

eration of AP-positive colonies whereas early deletion prior to

MET led to no single colony (Figures S6E and S6F).

The data above led us to conclude that the TDG is required for

MET by contributing to the reactivation of the critical miRNA

genes in the early phase of reprogramming. Because the epige-

netic regulation, MET, and iPSC formation in TDG-null MEFs all

depend on the catalytic activity of TDG, we infer that the forma-

tion and excision of 5fC and 5caC are likely a critical step that at

least partially contributes to the demethylation process.

Coordinated Action of Tet and TDG in Oxidative DNA
Demethylation
In order to dissect the demethylation pathway underlying miRNA

reactivation, we attempted to detect the higher oxidation
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Figure 6. TDG Deficiency Blocks MET

(A) Lack of MET inMEFs depleted of TDG and rescue ofMET upon re-expression of a functional TDG. Representative phase-contrast photographs of transduced

MEFs (day 5) are shown. The scale bar represents 100 mm.

(B) Effect of TDG on the expression of mesenchymal and epithelial markers in MEFs under reprogramming at day 5. Expression levels were normalized toGapdh.

Data represent means ± SD of three independent experiments.

(C) Effect of TDG on the expression of the miR-200 family miRNAs in MEFs under reprogramming at day 5. The expression levels were normalized to Rnu6. Data

represent means ± SD of three independent experiments.

(D) Restoration of MET in TDG-depleted MEFs upon ectopic expression of miR-200c. Note that the retroviral Cre-EGFP fusion gene is still weakly expressed at

day 5 in intermediate MEFs rescued for MET by ectopic miR-200c expression. The scale bar represents 100 mm.

(E) AP staining of day 10 colonies arising from Tdg f/+, Tdg f/�, and Tdg f/� MEFs transduced with OSKCre with or without rescue by the indicated miRNA.

AP-positive colony numbers are shown on the right. Data represent means ± SD of two independent experiments.

(F) Representative photographs of colonies induced from TDG-depleted MEFs rescued with the ectopic expression of miR-200c (days 12 and 14). Note the

silencing of the retroviral CreEGFP fusion gene. The scale bar represents 100 mm.

(G) Photographs of chimeras generated from miR-200c-rescued Tdg�/� iPSCs. Rescued Tdg�/� iPSCs on a B6 genetic background were injected into ICR

blastocysts.

See also Figure S6.
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derivatives of 5mC in reprogramming MEFs. We took advantage

of the observation that 5fC/5caCmodifications, but not 5mC and

5hmC, block MspI (CCGG) restriction digestion (He et al., 2011;

Ito et al., 2011) to estimate the frequency of 5fC/5caC at the spe-

cific MspI sites located in the miR-200 loci (Figure 4A). Whereas

TDG-proficient intermediate cells and unrescued TDG-deficient

cells lacked detectable 5fC/5caC, these modified species were

readily detected in TDG-deficient cells rescued for reprogram-

ming with ectopic miR-200c (Figure 7A). The abundance of

5fC/5caC varied among different loci, with the highest level

detected in the 50 region of miR-429. Like those of miR-200b

and miR-200c (Figures 4C and 4D), the 50 region of miR-429

also exhibited hypermethylation in starting MEFs (Figure 7B)

andmethylation reduction while gaining 5hmC in reprogramming

intermediates and iPSCs (Figure 7C).

In order to provide independent validation for 5fC/5caC depo-

sition, we used a method for base-resolution profiling, termed

methylation-assisted bisulfite sequencing (MAB-seq). The miR-

429 region was selected due to the relative abundance of 5fC/

5caC found at a CpG site in Tdg-null reprogramming cells (Fig-

ure 7A). MAB sequencing revealed a considerable amount

(�19%) of 5fC and 5caC in TDG-null cells undergoing reprog-

ramming upon miRNA rescue (Figure 7D). No 5fC/5caC was de-

tected in corresponding TDG-proficient intermediate cells or

control MEFs harboring an intact wild-type or a floxed Tdg allele.

As the total level of 5fC, 5caC, and unmodified cytosines (C) in

this region determined by conventional bisulfite profiling was

64.6%, C could be inferred to account for 45.9%. Compared

to the high levels of combined 5mC and 5hmC in MEFs (around

80%; Figures 7B–7D), Tet-promoted 5mC oxidation in the

rescued reprogramming Tdg-deficient cells had not only gener-

ated 5fC and 5caC accumulation but had also led to more

unmodified cytosines, presumably by replication-dependent

passive dilution of the resultant oxidation products.

In summary, the higher oxidation derivatives appeared dy-

namic in intermediate reprogramming stages primarily due to

constant removal by TDG as well as passive dilution. They accu-

mulated to a certain degree in TDG-knockout cells rescued for

reprogramming by ectopic miR-200c. Tet-mediated oxidation

of 5mC coupled with TDG-initiated base excision occurs in

intermediate cells undergoing reprogramming, leading to the

demethylation and reactivation of miRNA genes critical for

MET (Figure 7E).

DISCUSSION

The physiological significance of DNA oxidation in epigenetic

regulation has remained poorly understood, especially with

regard to its importance in lineage commitment and cell re-

programming. Whereas previous reports have suggested the

Figure 7. Dynamic Methylation Reprogram-

ming through Coupled Action of Tet and

TDG during Reprogramming

(A) GlucMS-qPCR analysis of cytosine modifica-

tions at the miR-200 family loci in intermediate

cells from wild-type (+) and Tdg-deficient (�)

MEFs rescued with (+) and without (�) ectopic

miR-200c at reprogramming day 5. The level of

combined 5fC and 5caC at a selected C(C)GG site

was derived from the amount of DNA resistant to

MspI cleavage (Msp(( I uncut).

(B) Profiles of 5mC and 5hmC in the 50 region of

miR-429 during iPSC induction. Note that a sig-

nificant proportion of the black circles ought to be

5hmC (compare to C), as 5hmC and 5mC are

indistinguishable in this bisulfite-sequencing (BS-

seq) analysis. Day 5 cells were unsorted popula-

tion undergoing reprogramming.

(C) Profiles of 5hmC revealed by TAB-seq. Day 5

cells were unsorted population.

(D) MAB sequencing detection of 5fC and 5caC

(red) in a 50 region of miR-429 at reprogramming

day 5 in indicated MEFs transduced with Cre (C)

and with Cre-miR-200c (CmiR), respectively. BS-

seq profiles are shown on the top for comparison.

Untransduced Tdg f/� MEFs served as a control.

In MAB-seq, 5fC and 5caC, which are resistant to

M.SssI methylation in vitro but sensitive to the

subsequent bisulfite conversion, are read as ‘‘C’’

whereas all other forms (5mC, 5hmC, and C) are

read as ‘‘5mC’’. Arrowheads indicate the selected

C(C)GG site analyzed in (A).

(E) Proposed role of oxidativedemethylationduring

somatic cell reprogramming. Tet- and TDG-medi-

ated demethylation is required for the reactivation

of miR-200 family genes known to be critical for

MET at the initiation phase of reprogramming.

See also Figure S7.
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involvement of Tet-mediated hydroxylation in somatic cell re-

programming (Costa et al., 2013; Doege et al., 2012; Gao

et al., 2013), our work indicates that none of the individual Tet

knockouts abolish the capacity of MEFs to be reprogrammed.

The requirement for DNA oxidation can only be demonstrated

by eliminating all three Tet genes simultaneously. Deletion of

the glycosylase TDG also rendersMEFs incapable of reprogram-

ming due to an impediment to epigenetic activation of miRNAs

crucial to mesenchymal-to-epithelial transition, as found in Tet-

deficient MEFs.

DNA demethylation can proceed either by active removal or

the passive dilution of methylcytosines and its derivatives, as a

result of DNA replication. Recent studies document a prominent

role of replication-coupled passive demethylation in cell-fusion-

based reprogramming (Tsubouchi et al., 2013), early embryonic

development (Inoue and Zhang, 2011), as well as primordial

germ cell development (Hackett et al., 2012; Kagiwada et al.,

2013; Seisenberger et al., 2012; Vincent et al., 2013). Contrary

to these observations, we demonstrate that both Tet and TDG

are essential for miRNA gene demethylation and factor-induced

cell reprogramming, in support of an active mode of DNA deme-

thylation. TDG, initially identified as a thymine DNA glycosylase,

is not required for DNA repair but rather plays an important role in

epigenetic regulation (Cortázar et al., 2011; Cortellino et al.,

2011). A role in active demethylation has been proposed for

TDG, based on its capability to specifically recognize and excise

the Tet-generated higher oxidation products 5fC and5caC (He

et al., 2011; Maiti and Drohat, 2011). While still lacking evidence

in a physiological reprogramming setting, we suppose that Tet

and TDG-mediated demethylation is likely to play a locus-spe-

cific role whereas replication-mediated passive demethylation

is more prevalent in settings where genome-wide erasure has

to occur efficiently.

In both experimental and natural reprogrammingmodels, DNA

demethylation has been intimately linked to the activation of

pluripotency loci. In particular, cell fusion and iPSC induction ex-

periments have implicated Tet-mediated hydroxylation in the

epigenetic reactivation of silent pluripotency genes, a perceived

bottleneck in the path toward the establishment of pluripotency

(Doege et al., 2012; Piccolo et al., 2013). Oocyte Tet3 provides a

reprogramming activity for pluripotency gene reactivation during

the early embryonic development after nuclear transfer and

natural fertilization (Gu et al., 2011). In this work, we also detect

Tet-mediated 5hmC deposition at pluripotency loci in addition to

other genes, including those related to cell adhesion, during

iPSC induction of mouse fibroblasts (Figures S4 and S7). Inter-

estingly, our genetic ablation studies indicate that Tet function

is not essential for the demethylation and reactivation of pluripo-

tency genes, as iPSCs can still be generated from Tet-deficient

MEFs upon the rescue of MET by a single miRNA. Rather, Tet

enzymes have an indispensable role in promoting demethylation

and reactivation of miRNAs critical for the fibroblasts to be

converted into epithelia at the onset of reprogramming, thus

breaking down an epigenetic barrier imposed on the regulatory

miRNA genes (Figure 7E). As Tet- or TDG-deficient cells ex-

pressing ectopic miRNAs are amenable to reprogramming, the

activation of pluripotency genes presumably encompasses pas-

sive demethylation involving DNA replication. It is likely that both

active (Tet-mediated) and passive (replication-dependent) de-

methylation mechanisms contribute to pluripotency gene deme-

thylation for the reprogramming of wild-type cells.

Deletion of individual Tet genes, or Tet1 and Tet2 in combina-

tion, in mouse is compatible with embryonic development (Daw-

laty et al., 2011, 2013; Gu et al., 2011). In light of the functional

redundancy of the Tet genes as revealed in this experimental re-

programming system, the assessment of the biological signifi-

cance of DNA oxidation in development awaits the generation

and examination of triple knockout animals. Interestingly, a

report by Song et al. (2013) published during the revision of

this manuscript implicates the downregulation of Tet activity in

the epigenetic inactivation of miR-200, which supposedly con-

tributes to EMT in the process of mammary tumorigenesis and

metastasis. It remains to be addressed whether and to what

extent Tet- and TDG-mediated DNA demethylation control

MET-related miRNAs and other important developmental regu-

lators in physiological and disease processes.

EXPERIMENTAL PROCEDURES

Animal Use and Care

Animal procedures were carried out according to the ethical guidelines of the

Institute of Biochemistry and Cell Biology.

Derivation of Tet-Deficient MEFs

To prepare Tet1,Tet2,Tet3 triple knockout (TKO) MEFs, Tet TKO ESCs were

labeledwithconstitutivelyexpressing lentiviralGFPand then injected intomouse

blastocysts to obtain chimeric E12.5 embryos. MEFs were isolated, and the

GFP-positive cells were sorted by fluorescence-activated cell sorting (FACS).

More information is available in Supplemental Experimental Procedures.

Retroviral Production and iPSC Induction

Retroviral production and infection followed the previously published protocol

(Takahashi and Yamanaka, 2006). For retroviral production, Plat-E cells were

seeded at 73 106 cells per 100mmdish 1 day before transfection. Ninemicro-

grams of pMXs-based retroviral constructs were transfected into Plat-E cells

using Lipofectamine 2000 reagents (Invitrogen) according to the manufac-

turer’s recommendations. Eight to ten hours later, the medium was replaced.

Another 48 hr later, virus-containing supernatants were collected and filtered

through a 0.45 mm polyvinylidene fluoride filter (Millipore) and supplemented

with 4 mg/ml polybrene (Sigma). MEFs (seeded at 5 3 104 cells per each well

in a 6-well plate 1 day before infection) were incubated with virus-containing

supernatants for 12 hr. After two rounds of infection, cells were replated

onto mitomycin-C-treated MEF feeder layers and the medium was changed

into optimized medium (Chen et al., 2011). GFP-positive or alkaline-phospha-

tase-positive colonies were scored. Alkaline phosphatase staining was per-

formed with NBT/BCIP (Roche).

In the Tet TKOMEFs rescue experiments using Tet1C, Tet2C, or Tet3C, cells

were cultured with optimized medium without vitamin C.

For the establishment of miR-200c-rescued Tet TKO and Tdg KO iPSC

lines, Tet TKO and Tdg f/� MEFs were transduced with OSK/miR-200c and

OSKCre/miR-200c retroviruses, respectively. Cells under induction were

cultured in optimized medium. iPSC colonies were picked, transferred onto

feeder layers, and cultured in ESCmedium supplemented with 2i and leukemia

inhibitory factor.

Bisulfite Sequencing and TAB-Seq

For bisulfite sequencing, 100 ng of genomic DNAwere treatedwith the EZDNA

Methylation-Direct Kit (Zymo Research). For Tet-assisted bisulfite sequencing

(TAB-seq), genomic DNA was treated according to the protocol published

recently (Yu et al., 2012a). Briefly, 1 mg of genomic DNA was sonicated into

fragments of 300 bp to 1 kb in size. The fragments were then glucosylated,

oxidized with recombinant mouse Tet1C, and treated with bisulfite sequen-

tially. Specific genomic regions were PCR amplified and cloned into pMD-

19T (Takara) for sequencing.
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GlucMS-qPCR

Genomic DNA was extracted with the DNeasy Blood and Tissue kit (QIAGEN).

Glucosylated hydroxymethyl-sensitive quantitative PCR (GlucMS-qPCR) was

performed using the EpiMark 5-hmC and 5-mC Analysis Kit (New England

Biolabs).

MAB-Seq

One microgram of genomic DNA was methylated by M.SssI (NEB) following

the NEB’s instruction. Complete methylation of the DNA was confirmed by re-

striction analysis. Themethylated DNAwas then purified by phenol-chloroform

extraction and bisulfite sequencing performed as described above. The

methodology will be described elsewhere.

Flow Cytometry

Single-cell suspensions were obtained by repetitive pipetting and filtered

through a 40 mm cell strainer. Cells were incubated with anti-mouse SSEA-1

PE (eBioscience) and analyzed on a FACS Aria (BD Biosciences). Data were

analyzed with FlowJo software (Tree Star).

RNA Extraction, Reverse Transcription, and qPCR

Total RNA was extracted from cells with Trizol reagent (Life Technologies) and

reverse-transcribed using the PrimeScript RT Reagent Kit with a gDNA Eraser

according to manufacturer’s instructions (Takara). Quantitative real-time PCR

was performed using SYBR Premix EX Taq (Takara) on Bio-Rad CFX96. For

the quantification of miRNA expression, total RNA was reverse-transcribed

with the PrimeScript miRNA qPCR Starter Kit (Takara), and qPCR was per-

formed following the vendor’s instructions.
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SUMMARY

Cancer stem cells (CSCs) have been suggested as
potential therapeutic targets for treating malignant
tumors, but the in vivo supporting evidence is still
missing. Using aGFP reporter driven by the promoter
of the nuclear receptor tailless (Tlx), we demonstrate
that Tlx+ cells in primary brain tumors are mostly
quiescent. Lineage tracing demonstrates that single
Tlx+ cells can self-renew and generate Tlx� tumor
cells in primary tumors, suggesting that they are
brain tumor stem cells (BTSCs). After introducing a
BTSC-specific knock-out of the Tlx gene in primary
mouse tumors, we observed a loss of self-renewal
of BTSCs and prolongation of animal survival,
accompanied by induction of essential signaling
pathways mediating cell-cycle arrest, cell death,
and neural differentiation. Our study demonstrates
the feasibility of targeting glioblastomas and indi-
cates the suitability of BTSCs as therapeutic targets,
thereby supporting the CSC hypothesis.

INTRODUCTION

The cancer stem cell (CSC) hypothesis provides an alternative

model to explain the tumor cell heterogeneity (Reya et al.,

2001). Like normal somatic adult stem cells, which are distrib-

uted in different tissues, CSCs are thought to be the less differ-

entiated populations in malignant tissues and are considered

to be the cells that are responsible for the maintenance of tumor

tissues, as well as for the relapse of tumors after conventional

treatment. In most tumor entities, the existence of CSCs has

not been demonstrated in vivo with the genetic cell fate mapping

approach, which is the most stringent criterion for the identifica-

tion of normal tissue stem cells (Clevers, 2011). Using lineage

tracing, a very recent study performed in a mouse colon

adenoma model showed that Lgr5-expressing cells are CSCs

(Schepers et al., 2012). This study provided the first solid

evidence for the presence of CSCs in unperturbed primary

tumors. The CSC hypothesis rises the anticipation that targeting

of CSCs in tumors will lead to an improved clinical outcome

because they are thought to be the ‘‘root’’ of growing tumors.

However, the in vivo experimental evidence supporting that is

still missing in most tumor entities.

Brain tumor stem cells (BTSC) are one of the first CSCs

identified in solid tumors (Singh et al., 2003, 2004). CD133

has been suggested to be a useful marker for isolation of

BTSCs but the results obtained based on this method are

controversial (Clevers, 2011). BTSCs share many similarities

with normal neural stem cells (NSCs), i.e., expression of

markers like Nestin and CD133, or sphere-forming ability

when placed into medium containing growth factors (Vescovi

et al., 2006). It would not be surprising if BTSCs could hijack

the self-renewal pathway of normal NSCs, and similar results

have been found in many other type of tumors (He et al.,

2009). Several studies tried to target factors that are known to

be important of NSC maintenance during brain tumorigenesis.

Inhibitor of DNA binding 1 (Id1) is selectively expressed in

NSCs in adult neurogenic niches, namely the subventricular

zone (SVZ) and the subgranular zone (SGZ) and Id proteins

are shown to be involved in regulation of stem cell self-renewal

(Nam and Benezra, 2009). However, deletion of Id1 in mouse

brain tumors has modest effects on animal survival, although

BTSCs of Id1 mutants have reduced self-renewal capacity

in vitro (Barrett et al., 2012). This leads to the assumption that

the self-renewal of BTSCs does not predict brain tumor growth

potential, however, it is noteworthy that Id1 mutant animals

have normal NSCs populations and normal neurogenesis (Bar-

rett et al., 2012). A recent study using a cell ablation approach

demonstrated that chemo-resistant Nestin expressing brain tu-

mor cells are responsible for brain tumor propagation, and abla-

tion of these cells led to prolonged survival of tumor-bearing

mice (Chen et al., 2012), which support that self-renewing tumor
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cells are important therapeutic targets of brain tumors in vivo.

The nuclear receptor tailless (Tlx, Nr2e1) is specifically ex-

pressed in adult NSCs and loss of Tlx in mice leads to the

loss of self-renewal of NSCs, both in the SVZ and the SGZ

(Liu et al., 2008, 2010; Shi et al., 2004; Zhang et al., 2008;

Zou et al., 2012). Interestingly, Tlx is also overexpressed in hu-

man brain tumors and it is important for tumor initiation from the

SVZ (Liu et al., 2010; Zou et al., 2012). These results suggest

that Tlx is a crucial regulator for self-renewal of adult NSCs

and brain tumorigenesis. However, the expression pattern and

function of Tlx in established tumors is unknown.

To investigate whether BTSCs are important for tumor main-

tenance and survival, we generated a mouse brain tumor

model, which allows cell-type-specific genetic manipulation in

fully developed primary brain tumors. We found that the Tlx+

cells are the slow-dividing and undifferentiated tumor cells

in vivo, xenotransplantation, and lineage tracing directly demon-

strates that they are the BTSCs. An inducible inactivation of Tlx in

Nestin expressing brain tumor cells leads to a significant pro-

longation of survival of tumor-bearing animals. Tumor cells

from Tlx-deficient tumors lost self-renewing capacity and re-

sulted in less proliferating cells. In addition, we identified several

important signaling pathways involved in cell-cycle arrest, cell

death, and neural differentiation. Overall, this study demon-

strates the direct genetic evidence of the importance of CSC in

brain tumors and provides an attractive therapeutic target of

high-grade gliomas.

RESULTS

A Mouse Model for Gene Targeting in Fully Developed
High-Grade Brain Tumors
To establish a mouse model that allows gene targeting in estab-

lished brain tumors, we made use of the RCAS/tv-a system to

initiate brain tumors. The RCAS/tv-a system uses an avian retro-

viral vector, called RCAS, derived from avian leukosis virus (ALV,

subgroup A), and aNestin-tv-a (Ntv-a) transgenicmouse line that

expresses Tv-a (the receptor for ALV-A) under the control of the

Nestin gene promoter. This system makes it possible to transfer

and express exogenous genes in Nestin-expressing neural

progenitor cells and their progeny (Holland, 2001). With coinjec-

tion of RCAS viruses expressing AKT and platelet-derived

growth factor B (PDGFB), we were able to induce high-grade

brain tumors with full penetrance in Ntv-a mice (Figure 1A).

Approximately 60% of the tumors were multifocal glioblastoma

(GB) (Table S1 available online), which have classic histopatho-

logic features of human GB, like pseudopalisading-associated

necrosis and vascular proliferation (Figures 1B and 1C). These

tumors express the astrocyte marker glial filament acid protein

(GFAP) and the cell proliferation marker Ki67 (Figures 1D and

1E). All animals developed brain tumors within 3 months after

injection of PDGFB and AKT (Figure 1F). To determine the cell

of origin of brain tumors in this model, we injected the RCAS-

GFP producing DF-1 cells into the Ntv-a mice, which allow visu-

alization of infected cells with GFP signal. Three days after

Figure 1. Induction of High-Grade Brain Tumors in Ntv-a Mice

(A) Hematoxylin and eosin (H&E) staining of GB induced with PDGFB and AKT in the Nestin-Tv-a model. Scale bar represents 100 mm.

(B andC) Brain tumors inducedwith PDGFB andAKT have typical pathological features like pseudopalisading and necrosis (B, N indicates the necrotic areas) and

vascular proliferation (C, arrows). Scale bar represents 50 mm.

(D and E) The mouse tumors highly express the astrocyte marker GFAP (D) and the proliferation marker Ki67 (E). Scale bar represents 20 mm.

(F) Kaplan-Meier survival curve of the Ntv-a mice induced with PDGFB and AKT (n = 15). RCAS-GFP was used as control vector (n = 12).

See also Figure S1.
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injection, we found that most of GFP cells are located in the SVZ

area and all express GFAP and Nestin (Figures S1A and S1B),

suggesting the radial glia-like NSCs are the cells initially infected.

It is known that the SVZ NSCs mainly give rise to newborn neu-

rons in the olfactory bulb. One month after injection, we found

many GFP+ cells in the olfactory bulb (Figure S1C), which further

demonstrate that the NSCs are targeted by RCAS approach.

This is consistent with the working principle of this model that

only the Nestin-tv-a-expressing cells are infected by the RCAS

vectors (Holland et al., 1998). We also analyzed the tumor loca-

tion in many animals (Table S1). Most of the tumors are multi-

focal, but there is no strong correlation between tumor grade

and location. Nevertheless, SVZ is the most frequently associ-

ated region of tumor locations (Table S1), again suggesting the

stem cell origin of these tumors. This mousemodel allows induc-

tion of tumors without involving Cre/LoxP technology, thus the

Cre/LoxP system can be used for additional genetic manipula-

tions in mouse primary brain tumors. We then generated mouse

models with the following genotypes, Ntv-a;Tlx-GFP and Ntv-a;

Nestin-CreERT2;Tlxflox/flox. As we have shown in Tlx-GFP trans-

genic mice, in which the GFP expression is driven by a Tlx

bacterial artificial chromosome (BAC)-based promoter, that

NSCs are GFP+ (Feng et al., 2013), we are able to visualize the

Tlx expressing brain tumor cells via the GFP signal. Furthermore,

the Ntv-a;Nestin-CreERT2;Tlx flox/flox mice can be used to induce

Tlx inactivation in PDGFB/AKT-induced brain tumors, in a

tamoxifen (TMX)-dependent manner.

Tlx+ Cells in Mouse Brain Tumors Are Slow-Dividing
Cells
After induction of tumors in Tlx-GFP;Ntv-a mice, we observed

heterogeneous expression of GFP in mouse brain tumors (Fig-

ure 2A). To further characterize the Tlx-GFP tumor cells in vivo,

we performed additional immunohistochemistry (IHC) analysis,

and we found that the GFP+ cells were negative for Olig2 (Fig-

ure 2B), a common glioma marker and an oligodendrocyte

marker in normal brain tissues. We found that some of the

GFP+ cells were also positive for GFAP, which is a marker for

mature astrocyte and radial glia like NSCs in adult brain (Fig-

ure 2C). GFP+ cells were also negative for doublecortin (DCX),

a marker for immature neurons (Figure 2D). We found that a

commonly used marker for NSCs, NESTIN, is widely expressed

in the mouse tumors and that the Tlx-GFP+ cells are just a

subpopulation of NESTIN+ cells (Figure 2E). It has been sug-

gested that CSCs are slow-dividing cells that is one of the major

features of many tissue-specific stem cells (Li and Clevers,

2010). By costaining of GFP with the cell proliferation marker

Ki67 and another widely used stem cell marker, Sox2, we found

that most of the GFP cells were negative for Ki67 (Figure 2F).

Interestingly, the majority of the Sox2 cells were negative for

Tlx-GFP but positive for Ki67 (Figure 2F). We further quantified

the relative distribution of Tlx-GFP cells comparing with three

markers (Sox2, GFAP, NESTIN), the result indicates that Tlx-

GFP marks a unique population in primary brain tumors

(Figure 2G). Using additional cell proliferation markers like prolif-

erating cell nuclear antigen (PCNA) (Figure S2A) or MCM2 (Fig-

ure S2B) further confirmed that Tlx+ cells are largely quiescent

(Figure 2H). This result suggests that the Tlx-GFP+ tumor cells

are not fast-dividing cells in vivo, and it is known that most of

the Tlx-expressing cells in the SVZ are slowly dividing in vivo

(Liu et al., 2008). This could be further confirmed by bromodeox-

yuridine (BrdU) pulse labeling (2 hr) experiments, which showed

that a small population (6.3%) of the BrdU-incorporating cells

were positive for GFP and around 9.4% of the GFP+ cells incor-

porated BrdU (Figure 2I). This is consistent with the results

obtained by containing of Tlx-GFP with proliferation markers

(Figure 2H). BrdU label retention experiments have been used

to demonstrate the slow-dividing features of normal stem cells

(Bickenbach, 1981). We performed BrdU injections for 3 consec-

utive days and mice were analyzed 2 weeks after the last BrdU

injection, which allowed us to visualize the BrdU label-retaining

cells (LRC) in tumor tissues. We observed that most of the

BrdU label retaining cells (74.5%) are GFP+ (Figure 2J, arrows),

which strongly suggests that Tlx-GFP+ cells are the slow-

dividing cells in brain tumors. We also found that the Tlx-GFP+

BrdU LRC cells are positive for GFAP or NESTIN, but are nega-

tive for Sox2 (Figures S2C–S2E). The Tlx-GFP� LRC cells are

Olig2+ and Sox2� (Figures S2F and S2G), suggesting these are

the fully differentiated tumor cells.

The neurosphere assay has been widely used for the determi-

nation of the existence of self-renewing cells in brain tissues

(Singec et al., 2006). Here, we found that when tumor cells are

placed into tumorsphere culture medium containing FGF2 and

EGF, the vast majority of tumorspheres are GFP+ (Figure 2K).

We isolated the Tlx-GFP+ and GFP� cells via fluorescence-

activated cell sorting (FACS) from primary tumors, these two

populations were cultured in parallel using tumorsphere culture

conditions. We found that only the Tlx-GFP+ cells form tumor-

spheres and they can be passaged multiple times. The Tlx-

GFP� cells cannot form tumorspheres efficiently and no spheres

can be further passaged (Figure 2L).

It is intriguing that many GFP+ cells are located in close prox-

imity to the vasculature as shown by staining of an endothelial

marker CD34 (Figure 2M), suggesting that the GFP+ cells are

located in a vascular niche. This is further supported by

measuring the average distance between GFP cells and CD34+

endothelial cells. The distance is significantly shorter than the

distance between Ki67+ and CD34+ cells (Figures 2M and 2N).

Although this is in line with a well-recognized feature of BTSCs,

the slow-dividing feature of the perivascular cells does not

support the notion that the vascular niche is supporting the

proliferative capacity of stem cells. These results suggest that

Tlx-GFP cells are the bona fide slow-dividing BTSCs in primary

brain tumors.

Xenotransplantation and Lineage Tracing Demonstrate
that Tlx-GFP Cells Are BTSCs
BTSCs were initially defined as cells that can initiate new tumors

when transplanted into immunocompromised mice (Singh et al.,

2004). To test whether there is a difference between Tlx-GFP+

and Tlx-GFP� cells regarding their potential to initiate tumors

after transplantation, we performed the following serial trans-

plantation experiment. Tlx-GFP+ and Tlx-GFP� cells were

isolated via FACS. A different number of cells (105, 104) were

injected intracranially into the brains of nude mice. Animals

were monitored with a 9.4 Tesla MRI device to determine tumor

frequency (Figure 3A). We found that the Tlx-GFP cells form

tumors very efficiently upon transplantation, and the tumors
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Figure 2. Characterization of Tlx-GFP+ Cells in Primary Mouse Brain Tumors

(A) GFP staining of mouse tumors developed in Ntv-a;Tlx-GFP mouse brain. Note that there is only a subset of tumor cells that are positive for GFP. Scale bar

represents 20 mm.

(B–E) Brain tumor sections derived from Ntv-a;Tlx-GFP mouse brain were stained for: GFP (green), Olig2 (red) (B); GFP (green), GFAP (red) (C); GFP (green) DCX

(red)(D), and GFP (green), NESTIN (red)(E). Note that there is no colocalization betweenGFP, Olig2, and DCX. Only a subset of GFAP or NESTIN cells express Tlx-

GFP. Scale bars represent 20 mm.

(F) Staining of Ntv-a;Tlx-GFP brain tumor sections with GFP(green)/Ki67(blue)/Sox2(red) antibodies demonstrates that most of the Tlx-GFP cells are negative for

Ki67 and Sox2 staining. This suggests they are quiescent in vivo. Note that most of the Ki67+ cells express Sox2. Scale bars represent 50 mm.

(G and H) Quantification of relative distribution of Tlx-GFP+ cells comparing with different markers (G: Sox2, NESTIN, GFAP; H: Ki67, MCM2, and PCNA). Note

that none of these markers can exclusively label Tlx-GFP cells.

(I) BrdU labeling was performed to see the proliferation in tumor mice. BrdU injection to Ntv-a;Tlx-GFP tumor-bearing mice was performed 2 hr before sacrificing

themice. BrdU (red) andGFP (green) costaining of tumor sections were performed. Note that only a very small populations of GFP cells are BrdU+ (inset showing a

higher magnification of a BrdU and GFP double-positive cell). Scale bar represents 20 mm.

(J) Ntv-a;Tlx-GFP tumor mice received 3 days consecutive BrdU injections and the mice were sacrificed 3 weeks after the last injection. BrdU (red) and GFP

(green) costaining of tumor sections were performed. Note that the BrdU label-retaining cells are GFP+ (arrows). Inset: a higher magnification of a BrdU and GFP

double-positive cell. Scale bar represents 20 mm.

(legend continued on next page)
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recapitulate the histological features of primary tumors, namely

pseudopalisading-associated necrosis and vascular prolifera-

tion (Figures 3A and 3D). The Tlx-GFP� cells rarely form tumors

upon transplantation of 105 cells (Figure 3A). We also analyzed

the tumors initiated by Tlx-GFP+ cells. Although we only injected

Tlx-GFP-pure population, the heterogeneous expression pattern

of Tlx-GFP is reestablished in transplanted tumors and they are

still restricted in the slow-dividing subpopulation in primary

tumors shown by costaining with PCNA or NESTIN (Figures 3B

and 3C). This suggests the GFP+ cells are able to generate

GFP+ and GFP� cells after transplantation. All animals devel-

oped tumors after injection of 104 Tlx-GFP+ cells, but no tumors

were observed with injection of the same amount of Tlx-GFP�

cells (Figure 3D). Most importantly, the tumors initiated by Tlx-

GFP+ cells could be serially transplanted up to at least three

times during our analysis time (Figures 3E and 3F). The one tumor

initiated by the GFP� population (1/7) can be further trans-

planted, but the histology analysis indicates that it is a rather

benign tumor without the histological features of GB (Figure 3G

and 3H). Most importantly, we did not observe Tlx-GFP expres-

sion in transplanted tumors from Tlx-GFP� cells, indicating that

reacquiring Tlx-GFP expression is not a frequent event in vivo.

This result demonstrated that Tlx-GFP tumor cells can reestab-

lish a heterogeneous tumor upon transplantation. We also per-

formed a similar transplantation experiment using FACS-isolated

primary Tlx-GFP+ and Tlx-GFP� cells. The results are consistent

with the experiment described above (Figure S3) suggesting that

Tlx-GFP+ cells are the cells that can serially transplant tumors.

The limitation of the xenotransplantation assay has been

raised recently (Magee et al., 2012). This prompts us to perform

the lineage tracing experiment to visualize the potential of Tlx+

tumor cells. As shown in Figure 3I, Tlx-GFP;Tlx-CreERT2;Ntva;

Confetti tumor-bearing mice were treated with TMX to induce

Cre-dependent recombination only in the Tlx-GFP cells because

Cre is controlled by the Tlx promoter. The confetti mice allow

random labeling of cells with one of four random colors upon

Cre activation (Snippert et al., 2010). In our model, the tracing

was initiated in established tumors, thus no retracing experiment

is needed, which is different from the lineage tracing experiment

in a colon adenoma model (Schepers et al., 2012). We also

showed above that Tlx-GFP cells in the tumor are the tumor cells

because they initiate tumors upon transplantation. No recombi-

nation was observed without TMX treatment. After low-dosage

TMX treatment, we can specifically induce spark-labeling only

in the single Tlx-GFP+ cells in side tumor (Figure 3J). In this

experiment, the confocal setting can detect all colors during

the image acquisition, also excluding clones with mixed colors.

Seven days after TMX injection (as shown in Figure 3K, repre-

sented by YFP+ clone), we found that most of the clones are

two to three cells and they are grouped together. Thirteen days

after TMX injection, more cells were found but the cells started

to migrate away from each other. It is important to note the

glioblastoma is one of the most invasive solid tumors, and our

data also demonstrated that invasive feature of these cells.

Two months after TMX treatment, we started to see big clones

that had infiltrated into different places inside tumors (Figure 3K).

This experiment clearly demonstrates that a single Tlx+ tumor

cell can generate big clones of tumor cells over the long term.

These results, together with the transplantation assay, strongly

suggest that Tlx-GFP cells are BTSCs in vivo.

Recently, it was demonstrated that BTSCs are resistant to

temozolomide (TMZ) treatment (Chen et al., 2012), most likely

because of their slow-dividing feature as we described. To test

whether Tlx-GFP cells become activated after TMZ treatment,

we applied TMZ as described in Figure 3L and followed with

CidU long-term tracing to label the slow-dividing Tlx-GFP cells.

IdU was injected into tumor mice 2 hr before analysis. We found

that without TMZ treatment, Tlx-GFP/CidU cells did not incor-

porate IdU during the analysis period, but the TMZ-treated Tlx-

GFP/CidU cells became IdU+ indicating that they reentered the

cell-cycle after TMZ treatment (Figure 3K). This suggests that

these cells are the cell-of-origin of relapsed tumors after

chemotherapy.

Inducible Inactivation of Tlx in Brain Tumors Leads to
Prolonged Survival
The fact that Tlx is an essential transcription factor for self-

renewal of NSCs and for brain tumor initiation from NSCs, led

us to investigate whether inactivation of Tlx can serve as a

therapeutic strategy for treating GB. We generated the Ntv-a;

Nestin-CreERT2;Tlxflox/flox mice for such an experiment. The

Tlx-GFP population is also positive for NESTIN (Figure 2I), which

suggests that we are able to induce the knockout of Tlx in brain

tumors using Nestin-CreERT2 mice, in which a TMX-inducible

Cre recombinase is expressed under the Nestin promoter.

Based on the observation of the survival of PDGFB/AKT-injected

animals, we decided to induce Tlx mutation with TMX 10 days

before the tumor-bearing animals were expected to develop

tumor-related symptoms (i.e., 2.5 weeks after RCAS-PDGFB/

AKT injection). We confirmed that high-grade tumors were

already developed in those animals at the stage they underwent

TMX treatment (Figure 4A; N indicates necrosis, n = 5). Control

animals were Ntv-a;Tlxflox/flox mice, which received identical

treatment. We observed that the Tlx mutant tumor mice survived

significantly longer than the control mice (Figure 4B), suggesting

that targeting Tlx in brain tumors is beneficial for the survival of

tumor-bearing animals. To confirm whether Cre recombination

is efficient in mutant tumors, both RNA and protein were isolated

for Tlx expression analysis, and we could confirm that Tlx RNA

and protein levels were both significantly downregulated in the

(K) All tumorspheres derived from the Ntv-a;Tlx-GFP tumors are positive for Tlx-GFP, suggesting that only the Tlx-GFP cells can form tumorspheres in vitro. Note

that around 94.7% of cells are GFP+ in this culture.

(L) Ntv-a;Tlx-GFP brain tumors were separated into GFP+ and GFP� populations via FACS before being subjected to tumorsphere culture experiment. Number of

spheres formed by 100 cells were quantified. Note that spheres derived from GFP� can not be further passaged. p < 0.05.

(M) Ntv-a;Tlx-GFP brain tumors costained with CD34 (red), Ki67(blue), and GFP (green). Note that most GFP cells are negative for Ki67 and are associated with

CD34+ endothelial cells. Scale bar represents 50 mm.

(N) The average distance between Tlx-GFP cells and CD34+ cells is shorter than that between Ki67 cells and CD34+ cells. p < 0.05.

See also Figure S2.
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Figure 3. Xenotransplantation and Lineage Tracing Demonstrate that Tlx-GFP Cells Are BTSCs
(A) Tlx-GFP+ or Tlx-GFP� (105) cells were injected into the brain of nudemice. H&E staining indicated that Tlx-GFP+ initiated tumors with GB features, but most of

the mice injected with Tlx-GFP� cells did not develop tumors. Inset: MRI image of transplant-initiated tumors.

(B andC) Tumors initiated by Tlx-GFP+ are heterogeneous. Costaining of Tlx-GFPwith PCNA demonstrates that Tlx-GFP+ cells remain to be slow-dividing (B) and

it is restricted to a subpopulation of NESTIN expressing cells as in primary tumors (C).

(D) Summary of the transplantation experiment. When injected with 105 cells, all Tlx-GFP+-injected animals develop tumors, and these tumors can be serially

transplanted at least for three rounds. The one tumor initiated by the Tlx-GFP� cells can be further transplanted. *Only the animal developed tumor was used for

(legend continued on next page)
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mutant tumors at the end point of the survival assay (Figures 4C

and 4D). We found that the Tlx mutant tumors were smaller (Fig-

ure 4E). It is worth noting that most Tlx mutant animals still

showed neurological symptoms and brain tumors could still be

observed, although the Tlx mutant brain tumors were much

smaller and less infiltrative (Figure 4F). Furthermore, we per-

formed histological analyses of all tumors, and strikingly the

majority of the Tlx mutant tumors did not have features of GB

(e.g., pseudopalisading and vascular proliferation) (Figure 4G).

This could be further confirmed through neuropathological

assessment and grading according to the World Health Organi-

zation (WHO) classification of CNS neoplasias of all tumors by

a trained neuropathologist. Tlx mutant tumors had a lower grade

compared to the normal control tumors (Figure 4H). This result

also provides a possible link between BTSCs and GB

histopathology.

There are still tumor cells in the Tlx mutant mice. To assess the

potential of Tlx mutant tumor cells, we performed the trans-

plantation experiment after Tlx ablation. Primary tumors were

disassociated and 105 primary tumor cells were injected in all

the experiments. MRI was used to monitor tumors. The Tlx

wild-type (WT) tumor cells transplant tumors very efficiently as

shown in Figures 4I–4L. Histology analysis demonstrates that

Tlx mutant tumors are very small and benign (Figure 4M), and

we did not observe any histological features of GB. Importantly,

the WT tumors can be serially transplanted but the Tlx mutant

tumor failed to initiate any tumors for the secondary transplanta-

tion (Figures 4J, 4K, 4N, and 4O). These results strongly suggest

that Tlx is required for tumor propagation in the transplantation

assay.

These results suggest that death of animals in the Tlx mutant

group was driven by cells derived from BTSCs before TMX

treatment, which was sufficient to cause damage of normal brain

tissues and animal death as a consequence. To test this hypo-

thesis experimentally, we decided to inactivate Tlx by injecting

RCAS-Cre together with PDGFB and AKT to achieve an early

deletion of Tlx gene during tumor development. We found that

many animals did not get tumors in the Cre group compared to

the group injected with RCAS-GFP together with PDGFB and

AKT (Figure S4). This experiment suggests that early treatment

of tumor stem cells will greatly improve treatment outcome.

Tlx Inactivation Leads to Loss of Self-Renewing BTSCs
To analyze the cellular consequences in the primary tumor after

Tlx deletion, we analyzed the cell proliferation in the tumors after

the animals were sacrificed because of brain tumor-related

symptoms and found that there were significantly less Ki67-ex-

pressing cells in the Tlx mutant tumors. This suggests there

was a reduced proliferation upon Tlx deletion (Figure 5A). As

Tlx is only expressed by the slow-dividing cells in brain tumors,

we hypothesized that the decrease in Ki67+ cells in Tlx mutant

tumors was the consequence of Tlx inactivation in BTSCs. Inter-

estingly, when we analyzed tumors 5 days after TMX injection,

we found that the number of Ki67+ cells was not changed in

the Tlx mutant tumors. This suggests that loss of Tlx results in

a decreased generation of Ki67+ proliferating cells (Figure 5B).

To further investigate whether loss of Tlx leads to an impaired

function of BTSCs, we performed a tumorsphere assay, which

showed that Tlxmutant tumors generate significantly less tumor-

spheres (Figures 5C and 5D), and the mutant tumorspheres

could not be further passaged and expanded (Figure 5D). To

determine whether this is due to the loss of Tlx in BTSCs, we per-

formed the tumorsphere culture assay using cells derived from

the Ntv-a;Nestin-CreERT2;Tlxflox/flox tumors. Seventy-two hours

after adding 4-hydroxytamoxifen (4-OHT) to the tumorsphere

culture medium to induce Tlx deletion in vitro, we confirmed

that Tlx was successfully removed from the cells (Figure 5E).

We found that the Tlx mutant tumorspheres could not be

passaged as efficiently as Tlx+ tumor spheres (Figures 5E and

5F), suggesting that loss of Tlx in BTSCs leads to loss of self-

renewal. To investigate whether loss of Tlx leads to an altered

differentiation capacity of BTSCs, we established adherent

cell cultures from untreated Ntv-a;Nestin-CreERT2;Tlxflox/flox

tumors. After treatment with 4-OHT, the growth factors were

removed from the medium to induce the differentiation process.

We found a reduction of glial differentiation in Tlx mutant cells

shown by GFAP or Olig2 staining (Figures 5G and 5H), whereas

neuronal lineage differentiation was increased in Tlx mutant

BTSCs shown by DCX staining (Figure 5I). These results demon-

strated that loss of Tlx in primary brain tumors leads to loss of

self-renewal and induction of neuronal differentiation, which

may explain the survival effect of targeting Tlx in mouse gliomas.

Loss of Tlx in Brain Tumors Leads to the Induction of
Pathways Regulating Apoptosis, Senescence, and
Differentiation
To investigate the molecular pathways that are altered after Tlx

mutation in brain tumors, RNA was isolated from control and

mutant tumors and subjected to microarray analysis providing

insights into genome-wide expression changes after Tlx inacti-

vation. Interestingly, many pathways involved in cell-cycle regu-

lation, apoptosis, neural differentiation, and senescence were

significantly altered (Table S2). Quantitative RT-PCR (qRT-

PCR) analysis for some of the candidate genes confirmed that

secondary transplantation, six animals received cells from Tlx-GFP� tumor and three developed tumors. #All tumors are low grade tumors. When injected with

104 cells, only the Tlx-GFP+ cells initiated tumors.

(E–H) H&E staining of tumors from the serial transplantation experiment. Note that the Tlx-GFP+ secondary and tertiary tumors have histological features of a GB

(E and F), like necrosis (N), which was never observed from the Tlx-GFP�-derived tumors (G and H).

(I–K) Lineage tracing of Tlx+ cells in primary tumors. (I) Experimental scheme. (J) TMX induction of single cell recombination in Tlx-GFP tumor cells. GFP indicating

Tlx+ cells, RFP indicating cells being labeled by Cre recombination. (K) Representative picture of clone growth over time initiated by a Tlx+ stem cell labeled with

YFP after TMX treatment. Scale bars represent 20 mm if not indicated.

(L) Tlx-GFP tumor-bearing mice received TMZ treatment as described. CidU were injected into these mice 1 day after TMZ treatment, and three injections were

performed in 1 day with 2 hr intervals. Three days later, animals were injectedwith IdU 2 hr before sacrificing. Brain sections were stained using antibodies against

CidU(red), IdU(blue)n andGFP (green). Note that in the vehicle-treated brains, GFP/CidU+ cells do not incorporate BrdU indicating they are slow-dividing (arrows),

but in the TMZ-treated brains, GFP/CidU+ cells incorporate IdU indicate that they reenter cell-cycle (arrows).

See also Figure S3.
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several important tumor suppressor genes were significantly

upregulated. For instance, CDKN2A, CDKN2B, and PML are all

upregulated in the Tlx mutant tumors (Figures 6A–6C), suggest-

ing a general inhibition of tumor growth and induction of cell-

cycle arrest and cell death after Tlx inactivation. Also, we

confirmed that factors that are important for neuronal differenti-

ation were induced in the Tlx mutant tumors as well, for example

SMACC1, Dlx2, and TGFbR1 (Figures 6D–6F). These results

suggest that loss of Tlx leads to the induction of cell death and

differentiation pathways, which is consistent with the phenotype

we observed in the mice brain tumors. Dlx2 and TGFbR1 have

been suggested as essential regulators for neuronal differentia-

tion (Brill et al., 2008; Shah et al., 1996), which explains in part

the increase of neuronal differentiation of Tlx mutant BTSCs (Fig-

ures 5G–5I).

The microarray data reflects general changes of genes in a

mixed population. To further determine which molecular

pathways were altered in BTSCs after Tlx deletion, we isolated

the BTSCs from Nestin-CreERT2;Tlxflox/flox;Ntva tumor mice

untreated with TMX. The cells are cultured under monolayer

Figure 4. Genetic Inactivation of Tlx in BTSCs Leads to the Loss of Self-Renewing BTSCs and Prolonged Survival

(A) H&E staining demonstrates that malignant brain tumors were already developed at the time point of receiving TMX injection. N, necrosis.

(B) The Kaplan-Meier survival curve of mice receiving TMX. Note that inactivation of Tlx via TMX leads to a significant prolongation of animal survival. (p =

9.2E–10E).

(C and D) RNA and protein were extracted from tumors of animals that were sacrificed at the onset of neurological symptoms. qRT-PCR analysis (C) demon-

strating that Tlx is efficiently deleted upon TMX treatment.(n = 6, p < 0.0001), This can be confirmed by the western blot results indicating that Tlx protein is absent

in the mutant tumors. Data are represented as mean ± SD if not specified.

(E) Brains obtained from Tlx wild-type tumors and Tlx mutant tumors.

(F and G) H&E staining of brain tumors after Tlx inactivation, tumor region wasmarked with a dash line. Note that the Tlx mutant tumors are much smaller and lack

glioblastomas histological features like necrosis (N) associated with pseudopalisading and vascular proliferation (arrow). Scale bars represent 200 mm (F) and

50 mm (G).

(H) WHO classification of Tlx mutant and control brain tumors. Note that there are much less grade IV GBs in the Tlx mutant group.

(I) Tumor cells were isolated before TMX treatment and subjected to stem cell culture condition, 4-OTH was used for induction of Tlx mutation, and 105 cells of

control and Tlx mutant were collected and injected to the nude mice brains. MRI were used to determine tumor frequency. Note that WT tumors can be serially

transplanted, and Tlxmutant tumor cells can not initiate any tumors for the secondary transplantation experiment. *All Tlxmutant cell initiated tumors are local and

do not shown any invasive pattern under MRI.

(J–O) Histology of transplanted tumors from the experiment described in (I). Note that high grade tumors can be initiated with WT cells (J and K), which can be

clearly visualized with 9.4 teslaMRI, whereas the tumor initiated from the Tlxmutant population is very small (M, arrow) and can not be further transplanted (N). No

tumor can be seen with the MRI for the secondary transplantation (O, arrow indicates the injection site).

See also Figure S4.
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condition and 4-OHT treatment was performed in vitro that

allowed inactivation of Tlx in BTSCs (Figure 6G). We also

included two known Tlx target genes (PTEN and p21) that were

reported to be repressed by Tlx (Sun et al., 2007; Zhang et al.,

2006). RNA expression analysis shown in Figure 6G suggests

that as known Tlx target genes, only p21 (CDNK1A), but not

PTEN, is upregulated upon Tlx inactivation in BTSCs. PML,

TGFbR1, SMARCC1, and DCX are upregulated suggesting that

these genes are initially upregulated in Tlx mutant BTSCs,

although it is not known yet whether the expression of these

genes are repressed by Tlx protein directly, whereas CDKN2A

and CDKN2B are not altered in Tlx mutant BTSCs (data not

Figure 5. Loss of Tlx in BTSCs Leads to the Loss of Self-Renewal and Induction of Neuronal Differentiation

(A) Ki67 staining of Tlxmutant and control brain tumors. Proliferation indexmeans percentage of Ki67+ cells in tumors (n = 4, p < 0.01). Scale bar represents 50 mm.

(B) Five days after TMX induction of Tlx mutation, brain tumors were analyzed for Ki67 staining. Note that no significant differences were observed between

normal tumors and Tlx mutant tumors. (n = 4, p = 0.238). Scale bar represents 50 mm.

(C and D) Fewer tumorspheres were derived from Tlx mutant tumors (C). Tumorspheres obtained from Tlx mutant tumors cannot be passaged in vitro whereas

control tumorspheres can be passaged and expanded (D). Scale bars represent 50 mm.

(E and F) Tumorsphere culture from the Ntv-a;Nestin-CreERT2;Tlxflox/flox tumors untreated with TMX. 4-OTH was added to the tumorspheres culture medium to

induce Tlx mutation in vitro. Western blot shows that Tlx can be efficiently removed after 72 hr of 4-OTH treatment (E). Much less tumorspheres were obtained

from Tlx mutant cells after the first passage (E), the Tlx mutant tumorspheres cannot be further passaged and expanded (F, p < 0.001 both in the first and second

passages). Scale bars represent 50 mm.

(G–I) 4-OTH was added to adherent culture of the Ntv-a;Nestin-CreERT2;Tlxflox/flox tumors. Growth factors were then removed to induce differentiation. Anti-

bodies against GFAP (G), Olig2 (H), and DCX (I) were used for staining of differentiated cells. Note that there are less GFAP and Olig2+ cells in the Tlx mutant

culture, but an increase of DCX+ cells was observed in the Tlx mutant culture. Scale bars represent 50 mm.
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Figure 6. Loss of Tlx in Brain Tumors Leads to Changes in Multiple Essential Pathways Regulating Apoptosis, Senescence, and Differenti-
ation

(A–F) qRT-PCR assay using RNA isolated from normal brain, control, and Tlx mutant tumors. Results show the induction of the expression of CDKN2A, CDKN2B,

PML, SMARCC1, Dlx2, and TGFbR1 in Tlx mutant tumors (n = 6 for each group, p < 0.05).

(legend continued on next page)
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shown), suggesting that the upregulation of these two genes

are secondary consequences upon Tlx deletion in primary

tumors. It is important to note that we have shown that Tlx over-

expression in NSCs does not lead to changes of CDKN2A/

CDKN2B expression (Liu et al., 2010), which is consistent with

the current results.

It is intriguing that we found factors like p21, CDKN2A,

CDKN2B, and PML are all upregulated in the Tlx mutant,

although not necessarily only in BTSCs. Additionally, we

confirmed the upregulation of CDKN2A (ARF/INK4A), CDKN2B

(INK4B), and PML in Tlx mutant tumors by IHC (Figures 6H–

6K), suggesting upregulation of these genes in many tumor cells.

These factors are known to be involved in the regulation of cell-

cycle arrest, apoptosis, and senescence (Gil and Peters, 2006;

Sharpless and DePinho, 2007). To investigate whether any of

these phenotypes is induced in the Tlx mutant tumors, we first

analyzed apoptosis in the Tlx mutant brain tumors. TUNEL assay

was performed, and we found that there was a significant

increase of TUNEL+ cells in the Tlx mutant tumors (Figure 6L),

suggesting that loss of Tlx also leads to an increase in apoptosis

of tumor cells. Furthermore, in order to detect whether there is a

senescence phenotype after Tlx inactivation, we performed

senescence-associated beta-gal (SA-b-Gal) staining on tumor

sections. However, we could not detect any cellular senescence

in situ (data not shown). One explanation could be that the cells

that underwent senescence had been already removed by

macrophages from the primary tumors (Kay, 1975). To further

investigate whether there was an induction of senescence, we

isolated BTSCs from Nestin-CreERT2;Tlxflox/flox;Ntv-a tumor

animals that have not been treated with TMX. We treated the

cells with 4-OHT for 72 hr as described above, 4 days after

removal of 4-OHT from the medium, the SA-b-Gal assay was

performed. We observed an increase of b-Gal+ cells in the Tlx

mutant culture (Figure 6M), indicating an induction of senes-

cence after inactivation of Tlx in BTSCs. The senescence pheno-

type is likely caused by activation of p21 in BTSCs. These results

suggest that the p21, INK4A/ARF, INK4B, and PML pathways

are induced upon removal of Tlx in BTSCs, which leads to pro-

longed survival of tumor-bearing mice.

Tlx Is Important for Self-Renewal of Human BTSCs
We have shown previously that Tlx is upregulated in human brain

tumors (Liu et al., 2010). Most importantly, by analyzing the

Cancer Genome Atlas (TCGA) data set (http://hgserver1.amc.

nl/cgi-bin/r2/main.cgi), we found that Tlx high expression corre-

lates with poor survival in human GB patients, indicating that Tlx

is a prognosis marker and a therapeutic target for human GB

(Figure 7A).

To investigate whether loss of Tlx in human BTSCs will lead to

similar phenotype as we observed in mice, we obtained three

different patient-derived human glioblastoma stem cells. Two

small hairpin RNAs (shRNAs) against the human Tlx gene were

used for knock down (KD) of Tlx in human BTSCs, as shown in

Figure 7B. Tlx expression is silenced by the two independent

shRNA constructs, using shRNA against luciferase as control.

We then analyzed the sphere formation ability of Tlx KD human

BTSC. Similar to the results in mouse BTSCs, we found that

Tlx inhibition leads to loss of sphere-forming ability and a

decrease of proliferation of human BTSCs (Figures 7C, 7D, and

S5), and no Tlx-KD cells can be passaged three times for further

analysis. We then analyzed genes that are changed in Tlx mutant

mouse cells. p21 and PML were found to be upregulated in Tlx

KD cells, which explains the sphere-forming results. We also

found that Tlx KD leads to upregulation of TGFbR1 and Dlx2,

suggesting an increase of neuronal differentiation, as we have

seen in the mouse mutant cells (Figure 7E). We did not observe

changes of CDKN2A, CDKN2B, SMARCC1, and PTEN (data

not shown). These results suggest that Tlx is important for the

regulation of human BTSCs.

Here, we demonstrate that Tlx is expressed in slow-dividing

BTSCs of primary brain tumors by using a mouse somatic brain

tumor model. Lineage tracing of single Tlx+ cells in vivo demon-

strate they are BTSCs. We also achieved BTSC-specific genetic

targeting of Tlx in established brain tumors and showed that Tlx

is essential for brain tumor maintenance and survival of tumor-

bearing mice (Figures 7H and 7I). These results strongly support

the CSCs hypothesis and provide direct evidence of improved

animal survival after targeting BTSC.

DISCUSSION

Cancer Stem Cells Are Suitable Therapeutic Targets
The CSCs hypothesis is under intensive debate. One major

reason is that markers used for CSCs isolation are not reproduc-

ible, which may reflect the genetic and phenotypic heterogeneity

of malignant cells or transient expression of these markers. The

scientific community faced similar problems when they started

to identify adult stem cells in different organs and tissues. The

controversies were later alleviated mostly by using animal

models, which allow genetic manipulation of particular cell types

and follow their behavior for a life-long time (Kretzschmar and

Watt, 2012). Recently, several studies were published, which

demonstrated the existence of CSC-like cells in different tumor

entities using different genetic tools (Chen et al., 2012; Driessens

et al., 2012; Schepers et al., 2012). These studies strongly sug-

gest the existence of a differentiation hierarchy in primary

tumors. Here, we demonstrated that in a mouse glioma model,

a subset of glioma cells expressing the functional NSC marker

Tlx, and these cells are slow-dividing in vivo. The Tlx-GFP cells

are the cells that can form long-term self-renewing spheres

(G) 4-OHT was added to adherent cultures of the Ntv-a;Nestin-CreERT2;Tlx flox/flox tumors to induce Cre recombination. RNA was collected for qRT-PCR assay,

Tlx can be efficiently removed by 4-OHT treatment. Results show that p21, PML, TGFbR1, SMARCC1, and DCX are induced upon Tlx inactivation in BTSCs.

(H–L) Mouse brain tumors were stained for INK4B (H), INK4A (I), ARF (J), and PML (K). All the four proteins were upregulated in the Tlx mutant tumors. Scale bars

represent 50 mm in (H–J) and 20 mm in (D).

(L) TUNEL assay demonstrated that there are more apoptotic cells in Tlx mutant brain tumors (n = 4, p < 0.01). Scale bar represents 50 mm.

(M) 4-OHT was added to adherent cultures of the Ntv-a;Nestin-CreERT2;Tlx flox/flox tumors to induce Cre recombination, a senescence-associated b-gal assay

(SA-b-Gal) was performed. Note that there are more SA-b-Gal+ cells in Tlx mutant culture (n = 4, p < 0.01). Scale bar represents 50 mm.

See also Table S2.
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in vitro. We also performed lineage tracing experiments to show

that Tlx+ cells can generate large tumor clones over 2 months.

Most importantly, we showed that inactivation of Tlx in brain

tumors leads to a prolongation of survival of tumor-bearing

animals. This is, in part, due to the induction of several key

pathways, which are important for the regulation of senescence,

apoptosis, cell-cycle, and differentiation (Figures 7F and 7G).

This suggests that the tumor maintenance is dependent on the

BTSC population, and loss of this tumor-seeding population

will lead to regression of the tumor mass. This directly demon-

strates that BTSCs are important for tumor progression and

survival.

Nevertheless, it is noteworthy that the Tlx mutant tumors do

not disappear. There are several possible explanations of this

result. First, the gene targeting of Tlx in BTSCs was initiated in

Tlx expressing slow-dividing cells, and the proliferating cells

are not affected at the beginning of the targeting (Figure 5B).

These cells can still drive the tumor growth until they are

exhausted. This growth is causing neurological symptoms in

the Tlx mutant mice and this was further supported by the results

obtained by inactivating Tlx at early time point (Figure S4).

Figure 7. Tlx Is a Therapeutic Target in

Human BTSCs

(A) The Kaplan-Meier survival curve of GB patients

from the TCGA database. Note that patients with

higher Tlx expression have a worse survival rate

than patients with lower Tlx expression (p < 0.05).

(B) Knock-down (KD) of Tlx expression in human

BTSCs was achieved by using two independent

shRNAs against human Tlx (p < 0.05).

(C and D) KD of Tlx in human BTSCs (T269) leads

to loss of sphere forming ability and decrease of

cell proliferation measured by BrdU (red) assay.

(D) Arrow indicates GFP/BrdU double-positive

cells). BrdU was added to the medium for 3 hr

before analysis, GFP indicates the shRNA-

infected cells (p < 0.05 for passage 1 and pas-

sage 2).

(E) KD of Tlx leads to upregulation of p21, Dlx2,

PML, and TGFbR1 expression in human BTSCs

(p < 0.05).

(F and G) Graphic illustration of Tlx expression is

restricted to the slow-dividing BTSCs (F). Removal

of Tlx in the BTSCs leads to regression of brain

tumors (G) through induction of differentiation,

senescence, and apoptosis pathways.

See also Figure S5.

Second, there could be another Tlx-

independent BTSC population, which

can compensate the effect of Tlx loss,

although our serial transplantation exper-

iment showed that Tlx mutant tumor cells

cannot be serially transplanted. Third, it

could be possible that some Tlx+ cells

escaped TMX-induced Cre recombina-

tion and later contributed to tumor

growth. However, we did not observe

reappearance of Tlx for a long time after

the last TMX treatment, which does

not support this hypothesis. Thus we would favor the first expla-

nation for this phenotype.

Role of Tlx in Normal and Cancer Stem Cells
It was known that Tlx is important for adult NSC maintenance in

the SVZ (Liu et al., 2008) and that overexpression of Tlx leads to

glioma initiation in mouse models when combined with p53

mutations (Liu et al., 2010). High expression of Tlx was found

in different types of tumors in the CNS, including astrocytoma,

ependymoma, and GB (Liu et al., 2010). Here, we directly

demonstrated that Tlx is also important for BTSCs maintenance.

These results suggest that Tlx is an essential regulator and

marker for stem cell features in BTSCs. It is interesting to see

that inactivation of Tlx in tumors leads to the induction of path-

ways involved in regulation of cell death, cell-cycle, and neuronal

differentiation. We observed that the Tlx target gene p21, which

is an essential factor mediating cell-cycle arrest and senescence

(Rowland and Peeper, 2006), is upregulated both in mouse and

human BTSCs upon removal of Tlx, suggesting this is a very

conserved pathway. To our knowledge, it has never been shown

that Tlx inhibits the INK4A/ARF pathway in normal NSCs, and we
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did not see changes of INK4A/ARF expression in Tlx over-

expressing NSCs (Liu et al., 2010). This suggests that the upre-

gulation of INK4A/ARF upon inactivation of Tlx is tumor-specific.

It was shown that Tlx represses expression of PTEN, which are

thought to be essential for maintaining NSC proliferation (Zhang

et al., 2006). Here, we did not observe PTEN upregulation in the

mutant tumors from themicroarray analysis. One possible expla-

nation is that PTEN is silenced or mutated in the AKT+PDGFB-

induced high-grade mouse GBs by other mechanisms, which

occurs often in human GB patients as well (Furnari et al., 2007).

Taken together, we demonstrated here that Tlx is an essential

indicator and regulator of BTSCs. The mouse models we gener-

ated provide additional approaches for therapeutic target valida-

tion. We also demonstrated that Tlx is a prognosis marker for

poor survival of human GB patients, which together with our

mouse data suggest that Tlx is a promising therapeutic target

for brain tumors. Another advantage of targeting Tlx in brain

tumor is that Tlx expression is restricted to the CNS system

(Monaghan et al., 1995) and hence an inhibitor that is specifically

blocking Tlx activity will have few side effects. As many other

nuclear receptors, Tlx is very likely a druggable protein.

EXPERIMENTAL PROCEDURES

Animal Experiments

Mice were housed according to international standard conditions and all

animal experiments complied with local and international guidelines for the

use of experimental animals. The Ntv-a mouse was kindly provided by Eric

Holland. Tlx flox/flox animals was generated as described (Belz et al., 2007).

The Nestin-CreERT2 animal was generated as described elsewhere and has

been successfully used to target both SVZ and SGZ NSCs via tamoxifen injec-

tion (Corsini et al., 2009). Tlx-GFP reporter animal was obtained from the

GENSAT project (Gong et al., 2003). Confetti mice were from Jackson Labora-

tory. Tamoxifen (Sigma) was dissolved in sunflower seed oil (Sigma) with 10%

EtOHabs to prepare a 10 mg ml�1 solution. Intraperitoneal injections were per-

formed with 1 mg/day for 10 days. BrdU, CidU, or IdU (Sigma) were dissolved

in sterile 0.9% saline to prepare a 15 mgml�1 solution, and mice were injected

intraperitoneally with 300 mg kg�1 2 hr before sacrifice or with 100 mg kg�1/

day for 3 days as described in this article. TMZ (Sigma) was dissolved in

DMSO and freshly diluted in 0.9% saline (5 mg/ml) and injected intraperitone-

ally with 100 mg kg�1/day for 5 days.

RNA Isolation, RT-PCR, and Microarray

RNA from cultured NSCs and dissected mouse tumors and normal brain

tissues (mixture of tissues from olfactory bulb, cortex, striatum, hippocampus,

and hypothalamus) were isolated with RNeasy Mini Kit (QIAGEN) and tran-

scribed into cDNA using random primers (dN6, Roche). cDNA were quantified

with RT-PCR using TaqMan gene expression assays (Applied Biosystems).

The levels of four housekeeping genes including ActB, GAPDH, HPRT, and

PPIA were averaged and used for normalization. For the microarray experi-

ment, the quality of total RNA was checked by gel analysis using the total

RNA Nano chip assay on an Agilent 2100 Bioanalyzer (Agilent Technologies

GmbH). Only samples with RNA index values >7 were selected for expression

profiling. The analysis is done with R on the GeneView data produced by the

scanner.

Cell Culture

Mouse brain tumors were dissected and then digested with Accutase (Sigma-

Aldrich). Dissociated cells were grown to neurospheres in DMEM/F12 medium

containing 20 ng ml�1 EGF (Sigma-Aldrich), 10 ng ml�1 FGF2 (Sigma-Aldrich),

B27 (GIBCO), and ITSS (Roche). To establishmonolayer culture, neurospheres

were dissociated with Accutase (Sigma-Aldrich) and were seeded on laminin

(Roche) and poly-L-lysine (Sigma-Aldrich)-coated cell culture plates. For

the differentiation of NSCs, NSCs were dissociated with Accutase, and

2.5 3 104 cells were seeded on laminin and poly-L-lysine-coated coverslips

in one well of a 24-well plate. Cells were cultured for 14 days in NSCs medium

without EGF and with 5 ng ml�1 FGF2. After 14 days, cells were collected for

analysis. Medium was renewed every 3 days for the whole procedure. For

in vitro CreERT2 induction, 4-hydroxytamoxifen (4-OHT, H7904; Sigma) was

dissolved in ethanol at a final stock concentration of 10 mM and kept in

single-use aliquots in the dark at –20�C and added freshly to the medium.

To induce Cre activity in CreERT2-expressing BTSCs, medium was replaced

with the same medium but containing 5 M 4-OHT for 72 hr, then the medium

was again replaced with fresh medium without 4-OH for 4 days.

Immunohistochemistry and Western Blot

Mice were perfused with 4%paraformaldehyde, and the brains were postfixed

overnight at 4�C. Vibratome sections (50 mm) or 5mm paraffin sections were

blocked in 5% normal swine serum in PBST (PBS + 0.2%, Triton X-100) and

incubated overnight at 4�C with the primary antibody. The apoptosis assay

was performed by using the ApopTag Plus Peroxidase In Situ Apoptosis Kit

(Chemicon). The senescence analysis was carried out by using the Senes-

cence b-Galactosidase Staining Kit (Cell Signaling). Fluorescent images

were captured using a confocal laser-scanning microscope (LSM700, Zeiss).

Statistically significant results were followed up with Student’s t tests. For

western blot, protein extracts cultured brain tumor stem cells were subjected

to electrophoresis and transferred onto a PVDF membrane for immunoblot

analysis. The following antibodies were used: Tlx (1:500, rabbit), beta tubulin

(1:1,000; Cell Signaling).
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SUMMARY

Loss of neurons after brain injury and in neurodegen-
erative disease is often accompanied by reactive
gliosis and scarring, which are difficult to reverse
with existing treatment approaches. Here, we show
that reactive glial cells in the cortex of stab-injured
or Alzheimer’s disease (AD) model mice can be
directly reprogrammed into functional neurons in vivo
using retroviral expression of a single neural tran-
scription factor, NeuroD1. Following expression of
NeuroD1, astrocytes were reprogrammed into gluta-
matergic neurons, while NG2 cells were reprog-
rammed into glutamatergic and GABAergic neurons.
Cortical slice recordings revealed both spontaneous
and evoked synaptic responses in NeuroD1-con-
verted neurons, suggesting that they integrated into
local neural circuits. NeuroD1 expression was also
able to reprogram cultured human cortical astro-
cytes into functional neurons. Our studies therefore
suggest that direct reprogramming of reactive glial
cells into functional neurons in vivo could provide
an alternative approach for repair of injured or dis-
eased brain.

INTRODUCTION

Gliosis is a common pathological process after brain injury that

involves the activation of glial cells to proliferate and become

hypertrophic to occupy the injured brain areas (Pekny and Nils-

son, 2005; Robel et al., 2011; Sofroniew and Vinters, 2010). Glial

cells, including astrocytes, NG2 cells, and microglia, undergo

reactive response to injury in order to form a defense system

against the invasion of micro-organisms and cytotoxins into

surrounding tissue (Pekny and Nilsson, 2005; Robel et al.,

2011; Sofroniew and Vinters, 2010). However, once activated,

many reactive glial cells will stay in the injury sites and secrete

neuroinhibitory factors to prevent neuronal growth, eventually

forming glial scar inside the brain (Sofroniew and Vinters,

2010). Reactive glial cells have also been widely reported after

stroke, spinal cord injury, glioma, and neurodegenerative disor-

ders such as Alzheimer’s disease (AD) (Gwak et al., 2012; Pekny

and Nilsson, 2005; Sofroniew and Vinters, 2010; Verkhratsky

et al., 2010, 2012). However, despite substantial progress in

understanding the molecular pathways of reactive gliosis (Robel

et al., 2011), there has been little success in efforts to reverse

glial scarring after its formation.

Reprogramming adult skin fibroblasts into pluripotent stem

cells has opened a new field for potential stem cell therapy

(Takahashi et al., 2007; Takahashi and Yamanaka, 2006; Yu

et al., 2007). Many studies have since demonstrated transdiffer-

entiation across different cell lineages, including reprogramming

mouse or human fibroblasts directly into neurons (Ambasudhan

et al., 2011; Caiazzo et al., 2011; Kim et al., 2011; Ladewig et al.,

2012; Liu et al., 2012, 2013; Meng et al., 2012; Pang et al., 2011;

Pfisterer et al., 2011; Qiang et al., 2011; Son et al., 2011; Torper

et al., 2013; Vierbuchen et al., 2010; Yoo et al., 2011) or

oligodendroglial cells (Najm et al., 2013; Yang et al., 2013). It

has also been demonstrated that astroglial cells can be trans-

differentiated into neurons (Heinrich et al., 2010; Torper et al.,

2013) or reprogrammed into neuroblast cells (Niu et al., 2013).

However, it is unclear whether such transdifferentiation

studies can be applied to brain repair after brain injury or

neurodegeneration.

We demonstrate here that after brain injury, reactive glial

cells including both astrocytes and NG2 cells can be reprog-

rammed into functional neurons in the adult mouse cortex

when infected with retrovirus encoding a single trans-

cription factor, NeuroD1. Electrophysiological recordings

revealed both spontaneous and evoked synaptic responses

in NeuroD1-converted neurons. Interestingly, astrocytes were

mainly reprogrammed into glutamatergic neurons whereas

NG2 cells were reprogrammed into both glutamatergic and

GABAergic neurons after NeuroD1 expression. We also

demonstrated that forced expression of NeuroD1 in a mouse

model for AD was capable of reprogramming reactive glial

cells into functional neurons. Furthermore, NeuroD1 was

capable of reprogramming cultured human astrocytes into

functional neurons efficiently. Thus, in vivo regeneration of

functional neurons from reactive glial cells may provide a

potential therapeutic approach to restore lost neuronal

function in injured or diseased brain.

RESULTS

In Vivo Reprogramming of Reactive Glial Cells into
Functional Neurons after Brain Injury
A signature of brain injury is the loss of functional neurons and

the activation of glial cells. In the adult mouse cortex, astrocytes

are usually quiescent and not proliferative unless activated by

188 Cell Stem Cell 14, 188–202, February 6, 2014 ª2014 Elsevier Inc.



injury or diseases (Ge et al., 2012; Robel et al., 2011; Tsai et al.,

2012). Besides astrocytes, NG2 cells and microglia can also be

activated and proliferate rapidly in the injury sites or in diseased

brain (Aguzzi et al., 2013; Hines et al., 2009; Kang et al., 2013). To

test whether reactive glial cells can be reprogrammed into func-

tional neurons for brain repair, we decided to inject retroviruses

encoding neural transcription factors into adult mouse cortex

in vivo. We chose retroviral delivery for in vivo injection because,

unlike lentiviruses or adeno-associated viruses, retroviruses only

infect dividing cells such as progenitor cells or reactive glial cells,

and do not infect nondividing cells such as neurons (Zhao et al.,

2006). As a control, we first injected retroviruses expressing GFP

alone under the control of CAG promoter (pCAG-GFP-IRES-

GFP) (Zhao et al., 2006) into mouse cortex to examine what

type of cells will be infected by the retrovirus after stab injury.

As expected, many GFP-labeled cells were immunopositive for

astrocytic marker GFAP (Figure 1A; 52.1% ± 4.3% were GFAP

positive, n = 3 animals). We did not observe any neuronal cells

infected by control retrovirus expressing GFP alone (Figure S1

available online).

Figure 1. In Vivo Conversion of Reactive Glial Cells into Functional Neurons after Brain Injury
(A) Injecting control retrovirus expressing GFP (green) into mouse cortex revealed GFAP-positive reactive astrocytes (red) in the injury site (14 days

postinjection, DPI).

(B and C) NeuroD1-IRES-GFP-infected cells (green) were immunopositive for neuronal markers DCX (B, 3 DPI) and NeuN (C, 7 DPI). Note a significant number of

NeuN-positive neurons in the injury site after NeuroD1 infection.

(D) After 21 DPI, NeuroD1-converted neurons (NeuN-positive, arrowhead) showed extensive neurites. Scale bar, 20 mm for (A) and (D); 40 mm for (B) and (C).

(E) Quantified data showing the number of converted neurons per imaged area (403, 0.1 mm2) and conversion efficiency after NeuroD1 infection.

(F and G) NeuroD1-converted neurons were immunopositive for cortical neuron marker Tbr1 (F) and deep layer marker Ctip2 (G, 12 DPI). Scale bars: 100 mm for

low-power image, 40 mm for high-power image.

(H and I) Representative traces from cortical slice recordings showing Na+ and K+ currents (H) and repetitive action potentials (I) in NeuroD1-converted neurons

(30 DPI).

(J) Representative traces showing spontaneous synaptic events in a NeuroD1-converted neuron (26 DPI) in cortical slice recording (CNQX, 10 mM; BIC, 20 mM).

(K) Evoked synaptic events recorded from a converted neuron.

See also Figures S1–S3.
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Our strategy for reprogramming reactive glial cells into neu-

rons involved construction of a retrovirus encoding NeuroD1, a

bHLH proneural transcription factor that plays an important

role during embryonic brain development and adult neurogene-

sis (Cho and Tsai, 2004; Gao et al., 2009; Kuwabara et al., 2009).

We first tested the effect of NeuroD1 in a brain injury model,

where reactive glial cells were induced by stab injury during ste-

reotaxic injection of retroviruses into mouse somatosensory cor-

tex. We limited our injection to cortical areas without penetrating

the hippocampus or subventricular zone, where adult neural

stem cells are known to reside. Interestingly, 3 days postinjection

(DPI) of the retrovirus encoding NeuroD1 (pCAG-NeuroD1-IRES-

GFP) into mouse cortex, many NeuroD1-GFP-infected cells

showed bipolar morphology and were immunopositive for dou-

blecortin (DCX), an immature neuronal marker (Figure 1B). One

week after viral injection, NeuroD1-infected cells started to

show staining for neuronal nuclei (NeuN), a typical neuronal

marker (Figure 1C). Three weeks after viral injection, NeuroD1-

infected cells showed extensive neurites and the NeuN signal

reached the level of noninfected mature neurons in the same

vicinity (Figure 1D). Quantitatively, we detected a large number

of NeuroD1-GFP-labeled newborn neurons (DCX) at 3 DPI

(19.3 ± 3.7 per 0.1 mm2, n = 5 animals), and the number of con-

verted neurons gradually declined during thematuration process

(Figure 1E). Nevertheless, at any given time point after NeuroD1

retroviral infection, the majority of NeuroD1-infected cells were

DCX- or NeuN-positive neurons, whereas control GFP viral

infection resulted in no neurons at all (Figure 1E; Figure S1).

We found that NeuroD1-converted neurons were usually

located in the deep cortical layer, with some exceptions in the

cingulate cortex or superficial layer of the cortex, as illustrated

with a general cortical neuron marker Tbr1 (Figure 1F). To further

test the neuronal properties of NeuroD1-converted neurons, we

used the deep layer cortical neuron marker Ctip2 and found that

NeuroD1-converted neurons were indeed immunopositive for

Ctip2 (Figure 1G). No GFP-labeled neurons were detected in

the dentate gyrus or the subventricular zone, because our viral

injection was restricted to the cortical layers.

Interestingly, we found that NeuroD1-converted neurons at 3

DPI were typically localized within 100 mm from the injection

site. However, 1–2 weeks after injection, NeuroD1-infected cells

were found in more broad areas, ranging from 100–500 mm away

from the injection site (Figure S2). It is possible that this gradual

spread is a reflection of distant cells being exposed to a lower

level of viral infection and thus having later conversion or that

the newly converted neurons migrate away from the injury

core. Further investigation will be needed to distinguish between

these possibilities.

To test whether NeuroD1-converted neurons have functional

activity, we performed cortical slice recordings on NeuroD1-

GFP-infected cells �1 month after they received retroviral injec-

tion. The NeuroD1-converted neurons showed large sodium

currents (3,840 ± 302 pA, n = 5) and potassium currents

(4,672 ± 602 pA, n = 5) (Figure 1H) and were capable of firing re-

petitive action potentials (Figure 1I, n = 4). Importantly, we

recorded robust spontaneous synaptic events in NeuroD1-con-

verted neurons in cortical slice recordings (Figure 1J; frequency,

1.96 ± 0.43 Hz; amplitude, 23.7 ± 2.0 pA; n = 8; 25–31 DPI), sug-

gesting that these NeuroD1-converted neurons formed func-

tional synapses with other neurons. Moreover, we placed a stim-

ulating electrode nearby (50 mm) to stimulate axon fibers and

recorded evoked synaptic responses in the NeuroD1-converted

neurons (Figure 1K; n = 3 animals), suggesting an integration of

converted neurons into local neural circuits. The NeuroD1-con-

verted neurons can survive for a long time in mouse brain in vivo,

at least 2 months after the retroviral injection, and they showed

clear dendritic spines and large spontaneous synaptic events

(Figure S3, n = 3 animals). Thus, NeuroD1 can reprogram

brain-injury-induced reactive glial cells into functional neurons

in mouse brain in vivo.

NeuroD1 Reprograms Astrocytes into Glutamatergic
Neurons
After a brain injury, many glial cells are activated and become

proliferative. To examine whether reactive astrocytes, a major

subtype of reactive glial cells in gliosis, can be reprogrammed

into neurons by NeuroD1, we generated a retrovirus expressing

NeuroD1 under the control of human GFAP promoter. After

injecting GFAP::NeuroD1-IRES-GFP retrovirus into the mouse

cortex, we found that NeuroD1-infected cells weremostly immu-

nopositive for the neuronal markers NeuN (Figure 2A; 92.8% ±

2%wereNeuNpositive, 8DPI; n = 4 animals) and Tuj1 (Figure 2B;

n = 4 animals). Therefore, reactive astrocytes induced by brain

injury can be reprogrammed into neurons in vivo after overex-

pressing a single transcription factor, NeuroD1.

To further characterize the properties of astrocyte-converted

neurons, we infected cultured mouse cortical astrocytes with

GFAP::NeuroD1-IRES-GFP retrovirus. Our mouse astrocyte

Figure 2. NeuroD1 Converts Astrocytes into Glutamatergic Neurons

(A and B) In vivo injection of GFAP-promoter-driven NeuroD1-IRES-GFP (green) retrovirus revealed astrocyte-converted neurons immunopositive for NeuN (A)

and Tuj1 (B).

(C) Cultured mouse cortical astrocytes were converted into NeuN-positive neurons.

(D) Time course of GFAP::NeuroD1 conversion efficiency after infecting cultured mouse astrocytes.

(E and F) Astrocyte-converted neurons were positive for VGluT1 (E) but negative for GAD67 (F).

(G and H) Immunostaining with cortical layer neuronal markers showed deep layer neuronal properties (Ctip2 and Otx1) after NeuroD1-induced conversion. Scale

bars: 20 mm for (A–C) and (E), and 40 mm for (G).

(I) Mouse astrocyte-converted neurons showed large glutamate, GABA, and NMDA receptor currents within 2 weeks after NeuroD1 infection. Average GABA

current, 7 DPI, 405 ± 97 pA, n = 8; 14 DPI, 861 ± 55 pA, n = 13. Average glutamate current, 7 DPI, 517 ± 145 pA, n = 7; 14 DPI, 1,060 ± 159 pA, n = 9. AverageNMDA

current, 7 DPI, 676 ± 118 pA, n = 7; 14 DPI, 1,315 ± 95, n = 7.

(J and K) Mouse astrocyte-converted neurons showed repetitive action potentials (J) and large INa and IK (K).

(L) Spontaneous synaptic events recorded from mouse astrocyte-converted neurons. All events were blocked by CNQX but not BIC, suggesting that they were

glutamatergic events.

Also see Figure S4.

Cell Stem Cell

In Vivo Glia-Neuron Conversion after Injury and AD

Cell Stem Cell 14, 188–202, February 6, 2014 ª2014 Elsevier Inc. 191



(legend on next page)

Cell Stem Cell

In Vivo Glia-Neuron Conversion after Injury and AD

192 Cell Stem Cell 14, 188–202, February 6, 2014 ª2014 Elsevier Inc.



cultures were enriched with GFAP-positive astrocytes, with little

contamination from microglia or NG2 cells (Figure S4A). Similar

to our in vivo reprogramming, cultured mouse astrocytes can

be efficiently reprogrammed into NeuN-positive neurons after

GFAP::NeuroD1 infection (Figure 2C). Quantitatively, we found

that the NeuroD1-induced reprogramming efficiency dramati-

cally increased in the first 3 days after GFAP::NeuroD1 infection

and reached >90% after 7 DPI (Figure 2D). To examine

whether GFAP::NeuroD1-converted neurons are glutamatergic

or GABAergic, we performed immunostaining with VGluT1 and

GAD67-specific antibodies and found that the majority of

neuronswere positive for VGluT1 (Figures 2E and 2F) but virtually

none stained for GAD67 (Figure 2F; Figure S4B). Thus, NeuroD1

reprograms astrocytes into glutamatergic neurons. We also

used superficial and deep layer cortical neuronal markers to

characterize the NeuroD1-converted neurons. The GFAP::

NeuroD1-converted neurons were positive for the deep layer

markers Ctip2 and Otx1, as well as Tbr1 (Figures 2G and 2H),

but negative for the superficial layermarkers Cux1 and Lhx2 (Fig-

ure 2H; Figure S4C). This finding may explain why we observed

more NeuroD1-converted neurons in deep cortical layer in

mouse brain in vivo.

We also functionally characterized the cultured mouse astro-

cyte-converted neurons after NeuroD1 infection and detected

large GABA (100 mM), glutamate (100 mM), and NMDA

(100 mM) currents (Figure 2I). The mouse astrocyte-converted

neurons also showed repetitive action potentials (Figure 2J,

n = 18) and large Na+ and K+ currents (Figure 2K; INa, 2,979 ±

626 pA, n = 11; IK, 5,136 ± 1,181 pA, n = 11, 14 DPI).

More importantly, we recorded robust synaptic events in

astrocyte-converted neurons, which were blocked by glutamate

receptor antagonist CNQX (10 mM), but not by GABAAA receptor

antagonist bicuculline (BIC, 20 mM) (Figure 2L; frequency,

1.15 ± 0.71 Hz; amplitude, 21.5 ± 0.71pA, n = 13; 14 DPI), con-

firming that astrocyte-converted neurons are glutamatergic

neurons.

NeuroD1 Reprograms NG2 Cells into Glutamatergic and
GABAergic Neurons
In addition to reactive astrocytes, NG2 cells also proliferate

significantly in response to brain injury and accounted for about

19.0% ± 3.9% of control retrovirus-infected cells in our stab

injury model, whereas only 6% of infected cells were microglia.

To investigate whether NG2 cells can be reprogrammed into

neurons by NeuroD1, we generated a retrovirus expressing

NeuroD1 under the control of the human NG2 promoter

(NG2::NeuroD1-IRES-GFP). Interestingly, we discovered that

injecting NG2::NeuroD1 retrovirus into mouse cortex also re-

programmed NG2 cells into NeuN- and Tuj1-positive neurons

(Figures 3A and 3B; 42.5% ± 6.6% GFP-labeled cells were

NeuN positive, 8 DPI, n = 3 animals). We then characterized

NG2-converted neurons using cultured NG2 cells dissociated

from mouse cortex. In our mouse NG2 cultures, the majority of

cells were NG2 positive (79.2%± 3.2%, n = 3 repeats of cultures)

(Figure S4D). Consistent with our in vivo study, we found

that NG2::NeuroD1 also efficiently reprogrammed cultured

mouse NG2 cells into neurons (Figures 3C and 3D; 7 DPI,

98.2% ± 1.8%, n = 484, 4 repeats). While the majority of

NG2::NeuroD1-converted neurons were also glutamatergic

(VGluT1 positive), about 10% NG2-converted neurons were

immunopositive for GAD67 and presynaptic GABAergic termi-

nals (GAD65) were found on neuronal dendrites (Figures 3E–

3G). Therefore, it appears that NG2 cells can be reprogrammed

into both glutamatergic andGABAergic neurons after expressing

NeuroD1. Immunostaining with cortical layer markers revealed

that NG2-converted neurons also stained mainly for the deep

layer markers Ctip2 and Otx1, but rarely for Cux1 and Lhx2 (Fig-

ures 3H and 3I; Figures S4E and S4F). Patch-clamp recordings

demonstrated that NG2-converted neurons generated after

NeuroD1 infection were able to fire repetitive action potentials

(Figure 3J) and showed large Na+ and K+ currents (Figure 3K)

and large glutamate- and GABA-evoked receptor currents (Fig-

ures 3L and 3M; IGlu = 438 ± 78 pA, n = 7; IGABA = 496 ± 32 pA,

n = 7). Moreover, we detected both glutamatergic and

GABAergic events in NG2-converted neurons (Figure 3N),

confirming that NG2 cells can be reprogrammed into both gluta-

matergic and GABAergic neurons. Therefore, a single trans-

cription factor, NeuroD1, not only reprograms astrocytes into

glutamatergic neurons, but also reprogramsNG2 cells into gluta-

matergic and GABAergic neurons.

Reactive Glia-Neuron Conversion in an ADMouseModel
Besides activation by mechanical injury, reactive astrocytes

have been widely reported in the cortex of AD patients or animal

models (Rodrı́guez et al., 2009; Steele and Robinson, 2010). We

employed a transgenic mouse model with AD (5xFAD) (Oakley

et al., 2006) to test whether reactive astrocytes in the AD brain

can be reprogrammed into functional neurons. We first

confirmed that there were indeed many reactive astrocytes in

the cortex of 5xFAD mice compared to WT (Figure 4A). Next,

we injected NeuroD1-GFP retrovirus (CAG promoter) into the

cortex of 5xFAD mice and observed NeuN-positive neuron-like

cells (Figure 4B, 14–16 DPI). To further confirm that the reactive

astrocytes in the AD model mouse brain can be reprogrammed

into neurons, we injected GFAP::NeuroD1-GFP retrovirus to

infect cortical astrocytes specifically, and indeed observed

Figure 3. NeuroD1 Converts NG2 Cells into Glutamatergic and GABAergic Neurons

(A and B) In vivo injection of NG2::NeuroD1-GFP retrovirus revealed the conversion of NG2 cells into neuronal cells positive for NeuN (A) or Tuj1(B) (8 DPI).

(C and D) Cultured NG2 cells were converted into NeuN-positive neurons within 1 week after infection by NG2::NeuroD1.

(E–G) NG2 cell-converted neurons after NeuroD1 infection were immunopositive for both VGluT1 (>60%) and GAD67 (10%). VGluT1 and GAD65 immunostaining

also showed glutamatergic and GABAergic puncta on converted neural dendrites (F).

(H and I) Cortical layer neuronal marker immunostaining showed deep layer neuronal properties (Ctip2 and Otx1) after NeuroD1-induced conversion of NG2 cells.

Scale bars: 100 mm for left panel in (A); 40 mm for (A, right two panels), (C), (E), and (H); 20 mm for (B) and (F).

(J and K) NG2-converted neurons showed repetitive action potentials (J; n = 9) and large sodium and potassium currents (K; n = 10).

(L and M) NG2-converted neurons showed large glutamate-evoked current (L; n = 7) and GABA-evoked current (M; n = 7).

(N) Spontaneous synaptic events recorded from NG2-converted neurons showed both glutamatergic and GABAergic events, confirming that NeuroD1 can

convert NG2 cells into both excitatory and inhibitory neurons.
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NeuroD1-converted neurons labeled by NeuN (Figure 4C).

Immunostaining with VGluT1 andGAD65 revealed glutamatergic

and GABAergic terminals innervating NeuroD1-converted neu-

rons in the 5xFADmouse brain (Figure 4D). Because AD is a pro-

gressive neurodegenerative disorder, we wondered whether

in vivo reprogramming could occur in very old animals.

Figure 4. NeuroD1 Converts Reactive Glial Cells into Functional Neurons in AD Mouse Brain In Vivo

(A) Reactive astrocytes (labeled byGFAP, red) in 5xFADmouse cortex (5months old) were significantly increased compared to that inWT cortex. Ab plaques were

labeled by thioflavin-S (blue).

(B) NeuroD1-infected cells (16 DPI) in AD mouse cortex (7 months old) showed clear neuron-like morphology (green) and NeuN staining (red).

(C) Injecting GFAP::NeuroD1 retrovirus into AD cortex also converted astrocytes into NeuN-positive neurons (7 DPI).

(D) NeuroD1-converted neurons in the AD brain were innervated by glutamatergic (VGluT1, red) and GABAergic terminals (GAD65, blue). Scale bars: 20 mm for (A)

and (C); 40 mm for (B); 5 mm for (D).

(E) Efficient induction of many new neurons in 14-month-old AD animals after NeuroD1-GFP retroviral infection. Scale bar: 100 mm for low-power image, 40 mm for

high-power image.

(F) Quantified data showing enhanced neural conversion in AD animals compared to WT animals, likely due to more reactive glial cells in old AD brain.

(G) Representative traces of sodium and potassium currents recorded from NeuroD1-infected cells in AD cortical slices.

(H) Spontaneous synaptic events recorded from NeuroD1-converted neurons (28 DPI) in AD cortical slices.

(I) All synaptic events were blocked by CNQX (10 mM) and BIC (20 mM).
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Remarkably, when we injected NeuroD1-GFP retrovirus into 14-

month-old 5xFAD animals, we observed many NeuroD1-GFP in-

fected cells immunopositive for NeuN (Figure 4E). Interestingly,

we found that the number of NeuroD1-converted neurons was

higher in 5xFAD than in WT mouse brain and even higher in

14-month-old animals than in 7-month-old animals (Figure 4F).

This increase might occur because there are more reactive glial

cells in older diseased animals that can be reprogrammed into

neurons. Using cortical slice recordings, we further demon-

strated that the NeuroD1-converted neurons in 5xFAD mouse

brain were functional, with the peak amplitude of INa at 2,270 ±

282 pA (n = 5) and IK at 5,498 ± 706 pA (n = 5) (Figure 4G).

More importantly, we recorded robust synaptic events in

NeuroD1-converted neurons in cortical slice recordings (Figures

4H and 4I; frequency, 2.80 ± 0.95 Hz; amplitude, 20.5 ± 2.7 pA;

n = 7), suggesting that these newly reprogrammed neurons are

functionally connected with surrounding neurons in 5xFAD

mouse brain. Therefore, overexpression of NeuroD1 in reactive

glial cells has the potential to regenerate functional neurons in

an AD model brain.

Reprogramming Cultured Human Astrocytes into
Functional Neurons
We next investigated whether NeuroD1 can reprogram human

astrocytes into functional neurons using a human cortical astro-

cyte cell line (ScienCell, San Diego, CA). The majority of our

cultured human astrocytes were immunopositive for GFAP and

S100b (Figure 5A; Figure S5), but with very low level of neuropro-

genitor marker Sox2 or Musashi (Figures S5A and S5B). We

infected human astrocytes with GFAP::NeuroD1-IRES-GFP

retrovirus and found that the majority of NeuroD1-infected cells

were immunopositive for NeuN (Figure 5B), suggesting that

human astrocytes can also be efficiently reprogrammed into

neurons by expressing NeuroD1. We then examined the time

course of NeuroD1-induced astrocyte-neuron conversion using

a series of neuronal markers including DCX, NeuN, and MAP2.

We found that the conversion efficiency increased dramatically

between 3–5 DPI, with 90% of NeuroD1-infected human astro-

cytes becoming neurons by 5 DPI (Figures 5C–5F). Infection by

NeuroD1 significantly changed the cell morphology from astro-

cytes to neurons, as shown by the phase contrast images in

Figure 5G. To investigate whether NeuroD1-induced reprogram-

ming involved a transient neuroprogenitor stage, we monitored

the transdifferentiation process from 24 hr until 5 days after

NeuroD1 infection of human astrocytes (Figures S5C and S5D).

No transient increase in the expression level of the neural stem

cell markers Sox2 (Figure S5C) orMusashi (Figure S5D) occurred

during the early conversion period. In fact, after only 3 days of

infection by NeuroD1, some astrocytes already became

neuron-like cells with clearly extended neurites (Figures S5C

and S5D). Therefore, NeuroD1 appears to reprogram astrocytes

directly into neurons without transition through neuroprogenitor

stage.

Next, we investigated what types of neurons were reprog-

rammed from human astrocytes. Immunostaining with VGluT1

and GAD67 revealed that human astrocytes infected by

NeuroD1 were mainly reprogrammed into glutamatergic neu-

rons as shown by immunopositivity for VGluT1 (Figure 5H),

but not GAD67 (Figure S6B), consistent with our observations

for mouse astrocyte conversion. Using cortical layer markers,

we found that, as for mouse astrocytes, human astrocyte-con-

verted neurons also stained positive for the cortical neuron

marker Tbr1 and the deep layer markers Ctip2 and Otx1 (Fig-

ures 5I–5L), but much less for the superficial layer markers

Cux1 and Lhx2 (Figure 5L; Figures S6C and S6D). To investi-

gate whether human microglia can be reprogrammed into

neurons, we cultured human microglia and infected them with

NeuroD1-GFP retrovirus, but did not detect any DCX-positive

neurons (Figures S6E–S6H; 0 DCX+ neurons out of 33

NeuroD1-GFP infected microglial cells). However, this appar-

ently different result might be influenced by the low infection

efficiency of microglia by retrovirus (9.9% ± 0.8%, n = 3 batches

of culture), compared to the high infection efficiency of astro-

cytes (51.6% ± 2.9%, n = 3 batches) or NG2 cells (57.8% ±

5%, n = 3 batches).

To examine whether NeuroD1-converted human neurons are

functionally connected, we performed immunostaining with the

synaptic marker SV2 and the glutamatergic synapse marker

VGluT1 (Figures 6A and 6B). After NeuroD1-induced conversion,

we observed numerous SV2 puncta on MAP2-labeled neuronal

dendrites (Figure 6A, 45 DPI). Some neurons even showed

mushroom-like mature spines, which were colocalized with

VGluT1 puncta (Figure 6B). Next, we employed patch-clamp

recordings to test the function of reprogrammed human neurons.

Human astrocyte-converted neurons started to show detectable

NMDA receptor currents at 20 DPI, but very small GABA or gluta-

mate receptor currents at this stage (Figure 6C). However,

after 30–40 DPI, we detected large glutamate receptor currents

(548 ± 138 pA, n = 7; 31–35 DPI), GABAAA receptor currents (599 ±

114 pA, n = 8; 31–35 DPI), and NMDA receptor currents (966 ±

101 pA, n = 8; 40 DPI) (Figures 6C and 6D). At 20 DPI, we also

detected clear sodium (INa) and potassium currents (IK)KK (Fig-

ure 6E), which increased dramatically by 40 DPI (Figures 6E

and 6F). Accordingly, we recorded repetitive action potential

firing in human astrocyte-converted neurons (Figure 6G, n =

15). Furthermore, we detected functional synaptic events in

NeuroD1-converted human neurons (frequency, 1.6 ± 0.3 Hz;

amplitude, 23.2 ± 0.8 pA; n = 13), which were blocked by

CNQX (10 mM) but not by BIC (20 mM) (Figure 6H). Thus, it

appears that NeuroD1 can reprogram human astrocytes into

functional glutamatergic neurons.

DISCUSSION

We show here that reactive glial cells generated after brain injury

or in an AD model can be directly reprogrammed into functional

neurons by a single transcription factor, NeuroD1, inmouse brain

in vivo. Interestingly, after expressing the same transcription

factor, astrocytes are mainly reprogrammed into glutamatergic

neurons, whereas NG2 cells can be reprogrammed into both glu-

tamatergic and GABAergic neurons. Such different cell fates

after reprogramming by the same transcription factor may pro-

vide important clues regarding the lineage relationship between

neurons and glial cells. We also show that human astrocytes in

culture can be reprogrammed into functional neurons after

expressing NeuroD1. The in vivo reprogramming of reactive glial

cells into functional neurons after brain injury or in diseased

mouse brain could potentially provide a therapeutic approach
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Figure 5. Conversion of Cultured Human Astrocytes into Functional Neurons

(A) The majority of cultured human astrocytes were labeled by GFAP (green).

(B) Infection by GFAP::NeuroD1 retrovirus converted human astrocytes into NeuN-positive neurons.

(C–E) NeuroD1-induced conversion of human astrocytes into neurons as shown by a series of neuronal markers: DCX (C), NeuN (D), and MAP2 (E).

(F) Quantified data showing a significant increase of conversion efficiency during 3–5 DPI.

(legend continued on next page)

Cell Stem Cell

In Vivo Glia-Neuron Conversion after Injury and AD

196 Cell Stem Cell 14, 188–202, February 6, 2014 ª2014 Elsevier Inc.



for treating reactive gliosis, which is widely associated with nerve

injury and neurodegenerative disorders.

Direct Reprogramming of Reactive Astrocytes into
Functional Neurons
During mammalian brain development, neurogenesis typically

occurs in embryonic stage before birth, while gliogenesis usually

occurs in postnatal stage (Miller and Gauthier, 2007). In the cen-

tral nervous system, neurons, astrocytes, oligodendrocytes, and

NG2 cells (oligodendrocyte precursor cells) are all generated

from neural stem cells, whereas microglial cells are generated

from hematopoietic stem cells. Astrocytes maintain proliferative

properties after differentiation from neural stem cells, and the

majority of astrocytes in the cortex are generated locally by astro-

cytes themselves in the postnatal stage (Ge et al., 2012). Astro-

cyte proliferation largely stops after 1 month of age in rodents

(Ge et al., 2012; Tsai et al., 2012). However, after brain injury or

neurodegenerative disorders, astrocytes become activated and

start to proliferate again (Robel et al., 2011; Sofroniew and

Vinters, 2010). Previous studies reported that reactive astrocytes

after injury may have certain stem cell properties, since isolating

and culturing reactive astrocytes in vitro can generate neuro-

spheres (Buffo et al., 2008; Lang et al., 2004; Shimada et al.,

2012; Sirko et al., 2009, 2013). However, a number of studies

have pointed out that the reactive astrocytes cannot generate

neurons in vivo, although they may be able to generate glial cells

(Buffo et al., 2008; Shimada et al., 2012). Therefore, injury itself

can activate astrocytes to proliferate and even dedifferentiate

to acquire certain properties of progenitor cells, but reactive as-

trocytes genetically remain within glial lineages. Our forced

expression of NeuroD1 in reactive astrocytes may help them to

overcome translineage barriers that cannot be surmounted by

injury alone. We selected NeuroD1 for in vivo astrocyte-neuron

conversion because NeuroD1 has been reported to be essential

for adult neurogenesis (Gao et al., 2009; Kuwabara et al., 2009).

NeuroD1 has also been shown to induce terminal neuronal differ-

entiation (Boutin et al., 2010) and help reprogram human fibro-

blast cells into induced neurons when combined with Brn2,

Ascl1, and Myt1l (Pang et al., 2011). Other transcription factors

such as neurogenin-2 and Dlx2 have been shown to reprogram

cultured mouse astrocytes into neurons (Heinrich et al., 2010).

Therefore, it only takes a single neural transcription factor to

change glial fate into neuronal fate both in vitro and in vivo.

Reactive astrocytes activated under different pathological

conditions seem to have different proliferation rates. In partic-

ular, stab-injury- and ischemic-stroke-induced reactive astro-

cytes can be highly proliferative, whereas reactive astrocytes

in APPPS1 or CK/p25 mice have lower rates of proliferation

(Sirko et al., 2013). Sonic hedgehog (SHH) also plays a critical

role in regulating the proliferative rate (Sirko et al., 2013).

Although stab-injury-induced reactive astrocytes were found to

express nestin, they were not reported to express Sox2 orMusa-

shi. Therefore, it is possible that SHH alone can promote the pro-

liferation of reactive astrocytes, but it may not be sufficient to

reverse reactive astrocytes into genuine neuroprogenitor cells.

Interestingly, forced expression of Sox2 has been shown to

dedifferentiate astrocytes into neuroblast cells (Niu et al.,

2013). Sox2 is a critical marker for neural stem cells, and expres-

sion of Sox2 in fibroblast cells has been shown to induce neural

stem cells (Ring et al., 2012). It is important to note that after

Sox2-induced astrocyte-neuroblast conversion, addition of

BDNF and noggin is required to further induce differentiation of

neuroblasts into neurons (Niu et al., 2013). In contrast, our

NeuroD1 expression reprograms reactive astrocytes directly

into functional neurons in vivo without them going through a neu-

roprogenitor stage. Thus, our NeuroD1 reprogramming strategy

can produce functional neurons rapidly after injury. Furthermore,

our application of retroviral vectors targets proliferative glial cells

that are typically activated by injury or diseases in the adult brain

without affecting quiescent glial cells. Thus, NeuroD1-induced

reprogramming may be particularly well-suited for therapeutic

intervention andmay not interfere significantly with normal astro-

cyte functions. Moreover, we demonstrate that NeuroD1-

induced reactive glia-neuron conversion can occur in very old

animals and even old animals with a model of AD. Therefore,

NeuroD1-induced in vivo reactive astrocyte-neuron conversion

could potentially be useful for regeneration of new neurons in

the aging brain. In addition, the reprogramming of human astro-

cytes into functional neurons suggests that such a reactive

glia-neuron conversion approach is potentially applicable to

human patients.

NeuroD1 Reprograms NG2 Cells into Glutamatergic and
GABAergic Neurons
NG2 cells are the major proliferative glial cells in the adult brain

under normal physiological conditions (Buffo et al., 2008; Kang

et al., 2010). NG2 cells can receive synaptic inputs from neurons

although the function of such neuron-glia synapses is not well

understood (Bergles et al., 2010). In our stab injury model, we

found that our CAG-GFP retrovirus-infected cells are mainly

GFAP positive cells, and NG2 cells only account for about

20% of total infected cells. This bias might be due to the prefer-

ential infection of astrocytes by the retrovirus we used or the

higher proliferation rate of reactive astrocytes than NG2 cells in

our stab injury model. An unexpected finding in our study is

that NeuroD1 not only reprograms astrocytes into functional

neurons, but also reprograms NG2 cells into functional neurons.

More interestingly, NeuroD1 reprograms astrocytes into gluta-

matergic neurons but reprograms NG2 cells into both glutama-

tergic and GABAergic neurons, suggesting that different glial

cells may be associated with different neuronal fate in terms of

lineage differentiation. Since glutamatergic and GABAergic neu-

rons are the two major subtypes of neurons in the cortex, our

finding that NeuroD1 can reprogram astrocytes and NG2 cells

into glutamatergic and GABAergic neurons may have important

functional implications. The simultaneous generation of both

(G) Phase contrast images showing NeuroD1-induced morphological change from astrocytes (left) to neurons (right, 45 DPI).

(H) Human astrocyte-converted neurons were immunopositive for VGluT1.

(I–K) Cortical layer neuronal markers revealed that human astrocyte-converted neurons were immunopositive for Tbr1 (I), Ctip2 (J), and Otx1 (K).

(L) Quantitative analysis of human astrocyte-converted neurons labeled by superficial (Cux1 and Lhx2) or deep layer (Ctip2 and Otx1) neuronal markers.

Scale bars: 50 mm for (A) and (E); 20 mm for panels (C), (D), and (G–K); 40 mm for panel (B). See also Figures S5 and S6.
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Figure 6. Functional Characterization of Human Astrocyte-Converted Neurons

(A) Synaptic puncta (SV2, red) on the dendrites (MAP2, blue) of human astrocyte-converted neurons (green, 45 DPI) after NeuroD1 infection.

(B) High-power image showing VGluT1 puncta (red) colocalized with dendritic spines on NeuroD1-converted neurons. Scale bars: 20 mm for panel (A); 10 mm for

panel (B).

(C–D) Representative traces (C) and quantitative analysis (D) of the receptor currents induced by bath application of glutamate (100 mM), GABA (100 mM), and

NMDA (100 mM).

(E and F) Representative traces of Na+ and K+ currents (E) and their I-V curve (F) recorded from NeuroD1-converted neurons.

(G) Representative trace of repetitive action potentials in NeuroD1-converted neurons (20 DPI).

(H) Representative traces of spontaneous synaptic events in NeuroD1-converted human neurons (40 DPI). Note that all synaptic events were blocked by CNQX

(10 mM) but not by BIC (20 mM), suggesting that human astrocyte-converted neurons induced by NeuroD1 expression were glutamatergic neurons.
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excitatory and inhibitory neurons by NeuroD1 alone could poten-

tially make it possible to balance excitation and inhibition in the

cortex after reprogramming.

Conclusion
Our findings suggest that in situ reprogramming of reactive

astrocytes and NG2 cells into functional neurons may offer a

new approach to use internally reprogrammed neurons for brain

repair. One outstanding question is whether it is possible to use a

virus-free or small-molecule strategy to effect the reprogram-

ming in vivo (Bayart and Cohen-Haguenauer, 2013; Chambers

et al., 2012; Hou et al., 2013; Kaji et al., 2009; Li et al., 2013;

Shi et al., 2008). An equally challenging question is whether the

in vivo reprogramming can ultimately rescue behavioral deficits,

such as cognitive impairment, in a diseased brain. Nevertheless,

our in situ reprogramming of reactive glial cells into functional

neurons suggests that it may be possible to replace neurons

lost after nerve injury or diseases by direct reprogramming as a

first step toward brain repair.

EXPERIMENTAL PROCEDURES

Animals and In Vivo Assays

In vivo experiments were conducted on wild-type C57/BL6 and AD transgenic

mice (5xFAD). AD transgenic mice were purchased from The Jackson

Laboratory (B6SJL-Tg (APPSwFlLon,PSEN1*M146L*L286V) 6799Vas/Mmjax)

(Oakley et al., 2006) and mated with C57/BL6 mice. Mice were housed in a

12 hr light/dark cycle and supplied with enough food and water. Experimental

protocols were approved by The Pennsylvania State University IACUC and in

accordance with guidelines of the National Institutes of Health.

Stereotaxic Viral Injection

Surgeries were performed on 1- to 14-month-old WT and AD mice for virus

injection. The mice were anesthetized by being injected with 20 ml/kg 2.5%

Avertin (a mixture of 25 mg/ml of Tribromoethylethanol and 25 ml/ml T-amyl-

alcohol) into the peritoneum and then placed in a stereotaxic setup. Artificial

eye ointment was applied to cover and protect the eye. The animals were

operated upon with a midline scalp incision and a drilling hole on the skulls

above somatosensory cortex. Each mouse received an injection (position:

AP �1.25 mm, ML 1.4 mm, DV �1.5 mm) of virus with a 5 ml syringe and a

34G needle. The injection volume and flow rate were controlled as 3 ml at

0.2 ml/min, and the needle was moved up during the injection at a speed of

0.1 mm/min. After injection, the needle was kept in place for at least 5 addi-

tional minutes and then slowly withdrawn. The needle injection itself was

used as a stab injury model.

Mouse Cortical Astrocyte and NG2 Culture

For astrocyte culture, postnatal (P3–P5) mouse cortical tissue was dissociated

and plated onto 25 cm2 flasks (Wu et al., 2012). Cells were cultured for 5–

6 days, and flasks were rigorously shaken daily to remove neurons and nonas-

trocytic cells. After reaching confluence, astrocytes were centrifuged for 5 min

at 1,000 rpm, resuspended, and plated on poly-D-lysine (Sigma) -coated

coverslips (12 mm). Astrocyte culture medium contained DMEM/F12 (GIBCO),

10% fetal bovine serum (GIBCO), penicillin/streptomycin (GIBCO), and 3.5mM

glucose (Sigma), supplemented with B27 (GIBCO), 10 ng/ml epidermal growth

factor (EGF, Invitrogen), and 10 ng/ml fibroblast growth factor 2 (FGF2, Invitro-

gen). For mouse NG2 culture, the cortical tissue of postnatal mice (P3–P5) was

dissociated and plated in 25 cm2 flasks coated with poly-D-lysine (Sigma). The

cells were maintained in DMEM/F12 (GIBCO) with 10% fetal bovine serum

(GIBCO) for 9 days, with a medium change every 3 days. On the ninth day,

the flasks were shaken rigorously and the supernatant was collected and

centrifuged to enable the harvest of NG2 cells with a small number of neurons

and microglia cells. After centrifuge, cells were resuspended and seeded on

poly-D-lysine (Sigma) -coated coverslips (12 mm). The cells were cultured in

serum-free DMEM medium (GIBCO) with N2 supplements (STEMCELL) and

10 ng/ml platelet-derived growth factor (PDGF, Invitrogen), 10 ng/ml EGF

(Invitrogen), and 10 ng/ml FGF2 (Invitrogen) for 3 days. Cells were maintained

at 37�C in humidified air with 5% CO2.

Human Cortical Astrocyte and Microglia Culture

Human cortical astrocytes (HA1800) were purchased from ScienCell

(California). Cells were subcultured when they were over 90% confluent. For

subculture, cells were trypsinized by TrypLE Select (Invitrogen),

centrifuged for 5 min at 1,000 rpm, resuspended, and plated in a medium

consisting of DMEM/F12 (GIBCO), 10% fetal bovine serum (GIBCO),

penicillin/streptomycin (GIBCO), and 3.5 mM glucose (Sigma),

supplemented with B27 (GIBCO), 10 ng/ml EGF (Invitrogen), and 10 ng/ml

FGF2 (Invitrogen). The astrocytes were cultured on poly-D-lysine

(Sigma) -coated coverslips (12 mm) at a density of 50,000 cells per coverslip

in 24-well plates (BD Biosciences). Human primary microglial cells were

obtained from Clonexpress, Inc. (MD). The cells were cultured in DMEM/

F12 (GIBCO) supplemented with 5% FBS, 10 ng/ml of macrophage colony-

stimulating factor (M-CSF, Invitrogen), 10 ng/ml EGF (Invitrogen), and

10 ng/ml FGF2 (Invitrogen). Cells were maintained at 37�C in humidified air

with 5% CO2.

Retrovirus Production

The mouse NeuroD1 plasmid was constructed from our PCR product

according to a template of the pAd NeuroD-I-nGFP (Zhou et al., 2008) (Addg-

ene) and inserted into a pCAG-GFP-IRES-GFP retroviral vector (Zhao et al.,

2006) (gift of Dr. Fred Gage) to generate pCAG-NeuroD1-IRES-GFP. The hu-

man GFAP promoter gene was subcloned from hGFAP Promoter-Cre-MP-1

(Addgene) and replaced the CAG promoter to generate pGFAP-NeuroD1-

IRES-GFP or pGFAP-GFP-IRES-GFP retroviral vector. The human NG2

promoter gene was subcloned from hNG2 Promoter-GLuc (GeneCopoeia)

and replaced the CAG promoter to generate pNG2-NeuroD1-IRES-GFP or

pNG2-GFP-IRES-GFP retroviral vector. Viral particles were packaged in gpg

helperfree human embryonic kidney (HEK) cells to generate vesicular stomati-

tis virus glycoprotein (VSV-G)-pseudotyped retroviruses encoding neurogenic

factors in CellMax hollow fiber cell culture system (Spectrum Laboratories).

The titer of viral particles was about 108 particles/ml, determined after trans-

duction of HEK cells.

Transdifferentiation of Glial Cells into Neurons

Twenty-four hours after infection of astrocytes, NG2 cells, or microglia with

GFP or NeuroD1 retrovirus, the culture medium was completely replaced by

a differentiation medium that included DMEM/F12 (GIBCO), 0.5% FBS

(GIBCO), 3.5 mM glucose (Sigma), penicillin/streptomycin (GIBCO), and N2

supplement (GIBCO). Brain-derived neurotrophic factor (BDNF, 20 ng/ml,

Invitrogen) was added to the cultures every 4 days during the differentiation

to promote synaptic maturation (Song et al., 2002). Due to the morphological

change from astrocytes or NG2 cells to neurons during conversion, we filled

the empty space with additional human or mouse astrocytes to support the

functional development of converted neurons.

Immunocytochemistry

For brain section staining, the mice were anesthetized with 2.5% Avertin and

then sequentially perfused, first with saline solution (0.9% NaCl) to wash the

blood off and then with 4% paraformaldehyde (PFA) to fix the brain. The

brains were removed and postfixed in 4% PFA overnight at 4�C, and then

cut at 45 mm sections by a vibratome (Leica). Coronal brain sections were

first pretreated in 0.3% Triton X-100 in phosphate-buffered saline (PBS,

pH 7.4) for 1 hr, followed by incubation in 3% normal goat serum, 2% normal

donkey serum, and 0.1% Triton X-100 in PBS for 1 hr.

For cell culture staining, the cultures were fixed in 4% PFA in PBS for

15 min at room temperature. Cells were first washed three times by PBS

and then pretreated in 0.1% Triton X-100 in PBS for 30 min, followed by in-

cubation in 3% normal goat serum, 2% normal donkey serum, and 0.1%

Triton X-100 in PBS for 1 hr. Primary antibodies were incubated with either

brain slices or cultures overnight at 4�C in 3% normal goat serum, 2%

normal donkey serum, and 0.1% Triton X-100 in PBS. After additional

washing in PBS, the samples were incubated with appropriate secondary

antibodies conjugated to Alexa Fluor 488, Alexa Fluor 546, Alexa Fluor
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647 (1:300, Molecular Probes), or Dylight (1:500, Jackson ImmunoResearch)

for 1 hr at room temperature, followed by extensive washing in PBS. Cov-

erslips were finally mounted onto a glass slide with an antifading mounting

solution with DAPI (Invitrogen). Slides were first examined with an epi-

fluorescent microscope (Nikon TE-2000-S) and further analyzed with a

confocal microscope (Olympus FV1000). Z-stacks of digital images, which

can either release single confocal images or collapse as one resulting

picture, were acquired and analyzed using FV10-ASW 3.0 Viewer software

(Olympus). For a detailed antibodies list, please see the Supplemental

Information.

Patch-Clamp Recordings in Cell Cultures

For glial cell-converted neurons, whole-cell recordings were performed using

Multiclamp 700A patch-clamp amplifier (Molecular Devices, Palo Alto, CA) as

described before (Deng et al., 2007), and the chamber was constantly

perfused with a bath solution consisting of 128 mM NaCl, 30 mM glucose,

25 mM HEPES, 5 mM KCl, 2 mM CaCl2, and 1 mM MgCl2. The pH of bath

solution was adjusted to 7.3 with NaOH, and osmolarity was at 315–325

mOsm/l. Patch pipettes were pulled from borosilicate glass (3–5MU) and filled

with a pipette solution consisting of 135 mM KCl, 5 mM Na-phosphocreatine,

10 mM HEPES, 2 mM EGTA, 4 mM MgATP, and 0.5 mM Na2GTP (pH 7.3,

adjusted with KOH). The series resistance was typically 10–30 MU. For

voltage-clamp experiments, the membrane potential was typically held

at �70 or �80 mV. Drugs were applied through a gravity-driven drug delivery

system (VC-6, Warner Hamden, CT). NMDA currents were recorded in Mg2+

free bath solution (128 mM NaCl, 30 mM D-glucose, 25 mM HEPES, 5 mM

KCl, and 2 mM CaCl2 [pH 7.3, adjusted with NaOH]) plus 10 mM glycine,

0.5 mM TTX, and 20 mM BIC. Data were acquired using pClamp 9 software

(Molecular Devices, Palo Alto, CA), sampled at 10 kHz, and filtered at 1

kHz. Na+ and K+ currents and action potentials were analyzed using pClamp

9 Clampfit software. Spontaneous synaptic events were analyzed using

MiniAnalysis software (Synaptosoft, Decator, GA). All experiments were

conducted at room temperature.

Brain Slice Recordings

Cortical slices were prepared typically �1 month after virus injection and cut

at 300 mm thick coronal slices with a Leica vibratome in ice cold cutting

solution (containing 75 mM sucrose, 87 mM NaCl, 2.5 mM KCl, 0.5 mM

CaCl2, 7 mM MgCl2, 25 mM NaHCO3, 1.25 mM NaH2PO4 and 20 mM

glucose). Slices were maintained in artificial cerebral spinal fluid (ACSF)

containing 119 mM NaCl, 2.5 mM KCl, 1.25 mM NaH2PO4, 26 mM NaHCO3,

1.3 mM MgCl2, 2.5 mM CaCl2, and 10 mM glucose. Slices were incubated in

ACSF and continuously bubbled with 95% O2 and 5% CO2, first at 34
�C for

30 min, and then at room temperature. Whole-cell recordings were per-

formed using a pipette solution containing 135 mM K-Gluconate, 10 mM

KCl, 5 mM Na-phosphocreatine, 10 mM HEPES, 2 mM EGTA, 4 mM MgATP,

and 0.5 mM Na2GTP (pH 7.3, adjusted with KOH, 290 mOsm/l). Pipette

resistance was 3–5 MU, and series resistance was typically 20–40 MU. The

holding potential for voltage-clamp experiments was �70 mV. Data were

collected using pClamp 9 software (Molecular Devices, Palo Alto, CA),

sampled at 10 kHz, and filtered at 1 kHz, then analyzed with Clampfit and

Synaptosoft softwares.
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SUMMARY

Induced pluripotent stem cells (iPSCs) are commonly
generated by transduction of Oct4, Sox2, Klf4, and
Myc (OSKM) into cells. Although iPSCs are pluripo-
tent, they frequently exhibit high variation in terms
of quality, as measured in mice by chimera contribu-
tion and tetraploid complementation. Reliably high-
quality iPSCs will be needed for future therapeutic
applications. Here, we show that one major determi-
nant of iPSC quality is the combination of reprogram-
ming factors used. Based on tetraploid complemen-
tation, we found that ectopic expression of Sall4,
Nanog, Esrrb, and Lin28 (SNEL) in mouse embryonic
fibroblasts (MEFs) generated high-quality iPSCs
more efficiently than other combinations of factors
including OSKM. Although differentially methylated
regions, transcript number of master regulators,
establishment of specific superenhancers, and
global aneuploidy were comparable between high-
and low-quality lines, aberrant gene expression,
trisomy of chromosome 8, and abnormal H2A.X
deposition were distinguishing features that could
potentially also be applicable to human.

INTRODUCTION

Recent reports indicate that the majority of OSKM-derived

iPSCs may have reduced differentiation potential as compared

to embryonic stem cells (ESCs) derived by somatic cell nuclear

transfer (SCNT), which are equivalent in their developmental po-

tential to ESCs derived from the fertilized egg (Boland et al.,

2009; Brambrink et al., 2006; Jiang et al., 2011, 2013; Kang

et al., 2009; Kim et al., 2010; Pera, 2011; Polo et al., 2010;

Zhao et al., 2009). In addition, it has been suggested that

OSKM-derived iPSCs exhibit genetic and epigenetic aberrations

throughout the genome that are distinct from ESCs (Bar-Nur

et al., 2011; Chin et al., 2009; Doi et al., 2009; Gore et al.,

2011; Hussein et al., 2011; Kim et al., 2010, 2011; Laurent

et al., 2011; Lister et al., 2011; Mayshar et al., 2010; Ohi et al.,

2011; Phanstiel et al., 2011; Polo et al., 2010). These data are

consistent with the prevailing current reprogramming method

affecting the quality of the resulting pluripotent cells. Several pa-

rameters have been shown to affect the quality of iPSCs, such as

factor stoichiometry (Carey et al., 2011), culture condition, and

supplements used to derive the cells (Chen et al., 2011). For

example, by comparing two genetically defined transgenic sys-

tems to identify parameters affecting reprogramming, it has

been shown that high levels of Oct4 and Klf4, together with

low levels of Sox2 and Myc, are favorable with respect to the

quality of the iPSCs even though a much lower reprogramming

efficiency was observed when compared to high levels of Sox2

and Myc and low levels of Oct4 and Klf4 (Carey et al., 2011).

Also, derivation of iPSCs in the absence of serum but in the pres-

ence of vitamin C improved the quality of the cells and generated

tetraploid complementation-competent iPSCs even when a sub-

optimal factor stoichiometry was used to induce pluripotency

(Esteban and Pei, 2012; Stadtfeld et al., 2012). In summary, the

available data suggest that factor stoichiometry, as well as spe-

cific culture conditions, affect the quality of iPSCs. Here, we

show that the quality of iPSCs is dramatically affected by the

specific choice of reprogramming factors. Reprogramming by

Sall4, Nanog, Esrrb, and Lin28 (SNEL) generated a very low num-

ber of iPSC colonies, themajority of which were of high quality as

defined by their capacity to produce healthy ‘‘all-iPSC’’ mice, as

determined by 4n complementation, the most stringent test for

pluripotency. In stark contrast, OSKM produced a large number

Cell Stem Cell 15, 295–309, September 4, 2014 ª2014 Elsevier Inc. 295



of iPSC colonies, the majority of which, using the same assay,

exhibited low developmental potential. Removing Myc from the

cocktail (OSK) yielded a higher number of high-quality iPSCs,

indicating that the present of Myc in the reprogramming factors

combination has a negative effect on iPSCquality. Surprisingly, a

combination of Oct4, Sox2, Sall4, Nanog, and Esrrb (OSSNE),

although lacking potent oncogenes like Myc and Lin28, yielded

the highest number of poor quality iPSCs, suggesting that the

interplay between the reprogramming factors plays a critical

role in the reprogramming process as well. To shed light on the

elements that dictate successful reprogramming events, we per-

formed a large number of genomic and epigenomic analyses.

While whole genome transcriptional profile, methylome analysis,

establishment of superenhancers, or single-cell analysis of key

master regulator transcript number and global aneuploidy did

not distinguish between poor- and high-quality iPSCs, aberrant

expression of 1,765 genes, trisomy of chromosome 8, and

abnormal H2A.X deposition were frequently observed in poor-

quality iPSCs that were derived by OSKM or OSK. Our results

demonstrate that the selection of the reprogramming factor

combination is an important determinant for retaining genomic

integrity, appropriate transcriptional resetting, and functional

pluripotency of iPSCs.

RESULTS

Ectopic Expression of Sall4, Nanog, Esrrb, and Lin28
Activates the Endogenous Pluripotency Circuitry
Recently, using two complementary single-cell technologies, we

have demonstrated that the reprogramming process involves a

late hierarchical/deterministic phase that starts with the activa-

tion of the Sox2 locus and continues with a series of gene activa-

tion events that lead to a stable and transgene-independent plu-

ripotency state (Figure 1A) (Buganim et al., 2012, 2013; Klemm

et al., 2014; Pan and Pei, 2012). We reasoned that a combination

of key factors derived from this later phase would reprogram

cells in a more controlled manner and potentially would then uni-

formly yield iPSCs of high quality. We focused mainly on one

specific combination of factors, Sall4, Nanog, Esrrb, and Lin28

(SNEL), because we wished to avoid ectopic expression of the

key master regulators Oct4 and Sox2. We hypothesized that

exogenous expression of strong key master regulators such as

Oct4 and Sox2, without their endogenous regulators present in

ESCs or during nuclear transfer-mediated reprogramming in

the oocyte, might yield aberrant activation of various loci in the

somatic cell genome that interfere with normal reprogramming

events as is apparent in partially reprogrammed cells (Buganim

et al., 2012, 2013). Sall4 and Esrrb were chosen based on a

Bayesian network analysis prediction that they could activate

the endogenous Oct4 and Sox2 genes, respectively. We

selected Lin28 because it has been shown to act as a global

mRNA regulator (Cho et al., 2012) and to activate the de novo

DNA methyltransferase, Dnmt3b, and Nanog that was predicted

to have a separate role during reprogramming (Figure 1A).

Nanog-GFP or Oct4-GFP mouse embryonic fibroblasts (MEFs)

were introduced with doxycycline (dox)-inducible lentiviruses

encoding for the SNEL reprogramming factors and cultured until

the formation of iPSC colonies. The efficiency of the reprogram-

ming process was very low, producing one to five colonies per

1 3 105 plated cells with a latency that ranged between 14–

60 days. In total, we isolated ten SNEL-iPSC colonies (six from

Nanog-GFP and four from Oct4-GFP MEFs). The resulting

iPSC colonies expressed a bright GFP signal from both the

Oct4 and the Nanog locus and showed upregulation of key plu-

ripotency markers such as Sox2, endogenous Sall4, Utf1, and

endogenous Esrrb, as assessed by immunostaining (Figure 1B).

A comparable mRNA level to OSKM-iPSCs and several ESC

lines of Dppa2, Dppa3, endogenous Lin28, and Rex1 was noted

as well by quantitative real-time PCR (qRT-PCR) (Figure 1C).

When injected into NOD/SCID mice, the cells formed well-differ-

entiated teratomas with structures from all three germ layers

(representative images can be seen in Figure 1D).

SNEL-iPSCs Contribute to High-Grade Chimeras
and Frequently Produce ‘‘All-iPSC’’ Mice
The potential of SNEL-iPSCs to generate chimeras was tested

by injecting cells from all ten clones into host blastocysts that

were subsequently transferred into pseudopregnant recipient

females. All lines gave rise to chimeras, with 8/10 (80%) gener-

ating high-grade chimeras (50%–95%) as assessed by coat

color (Figures S1A and S1B available online). Germline transmis-

sion was noted in all five tested lines (Figures S1A and S1C).

Chimeric mice from one of the iPSC clones (Oct4-GFP

SNEL#2) suffered from an eye problem and one adult mouse

developed a tumor. However, these isolated events might be ex-

plained by leaky expression of Esrrb and Lin28, which have been

linked to similar phenotypes (Audo et al., 2012; Viswanathan

et al., 2009; West et al., 2009). All other chimeras generated

from independent clones grew to old age without any obvious

evidence of tumorigenicity (Figure S1C). To stringently compare

the developmental potential of SNEL and OSKM-derived iPSCs,

we performed 4n complementation assay. Utilizing identical

infection and culture conditions as used for the derivation of

the SNEL-iPSCs, ten iPSC lines were derived by infection of

MEFs with OSKM lentiviruses all of which expressed high levels

of GFP and pluripotency markers (6/10 of the colonies are pre-

sented in Figure 1C). Cells from the ten SNEL-iPSC and ten

OSKM-iPSC lines were injected into 4n blastocysts and trans-

ferred into pseudopregnant recipient females. The SNEL-iPSCs

produced approximately five times asmany live 4n pups with the

majority surviving postnatally (p = 3.46 3 10�12 by c2 test) (Fig-

ures 2A and 2B; Table S1) as compared to OKSM-iPSCs. Out of

a total of 1,495 OSKM-iPSC-injected blastocysts, only 21 (1.4%)

were delivered, 11 (0.7%) of which sustained normal breathing

and were foster nursed. In contrast, out of 2,138 blastocysts in-

jected with SNEL iPSCs, 149 (7%) survived to birth, 109 (5%) of

which were breathing normally and were fostered nursed (Table

S1). In total, �40% of the OSKM-iPSC lines gave rise to live

pups, compared to 80% of the SNEL-iPSC lines. In general,

the adult ‘‘all-SNEL-iPSC’’ mice were healthy and fertile (Figures

2B and S2C), although some mice exhibited some phenotypes

that are purely related to leaky expression of Lin28, such as

long tail and ears and flattened nose as described in (Zhu

et al., 2010, 2011), and several individuals died prematurely after

1 year. To exploit the maximum potential of the cells and deter-

mine whether the developmental differences between these two

types of iPSCs would be further exacerbated, we cultured the 20

iPSC lines in 2i medium (LIF, GSK3b, and Mek 1/2 inhibitors
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Figure 1. Characterization of SNEL-iPSC Lines

(A) Schematic presentation of Bayesian network demonstrates the hierarchy of a subset of pluripotent genes that leads to a stable and transgene independent

pluripotency state (Buganim et al., 2012). Sall4, Nanog, Esrrb, and Nanog (SNEL) are marked by a red circle.

(B) Representative images of two stable dox-independent, GFP-positive colonies (Nanog-GFP SNEL#1 and Oct4-GFP SNEL#3) and immunostaining for Sall4,

Sox2, Utf1, and Esrrb.

(C) Heatmap demonstrating the relative expression levels of Dppa3, Dppa2, Zfp42 (Rex1(( ), and Lin28 normalized to the Hprt housekeeping control gene in the

indicated samples.

(D) Hematoxylin and eosin staining of teratoma sections generated from Oct4-GFP SNEL#1 showing structures from all three layers.

See also Figure S1.
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containingmedium) for two passages and then injected each line

into 60 4n blastocysts. The percentage of live-born pups in the

SNEL combination was significantly higher, reaching 23%–

25% in some SNEL-iPSC lines (Table 1 and Figures S2A and

S2B). From a total of 600 OSKM-iPSC-injected blastocysts

only 13 (2.1%) were delivered, eight (1.7%) of which sustained

normal breathing and were foster nursed. In contrast, out of

600 blastocysts injected with SNEL-iPSCs, 64 (10.7%) survived

to birth, 51 (8.5%) of which were breathing normally and were

fostered nursed (Table 1). Germline transmission was noted in

all examined lines. Simple sequence length polymorphism

(SSLP) analysis for ten randomly selected 4n embryos (PCR-

based assay for two loci) confirmed that the embryos were solely

derived from the injected iPSCs (Figure 2C). Our data suggest

that reprogramming with SNEL, in contrast to reprogramming

using OSKM under the same conditions, produces high-quality

iPSCs at high rates as assessed by the most stringent test of

4n complementation.

Myc is a potent oncogene that affects genomic integrity when

deregulated (Barlow et al., 2013) and enhances the transcription

at all active promoters when overexpressed (Lin et al., 2012; Nie

et al., 2012). To determine whether overexpression of Myc is the

cause for the high number of poor quality OSKM-iPSC colonies,

we derived ten OSK-iPSC colonies under identical conditions

and assessed their quality by 4n complementation. Indeed, a

larger number of colonies (8/10 in OSK-iPSC colonies compared

to 4/10 inOSKM-iPSC colonies) passed the 4n complementation

test. However, a significantly lower number of pups were deliv-

ered per line (30 live pups, 5%) in colonies derived from OSK

compared to colonies derived from SNEL (64 live pups,

10.7%). These results indicate that Myc is partially responsible

for the high number of poor quality colonies in the OSKM combi-

nation but suggest that other parameters influence the quality, as

well. We then sought to determine whether potent oncogenes

are the main reason for the generation of poor quality iPSCs.

To test this hypothesis, we isolated 6 colonies, generated by

ectopic expression of Oct4, Sox2, Sall4, Nanog, and Esrrb

(OSSNE) but without the potent oncogenes Myc and Lin28. Sur-

prisingly, OSSNE combination yielded the highest number of

poor quality iPSCs (five live pups, 1.3%), suggesting that the

Figure 2. SNEL-iPSCs Produce ‘‘All-iPSC’’ Mice with High Success Rates as Compared to OSKM
(A) Percent of injected blastocysts surviving to birth are plotted for OSKM and SNEL lines, with the number of blastocysts noted on the x axis. Blue represents the

number of pups thatmerely survived delivery, red the number of pups additionally foster-nursed. Percentageswere compared by c2 test to compute significance.

(B) Representative images of 4n adult mice produced from Oct4-GFP SNEL#1 and Oct4-GFP SNEL#4 lines and their F1 generation.

(C) Confirmation of origin of ‘‘all-iPSC’’mice by PCR for strain-specific polymorphisms. Two different simple sequence polymorphism (SSLP)markers were tested

using genomic DNA isolated from tissues of ‘‘all-iPSC’’ mice. Genomic DNA from the parental iPSCs (donor cells), a 129 Sv/Jae mouse (donor strain), and a

B6D2F1 mouse (host blastocyst strain) served as controls.

See also Figure S2.
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interplay between the reprogramming factors is a crucial

element during the reprogramming process.

Comparative Transcriptome Profiling of Poor- and High-
Quality iPSCs Reveals a Distinct Signature of 1,765
Genes that Robustly Distinguish Lines by 4n Proficiency
To reveal a gene expression signature associated with develop-

mental competence, we selected the following groups of iPSC

lines for microarray analysis: (1) ‘‘poor quality’’ iPSCs: this group

included the three OSKM-iPSC lines Nanog-GFP OSKM#2,

Oct4-GFP OSKM#2, and KH2 OSKM (Stadtfeld et al., 2010),

that either did not produce fully developed pups or produced

very low number of pups; (2) ‘‘good quality’’ iPSCs: this group

included BC_2 OSKM (Carey et al., 2011) and Nanog-GFP

SNEL#3, both of which gave rise to live, normal pups that sur-

vived only a few hours; (3) ‘‘high quality’’ iPSCs consisting of

Nanog-GFP SNEL#2 and Oct4-GFP SNEL#1, both of which

generated live pups that survived postnatally (representative

pups from each iPSC group are shown in Figure S3A). We

used Nanog-GFP, Oct4-GFP, and KH2 (Beard et al., 2006)

ESCs as controls.

Whole genome transcriptional analysis did not distinguish be-

tween the groups as assessed by hierarchical clustering and

principle component analysis (PCA), consistent with their com-

mon identities as pluripotent cells (Figures 3A and S3B). In

contrast, unbiased hierarchical clustering and PCA analysis of

differentially expressed genes between all groups (F test, p <

0.01, Table S2) revealed a list of 1,765 genes that separated

perfectly the different groups and clustered the ‘‘poor quality’’

group away from the other three groups (Figures 3B and 3C).

qRT-PCR for two representative differentially expressed genes,

Col6a1 and Thsb1, from the 1,765 gene signature demonstrated

a trend of expression that is highly correlated with 4n compe-

tency (Figure 3D).

Gene ontologies and pathways (GeneDecks) (Stelzer et al.,

2009) for the 1,765 differentially expressed genes revealed

enrichment not only for categories associated with the control

of cellular growth and division, but also for more refined and spe-

cific developmental pathways and phenotypes: respiratory, im-

mune, musculature, and aortic integrity phenotypes; hypoxia,

myocardial infarction, and pulmonary disease; abnormal limb/

digit/tail morphology; genes involved in extracellular matrix

composition and TGFb signaling; and defective embryogenesis

(the p value and number of genes of representatives categories

are presented in Figure 3E). Standard motif enrichment analysis

on the 1,765 gene promoters revealed a strong enrichment for

transcription factors vital for early embryonic development and

ESC self-renewal (Hanna et al., 2002; Liu and Labosky, 2008;

Shah et al., 2012; Weinhold et al., 2000) such as Foxd3, HMG-

I/Y, and Srf (Figure S3C), lending support to the role of the

1,765 genes in development and ESC maintenance.

Differentially Methylated Regions and the
Establishment of ESC-Specific Superenhancers Cannot
Distinguish between Poor- and High-Quality iPSCs
To assess whether this gene expression pattern may be associ-

ated with epigenetic alterations, we profiled the methylomes of

these samples by whole genome bisulfite sequencing. Although

over 2,500 differentially methylated regions (DMRs) were identi-

fied, these were largely specific to individual iPSC lines (i.e.,

Nanog-GFP versus Oct4-GFP lines, Figure 3F). Thus, the exclu-

sively intronic and intergenic genomic distribution of DMRs

precluded accurate assessment of any contribution of DNA

methylation to the observed gene expression pattern.

To test whether variations in the transcript levels of ESC key

master regulators could explain the differences in the gene

expression pattern between poor- and high-quality iPSCs, we

employed the single-molecule-mRNA fluorescent in situ hybrid-

ization (sm-mRNA-FISH) technique, which allows the quantifica-

tion of mRNA transcripts of up to three genes in individual cells

(Raj et al., 2010). The transcript number of three ESC key master

regulators, Oct4, Sox2, and Esrrb, was quantified in two poor

quality OSKM-iPSC lines, Nanog-GFP OSKM#3 and Oct4-GFP

OSKM#4, and two high-quality SNEL-iPSC lines, Nanog-GFP

SNEL#2 and Oct4-GFP SNEL#3. As depicted in Figures 4A

and S4A, the transcript count of all three factors was comparable

between the different lines. It should be noted that the transcript

count of Esrrb was lower in the Nanog-GFP lines as compared to

Oct4-GFP lines (Figures 4A and S4B). This result is consistent

with the previous observation that Esrrb is a direct target of

Nanog (Festuccia et al., 2012), as in our system GFP was intro-

duced into the Nanog locus by replacing the coding region of

the endogenous Nanog gene, thereby creating a mutant allele

which reduces the total level of endogenous Nanog protein.

Superenhancers are regulatory elements that are associated

with genes that determine cell identity (Hnisz et al., 2013).

Therefore, the establishment of ESC-specific superenhancers

during the reprogramming process is crucial to allow proper

transcription and function. It has been shown that the binding

of key master regulators, H3K27ac and the Mediator complex

rigorously mark superenhancers (Whyte et al., 2013). To test

whether poor quality iPSCs acquire aberrant establishment of

superenhancers during the reprogramming process, we

measured the enrichment of the Mediator complex on ESC-

specific superenhancers by chromatin immunoprecipitation

sequencing (ChIP-seq) in several lines. ChIP-seq for Med1, a

component of the Mediator complex, was performed on two

ESC lines, V6.5 and ZHBcT4, as positive controls, the parental

MEFs and two previously described partially reprogrammed

lines (i.e., cells that initiated the reprogramming process but

never gave rise to stable iPSCs, 23 and 44) as negative controls

(Buganim et al., 2012), three poor quality iPSC lines, Nanog-

GFP OSKM#2, Oct4-GFP OSKM#4, and Oct4-GFP OSKM#8,

and two high-quality iPSC lines, Oct4-GFP SNEL#3 and Oct4-

GFP SNEL#4. The distribution of the Mediator complex

throughout the genome was compared to the distribution of

the binding of Oct4, Sox2, and Nanog (OSN), three ESC key

master regulators. The recruitment of Med1 protein throughout

the genome was comparable in all iPSC lines tested but was

absent in the negative control cells as can be seen in three

representative ESC-specific superenhancers for Sox2, Nanog,

and miR290-295, (Figures 4B and S4C) and following hierarchi-

cal clustering analysis of Med1 densities in all superenhancers

from all lines (Figure 4C). The results so far indicate that both

poor- and high-quality iPSCs reach a complete activation of

the endogenous pluripotency circuitry as measured by tran-

script count of ESC key master regulators and by establishment

of ESC-specific superenhancers.
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Trisomy of Chromosome 8 Is a Frequent Genomic
Aberration in OSKM/OSK-iPSC Lines
It has been demonstrated that oncogenic stress induced byMyc

leads to DNA damage that promotes genomic instability and

tumor progression (Vafa et al., 2002). To test whetherOSKMelicit

stronger DNA damage than SNEL when overexpressed, we in-

fected MEFs with either OSKM, SNEL, or an empty vector as

control and measured the levels of a well-known DNA damage

sensor, g-H2A.X phosphorylation (Bonner et al., 2008) 7 days

postdox exposure. Consistent with Myc being a very potent

oncogene (González et al., 2013; Marión et al., 2009; Muller

et al., 2012), we observed a significant increase in g-H2A.X phos-

phorylation level in OSKM-infected MEFs as compared to MEFs

thatwere infectedwith empty vector or SNEL (Figure 5A). Consis-

tent with that, a large fraction of propidium iodide-positive cells

(10.9%) was observed in OSKM-infected MEFs, but not in

SNEL or empty vector-infected MEFs, suggesting that OSKM

expression leads to severe DNA damage that induces cell death

(Figure 5B). This result led us to investigate whether OSKM-

iPSCs acquire genomic aberrations throughout the reprogram-

ming process, which might explain the premature death

observed in 4n embryos produced by the poor quality OSKM-

iPSCs. DNA rearrangements such as sister chromatid ex-

changes (SCEs) are sensitive indicators of genomic stress and

instability, thus, we mapped SCEs using Strand-seq (Falconer

et al., 2012). It has been shown that, at most, three ESCs eventu-

ally contribute to the formation of a 2n or 4n embryo out of 8–12

injected cells (Wang and Jaenisch, 2004). Thus, an iPSC clone

that contains even only a few cells with genomic aberrations

might still exhibit poor developmental potential. To overcome

the heterogeneity observed within an iPSC colony, wemeasured

SCEs at the single-cell level as opposed to the majority of

the studies in the field thatmeasured genomic instability of iPSCs

by employing population-based analyses. Single cell sequencing

libraries were made from MEFs, ESCs, two poor quality iPSC

lines, Oct4-GFP OSKM#4 and Oct4-GFP OSKM#8, and two

high-quality iPSC lines, Oct4-GFP SNEL#3 and Oct4-GFP

SNEL#4, and SCE frequencywas examined. As shown in Figures

5C, S5A, and S5B, both SNEL lines fall between the two OSKM

lines, revealing no difference in SCE counts between the

OSKM- and SNEL-iPSCs. We then hypothesized that long tran-

sient genomic instability during reprogramming could generate

cells with higher susceptibility to acquire chromosomal aberra-

tions. To that end, we also examined the chromosome content

by single cell sequencing. Interestingly, as observed previously

for poor quality ESCs, trisomy of chromosome 8 was detected

in the majority of the Oct4-GFP OSKM#8 iPSCs. To test whether

trisomy 8 is a common aberration in iPSC lines, single cell

sequencing libraries were made from 22 cell lines (one ESC

line, eight OSKM lines, six OSK lines, and seven SNEL lines)

that were cultured for only five passages. For each colony, single

cells were sorted and sequenced. Out of the eight OSKM lines

analyzed, three showed cells with trisomy 8: 6% of the Nanog-

GFP OSKM#3 cells, 91% of the Nanog-GFP OSKM#2, and

95% of the Oct4-GFP OSKM#8 (Figure 5D). Out of the six OSK

lines, four showed cells with trisomy 8: 4% of the Oct4-GFP

OSK#8 cells, 8% of Oct4-GFP OSK#7, 8% of Oct4-GFP

OSK#10, and 95% of Oct4-GFP OSK#9. No trisomy of chromo-

some 8 was detected in any of the other lines tested (Figures 5D,T
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S5C, and S5D). On average, 21% of the OSKM cells and 19% of

the OSK cells had a trisomy 8, versus 0% in the SNEL cells and

the ESCs (p = 0.002 and p = 0.005, respectively). We also exam-

ined whether we could detect any clear difference in the fre-

quency of aneuploidy between the lines once trisomy 8 was

excluded from the analysis. On average, OSKM lines attained a

10% frequency of aneuploidy compared with 13% for the OSK

lines, 9% for the SNEL lines, and 9% for the ESC line (differences

are not significant). These results suggest that trisomy 8 is a com-

mon aberration in iPSCs-derived from a combination of factors

that includes the key factors, Oct4, Sox2, and Klf4.

High-Quality SNEL-iPSCs Are Correlated with Faithful
H2A.X Deposition Patterns
Defective H2A.X deposition frequently occurs in iPSC clones

generated by OSKM factors that failed to support ‘‘all-iPS’’

Figure 3. Unbiased Comparative Transcriptome Analyses Distinguish iPSCs According to Their 4n Proficiency
(A) Hierarchical clustering of global gene expression profiles for two microarray technical replicates for every iPSC and ESC (reference) line. Replicate pairs were

assigned a shared numerical value.

(B) Hierarchical clustering of all genes (n = 1,765) exhibiting significant variation (p < 0.01 by F test) across all ESC and iPSC samples.

(C) Principle component analysis for genes from (B). Each of the iPSC and ESC groups is marked by specific color and is surrounded by a circle. The numbers

inside the circles correspond to the numbers in (A).

(D) qRT-PCR of theCol6a1 and Thsb1 normalized to theHprt housekeeping control gene in the indicated samples. Error bars are presented as amean ±SDof two

duplicate runs from a typical experiment. The numbers on the x axis correspond to the numbers in (A).

(E) Gene ontology analysis using the GeneDecks (Stelzer et al., 2009) algorithm of genes from (A).

(F) Hierarchical clustering of 2,628 differentially methylated regions (DMRs) derived from whole genome bisulfite sequencing does not segregate samples by

either reprogramming factor combinations or ESC versus iPSC status. Each group (poor, good, high, and ESCs) is marked by a different color. Sample numbers

correspond to the numbers in (A).

See also Figure S3.
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mice development in tetraploid complementation experiments

(Wu et al., 2014). In addition, our results suggest that ectopic

expression of OSKM in MEFs induces a strong DNA damage

response that leads to the accumulation of g-H2A.X phosphor-

ylation (Figure 5A). We therefore hypothesized that the

genome-wide H2A.X deposition patterns might be intact in

Figure 4. The Transcript Number of Key Master Regulators and the Establishment of ESC-Specific Superenhancers Are Comparable

between Poor- and High-Quality iPSCs

(A) sm-mRNA-FISH experiments depict the transcript number of Oct4 versus Sox2 and Oct4 versus Esrrb in single cells from the indicated iPSC lines. n, rep-

resents the number of single cells analyzed.

(B) ChIP-seq binding profiles for Oct4, Sox2, and Nanog (merged, OSN) in V6.5 mESCs and Med1 for the indicated cell lines at the Sox2 locus. Location of the

superenhancer, as defined in V6.5 mESCs (Whyte et al., 2013), is indicated by the red bar. Rpm/bp, reads per million per base pair.

(C) Hierarchical clustering of Med1 densities in superenhancers recapitulates phylogeny of cell types. ChIP-seq read densities for Med1 were calculated in mES

superenhancers. Clustering these densities indicates that cell types of similar origin have similar signal of Med1 in superenhancers. All ChIP-seq was performed

with a Bethyl Laboratories antibody (A300-793A, lot A300-783A), except for the farthest right V6.5 ChIP, which was performed with a Santa Cruz Biotechnology

antibody (SC-5334X, lot A1112).

See also Figure S4.
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high-quality SNEL-iPSCs, while abnormal in poor quality

OSKM-iPSCs and OSK-iPSCs. To test this hypothesis, we per-

formed ChIP-seq for H2A.X on two poor quality OSKM-iPSC

lines, Oct4-GFP OSKM#5 and Oct4-GFP OSKM#8, two high-

quality SNEL-iPSC lines, Oct4-GFP SNEL#1 and Oct4-GFP

SNEL#3, two high-quality OSK-iPSC lines, Oct4-GFP OSK#4

and Oct4-GFP OSK#2, and one poor quality OSK-iPSC line,

Oct4-GFP OSK#9, and compared them to the parental Oct4-

GFP ESCs. We used an established Hidden-Markov-Model

(HMM) algorithm (Song and Smith, 2011) to inspect the differ-

ential H2A.X deposition regions in these cells (Wu et al.,

2014). H2A.X deposition patterns in the high-quality Oct4-

GFP SNEL#1 and SNEL#3 iPSC lines, were almost identical

to the parental Oct4-GFP ESC line. Moreover, the number of

H2A.X devoid regions was significantly lower in SNEL-iPSCs

even compared to the control ESC line; devoid regions that

mark the natural variations between ESC (e.g., the parental

Oct4-GFP ESC versus 129SVj/c57 ESC control line) (Figures

6A and 6C). In contrast, H2A.X deposition patterns were greatly

different in poor quality lines, Oct4-GFP OSKM#5, Oct4-GFP

OSKM#8, and another iPSC cell line (OSKM_test) generated

by the secondary inducible system that failed tetraploid

complementation assays (Stadtfeld et al., 2010); these clones

had significantly more differential H2A.X deposition regions

than the high-quality SNEL-iPSC clones in terms of the genome

coverage (100- to 400-fold, p value < 0.05, Wilcoxon test, Fig-

ures 6A and 6B). The same trend was observed in the OSK-

iPSC lines. H2A.X deposition patterns were also greatly

different in the poor quality line (p value < 0.05, Wilcoxon

test, Figure 6C) and comparable to control ESCs in the high-

quality OSK-iPSC lines. However, the differences between

the high-quality OSK-iPSC lines and the parental Oct4-GFP

ESC line were still greater than those between SNEL-iPSCs

and the same parental ESCs. These results demonstrate a

strong correlation between the capability to produce ‘‘all-

iPSC’’ mice and the capability to faithfully recapitulate an intact

H2A.X deposition. These data raise the possibility that SNEL

reprogramming factors can generate frequently high-quality

iPSCs by retaining intact H2A.X deposition throughout the

genome.

DISCUSSION

Tetraploid complementation is considered to be the most strin-

gent assay for pluripotency and is frequently used to assess

the quality of iPSCs. Even though iPSCs have been shown by

several laboratories to be 4n competent, only a small fraction

of the tested lines passed this most stringent test (Boland

et al., 2009; Jiang et al., 2011, 2013; Kang et al., 2009; Pera,

2011; Zhao et al., 2009). Our experiments show that the rate of

high-quality iPSCs as assessed by 4n competence is signifi-

cantly influenced by the choice of factors used to induce reprog-

ramming. We demonstrate that the SNEL factors, which are

downstream targets of the late pluripotency factor Sox2

Figure 5. Trisomy of Chromosome 8 Is a Frequent Genomic Aberration in Poor-Quality OSK/OSKM-iPSCs

(A) Western blot analysis for the DNA damage sensor, g-H2A.X phosphorylation, and the housekeeping control protein Gapdh, 7 days postdox exposure in MEFs

infected with the indicated dox-inducible reprogramming factors.

(B) FACS analyses demonstrating the percentage of cells from (A) that initiated the apoptotic process as assessed by PI and Annexin V.

(C) Graph summarizing the average number of sister chromatid exchanges (SCEs) occurring at the single cell level in the indicated lines using the Strand-seq

technique. n, represents the number of single cells tested. Error bars are presented as a mean ± SD of the indicated ‘‘n’’ examined single cells.

(D) Graph summarizing the frequency of trisomy 8 observed in the indicated colonies.

See also Figure S5.
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(Buganim et al., 2012), produce iPSCs that have a considerably

higher competence to generate ‘‘all-iPSC’’ mice by 4n comple-

mentation than iPSCs produced by the conventional OSKM fac-

tors or other combinations such as OSK or OSSNE. The various

iPSC lines that were produced throughout this study were gener-

ated, isolated and tested under identical conditions to rule out

effects caused by variations in cell culture, method of factor de-

livery, the passage number of the lines, or blastocyst injections.

While reprogramming by OSKM produced many colonies with

shorter latency but with variable quality, reprogramming by

SNEL yielded significantly fewer iPSCs the majority of which,

however, were of high quality. This is reminiscent of previous

studies in which similar transgenic OSKM systems producing

iPSCs with different efficiencies resulted in different quality

iPSCs, with the more efficient system (Stadtfeld et al., 2010) pro-

ducing iPSCs of lower quality—as assessed by 4n complemen-

tation—than the less efficient system (Carey et al., 2011). These

two studies suggest that high reprogramming efficiency may

result in a low fraction of high-quality iPSCs.

To define molecular signature of 4n competency, we

compared the transcriptional profile of poor, good and high-

quality iPSCs. Genes involved in ‘‘Respiratory,’’ ‘‘Ischemia,’’

and ‘‘Myocardial infarction’’ separated high, good, and poor

quality iPSCs consistent with the observation that poor quality

iPSC lines produced ‘‘all-iPSC’’ pups that were either retarded

in development or died in utero. Importantly, neither DNA

Figure 6. H2A.X Deposition Pattern Can Distinguish SNEL and OSK or OSKM iPSC Lines

(A) The bar chart illustrates that the genome coverage of defective H2A.X deposition regions in OSKM-iPSC lines (n = 3) are significantly higher than those in 4N+

SNEL-iPSC lines (n = 2) or the ESC control line (p value < 0.05, Wilcoxon rank sum test).

(B) Comparative H2A.X depositions in SNEL iPSC and OSKM iPSC at two chromosomes (left: Chr9; right: Chr10). y axis: relative H2A.X deposition level (RSEG

score, as compared to the ESC parental line, see Experimental Procedures). Positive value: regions enriched for H2A.X deposition over control (gray bars);

negative values: regions devoid of H2A.X deposition over control (blue bars).

(C) The bar chart illustrates that the genome coverage of H2A.X defective deposition regions in OSK-iPSC lines are significantly higher than those in SNEL-iPSC

lines (n = 2) (p value < 0.05, Wilcoxon rank sum test).
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methylation patterns, as revealed by whole genome bisulfite

sequencing, nor the transcript level of key master regulators

such as Oct4, Sox2, and Esrrb and the establishment of

ESC-specific superenhancers could explain the difference in

the transcriptional profile between the groups or could sepa-

rate the groups by 4n proficiency. Instead, we demonstrated

that a large number of OSKM/OSK-iPSCs acquire a unique

genomic aberration at least in some fraction of cells. While

the overall incidence of aneuploidy between MEFs, ESCs,

and poor- and high-quality iPSC colonies was comparable, tri-

somy of chromosome 8 was solely observed in iPSCs that

were produced with a combination of factors that includes

Oct4, Sox2, and Klf4. As shown previously, trisomy 8 ESCs

have a proliferative advantage but poor developmental poten-

tial (Liu et al., 1997). Consistent with the notion that expression

of OSKM or OSK leads to genome instability, we and others

(González et al., 2013) demonstrated that expression of

OSKM induces DNA damage as assessed by the accumulation

of g-H2A.X phosphorylation. This DNA damage led to cell

death in �17% (a sum of an early and late apoptotic cells)

of the OSKM-infected cells, showing that intense and, in

some cases, irreversible DNA damage is caused by this com-

bination of factors. In accordance with the accumulation of g-

H2A.X phosphorylation, the deposition of H2A.X throughout

the genome was abnormal in poor quality OSKM and OSK-

iPSCs, as well. More importantly, high-quality SNEL-iPSC lines

exhibited a significantly lower number of regions devoid of

H2A.X deposition as compared to control ESC line or high-

quality OSK-iPSC lines. Because histones regulate transcrip-

tion, it is tempting to speculate that the aberrant deposition

of H2A.X in poor quality iPSC lines might explain the mild dif-

ference in the gene expression between poor- and high-quality

iPSCs.

In summary, our study provides a proof of principle that

different combinations of reprogramming factors do not equally

affect the biological characteristics of iPSCs, with some combi-

nations consistently resulting in high-quality cells, whereas

others generate cells of variable quality. While genomic insta-

bility and the deposition of H2A.X partially explain why poor

quality iPSCs fail in the 4n complementation test, the reason

why most colonies from other combinations of factors, that

lack potent oncogenes such as OSSNE failed in this test,

requires further investigation. Our results indicate that the inter-

play between the reprogramming factors is a crucial determi-

nant for reprogramming efficiency and quality. This is consis-

tent with the observation that conversion of cells into other

cell types depends on the composition of reprogramming fac-

tors (Graf and Enver, 2009). Attempts to reprogram human cells

to pluripotency using SNEL reprogramming factors have so far

failed (data not shown), suggesting that the activation of the

core pluripotency circuitry of human cells might be different

than that of the mouse or that the reprogramming efficiency

of SNEL in human cells is drastically low so that one needs

to infect a large number of fibroblasts in order to achieve re-

programming. Based on these results it will be important to

define the most optimal factor combinations for reprogramming

and to assess how different factor combinations might affect

the quality of human iPSCs as a step forward toward transplan-

tation therapy.

EXPERIMENTAL PROCEDURES

Cell Culture and Mice

Mouse embryonic fibroblasts (MEFs) were grown in DMEMsupplementedwith

10% fetal bovine serum, 2 mM L-glutamine, and antibiotics. ESCs and iPSCs

and were grown in DMEM supplemented with 15% fetal bovine serum, 1%

nonessential amino acids, 2 mM L-glutamine, 2 3 106 units mouse leukemia

inhibitory factor (mLif), 0.1 mM b-mercaptoethanol (Sigma), and antibiotics or

in 2i medium. 2i medium (500 ml) was generated by including: 230 ml DMEM/

F12 (Invitrogen; 11320), 230 ml Neurobasal medium (Invitrogen; 21103), 5 ml

N2 supplement (Invitrogen; 17502048), 10 ml B27 supplement (Invitrogen;

17504044), 10 ml (2%) fetal bovine serum, 23 106 units mLif, 1 mM glutamine

(Invitrogen), 1% nonessential amino acids (Invitrogen), 0.1 mM b-mercaptoe-

thanol (Sigma), penicillin-streptomycin (Invitrogen), 5 mg/ml BSA (Sigma),

PD0325901 (PD, 1 mM), and CHIR99021 (CH, 3 mM). All the cells were main-

tained in a humidified incubator at 37�Cand 5%CO2. For the primary infection,

MEFs were isolated from mice heterozygous for the reverse tetracycline-

dependent transactivator (M2rtTA) that resides in the ubiquitously expressed

Gt(ROSA)26Sor locus (Beard et al., 2006) and either with GFP that was

knocked-in the Nanog or the Oct4 locus. All infections were performed on

MEFs (passage 0) that were seeded at 70% confluence 2 days before the first

infection. Animal care was in accordance with institutional guidelines and was

approved by the Committee on Animal Care, Department of Comparative

Medicine, Massachusetts Institute of Technology.

Tetraploid Embryo Complementation and Chimera Formation

Blastocyst injections were performed using (C57/Bl6xDBA) B6D2F2 host em-

bryos. All injected iPSC lines were derived from crosses of 129Sv/Jae to

C57/Bl6 mice and could be identified by agouti coat color. Embryos were

obtained 24 hr (1 cell stage) or 40 hr (2 cell stage) posthuman chorionic gonad-

otropin (hCG) hormone priming. To obtain tetraploid (4n) blastocysts, electrofu-

sion was performed at�44–47 hr post-hCG using a BEX LF-101 or LF-301 cell

fusion apparatus (Protech International). Both fused and diploid embryos were

cultured in EmbryoMax KSOM (Millipore) or Evolve KSOMaa (Zenith Biotech)

until they formed blastocysts (94–98 hr after hCG injection) at which point

theywere placed in a drop of Evolvew/HEPESKSOMaa (Zenith)mediumunder

mineral oil. A flat tip microinjection pipette with an internal diameter of 16 mm

(Origio) was used for iPSC injections. Each blastocyst received 10–12 iPSCs.

Shortly after injection, blastocysts were transferred to day 2.5 recipient CD1

females (20blastocystsper female). Pups,whennot born naturally,were recov-

ered at day 19.5 by cesarean section and fostered to lactating Balb/c mothers.

SSLP Assay

PCR reactions were set up as previously described (Stadtfeld et al., 2012)

using genomic DNA from the 4n pups and primers reported to detect polymor-

phisms in the genome of inbred mouse strains (D8Mit94-F: GTTGGG

GCTCTGCTCTCTC; D8Mit94-R: CACATATGCATAC ATATACATACACGT;

D2Mit102-F: TTCCCTGTCACTCCTCCC; D2Mit102-R: TGTCTTT ATGCTCA

GACATACACA). As controls, genomic DNA was analyzed from cultured iPSCs

used for injections and adult mice (B6D2F1) that served as hosts for the blasto-

cysts. The reactions were performed with 100 ng DNA for 30 cycles of 30 s at

94�C, 30 s at 60�C, and 60 s at 72�C. The products were analyzed on a 3%

agarose gel.

Gene Expression Microarrays

Two micrograms of RNA extracted using the RNeasy kit (QIAGEN) from each

iPSC and ESC were tested by Agilent BioAnalyzer assays to ensure sample

integrity. Technical duplicates of each sample were run on Agilent SurePrint

G3 8x60Kmicroarrays permanufacturer’s instructions. Raw expression values

were quantile normalized and binary log values of technical duplicate averages

used for downstream analyses.

Gene Expression Analyses

Standardized scoring was used to normalize microarray expression values. To

generate heatmaps, expression values were used as input to perform clus-

tering by samples in R, using the heatmap.2 function of the gplots library pack-

age with the default Euclidean distance parameter. In parallel, normalized

expression values were used to group samples by principle component
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analysis using the R princomp function. Gene ontology analysis was per-

formed using the publicly available GeneDecks V3 software suite available

at http://www.genecards.org/.

Whole-Genome Bisulfite Library Preparation and Sequencing

Bisulfite treatment and sequencing library preparation were performed as pre-

viously described (Lister et al., 2011). Briefly, genomic DNA from each iPSC

and ESC was fragmented by sonication prior to ligation of methylated

sequencing adaptors. Fragments were size-selected by gel electrophoresis

and purification, treated with sodium-bisulfite and amplified with four cycles

of PCR to generate libraries that were sequenced on the Illumina HiSeq plat-

form. Fastq output files were aligned using bowtie (Langmead et al., 2009).

Illumina Sequencing

Libraries were pooled for sequencing and 200 to 400 bp size range fragments

were purified using a 2% E-Gel Agarose Gel (Invitrogen). DNA quality was as-

sessed and quantified on a High Sensitivity dsDNA kit (Agilent) on the Agilent

2100 Bio-Analyzer and on the Qubit 2.0 Fluorometer (Life Technologies). For

sequencing, clusters were generated on the CBot (HiSeq2500), and single-end

50bp readsweregeneratedusing theHiSeq2500sequencingplatform (Illumina).

Bioinformatic Analysis

Demultiplexed fastq files were aligned to themouse reference genome assem-

bly (GRCm38/mm10) using short read aligner Bowtie2 (version 2.0.5) (Lang-

mead and Salzberg, 2012) with default settings. Sorted and indexed bam files

were processed as previously described (Falconer et al., 2012) using the BAIT

software package (Hills et al., 2013). Briefly, diploid and aneuploid chromo-

somes were identified by calculating the average numbers of reads/Mb for

each chromosome in the library. Monosomies and trisomies were classified

when chromosomes had an average read count 0.663 lower or 1.333 higher,

respectively than the average reads per Mb for diploid chromosomes in the

library.

Statistics

The average frequency of trisomy 8 and aneuploidy per cell type was deter-

mined and p values were calculated using binomial distribution models.

Chromatin Immunoprecipitation for Med1 Distribution

Cells were crosslinked for 10 min at room temperature by the addition of one-

tenth of the volume of 11% formaldehyde solution (11% formaldehyde, 50mM

HEPES [pH 7.3], 100mMNaCl, 1 mMEDTA [pH 8.0], 0.5 mMEGTA [pH 8.0]) to

the growth media. Cells were washed twice with PBS, then the supernatant

was aspirated and the cell pellet was flash frozen in liquid nitrogen. Frozen

crosslinked cells were stored at�80�C. Dynal magnetic beads (100 ml) (Sigma)

were blocked with 0.5% BSA (w/v) in PBS. Magnetic beads were bound with

10 mg of the indicated antibody. For Med1 (CRSP1/TRAP220) occupied

genomic regions, we performed ChIP-seq experiments using a Bethyl Labora-

tories antibody (A300-793A, lot A300-783A-2) or a Santa Cruz Biotechnology

antibody (SC-5334X, lot A1112).

Crosslinked cells were lysed with lysis buffer 1 (50 mM HEPES [pH 7.3],

140 mM NaCl, 1 mM EDTA, 10% glycerol, 0.5% NP-40, and 0.25% Triton

X-100) and resuspended and sonicated in sonication buffer (20 mM Tris-HCl

[pH 8.0], 150 mM NaCl, 2 mM EDTA [pH 8.0], 0.1% SDS, and 1% Triton

X-100). Cells were sonicated for ten cycles at 30 s each on ice (18–21 W)

with 60 s on ice between cycles. Sonicated lysates were cleared and incu-

bated overnight at 4�C with magnetic beads bound with antibody to enrich

for DNA fragments bound by the indicated factor. Beads were washed two

times with sonication buffer, one time with sonication buffer with 500 mM

NaCl, one time with LiCl wash buffer (10 mM Tris [pH 8.0], 1 mM EDTA,

250 mM LiCl, 1% NP-40), and one time with TE with 50 mM NaCl. DNA was

eluted in elution buffer (50 mM Tris-HCL [pH 8.0], 10 mM EDTA, 1% SDS).

Crosslinks were reversed overnight. RNA and protein were digested using

RNase A and Proteinase K, respectively, and DNA was purified with phenol

chloroform extraction and ethanol precipitation.

Illumina Sequencing and Library Generation

Purified ChIP DNA was used to prepare Illumina multiplexed sequencing

libraries. Libraries for Illumina sequencing were prepared following the Illu-

mina TruSeq DNA Sample Preparation v2 kit protocol with the following

exceptions. After end-repair and A-tailing, immunoprecipitated DNA (�10–

50 ng) or Whole Cell Extract DNA (50 ng) was ligated to a 1:50 dilution of Illu-

mina Adaptor Oligo Mix assigning one of 24 unique indexes in the kit to each

sample. Following ligation, libraries were amplified by 18 cycles of PCR using

the HiFi NGS Library Amplification kit from KAPA Biosystems. Amplified

libraries were then size-selected using a 2% gel cassette in the Pippin Prep

system from Sage Science set to capture fragments between 200 and

400 bp. Libraries were quantified by qPCR using the KAPA Biosystems Illu-

mina Library Quantification kit according to kit protocols. Libraries with

distinct TruSeq indexes were multiplexed by mixing at equimolar ratios and

running together in a lane on the Illumina HiSeq 2000 for 40 bases in single

read mode.

ChIP-seq Analysis

Mouse ESC superenhancers were downloaded from Whyte et al. (2013).

Briefly, these superenhancers were identified by (1) intersecting regions en-

riched in Oct4, Sox2, and Nanog ChIP-seq to locate constituent enhancers,

(2) stitching proximal enhancers into domains, and (3) separating superen-

hancers from typical enhancers by signal of Med1.

ChIP-seq reads for Med1 in all cell types were aligned to the mouse mm9

reference genome using bowtie (Langmead et al., 2009) with command-line

parameters -k 1 -m 1–best -n 2. Duplicate (multiple reads per position) reads

were removed. Reads were artificially extended 200 bp downstream and their

reads-per-million normalized density was calculated in mES superenhancers

as described in (Lin et al., 2012). These densities were then hierarchically clus-

tered in two dimensions using heatmap.2.

ACCESSION NUMBERS

The accession number for the data resulting from whole-genome bisulfite

sequencing as discussed in the text is GSE59696; for Mediator ChIP

Sequencing, GSE59569; for whole-transcriptome analysis, GSE45173; and

for H2A.X ChIP sequencing, GSE55731.
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SUMMARY

Immune system defects are at the center of aging
and a range of diseases. Here, we show that pro-
longed fasting reduces circulating IGF-1 levels and
PKA activity in various cell populations, leading to
signal transduction changes in long-term hemato-
poietic stem cells (LT-HSCs) and niche cells that
promote stress resistance, self-renewal, and line-
age-balanced regeneration. Multiple cycles of fast-
ing abated the immunosuppression and mortality
caused by chemotherapy and reversed age-depen-
dent myeloid-bias in mice, in agreement with prelim-
inary data on the protection of lymphocytes from
chemotoxicity in fasting patients. The proregenera-
tive effects of fasting on stem cells were recapitu-
lated by deficiencies in either IGF-1 or PKA and
blunted by exogenous IGF-1. These findings link
the reduced levels of IGF-1 caused by fasting to
PKA signaling and establish their crucial role in regu-
lating hematopoietic stem cell protection, self-
renewal, and regeneration.

INTRODUCTION

Prolonged fasting (PF) lasting 48–120 hr reduces progrowth

signaling and activates pathways that enhance cellular resis-

tance to toxins in mice and humans (Fontana et al., 2010; Gue-

vara-Aguirre et al., 2011; Holzenberger et al., 2003; Lee and

Longo, 2011; Longo et al., 1997). The physiological changes

caused by PF are much more pronounced than those caused

by calorie restriction or fasting lasting 24 hours or less in part

because of the requirement to fully switch to a fat- and ketone

bodies-based catabolism after glycogen reserves are depleted

during PF (Longo and Mattson, 2014). Studies in mice indicate

that PF can protect them from chemotoxicity by reducing circu-

lating insulin-like growth factor-1 (IGF-1) (Lee et al., 2010; Raffa-

ghello et al., 2008). A preliminary case series study also indicates

thatPFhas thepotential to ameliorate several sideeffects caused

by chemotherapy in humans (Safdie et al., 2009). One of the side

effects, myelosuppression, is often dose limiting in chemo-

therapy treatment, in part because damage to adult stem/pro-

genitor cells impairs tissue repair and regeneration (Kofman

et al., 2012; Mackall et al., 1994; van Tilburg et al., 2011; Williams

et al., 2004). Despite the rising interest in nutrient-dependent

changes in stem cell populations, little is known about how acute

or periodic dietary interventions affect the hematopoietic system.

Hematopoietic stem and progenitor cells (HSPCs) residing in

the adult bone marrow (BM) are part of the Lin�Sca-1+c-Kit+

(LSK) population of cells, which include the self-renewing

long-term and short-term hematopoietic stem cells (LSK-

CD48�CD150+, LT-HSC, and LSK-CD48�CD150�, ST-HSC)

and the multipotent progenitors (LSKCD48+, multipotent pro-

genitor [MPP]) (Figure S1 available online) (Challen et al., 2009;

Rathinam et al., 2011). Together, these cells are responsible

for adult hematopoietic regeneration. In the heterogeneous he-

matopoietic stem cells (HSCs), several subtypes are identified as

lymphoid- (Ly-HSCs), balanced HSC (Bala-HSC), and myeloid-

HSCs (My-HSCs) according to their distinct mature blood cell

outputs (Figure S1) (Benz et al., 2012; Challen et al., 2010;

Muller-Sieburg et al., 2004). In both mice and humans, these

HSC subtypes modulate hematopoietic lineage potential and

play an important role in lineage-homeostasis during aging

(Beerman et al., 2010; Challen et al., 2010; Cho et al., 2008;

Pang et al., 2011). Here, we studied the role of multiple PF cycles

on chemotherapy-induced and age-dependent immunosup-

pression and investigated how PF affects HSC self-renewal,

the Ly-, My-, and Bala-HSC subtypes aswell as their hematopoi-

etic reconstitution outcomes.
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RESULTS

Cycles of Prolonged Fasting Reduce Damage in Bone
Marrow Stem and Progenitor Cells and Protect Mice
against Chemotoxicity
Chemotherapy drugs cause immunosuppression by inducing

DNA damage and cell death in both peripheral blood (PB) and

bone marrow (BM), which often results in the long-term impair-

ment of hematopoiesis (Bedford et al., 1984; Yahata et al.,

2011). To test whether PFmay protect the hematopoietic system

against immunosuppressive toxicity, mice were fasted or fed an

ad libitum diet (AL) and then challenged with cyclophosphamide

(CP) for multiple cycles (Figure 1A) (Adams et al., 2007). In agree-

ment with our previous results with etoposide and doxorubicin,

weobservedamajorprotectiveeffect of cyclesof 48hrPFagainst

CP-induced mortality (Figures 1B and S1A) (Raffaghello et al.,

2008). The PF cycles also led to a decrease in the DNA damage

caused by CP in leukocytes and BM cells (Figures 1C and S1B).

To determine whether PF can protect from chemotherapy-

induced toxicity, we collected BM cells at the end of six cycles

of CP or PF + CP treatments and measured apoptosis. Given

that the HSPCs represent a minor fraction of the total BM, we

further examined apoptosis in the subpopulations of these cells

(i.e., LT-HSCs,ST-HSCs, andMPPs)byperformingTUNELassay.

The results indicate thatwithout affectingBMcellularity, PFdimin-

ished CP-induced apoptosis in HSPCs (p < 0.05, t test), particu-

larly in ST-HSCs and MPPs (Figures 1D, S1C, and S1D). The

PF-induced protection against CP-induced apoptosis was also

confirmed by Annexin V binding assay for HSPCs (Figure S1E).

Prolonged Fasting Cycles Promote Lineage-Balanced
Hematopoietic Regeneration
To assess whether the protection of HSPCs improved the

hematopoietic recovery,wecompared thehematological profiles

of CP and PF + CP mice at baseline (before CP treatments, after

PF), at nadir (2–4days afterCP) andduring the recoveryphase (8–

10 days after CP) for each cycle of chemotherapy. Multicycle CP

treatments resulted in a major decline in white blood cell (WBC)

counts (Figure 1E). In the control group,WBCsuppression, espe-

cially thenumberof lymphocytes, persisted formore than70days

(six cycles) (Figure 1E). PF reducedWBCcounts independently of

chemotherapy and did not prevent the CP-induced decrease in

the number of WBCs (Figure 1E, time 0). However, the beneficial

effect of PF was evident starting on cycle 4 (day 39) followed by

the return of lymphocytes to normal levels after the fifth cycle

(day 56) (Figure 1E). At the end of six cycles of treatment, mice

in the PF group also showed normal or close to normal levels of

lymphoid cells and normal ratios of lymphoid and myeloid cells

(L/M) (Figure 1E, right panel). This recovery was observed at

similar time points in three independent experiments (n = 20).

To begin to determine whether PF cycles can potentially pro-

mote a similar effect in humans, we also analyzed the hemato-

logical profiles of cancer patients from a phase I clinical trial for

the feasibility and safety of a 24–72 hr PF period in combination

with chemotherapy. Although three different platinum-based

drug combinations were used (Table S1), the results from a

phase I clinical trial indicate that 72 but not 24 hr of PF in combi-

nation with chemotherapy were associated with normal lympho-

cyte counts and maintenance of a normal lineage balance in

WBCs (Figure 1F). These encouraging preliminary results will

need to be expanded and confirmed in the ongoing phase II ran-

domized phase of the clinical trial.

In agreement with the effect of PF on the recovery in WBC

numbers and improvement in lymphoid/myeloid ratio, results

of fluorescence-activated cell sorting (FACS) analyses for stem

cell populations indicated an improved preservation of LT-

HSCs and ST-HSCs and the enhanced resistance to the myeloid

bias in the PF group after six cycles of CP treatment in mice (Fig-

ures 1G and 1H).

To assess whether the increased HSCs in BM from PF + CP

mice can enhance hematopoietic regeneration, we collected

BM cells from the CP- or PF + CP-treated mice and transplanted

the same number of cells into the immunocompromised (irradi-

ated) recipient mice. Results of this competitive repopulation

assay indicate that, compared to the control group fed ad libi-

tum, the BM cells from mice exposed to six cycles of CP treat-

ment preceded by PF have higher regeneration capacity leading

to efficient blood reconstitution with normal lymphoid/myeloid

ratio (L/M), as evident from the improved engraftment in the

blood and BM (Figures 1I, S1G, and S1H).

Prolonged Fasting Cycles Regulate Stem Cells
Independently of Chemotherapy and Help Reverse
Immunosenescence
Wetestedwhether thecyclesofPFalonecouldalsostimulateHSC

self-renewal. Results using bromodeoxyuridine (BrdU) incorpora-

tion assays indicated an approximately 6-fold increase of newly

generated (BrdU+) HSPCs (i.e., LT-HSC, ST-HSC, and MPP) in

PF mice, which represents 93.7% of the total increase in HSPCs

after PF cycles (Figure 2A). We found that the increase in LSK

cell number is due mainly to an increase in LT-HSCs and ST-

HSCs (Figure 2B). By contrast, the number of total BM cells and

that of progenitors (i.e., MPP, multipotent progenitors; CLP, com-

mon lymphoid progenitors; CMP, common myeloid progenitor)

was not increased by PF, and, in fact, the number of CMP was

slightly decreased during PF (Figures 2C and S2A).

Results fromcell-cycle analyses indicate thatPFalone induced

a major increase of S/G2/M phase LT-HSCs, ST-HSCs, and

MPPs (Figure 2D). The significant induction in cell-cycle entry

could explain at least part of the PF-induced increase in HSCs.

In addition to theKi67/Hoechst 33342 staining for cell-cycle anal-

ysis, the PF-induced self-renewal proliferation was confirmed by

analysis using Pyronin Y/Hoechst 33342 staining (Figure S2B).

On the other hand, results from the TUNEL assay indicate that

apoptosis was barely detectable in any subpopulation of HSPCs

from either AL-fed or PF mice when no chemotherapy treatment

was applied. Apoptosis analysis using Annexin V and 7AAD indi-

cate similar results (Figure S2C). Although PF alone reduces the

apoptosis rate in ST-HSCs significantly, the small reduction

(from 1.57% to 0.72%) in apoptosis/cellular death could only

contribute to a very small portion of the PF-induced increase in

HSCs and MPP (Figure 2E). However, because studies of HSCs

have shown that induction of proliferation may sometimes be

accompanied by an increase of apoptosis (Nakada et al., 2010;

Tothova et al., 2007), it is important to note that this was not

observed in PF-induced self-renewal proliferation.

Besides the increase in the number of HSCs and MPP,

we also observed a PF-dependent alteration of lymphoid-,
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Figure 1. Prolonged Fasting Cycles Protect the Hematopoietic System and Reverse Chemotherapy-Induced Hematopoietic Suppression

(A) Diagrammatic representation of the experimental procedure to analyze the effects of prolonged fasting (PF, 48 hr) during six cycles of cyclophosphamide

chemotherapy (CP, 200 mg/kg, i.p.).

(legend continued on next page)
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myeloid-biased, and balanced-HSCs ratio (Figures 2F, S2D, and

S2E).Whereasmost HSCs from youngmice are balanced in lym-

phopoiesis and myelopoiesis, the majority of HSCs from elderly

mice are myeloid biased (Beerman et al., 2010; Challen et al.,

2010; Cho et al., 2008; Dykstra et al., 2007; Morita et al., 2010;

Muller-Sieburg et al., 2004; Pang et al., 2011). We therefore

investigated if PF cycles can correct this bias in aged mice.

Results from 18-month-old mice indicate that eight cycles of

PF could reverse the age-dependent myeloid bias in HSC

subtypes and reverse the effect of aging on WBC number in

whole blood (Figures 2F and 2G), similar to the changes

observed in mice and possibly patients undergoing PF in com-

bination with chemotherapy (Figures 1E, 1F, and 1H). Taken

together, these results suggest that PF cycles can also stimulate

the HSCs in a chemotherapy-independent manner, which leads

to a lineage-balanced hematopoietic regeneration.

Mimicking the Effects of Prolonged Fasting by
Deficiency in GHR/IGF-1 Signaling Promotes
Hematopoietic Recovery
Wepreviouslyshowed thatPF reducescirculating IGF-1 levelsand

that IGF-I deficiency is sufficient to protect mice against chemo-

therapy toxicity (Lee et al., 2010). To determine whether the

improved hematopoietic regeneration caused by PF in mice can

be replicated by IGF-1 deficiency, we studied the hematopoietic

system in growth hormone receptor knockout (GHRKO) mice,

which have very low circulating and BM IGF-1 levels (Al-Regaiey

et al., 2005) (Figures 3A and S3A; Table S2). We found that CP-

induced DNA damage measured by the comet assay in PB and

BM cells of GHRKO mice was significantly reduced compared to

that in cells from wild-type littermates (Figure 3B). Similar to what

was observed in mice undergoing pre-chemo PF cycles, ST-

HSCs of the GHRKO mice were protected from CP-induced

apoptosis (Figure 3C). Also, the number of HSCs (i.e., LT-HSCs

and ST-HSCs) preserved in the BM of GHRKO mice was higher

than that in the wild-type littermates (Figure 3D). An improvement

in hematopoietic recovery analogous to that caused by PF was

also observed in GHRKO mice (Figure 3E).

We found that IGF-1 deficiency also caused the protective

effects and the regenerative effects independently of chemotox-

icity. Unlike PF mice, GHRKO mice did not have higher levels of

total HSPCs (Figure S3B). However, similarly to what we

observed after PF cycles, the levels of HSCs (i.e., LT-HSCs

plus ST-HSCs) was significantly higher in GHRKO mice

compared to those in age- and sex-matched littermates, with

increased cell-cycle entry but no detectable differences in

apoptosis (Figures 3F, 3G, and S3C–S3E). Also, the age-depen-

dent myeloid bias was not observed in the GHRKO mice

(Figure 3H). These data suggest that the periodically reduced

IGF-1 signaling caused by PF cycles may play a crucial role in

the hematopoietic regeneration observed in mice.

Prolonged Fasting Promotes Hematopoietic
Regeneration in a IGF-1/PKA-Dependent Manner
To understand the molecular mechanism by which PF and GHR/

IGF-1 deficiency promote hematopoietic recovery/regeneration,

we reanalyzed two of our previously published microarray data

sets and looked for genes whose expression significantly

changed in response toPFwitha focusongenessimilarlyaffected

by exposure of epithelial cells to IGF-1-deficient serum (Guevara-

Aguirre et al., 2011; Kim and Volsky, 2005; Kirschner et al., 2009;

Lee et al., 2012). In starved mice, the expression of the PKA cata-

lytic subunit alpha (PKACa) was significantly reduced in all tissues

tested (Table S3). Similarly, IGF-1-deficient serum from growth

hormone receptor-deficient (GHRD) human subjects caused

changes in theexpressionofbothpositiveandnegative regulators

ofPKAconsistentwithan inhibitionof its kinase activity (TableS4).

As PKA phosphorylates the cAMP response element-binding

transcription factor (CREB) at Ser133, p-CREB is commonly

used as an indicator of intracellular PKA activity (Gonzalez and

Montminy, 1989). Using mouse embryonic fibroblasts devoid

of the endogenous IGF-1 receptor (R- cells) and those overex-

pressing the human IGF1R (R+ cell), we showed that CREB

phosphorylation is positively regulated by IGF-1/IGF-1R in a

PKA-dependent manner, confirming the link between IGF-1

and PKA/CREB signaling in mammalian cells (Figure 4A). IGF-1

receptor (IGF-1R) expression, which was higher in progenitor

cells compared to LT-HSCs (Venkatraman et al., 2013), was

not affected by PF (Figure S4A). Taken together, our in vivo re-

sults indicate that PF reduces PKA signaling in BM cells at

least in part through reduced IGF-1 levels, but without affecting

IGF-1R expression (Figure 4B).

(B) Survival curve with vertical dashed lines indicating the prechemo fasting period; p < 0.01, log-rank (Mantel-Cox) test; n = 20 (ten male and ten female).

(C) DNA damage measurement (olive tail moment) in bone marrow (BM) cells (day 81, sixth recovery phase).

(D) Apoptosis measurement (TUNEL assay) in HSCs and MPP (day 81, sixth recovery phase).

(E) Hematological profile of mice. Total white blood cell (WBC), lymphocyte counts, and lymphoid/myeloid ratio (L/M) in mice treated with six cycles of CP

(200 mg/kg, i.p.). Each point represents the mean ± SEM; horizontal dashed lines indicate the ranges of baseline values; *p < 0.05, two-way ANOVA, comparing

CP versus PF + CP during the recovery phase, n = 12 (six male and six female); L/M ratio of peripheral blood (PB) is defined as number of lymphocytes divided by

number of myeloid cells (i.e., granulocytes and monocytes). See also Figures S1F and S1G.

(F) Hematological profile of human subjects. Lymphocyte counts and lymphoid/myeloid ratio (L/M) in patients undergoing two cycles (C1 and C2) of platinum-

based doublet chemotherapy in combination with either 24 or 72 hr (48 before and 24 hr after chemo) prolonged fasting; D1 and D8 indicate the first day (before

chemo) and eighth day after each chemotherapy cycle; each point represents the mean ± SEM; **p < 0.01, two-way ANOVA; sample size is indicated in pa-

rentheses.

(G) FACS analysis of hematopoietic stem and progenitor cells (day 84, end of sixth cycle); horizontal dashed lines indicate the baseline value.

(H) Proportion of the lymphoid-biased (Ly-HSC), balanced (Bala-HSC), and of the myeloid-biased (My-HSC) hematopoietic stem cells. The markers used are

lower side population of LSK (lower-SPLSK) for My-HSC, middle-SPKK LSK for Bala-HSC, and upper-SPLSK for Ly-HSC. The lower panels show amagnification of the

SP population in the upper panels. *p < 0.05, one-way ANOVA comparing to AL.

(I) BM cells collected frommice treated with either CP or PF +CPwere transplanted into the recipient mice. The chimerism of donor-derived cells in PB and that in

BM was determined 16 weeks after primary BM transplantation. The ratio of lymphocytes to myeloid cells (L/M) in the reconstituted blood was also measured.

For (G) and (I), n = 6–10 per group, *p < 0.05, **p < 0.01, t test comparing the PF with the nonfasted control group both in combination with cyclophosphamide

treatment. Error bars represent SEM.
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Figure 2. Prolonged Fasting Cycles Promote Chemotherapy-Independent Hematopoietic Regeneration

Mice in the control group were fed ad libitum and those in the PF group were fasted for one or two cycles as indicated. n = 4–12 female mice per group. Error bars

represent SEM.

(A) BrdU incorporation assay for LSK cells. Mice undergoing 24 + 48 hr prolonged fasting were injected (i.p.) with BrdU (0.1 mg/g, twice a day, for 2 days, starting

after 24 hr of fasting.

(B) Number of long-term hematopoietic stem cells (LT-HSC), short-term hematopoietic stem cells (ST-HSC), and multipotent progenitors (MPP).

(C) Number of common lymphoid progenitors (CLP) and myeloid progenitors (MP)

(legend continued on next page)
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To demonstrate that IGF-1 is a mediator of PF-dependent

effects on HSCs, we tested whether exogenous IGF-1 can blunt

the effect of PF on HSC number and PKA activity. Fasted mice

were injected with IGF-1 (200 mg/kg) to reverse the reduction of

IGF-1 during PF. Results indicate that IGF-1 administration

significantly blunted PF-induced reduction of PKA/pCREB in

the LSKpopulation, particularly in HSCs (Figure 4C). It also blunt-

ed the PF-induced increase in HSCs but not in MPPs (Figure 4D;

Table S4). We further investigated whether the induction in HSCs

can lead to enhanced engraftment andwhether this effect is IGF-

1/PKA dependent. Results of competitive repopulation assays

indicate the PF improved hematopoietic reconstitution in PB

and in BM. This effect was blocked by exogenous IGF-1 (Figures

4E, 4F, S4B, and S4C). Results of secondary transplantation

further confirmed the effects in long-term repopulation capacity

(Figures 4G and 4H). Overall, these results strongly support a role

for lower IGF-1 and the consequent reduced activity of PKA in

PF-dependent stimulation of HSC self-renewal and the improve-

ment in both short- and long-term hematopoietic repopulation

capacities (Figures 4E–4H).

Because IGF-1R signaling and IGF-1 expression were both

reduced in the BM stromal niche cells (Lin�CD45�) from fasted

mice (Figure 5A), we investigated whether the stromal niche

could play a role in promoting PF-induced HSC self-renewal by

reducing IGF-1 levels in the microenvironment (as previously

shown in Figure 3A). To test this, LT-HSCs were purified (CD45+

LSK CD150+CD48�) from mice on either PF or the control diet

and then cross-exposed to the stromal niche cells (CD45�Lin�

fraction) from mice on either PF or the ad lib diet using coculture

systems (Figure 5B). Notably, LT-HSCs are unable to survive in

the absence of niche cells, so the isolated LT-HSCs were not

studied alone. Results indicate that the effect of PF on LT-HSC

is sufficient to promote the self-renewal of LT-HSC and its

capacity to generate ST-HSC and non-LSK progenitors (Lin-

non-LSK) (Figure 5C, comparing A to B, C to D). Also, the PF-

treated niche cells could increase the generation of ST-HSCs

from ad lib diet LT-HSCs (comparing A to C) and increases

further the ST-HSC number generated by PF-treated LT-HSCs

(comparing B to D). These results confirm the role of LT-HSCs

in mediating PF-dependent hematopoietic regeneration but

also indicate that niche cells exposed to PF can contribute to

the ST-HSC component of this regeneration in vitro.

Reduction of IGF-1 or PKA Signaling Promotes HSC
Self-Renewal
PKA has conserved proaging roles in yeast and mammals

(Fabrizio et al., 2001; Rinaldi et al., 2010). In yeast, integration

of an extra copy of the regulatory and inhibitory subunit of PKA,

BCY1 (BCY1(( oe) enhanced, whereasmutations inBCY1 that acti-

vate PKA decreased, cellular resistance to H2O2-induced oxida-

tive stress (Figure 6A) in agreement with our previous results with

RAS2- and adenylate cyclase-deficient mutants (Fabrizio et al.,

2003; Fabrizio et al., 2001). In mammalian cells, it was confirmed

by us and others that disruption of PKA signaling protects against

stress (Figures S5A–S5C) (Yan et al., 2007).

The role of PKA in hematopoietic regeneration, however, is

poorly understood. It is known that PKA negatively regulates

Foxo1 and positively regulates CREB and G9a (Chen et al.,

2008; Gonzalez andMontminy, 1989; Lee et al., 2011; Yamamizu

et al., 2012a). FoxOs maintain hematopoietic stress-resistance,

self-renewal and lineage homeostasis (Tothova et al., 2007),

whereas CREB and G9a promote hematopoietic lineage com-

mitment and differentiation (Chen et al., 2012; Yamamizu et al.,

2012b). We found that in PF mice, the reduction of IGF-1/pAkt

and PKA/pCREB signaling was associated with an induction of

Foxo1 expression and a reduction of G9a (Figures 6B and

S5E), but it did not affect the expressions of Foxo3a and

Foxo4 (Figures S5F–S5H). Also, the results indicated that the

numbers of ST-HSC and MPP were significantly increased after

treatment with PKA small interfering RNA (siRNA) as well as after

treatment with IGF-1 siRNA (Figures 6C and S5D; Table S5), in

agreement with the finding that inhibition of G9a increases prim-

itive HSCs (Chen et al., 2012).

Given that inhibition of mTOR, another key effector of nutrient

signaling, is known to enhance HSC self-renewal and mainte-

nance autonomously and nonautonomously, we examined the

crosstalk between mTOR and PKA in HSCs and MPPs (Chen

et al., 2009; Huang et al., 2012). Ex vivo rapamycin (an mTOR

inhibitor) treatment alone did not cause an induction in the

number of HSCs as expected based upon previous studies

with in vivo treatments (Figure 6C) (Nakada et al., 2010; Yilmaz

et al., 2012). This could be due to the need for a longer period

of mTOR inhibition to achieve HSC induction (Nakada et al.,

2010). In fact, when cotreated with PKA siRNA, rapamycin

caused an additional induction in ST-HSC and MPP, compared

to that caused by PKA knockdown alone suggesting that

diminished PKA signaling promotes the induction of HSCs,

which can be further potentiated by mTOR inhibition in certain

stem and progenitor cell subpopulations (Figure 6C). Notably,

the double inhibition of PKA and mTOR resulted in the syner-

gistic induction in ST-HSC and MPP but blunted the induction

in LT-HSC caused by PKA knockdown alone, which is similar to

what was caused by IGF-R knockdown (Figure 6C), and in

agreement with the potential role for IGF-1 in the regulation

of both PKA and mTOR in HSCs (Fontana et al., 2010; Longo

and Fabrizio, 2002).

The BM cells treated with IGF-1R siRNA or PKA siRNA ex vivo

(exBM) were further transplanted into the irradiated recipient

mice to assess their hematopoietic reconstitution capacity. In

agreement with the effects observed in PF mice, the PKA or

IGF-1R-deficient BM cells caused a significant improvement in

engraftment in PB and in BM compared to untreated BM cells

(D) Cell-cycle analysis for BM cells using Ki67 and Hoechst 33342.

(E) Apoptosis analysis for BM cells using TUNEL assay.

For (A)–(E), *p < 0.05, **p < 0.01, ***p < 0.005, t test comparing the AL-fed controls.

(F) Proportion of the lymphoid-biased (Ly-HSC), balanced (Bala-HSC), and the myeloid-biased (My-HSC) hematopoietic stem cells. The markers used are lower

side population of LSK (lower-SPLSK) for My-HSC, middle-SPKK LSK for Bala-HSC, and upper-SPLSK for Ly-HSC.

(G) Number of lymphocytes and myeloid cells in young (6 months, 48 hr fasting) and old (18 months, eight cycles of fasting) mice.

For (F) and (G), *p < 0.05, **p < 0.01, and ***p < 0.005, one-way ANOVA.
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(Std) (Figure 6D). The long-term repopulation capacity was also

confirmed by secondary transplantation (Figure S5I).

DISCUSSION

When considering changes in gene expression and metabolism,

as well as the levels of various hormones, PF promotes co-

ordinated effects that would be difficult to achieve with any

pharmacological or other dietary intervention. In yeast, the key

changes responsible for the protective effects of starvation are

the downregulation of the glucose-sensing Ras/adenylate

cyclase/PKA and of the amino acid-sensing Tor/Sch9 (S6K)

pathways (Figure 7A) (Fontana et al., 2010). When mutations in

both pathways are combined, cells are extremely resistant to

a wide variety of toxins and can live up to 5-fold longer than

normal (Fabrizio et al., 2001; Kaeberlein et al., 2005; Kenyon,

2001; Longo and Finch, 2003; Wei et al., 2009). In mammals,

mutations that cause deficiency in the GHR-IGF-1 axis promote

a range of phenotypes that overlap with those in the highly pro-

tected yeast with deficiencies in nutrient signaling pathways

including dwarfism, stress resistance, and longevity extension

(Figure 7A) (Lee and Longo, 2011). In fact, cells from GHR/

IGF-1-deficient mice are protected from multiple forms of stress

(Brown-Borg et al., 2009; Salmon et al., 2005) and the IGF-1-

deficient (LID) mice, with an over 70% reduction in circulating

IGF-1, are resistant to several chemotherapy drugs (Lee et al.,

2010). Here, we connect the GHR-IGF-1 and the PKA proaging

pathways by showing that PKA functions downstream of IGF-1

to sensitize BM cells in agreement with results in yeast and with

the previously established connection between IGF-1 and PKA

in mammalian neuronal cells (Subramaniam et al., 2005).

However, the studies of growth-deficient yeast andmice could

not have predicted the remarkable effect of PF cycles in promot-

ing stem cell-based regeneration of the hematopoietic system.

Calorie intake was previously shown to affect the balance of

stem cell self-renewal and differentiation, which is important

for somatic maintenance and long-term survival (Bondolfi

et al., 2004; Chen et al., 2003; Ertl et al., 2008; Jasper and Jones,

2010; Rafalski and Brunet, 2011; Rando and Chang, 2012). In

mice, chronic calorie restriction (CR) promotes the self-renewal

of intestinal stem cells, muscle stem cell engraftment and neural

regeneration, preserves the long-term regenerative capacity of

HSCs, and prevents the decline of HSC number during aging

in certain mouse strains (Lee et al., 2002; Bondolfi et al., 2004;

Cerletti et al., 2012; Chen et al., 2003; Ertl et al., 2008; Rafalski

and Brunet, 2011; Yilmaz et al., 2012). Reduction of mTOR

signaling has been implicated as one of the major molecular

mechanisms responsible for the effects of CR on enhanced

stem cell function (Huang et al., 2012; Rafalski and Brunet,

2011; Yilmaz et al., 2012). However, neither CR nor other dietary

intervention had previously been shown to promote a coordi-

nated effect leading to the regeneration and/or rejuvenation of

a major portion of a system or organ.

Because during PF mammalian organisms minimize energy

expenditure in part by rapidly reducing the size of a wide range

of tissues, organs, and cellular populations including blood cells,

the reversal of this effect during refeeding represents one of the

most potent strategies to regenerate the hematopoietic and

possibly other systems and organs in a coordinated manner.

Here, we show that PF causes a major reduction in WBC num-

ber, followed, during refeeding, by a coordinated process able

to regenerate this immune system deficiency by changes begin-

ning during the fasting period, which include a major increase in

LT-HSC and ST-HSC and redirection of the frequency of Ly-

HSC/Bala-HSC/My-HSC leading to a lineage-balanced mode.

In fact, we show that PF alone causes a 28% decrease WBC

number, which is fully reversed after refeeding (Figures 7B and

S2F). Even after WBCs are severely suppressed or damaged

as a consequence of chemotherapy or aging, cycles of PF are

able to restore the normal WBC number and lineage balance,

suggesting that the organism may be able to exploit its ability

to regenerate the hematopoietic system after periods of starva-

tion, independently of the cause of the deficiency (Figure 7B).

In agreement with our results, starvation protects germline

stem cells (GSCs) and extends reproductive longevity in

C. elegans through an adaptive energy shift toward the less

committed cells (Angelo and Van Gilst, 2009). In contrast,

short-term fasting (%24 hr) in Drosophila promotes the differen-

tiation of hematopoietic progenitors to mature blood cells (Shim

et al., 2012). It will be important to determine whether the

coordinated regenerative changes observed during PF and

refeeding may resemble at least in part the sophisticated pro-

gram responsible for the generation of the hematopoietic system

during development.

Recent studies revealed that HSCs rely heavily on the meta-

bolic programs that prevent aerobicmetabolism tomaintain their

quiescent state and self-renewal capacity (Ito et al., 2012; Ta-

kubo et al., 2013; Yu et al., 2013). In the case of PF, the energy

metabolism is switched progressively from a carbohydrate-

based to a fat- and ketone body-based catabolism, which could

Figure 3. Deficiency in GHR-IGF-1 Signaling Promotes Hematopoietic Regeneration in Both Chemo-Treated and Untreated Mice
Measurements were performed in GHRKO and their age-matched littermates, with or without treatment with six cycles of CP (200 mg/kg, i.p.). n = 4–8 female

mice per group. Error bars represent SEM.

(A) BM IGF-1 level in GHRKO mice and PF mice compared to wild-type mice fed ad libitum (WT-AL), *p < 0.05, **p < 0.01, one-way ANOVA.

(B) DNA damage measurement (olive tail moment) in BM cells and mononuclear peripheral blood cells (PB) from GHRKO and their littermates (WT) (day 81, sixth

recovery phase).

(C) Apoptosis measurement (TUNEL assay) in hematopoietic stem and progenitor cells (day 81, sixth recovery phase).

(D) Number of hematopoietic stem and progenitor cells (day 84, end of sixth cycle); horizontal dashed lines indicate the chemo-free baseline value.

(E) Total white blood cell (WBC) and lymphocyte counts in PB of GHRKOmice and their littermates (WT); each point represents the mean ± SEM; vertical dashed

lines indicate CP treatments; horizontal dashed lines indicate baseline value; *p < 0.05, two-way ANOVA for recovery phases; lymphoid/myeloid ratio (L/M) after

six cycles of CP treatments. PB L/M ratio is defined as the number of lymphocytes divided by the number of myeloid cells (i.e., granulocytes and monocytes).

(F) Number of long-term hematopoietic stem cells (LT-HSC) and short-term hematopoietic stem cells (ST-HSC).

(G) Cell-cycle analysis using Ki67 and Hoechst 33342.

(H) Number of lymphocytes and myeloid cells in young (aged 6 months) and old (aged 18 months) mice.

For (B)–(D) and (F)–(H), *p < 0.05, **p < 0.01; t test comparing to the wild-type control.
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contribute to HSC self-renewal, in agreement with findings that

fatty acid oxidation promotes HSC asymmetric self-renewal

over the symmetric commitment (Ito et al., 2012).

PKA is known to promote lineage specification of HSC

through CREB and G9a (Chen et al., 2012; Yamamizu et al.,

2012b). As inhibition of G9a has been a key strategy to promote

reprogramming (Huangfu et al., 2008; Shi et al., 2008), the PF-

induced downregulation of G9a shown here may redirect cell

fate through a similar process causing the induction in HSCs,

analogously to that caused by G9a inhibition (Figure 5B)(Chen

et al., 2012). Recent studies also indicate that PKA can directly

phosphorylate and negatively regulate FoxO1 (Chen et al.,

2008; Lee et al., 2011), which has a profound role in stem cell

stress resistance, self-renewal and pluripotency maintenance

(Tothova et al., 2007; Zhang et al., 2011). Whereas PKA is impli-

cated in stem cell differentiation, our study suggests that cycles

of PF downregulate IGF-1 and PKA to promote stem cell self-

renewal.

A therapeutic challenge of hematopoietic regeneration is to

stimulate stem cell production for immediate tissue repair while

Figure 4. Prolonged Fasting Promotes IGF-1/PKA-Dependent Hematopoietic Regeneration

(A) PKA-dependent phosphorylation of CREB visualized by ICC inmouse embryonic fibroblast (MEFs) devoid of endogenous IGF-1R (R� cells) or overexpressing

human IGF1R (R+ cells). R+ cells were treated with IGF-1 and compared to cells transfected with PKACa siRNA.

(B) Prolonged fasting (PF) reduces both circulating IGF-1 levels and PKA activity in BM cells in mice.

(C and D) IGF-1 injection blunted the PF-induced (C) reduction of PKA/pCREB (D) increase in hematopoietic stem cells.

(E–H) The chimerism of donor-derived cells in PB and that in the BM was determined 16 weeks after primary and secondary BM transplantation.

n = 4–8 female mice per group, *p < 0.05, **p < 0.01, and ***p < 0.005, one-way ANOVA. Error bars represent SEM.

Figure 5. The Role of Stromal Niche in PF-Induced HSC Self-Renewal

(A) Levels of the indicated proteins in BM stromal niche cells (Lin-CD45�).
(B) Diagrammatic representation of the coculture experiment.

(C) Number of CD45+ progenies generated by the purified LT-HSCs exposed to the indicated niche cells. Cells were grown in the contacting coculture system for

3 days and then analyzed by FACS. Error bars represent SEM.

*p < 0.05, **p < 0.01, and ***p < 0.005, t test for (A) and one-way ANOVA for (C).
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avoiding stem cell depletion under stress (Pang et al., 2011). Our

results indicate that cycles of an extreme dietary intervention

represent a powerful mean to modulate key regulators of cellular

protection and tissue regeneration but also provide a potential

therapy to reverse or alleviate the immunosuppression or immu-

nosenescence caused by chemotherapy treatment and aging,

respectively, and possibly by a variety of diseases affecting the

hematopoietic and immune systems and other systems and

organs. The clinical data shown here provide preliminary results

supporting the possibility that these effects can also be trans-

lated into effective clinical applications.

EXPERIMENTAL PROCEDURES

Mice

C57BL/6J mice (Jackson Laboratory) were used in this study. Mice are either

fasted for 48 hr or fed ad libitum before chemotherapy treatment. Cyclophos-

phamide (CP) was administered intraperitoneally (i.p.) at the dose of 200mg/kg

every 12–14 days (six cycles total). IGF-1 was injected (i.p.) at the dose of

100 mg/kg, twice a day. Six- to 8-week-old B6.SJL mice (Taconic) were

used as recipient mice in the competitive repopulation assay. Genotyping

for GHRKO mice was performed as shown in Figure S3A. All animal experi-

ments were done in accordance with the USC Institutional Animal Care and

Use Committee and NIH guidelines.

Comet Assay

DNA damage (including single-stranded DNA and double-stranded DNA

breaks) in freshly collected blood and bone marrow (BM) cells was assessed

by CometAssay (Trevigen) with a Nikon Eclipse TE300 fluorescent microscope

and analyzed with the Comet Score (TriTek, v.1.5). One hundred to two

hundred cells were scored per experimental sample.

Complete Blood Count

Peripheral blood (PB) was collected via tail bleeds into heparinized

microhematocrit capillary tubes (Fisher Scientific) was and analyzed using

BC-2800 Auto Hematology Analyzer (Mindray). CBC profiles from clinical

Figure 6. Reduction of IGF-1-PKA Signaling Promotes Hematopoietic Stem Cell Self-Renewal

(A) Yeast cells (DBY746 background) overexpressing BCY1 (BCY1oe), which reduces PKA activity, or cells carryingmutations that activate PKA activity (bcy1CA1

and bcy1CA2) were grown in SDC for 3 days and treated with H2O2 (50 or 100 mM) for 30 min at 30�C. Cells were serially diluted and plated onto YPD plates.

(B) PKA-regulated self-renewal pathways in PF mice. The levels of phosphorylation or expression of intracellular proteins in the indicated cellular populations

and expression of indicated genes in total BM cells. BM cells were collected frommice with or without 48 hr starvation (AL and PF). n = 4 female mice per group,

**p < 0.01, *p < 0.05, t test.

(C) Number of hematopoietic stem cells (per 53 105 total BM) and progenitor cells (LT-HSC, ST-HSC, and MPP) under the indicated treatments. *p < 0.05, **p <

0.01, and ***p < 0.005, one-way ANOVA. See also Figures S7F and S7G.

BM cells treated with PKA siRNA, IGF-1R siRNA or IGF-1 (versus nontreated cells) were transplanted into immunocompromised-recipient mice.

(D) The engraftment in PBwasmeasured at indicated time point after primary transplantation and the engraftment in BMwasmeasured at the end of the 16weeks

after primary transplantation. n = 4–8 female mice per group, *p < 0.05, **p < 0.01, and ***p < 0.005, one-way ANOVA.

Error bars represent SEM.
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trial were obtained from phase I clinical trial NCT00936364, approved

by USC Institutional Review Boards (IRBs) (http://clinicaltrials.gov/show/

NCT00936364).

Competitive Repopulation Assay

BM collection and transplantation were performed as previously described

(Adams et al., 2007). Briefly, BM cells were collected from mice (C57B/6J)

treated with six cycle CP. BM cells (2.5 3 105) from CP-treated mice were

mixed with an equal number of those from a wild-type competitor mouse

(B6.SJL) and injected into recipient B6.SJL, lethally irradiated 24 hr previously

with 10 Gy of radiation. The relative contribution of engraftment from the

different cell sources was assessed by flow cytometry of the PB with

CD45.2 (C57B/6) and CD45.1 (B6.SJL) antigens.

FACS Analysis

FACS analyses for LT-HSCs (LSK-CD48�CD150+), ST-HSCs (LSK-CD48�

CD150�), and MPPs (LSK CD48+CD150�) in BM were performed as previ-

ously described (Figure S1) (Adams et al., 2007; Challen et al., 2010).

Freshly harvested BM cells were stained with lineage, stem, and progenitor

markers, followed by Annexin-V/7-AAD staining and TUNEL assay for

apoptosis analysis or stained with PY/Hoechst 33342 or Ki67/Hoechst

33342 for cell-cycle analysis. For competitive repopulation analysis, PB

Figure 7. PF Reduces IGF-1/PKA to Pro-

mote Lineage-Balanced Hematopoietic

Regeneration

(A) A simplified model for a partially conserved

nutrient signaling PKA pathway in yeast and

mammalian cells. Arrows show activating actions,

and horizontal bars indicate inhibitory actions. GH,

growth hormone; AC, adenylate cyclase; PKA,

protein kinase A; CREB, cAMP response element-

binding protein; Foxo1, Forkhead box protein O1;

G9a, H3 Lys-9 methyltransferase.

(B) A simplified model for PF-induced effects on

WBC and HSCs. Fasting causes amajor reduction

in WBCs followed by their replenishment after re-

feeding, based on effects on HSCs self-renewal

resulting in increased progenitor and immune

cells. These effects of PF can result in reversal of

chemotherapy-based immunosuppression but

also in the rejuvenation of the immune cell profile in

old mice.

was collected from tail vein. Fifty to one hundred

microliters of blood was diluted 1:1 with PBS

and incubated with anti-CD45.1, anti-CD45.2 an-

tibodies, and anti-CD11b (BD Biosciences).

Analysis was performed with BD FACS diva on

LSR II.

BrdU Incorporation

For detecting cell genesis, mice were injected (i.p.)

with the filter sterilizedBrdU 2.0% solution (Sigma)

at 0.1 mg/g body weight in PBS, twice a day, for

2 days, starting after 24 hr of prolonged fasting

(PF mice). BM cells were collected and stained

with anti-BrdU combining with the plasma

membranemarker antibodies asmentioned above

and analyzed on BD FACS diva on an LSR II, ac-

cording to the manufacturer’s protocol (BD

Biosciences).

Oxidative Stress Assay for Yeast

Day 3 cells were diluted to anOD600 of 1 in K-phos-

phate buffer (pH 6) and treated with 50 or 100 mM

hydrogen peroxide for 30 min. Serial dilutions of

untreated and treated cells were spotted onto YPD plates and incubated at

30�C for 2–3 days.

Cell Culture and Treatments

Cell lines and primary cells used in this study were cultured at 37�C and 5%

CO2. Mouse embryonic fibroblast with overexpressed human IGF1R (R+ cells)

were derived from IGF1R knockout mice (obtained from Dr. Baserga) and

cultured in DMEM/F12 supplementedwith 10% fetal bovine serum (FBS). Cells

were seeded at 80% (R+ cells) or 50% (exBMor hAFSCs) confluence for IGF-1R

and PKACa siRNA transfection (100 nM, with 1% X-tremeGENE transfection

reagents, Roche) and/or rapamycin treatment (5 nM), and the inhibition effi-

ciencies of the target proteins are shown in Table S5. The IGF-1 induction

(10 nM, 15min) was performed at 24 hr after standard incubation. CREB phos-

phorylation was measured by immunocytochemistry (ICC) with the pCREB-

AF488 antibody (cell signaling, 1:200, overnight at 4�C). Explanted BM cells,

isolated HSCs and BM stromal cells were incubated with alpha-MEM + 10%

FBS. Cell contents were analysis by FACS as described above.

Statistical Analysis

The significance of the differences in mouse survival curves was determined

by Log-rank (Mantel-Cox). Unless otherwise indicated in figure legends,

data are presented as means ± SEM. Student’s t tests for two groups and
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ANOVA for multiple groups were used to assess statistical significance

(*p < 0.05, **p < 0.01, ***p < 0.005).

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,

five figures, and five tables and can be found with this article online at http://

dx.doi.org/10.1016/j.stem.2014.04.014.
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SUMMARY

Human pluripotent stem cells (hPSCs) offer a unique
platform for elucidating the genes and molecular
pathways that underlie complex traits and dis-
eases. To realize this promise, methods for rapid
and controllable genetic manipulations are urgently
needed. By combining two newly developed gene-
editing tools, the TALEN and CRISPR/Cas systems,
we have developed a genome-engineering platform
in hPSCs, which we named iCRISPR. iCRISPR
enabled rapid and highly efficient generation of bial-
lelic knockout hPSCs for loss-of-function studies,
as well as homozygous knockin hPSCs with specific
nucleotide alterations for precise modeling of dis-
ease conditions. We further demonstrate efficient
one-step generation of double- and triple-gene
knockout hPSC lines, aswell as stage-specific induc-
ible gene knockout during hPSC differentiation. Thus
the iCRISPRplatform is uniquely suited for dissection
of complex genetic interactions and pleiotropic gene
functions in human disease studies and has the po-
tential to support high-throughput genetic analysis
in hPSCs.

INTRODUCTION

The identification and functional validation of sequence variants

affecting diverse human traits, including disease susceptibility, is

key to understanding human biology and disease mechanisms.

Advances in next-generation sequencing and genome-wide as-

sociation studies have led to the rapid discovery of numerous

disease-associated sequence variants in recent years. To func-

tionally validate this increasing number of disease-associated

mutations, an ideal platform should not only closely recapitulate

their genomic, cellular, and human-specific contexts (Cooper

and Shendure, 2011), but also offer superior speed and capacity

to meet the growing demand.

Human pluripotent stem cells (hPSCs), including human em-

bryonic stem cells (hESCs) and the closely related human

induced pluripotent stem cells (hiPSCs), offer a promising solu-

tion to meet these challenges (Zhu and Huangfu, 2013). First,

hPSCs have unlimited self-renewal capacity, providing a renew-

able source of experimental cells suitable for rapid, large-scale

analyses. Second, they have the potential to generate all adult

cell types, including rare or inaccessible human cell populations,

providing a unique platform to recapitulate the cellular and hu-

man-specific contexts required for disease studies. Yet, to fulfill

this potential, it is of paramount importance to develop methods

for rapid, efficient, and controllable genetic manipulation in

hPSCs. Unfortunately, while classic gene-targeting technology

via homologous recombination in mouse ESCs (mESCs) has

proven a powerful tool to dissect gene function (Capecchi,

2005; Thomas and Capecchi, 1986; Thomas et al., 1986), this

approach has been extremely inefficient when applied to hPSCs

(Hockemeyer and Jaenisch, 2010).

Recently, with the advent of programmable site-specific nu-

cleases, genome engineering has become a much easier task

in a wide range of organisms and cultured cell types including

hPSCs (Joung and Sander, 2013; Ran et al., 2013b; Urnov

et al., 2010). Acting as ‘‘DNA scissors,’’ they induce double

strand breaks (DSBs) at desired genomic loci, triggering the

endogenous DNA repair machinery. Processing of DSBs by

the error-prone nonhomologous end-joining (NHEJ) pathway

leads to small insertions and deletions (Indels) useful for gener-

ating loss-of-function mutations, whereas error-free homology

directed repair (HDR) enables targeted integration of exoge-

nously provided DNA sequences for introducing precise nucleo-

tide (nt) alterations or knockin reporters.

Transcription activator-like effector nucleases (TALENs) and

the clustered regularly interspaced short palindromic repeats

(CRISPR)/CRISPR-associated (Cas) systems have emerged

as powerful and versatile site-specific nucleases for genome

modification in a variety of model systems. TALENs are typically

designed as pairs to bind the genomic sequences flanking

the target site. Each TALEN arm consists of a programmable,

sequence-specific TALE DNA-binding domain linked to a

nonspecific DNA cleavage domain derived from the bacterial

restriction endonuclease FokI (Cermak et al., 2011; Miller
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et al., 2011). Recent studies have also successfully adapted

the prokaryotic type II CRISPR/Cas system for genome editing

in eukaryotic systems (Cong et al., 2013; DiCarlo et al., 2013;

Gratz et al., 2013; Hwang et al., 2013; Mali et al., 2013b).

The type II CRISPR/Cas system requires two components:

the DNA endonuclease Cas9 protein for DNA cleavage and

a variable CRISPR RNA (crRNA) and trans-activating crRNA

(tracrRNA) duplex for DNA target recognition (Jinek et al.,

2012). Binding of crRNA/tracrRNA to the target sequence via

Watson-Crick base pairing directs Cas9 to any genomic locus

of interest for site-specific DNA cleavage. The CRISPR/Cas

system has now been further improved for use in mammalian

systems through Cas9 codon optimization and replacement of

the crRNA/tracrRNA duplex with a single chimeric guide RNA

(gRNA) (Cho et al., 2013; Cong et al., 2013; Jinek et al., 2013;

Mali et al., 2013b).

While programmable site-specific nucleases have significantly

improved our capacity to genetically modify hPSCs (Ding et al.,

2013a, 2013b; Hockemeyer et al., 2009, 2011; Hsu et al., 2013;

Mali et al., 2013b; Soldner et al., 2011), none of the available

methods has achieved multiplexed gene targeting or inducible

gene knockout in hPSCs. These two features are crucial for inter-

rogating complex genetic interactions and pleiotropic gene func-

tions, which are often difficult to study using animal models due

to the involvement of multiple alleles and random segregation of

these alleles through breeding.

To achieve rapid, multiplexable, and inducible genome editing

in hPSCs, we have developed a genome-engineering platform.

Through TALEN-mediated gene targeting, we created a panel

of hPSC lines for robust, doxycycline-inducible expression of

Cas9 (referred to as iCas9 hPSCs). By transfecting iCas9 hPSCs

with gRNAs targeting different genes, we have generated bial-

lelic knockout hPSC lines for six individual genes with high effi-

ciency (�20% to �60%). This highly efficient platform enabled

us to generate double- and triple-gene knockout hPSC lines in

a single step with up to �10% efficiency. Moreover, cotransfec-

tion of gRNAs with a single-stranded DNA (ssDNA) HDR tem-

plate yielded homozygous knockin clones at a rate of up to

�10%, allowing efficient and scarless introduction of defined

nucleotide modifications in different hPSC lines for disease

modeling. Finally, we achieved stage-specific inducible gene

knockout during hPSC differentiation. This versatile new plat-

form, which we called ‘‘iCRISPR,’’ allows rapid generation of

mutant hPSCs for analysis of complex disease phenotypes in

isogenic backgrounds and could be easily scalable for high-

throughput genetic analysis.

RESULTS

An iCRISPR Platform for Rapid and Versatile Genome
Editing
A recent study by Jaenisch and colleagues successfully applied

CRISPR/Cas for highly efficient genomemodifications in mESCs

(Wang et al., 2013), which suggests similar approaches may

work in hPSCs. Encouraged by these findings, we investigated

the efficiency of CRISPR/Cas-mediated genome editing in

hESCs through plasmid electroporation to transiently express

Cas9 and a specific gRNA, a method that is currently used

in hESCs (Figure 1A, upper panel). Although we successfully

generated heterozygous GATA6 mutant lines at 2%–6% effi-

ciencies, no homozygousmutants were identified out of 384 total

hESC clones analyzed (Table 1). This finding is consistent with

the variable and generally low gene editing efficiencies observed

by others in hPSCs (Ding et al., 2013b; Hsu et al., 2013; Mali

et al., 2013b) and highlights the need for a more efficient method

to model human traits caused by recessive or multiple-gene

mutations.

We reasoned that one could develop a more efficient and ver-

satile genome-editing platform by first generating hPSCs that

expressCas9, the invariable component of theCRISPR/Cas sys-

tem. We anticipated that Cas9-expressing hPSCs would be

easily transfected with gRNAs due to their small size (�100 nt),

which in turn could lead to reproducible and highly efficient

genome editing (Figure 1A, lower panel). We first determined

the efficiency of lipid-mediated transfection of small RNAs.

Using a control fluorescence-labeled, double-stranded RNA

(dsRNA) probe, we estimated that�60% hESCs would be trans-

fected with gRNAs (Figure S1A available online). In contrast, only

�10% GFP+ hESCs were detected by flow cytometry after elec-

troporation of a GFP-expressing plasmid of comparable size

with the Cas9/gRNA vectors (Figures S1A–S1D). Importantly

and in contrast to plasmid electroporation, lipid-mediated trans-

fection is associated with very low cytotoxicity. This opens up

the possibility of repeated transfections and cotransfection of

multiple gRNAs for multiplexed genome editing, as well as

gRNA transfection during a specific stage of hPSC differentiation

for inducible gene knockout.

We next engineered iCas9 hPSC lines for doxycycline-induc-

ible expression of Cas9 through TALEN-mediated gene target-

ing. We chose to target the transgenes into the AAVS1 (also

known as PPP1R12C) locus because it has been shown to

support robust and sustained transgene expression in a

manner similar to that of the Rosa26 locus in mice (Smith

et al., 2008). Based on a gene trap approach used by Jaenisch

and colleagues (Hockemeyer et al., 2011), we coelectropo-

rated the AAVS1 TALEN constructs with two donor plasmids

targeting the first intron of the PPP1R12C gene in three

hESC lines (HUES8, HUES9, and MEL-1) and one hiPSC line

(BJ iPSC) (Cowan et al., 2004; Huangfu et al., 2008). One donor

plasmid contains a doxycycline-inducible Cas9 expression

cassette (Puro-Cas9 donor), and the other carries a constitu-

tive reverse tetracycline transactivator (M2rtTA) expression

cassette (Neo-M2rtTA donor) (Figures 1B, S1E, and S1F).

Southern blot analysis revealed a high biallelic targeting effi-

ciency: >50% of the clonal lines have both transgenes

correctly inserted without additional random integrations (Fig-

ures 1C and S1G). qRT-PCR analysis confirmed the induction

of Cas9 expression upon doxycycline treatment in all clonal

iCas9 lines examined (Figures 1D and S1H). Further analysis

showed that iCas9 hPSCs display uniform expression of the

pluripotency markers OCT4, NANOG, and SOX2 (Figure S1I)

and maintain the capacity to differentiate into tissue derivatives

of the three embryonic germ layers in teratoma assays (Fig-

ure S1J). Furthermore, the AAVS1 targeting strategy does not

introduce apparent chromosomal aberrations, as confirmed

by karyotyping analysis (two of the iCas9 lines inherited a

duplication present in the parental line before the targeting

experiment) (Table S1).
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One-Step Creation of Single-, Double- and Triple-Gene
Knockout hPSCs
To determine the capacity of iCas9 hPSCs for gene editing,

we designed a panel of gRNAs targeting six genes (NGN3(( ,

GATA4,GATA6, TET1, TET2, and TET3) located on five different

chromosomes (Figure S2A). We first selected gRNAs effectively

targeting each gene by performing experiments in 293T cells and

assessing Indel rates using T7 Endonuclease I (T7EI), which

specifically cleaves heteroduplexes formed by the hybridization

of wild-type and mutant DNA sequences (Mashal et al., 1995)
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Figure 1. Engineering an iCRISPR Platform

through Generating iCas9 hPSCs

(A) Schematic comparison of the current genome

editing approach in hPSCs by electroporation of

a �10 kilobase (kb) CRISPR/Cas9 vector (upper

panel) with the iCRISPR platform (lower panel) for

genome editing in hPSCs. Cas9 protein (green)

binds a chimeric gRNA composed of a constant

transactivating structural region (purple) and a

variable DNA recognition site (red). The Cas9/

gRNA complex binds to DNA and induces a

DSB (yellow). TRE, tetracycline response element;

CAG, constitutive synthetic promoter; M2rtTA,

reverse tetracycline transactivator sequence and

protein; doxycycline, red dots.

(B) Generation of iCas9 hPSCs through TALEN-

mediated gene targeting at the AAVS1 locus. Red

lines indicate homology to PPP1R12C intron 1; SA,

splice acceptor; 2A, self-cleaving 2A peptide;

Puro, Puromycin resistance gene; Neo, Neomycin

resistance gene.

(C) Southern blot analysis of HUES8 iCas9 lines

using 30 external and 50 internal probes. Lines

carrying desired targeted insertions of the Puro-

Cas9 and Neo-M2rtTA donor sequences without

random integrations are indicated in red.

(D) Quantitative real-time RT-PCR (qRT-PCR)

analysis of Cas9 transcript levels with or without

doxycycline (Dox) treatment in HUES8 iCas9 lines.

See also Figure S1 and Table S1.

(Figure S2B). Next, iCas9 hPSCs were

treated with doxycycline and transfected

with selected gRNAs generated through

in vitro transcription (Figure 2A). We

observed �30% Indel rates based on

T7EI assays performed on genomic

DNA extracted 2 or 3 days after gRNA

transfection (Figure 2B). For TET1 and

TET2, we designed Restriction Fragment

Length Polymorphism (RFLP) assays

to directly assess the loss of a restric-

tion site in proximity to the predicted

Cas9 cleavage site (Figure 2C). RFLP

assays revealed a higher mutation rate

compared to T7EI (42% versus 26% for

TET1-Cr2, 42% versus 31% for TET2-

Cr4; Figure 2D), suggesting that T7EI

assays may underestimate the rate of

mutations as suggested for similar Indel

assays (Guschin et al., 2010). Encour-

aged by these high Indel rates, we then performed multiplexed

genome editing through cotransfection of gRNAs targeting

two or three genomic loci. Multiplexed targeting of GATA4 and

GATA6 induced 28% and 16% of Indels in the respective loci

(Figure 2E). Similar efficiencies were observed for multiplexed

targeting of TET1, TET2, and TET3 (to 17%, 11%, and 18%,

respectively) through optimizing the transfection conditions

(Figure 2E and Figures S3A–S3D). These results suggest

that our system supports efficient genome editing including

multiplexing.
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We next established clonal lines after gRNA transfection (Fig-

ure 3A). For single-gene targeting, we generated mutant hESC

lines affecting six individual genes after typically sequencing 36

to 96 clones for each targeting experiment. Approximately

42% (ranging from 20% to 75%) clones carried mutations in at

least one allele. Notably, the majority of mutant clones carried

mutations in both alleles, including both homozygous and com-

pound heterozygous mutations (Figures 3B and 3D and Table 1).

Some gRNAs induced nonrandom deletions on target se-

quences in a significant number of clones, a phenomenon which

has been reported by others in the murine system (Wang et al.,

2013). For instance, 10 out of 12 biallelic mutant lines generated

with an NGN3-targeting gRNA (NGN3(( -Cr6) contained an

identical homozygous 7 base pair (bp) deletion, and 9 out of 14

biallelic mutant clones generated with a TET2- targeting gRNA

(TET2-Cr2) carried the same 3 bp deletion (Figure S3E). Prefer-

ential generation of these alleles is likely caused by microhomol-

ogy-mediated repair that utilizes short stretches of repeated

sequences flanking the DSB site.

The use of iCas9 hPSCs also enabled efficient one-step multi-

plexed gene editing. We were able to identify mutant clones

affecting two genes (i.e., all four alleles of GATA4 and GATA6)

and three genes (i.e., all six alleles of TET1, TET2, and TET3)

with�5% efficiencies (Figures 3C and 3D and Table S2). Further

optimization of gRNA transfection conditions (Figures S3A–S3D)

improved the efficiency of biallelic triple-gene targeting to close

to 10% (Table S2). Since TET proteins are responsible for cata-

lyzing the conversion of 5-methylcytosine (5mC) to 5-hydroxy-

methylcytosine (5hmC) (Ito et al., 2010; Tahiliani et al., 2009),

we analyzed the 5hmC levels in triple-targeted hESC lines. As

expected from loss-of-function alleles, we detected a significant

reduction of 5hmC levels in all triple-genemutant lines compared

with wild-type control hESCs (Figure 3E). These findings demon-

strate rapid, single-step generation of multiple-gene knockout

lines for loss-of-function studies. Importantly, despite the high

gene-editing efficiencies, we did not detect off-target mutations

in multiple single- and triple-gene mutant hESC lines analyzed

(Table S3).

Precise HDR-Mediated Genome Editing for Disease
Modeling
To accurately dissect gene function in human development and

disease, precise nucleotide alterations are required to either

create disease-specific variants in wild-type cells or correct dis-

ease-associated mutations in patient cells. To test this

approach, we cotransfected doxycycline-treated iCas9 hPSCs

with a GATA6-targeting gRNA (GATA6-Cr8) and a 110 nt ssDNA

repair template introducing a single nt mutation (Figures 4A and

4B). T7EI analysis revealed �50% and �35% mutation rates in

HUES8 and BJ iPSCs, respectively. Because the HDR ssDNA

template creates a silent BsgI restriction site in GATA6, we

next performed RFLP analysis to discriminate successful HDR-

mediated gene editing from NHEJ-mediated Indels, and we

determined that�15% of HUES8 and�8% of BJ iPSC genomic

DNA sequences integrated the desired modification (Figures 4C

and 4D). Next, we replated transfected cells to establish mutant

clones (Figure 4B). RFLP analysis on 96 clones identified 33

(34%) cloneswith at least one BsgI site and 15 (16%) clones con-

taining one BsgI site in each GATA6 allele (Figure 4E). Sequence

analysis verified that nine clones carried the desired homozy-

gous mutations without additional sequence alterations (Figures

4F and 4G). Similar results were obtainedwith theNGN3 locus as

determined by RFLP analysis (Figures S4A and S4B).

Since our platform allows rapid generation of precise homozy-

gous knockin mutations, we tested the feasibility of generating

an allelic series for modeling disease susceptibility.

APOE is the most common risk locus associated with late-

onset Alzheimer’s disease (LOAD). There are three common

allelic variants of APOE, known as ε2, ε3, and ε4. The most com-

mon ε3 variant is considered ‘‘neutral,’’ whereas the ε4 variant is

the major known risk factor with a dose-dependent effect: an

increased number of the ε4 alleles (i.e., from 0 to 1 and to 2) is

associated with increased risk and decreased onset age (Corder

et al., 1993). Sequence analysis showed that bothHUES8 andBJ

iPSCs carry the common ε3/ε3 genotype (Figure 5A). We there-

fore sought to create hPSCs carrying the ε3/ε4 and ε4/ε4 geno-

types, which would be useful for modeling disease susceptibility.

Table 1. CRISPR/Cas-Mediated Single-Gene Targeting in hESCs

GeneGe eGene CRISPRC SCRISPR Delivery Methode e y e odDelivery Method

Mutant Alleles per Clone

11

2

compound heterozygotesco pou d e e o ygo escompound heterozygotes homozygoteso o ygo eshomozygotes total biallelic mutant cloneso a b a e c u a c o estotal biallelic mutant clones

NGN3G 3NGN3NGN3 Cr5C 5Cr5 gRNA transfectiong a s ec ogRNA transfection 2/48 (4 2%)/ 8 ( %)2/48 (4.2%) 2/48/ 82/48 10/480/ 810/48 12/48 (25%)/ 8 ( 5%)12/48 (25%)

Cr6C 6Cr6 gRNA transfectiong a s ec ogRNA transfection 1/36 (2 8%)/36 ( 8%)1/36 (2.8%) 1/36/361/36 5/365/365/36 6/36 (16 7%)6/36 ( 6 %)6/36 (16.7%)

GATA4GGATA4GATA4 Cr2CCr2 gRNA transfectiong a s ec ogRNA transfection 2/96 (2 1%)/96 ( %)2/96 (2.1%) 19/969/9619/96 5/965/965/96 24/96 (25%)/96 ( 5%)24/96 (25%)24/96 (25%)

GATA6G 6GATA6 Cr1CCr1 gRNA transfectiong a s ec ogRNA transfection 14/40 (35%)/ 0 (35%)14/40 (35%) 7/40/ 07/407/40 0/400/ 00/400/40 7/40 (17 5%)/ 0 ( 5%)7/40 (17.5%)

Cr8C 8Cr8 gRNA transfectiong a s ec ogRNA transfection 6/48 (12 5%)6/ 8 ( 5%)6/48 (12.5%) 13/483/ 813/4813/48 1/48/ 81/48 14/48 (29 2%)/ 8 ( 9 %)14/48 (29.2%)

Cr8C 8Cr8 plasmid electroporationp as d e ec opo a oplasmid electroporation 2/96 (2 1%)/96 ( %)2/96 (2.1%) 0/960/960/96 0/960/960/960/96 0/96 (0%)0/96 (0%)0/96 (0%)

Cr8C 8Cr8 plasmid electroporation*p as d e ec opo a oplasmid electroporation 17/288 (5 9%)/ 88 (5 9%)17/288 (5.9%) 0/2880/ 880/2880/288 0/2880/ 880/2880/288 0/288 (0%)0/ 88 (0%)0/288 (0%)

TET1TET1 Cr2CCr2 gRNA transfectiong a s ec ogRNA transfection 4/48 (8 3%)/ 8 (8 3%)4/48 (8.3%) 10/480/ 810/4810/48 3/483/ 83/483/48 13/48 (27 1%)3/ 8 ( %)13/48 (27.1%)

TET2TET2 Cr4CCr4 gRNA transfectiong a s ec ogRNA transfection 6/48 (12 5%)6/ 8 ( 5%)6/48 (12.5%) 14/48/ 814/4814/48 14/48/ 814/48 28/48 (58 3%)8/ 8 (58 3%)28/48 (58 3%)28/48 (58.3%)

TET33TET3 Cr4CCr4 gRNA transfectiong a s ec ogRNA transfection 4/48 (8 3%)/ 8 (8 3%)4/48 (8.3%) 24/48/ 824/48 8/488/ 88/48 32/48 (66 6%)3 / 8 (66 6%)32/48 (66.6%)

In vitro transcribed gRNAs targeting NGN3, GATA4, GATA6, NGN3, TET1, TET2, or TET3 were transfected in doxycycline-induced iCas9 hESCs or

electroporated as plasmids (GATA6 Cr8) in wild-type HUES8 or HUES9 (*) hESCs. The number of lines containing each specific number of mutated

alleles (1 or 2) is shown in relation to the total number of lines screened in each experiment.

Cell Stem Cell

Versatile and Rapid Genome Engineering in hPSCs

218 Cell Stem Cell 15, 215–226, August 7, 2014 ª2014 Elsevier Inc.



We targeted the single-nucleotide polymorphism (SNP)

rs429358 in APOE exon 4 to introduce a T-to-C transition for

conversion from ε3 to ε4 (Figure 5B).We designed gRNAs target-

ing APOE (Figure S4C) and selected the most effective one

(APOE(( -Cr3) through the T7EI assay (Figure S4D). Next, we co-

transfected doxycycline-treated iCas9 hPSCs with APOE-Cr3

gRNA and a 120 nt ssDNA repair template carrying the ε4 poly-

morphism and a BanI silent restriction site (Figure 5B). T7EI anal-

ysis revealed�21% and�13%mutation rates in the HUES8 and

BJ iPSC APOE loci, respectively. As observed previously, RFLP

assay using NotI revealed a higher mutation rate (49% in HUES8

and 23% in BJ iPSCs; Figures 5C and 5D). Using BanI RFLP we

further discriminated HDR-mediated gene editing from NHEJ-

mediated Indels and estimated that �2%–3% of the target

sequence had the desired modification (Figures 5C and 5D).

Indeed, sequence analysis confirmed successful generation of

clonal lines carrying an APOE allelic series in both HUES8 and

BJ iPSCs: the original ε3/ε3 and the modified ε3/ε4 and ε4/ε4

genotypes (Figure 5A). This strategy could be easily modified

to convert the risk-associated ε4 variant to the standard ε3

variant to create isogenic control cells for studies of hPSCs

carrying the ε4 variant or for therapeutic purposes.
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Figure 2. Single and Multiplexed gRNA

Transfection Efficiently Induces Indels in

iCas9 hPSCs

(A) Schematic representation of the experimental

procedure.

(B) T7EI assay for Cas9-mediated cleavage in

HUES8 iCas9 cells using single gRNAs targeting

NGN3 (Cr5, 6),GATA6 (Cr1, 8), TET1 (Cr2, 3), TET2

(Cr3, 4), and TET3 (Cr2, 4). All gRNAs were trans-

fected twice, except for GATA6 (Cr1, 8), which

were transfected once. In all figures in this study

red asterisks indicate the expected T7EI-specific

fragments used to quantify Indel frequency (blue).

(C) Schematic of Cas9/gRNA-targeting sites (pink

arrows in all figures in this study) in TET1 and TET2

loci showing exon structure (blue boxes in all

figures in this study), PCR amplicons (light gray

boxes in all figures in this study), and StyI or PstI

restriction sites used for RFLP analysis. gRNA-

targeting sequences are in bold; protospacer-

adjacent motif (PAM) sequences are in orange;

Cas9 cleavage sites are indicated by blue arrow

heads; and restriction sites are underlined, here

and in all figures in this study.

(D) RFLP analysis upon TET1 (Cr2, 3), TET2 (Cr3,

4), or multiplexed TET1, 2, 3 (Triple) gRNA trans-

fection. In all figures in this study green asterisks

indicate the uncut PCR fragment used to quantify

Indel frequency by RFLP (blue).

(E) T7EI assay in HUES8 iCas9 cells transfected

with multiplexed GATA4, 6 (Double) or TET1, 2, 3

(Triple) gRNAs.

See also Figure S2.

Inducible Gene Knockout
Inactivating genes in a temporal or tissue-

specific manner has greatly facilitated the

study of genes with pleiotropic effects.

Since the iCRISPR platform allows induc-

ible Cas9 expression and tightly regulated delivery of gRNA with

minimal toxicity, we investigated the feasibility of conducting

inducible gene knockout. We were able to differentiate iCas9

hESCs first into definitive endoderm (DE) and subsequently

into pancreatic progenitor (PP) and insulin-expressing b-like

cells based on an established protocol (Kroon et al., 2008) (Fig-

ures S5A and S5B). We proceeded to determine the efficiencies

of inducible knockout by inducing Cas9 expression and perform-

ing gRNA transfection at the PP stage (Figure 6A). T7EI analysis

revealed an �20% Indel rate in PP cells transfected with an

NGN3-targeting gRNA (NGN3(( -Cr6) (Figure 6B). To further inves-

tigate the feasibility of using iCas9 cells for knocking out genes

in a tissue-specific manner, we enriched CXCR4-expressing

DE cells through fluorescence-activated cell sorting (FACS)

(D’Amour et al., 2005) and differentiated the cells further to

the PP stage for gRNA transfection (Figure 6A). T7EI analysis

showed that PP cells transfected with single gRNAs targeting

different genes carried on average�30% Indels in optimal trans-

fection conditions (Figure 6C). As observed in other experiments,

RFLP assays detected higher Indel rates, around 60% with

gRNAs targeting TET1 and TET2 (Figure 6D). Sequencing anal-

ysis of the PCR amplicon clones, a more direct measurement
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than T7EI or RFLP, revealed an average of �78% mutation rate

for all targeting experiments, reaching up to �97% with TET3

(Figure 6E). Notably, the majority of mutations were frameshift,

supporting the usage of this inducible gene-editing approach

for examination of loss-of-function phenotypes in a temporal-

specific and cell-type-specific manner.

The gRNA transfection method described above may interfere

with some differentiation procedures. To overcome this limita-

tion, we generated a Puro-Cr donor by modifying the Puro-

Cas9 AAVS1 donor vector to include a constitutive gRNA

expression module in addition to the doxycycline-inducible

Cas9 expression cassette (Figure S5C). Coelectroporation

of this Puro-Cr donor with the Neo-M2rtTA donor and the

A

B C

D

E

p

Figure 3. Single and Multiplexed Gene

Targeting

(A) Strategy of gene targeting.

(B and C) Allelic sequence distribution in HUES8

clonal lines generated with single gRNAs targeting

NGN3 (Cr5, 6),GATA4 (Cr2),GATA6 (Cr1, 8), TET1

(Cr2), TET2 (Cr4), or TET3 (Cr4) (B), or multiplexed

gRNAs targetingGATA4 andGATA6 (Cr2 and Cr1,

respectively) or TET1, TET2, and TET3 (Cr2, Cr4,

and Cr4, respectively) (C).

(D) Representative sequences of various knockout

(KO) mutant clones with PAM sequences labeled

in orange. pm, point mutation.

(E) Analysis of 5hmC levels in DNA isolated from

TET1, 2, 3 triple-targeted hESC clones by dot

blot assay using an anti-5hmC antibody. Wild-type

HUES8 iCas9 cells and human foreskin fibroblasts

(HFFs) were used as controls.

See also Figure S3 and Tables S2 and S3.

AAVS1-TALEN constructs allows the

generation of hPSC lines for conve-

nient, inducible knockout studies: all

cells would express the gRNA of inter-

est, which, upon doxycycline treatment,

would target the induced Cas9 protein

to the desired genomic locus (Figure 6F).

Following this strategy, we generated

hESC lines for inducible knockout

of NGN3 and TET2, named iCrNGN3

and iCrTET2, respectively (Figure S5D).

Doxycycline treatment of differentiated

iCrNGN3 and iCrTET2 hESCs at the PP

stage resulted in consistent induction of

Indels as revealed by T7EI and RFLP as-

says (Figures 5G and 5H). Sequencing

analysis of the PCR amplicons revealed

�55% and �75% mutation rates in

induced iCrNGN3 and iCrTET2 hESCs

(Figure 6I). The ratio of frameshift versus

nonframeshift mutations differed signifi-

cantly between induced iCrNGN3 and

iCrTET2 hESCs, suggesting that the

knockout efficiencies also depend on

the types of mutations generated. Impor-

tantly, to determine the tightness of our

inducible system, we analyzed PCR amplicons after prolonged

in vitro culture of iCrNGN3 hESCs (15 passages after establish-

ment of the line) in the absence of doxycycline treatment and

identified no mutations associated with potential ‘‘leaky’’ target-

ing at the NGN3 locus (Figure S5E). These findings demonstrate

the versatile use of the iCRISPR platform as an approach

for inducible gene knockout in hPSCs and their differentiated

progeny.

DISCUSSION

Efficient genetic engineering in hPSCs is crucial for elucidating

the genes andmolecular pathways that underlie complex human
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traits. While recent approaches based on TALEN and CRISPR/

Cas systems have led to encouraging results, a more efficient

and universal platform would be highly desirable for large-scale

analysis of gene function in the postgenomic era. The iCRISPR

platform offers a rapid and efficient approach to introduce

mutations in any gene of interest. Based on the high targeting

A

B

E

F G

C D

Figure 4. HDR-Mediated Genome Editing
(A) Schematic of Cas9/gRNA and ssDNA oligo targeting sites at the GATA6 locus. A C > T substitution (green) was introduced in the ssDNA HDR template,

generating a new BsgI restriction site (underlined), resulting in an R456C amino acid substitution in GATA6.

(B) Strategy of HDR-mediated genome editing.

(C and D) T7EI and RFLP assay in HUES8 (C) and BJ iPSCs (D) cotransfected with GATA6 gRNA (Cr8) and ssDNA HDR repair template.

(E and F) RFLP analysis (E) and allelic sequence distribution (F) in clones generated with GATA6 gRNA/ssDNA. wt, wild-type; mut, mutation. ‘‘R456C + random

mut’’ includes clones with undesired mutations in addition to the R456C modification in one or both alleles.

(G) Representative sequences of one homozygous (R456C/R456C) and one compound heterozygous (R456C/R456C + additional mutations) GATA6

mutant clone.
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efficiencies observed in our study, the analysis of �24 colonies

should be sufficient to establish multiple monoallelic and biallelic

mutant lines for loss-of-function studies of a single gene. We

expect that a trained individual could readily perform gRNA

transfection and analyze �300 colonies at a time, enabling the

generation of mutant lines affecting 12 genes in just 1 month,

or 144 genes in a year. Further optimization would enable the

use of the iCRISPR platform for high-throughput genetic analysis

of disease phenotypes in hPSCs. For instance, one may use the

iCRISPR platform to screen an array of human disease-associ-

ated genes for their functional relevance.

Using hESC lines in the current NIH hESC registry (HUES8,

HUES9, and MEL-1) as well as BJ iPSCs, we have generated

multiple iCas9 lines which will be available to the academic

community upon request. Establishing the iCRISPR platform in

different hPSC backgrounds requires minimal efforts due to

the highly efficient TALEN-mediated AAVS1 targeting approach:

only a handful of clonal lines need to be analyzed and the entire

procedure takes around 1 month. Once the system is estab-

lished, it can be used repeatedly and reliably for rapid and

versatile genetic studies in hPSCs, which is highly desirable for

laboratories interested in systematically interrogating biological

and disease mechanisms in isogenic backgrounds. Despite the

stable integration of Cas9 in hPSCs, Cas9 activity is tightly regu-

lated by doxycycline treatment, and no adverse effects were

observed. Two observations support this conclusion: first, the

karyotype of wild-type iCas9 lines remains normal even after

A

B

C D

Figure 5. Generation of an Allelic Series at

the APOE Locus

(A) Sequence analysis of SNP rs429358 in parental

HUES8 hESCs and BJ hiPSCs lines (ε3/ε3) and

derived HDR-mediated edited clones (ε3/ε4 or

ε4/ε4). Ratios indicate the number of colonies with

the specified genotype out of the total number of

colonies analyzed.

(B) Schematic of Cas9/gRNA and ssDNA oligo tar-

geting sites at the APOE locus. A T(red) > C(blue)

substitution was introduced in the ε4 ssDNA to

convert the ε3 allele into ε4, and in addition, a C > G

substitution (green) was introduced, generating a

novel BanI and disrupting the endogenous NotI

restriction site (underlined). SNP rs429358 and BanI

sites are indicated in APOE exon 4.

(C and D) T7EI and RFLP assay in HUES8 hESCs (C)

and BJ iPSCs (D) cotransfected with APOE gRNA

(Cr3) and ε4 ssDNA HDR repair template. Ratios

indicate the number of colonies with the specified

genotype out of the total number of colonies

analyzed.

See also Figure S4.

16 additional passages following line

establishment, and karyotypically normal

mutant lines have been established using

the iCRISPR system (Table S1); second,

even though iCrNGN3 hESCs consti-

tutively express the gRNA targeting the

NGN3 locus, sequencing analysis revealed

no mutations in the targeted site even after

15 additional passages in the absence of

doxycycline treatment (Figure S5E). Future studies can also

include the option to remove the Cas9 gene when desired by

flanking the Cas9 gene with loxP sites, for example.

It is worth noting that iCRISPR may create complete loss-of-

function (null), partial loss-of-function (hypomorphic), or, less

frequently, gain-of-function (e.g., dominant-negative) alleles.

Studying such allelic series may provide valuable insights into

the molecular basis of distinct phenotypes caused by different

mutations in a single gene, though careful analysis is needed

to determine the exact nature of individual mutant alleles. Recent

studies suggest that the CRISPR/Cas system may have off-

target effects (Cho et al., 2014; Fu et al., 2013; Hsu et al.,

2013; Mali et al., 2013a; Pattanayak et al., 2013), potentially con-

founding genetic studies in hPSCs. Although our analysis so far

has not identified off-target mutations, CRISPR design using

recently developed algorithms can reduce potential off-target ef-

fects (Hsu et al., 2013; Mali et al., 2013b). Characterizing the full

extent of off-target activities in future studies would likely allow

more rational design of gRNAs with higher specificity. To in-

crease target specificity, a double nicking approach has been

developed recently using a nickase version of Cas9 (nCas9)

that requires the cooperation between two gRNAs to create a

DNA DSB (Mali et al., 2013a; Ran et al., 2013a). This strategy

significantly ameliorates, but does not completely eliminate,

off-target activities. We propose two practical solutions to over-

come this limitation for genetic studies in hPSCs. In a first

approach, one may generate independent mutant lines using
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gRNAs targeting different sequences in the same gene:

observing the same phenotype from multiple independent

mutant lines would strongly suggest that the phenotype is

caused by the disruption of the gene of interest. In a complemen-

tary approach, one may perform rescue experiments using the

iCRISPR platform, which supports highly efficient HDR-medi-

ated scarless correction of mutant sequences.

The iCRISPR platform is also highly versatile. Our platform

allows the generation of hPSCs carrying biallelic mutations in

multiple genes in just 1 month, which will greatly accelerate the

study of complex multigenic interactions that are often chal-

lenging tomodel in vivo due to the random segregation of alleles.

This is highly valuable not only for studying multigenic disorders,

but also for genetic epistasis analysis involving multiple genes.

Additionally, iCRISPR can also be used to introduce specific

nucleotide modifications with high efficiency. This is critical for

dissecting protein functional domains, precisely modeling

human diseases, and potentially correcting disease-associated

mutations for therapeutic intervention. A challenge for modeling

complex diseases lies in the large number of susceptibility loci

that are each associated with multiple sequence variants. For

instance, APOE is associated with three common polymor-

phisms, and it is among the close to 20 LOAD-susceptibility

loci identified so far (Lambert et al., 2013). The iCRISPR platform

offers an ideal solution: it enables the rapid generation of allelic

series, as demonstrated for the APOE locus, and it is expected

to greatly facilitate the perturbation of multiple disease-associ-

ated loci either individually or in combination in isogenic

backgrounds.

Finally, we demonstrate that the CRISPR/Cas system can be

used for inducible gene knockout, which to our knowledge has

not yet been shown in any in vivo or cell culture systems. While

the ubiquitous rtTA expression system used in the present study

only allowed temporal regulation of Cas9 expression, we were

able to achieve tissue-specific regulation by enriching defined

cell populations through FACS. Future studies may also achieve

tissue specificity by expressing rtTA from tissue-specific

promoters. This approach may be further extended to in vivo

systems as a simpler alternative to conventional conditional

knockout strategies, which generally require complex genetic

configurations involving tissue-specific expression of a site-spe-

cific recombinase (e.g., Cre) combined with a conditional allele

(e.g., a ‘‘floxed’’ allele).

In addition to generating mutant alleles with small Indels or

precise nucleotide alterations through NHEJ- or HDR-mediated

repair mechanisms as shown in the present study, the iCRISPR

platform is likely to also greatly facilitate other types of genome

engineering in hPSCs. For instance, iCRISPR may be used to

create larger deletions for study of noncoding RNAs or gene reg-

ulatory regions such as promoters and enhancers. It may also

facilitate the generation of reporter alleles through HDR-medi-

ated gene targeting using long donor DNA templates or defined

chromosomal rearrangements such as translocations. Also,

by swapping Cas9 with other newly developed Cas9 variants

(e.g., nCas9, dCas9, or dCas9-KRAB) (Gilbert et al., 2013; Mali

et al., 2013a; Qi et al., 2013; Ran et al., 2013b), one may repur-

pose iCRISPR for additional tasks such as gene regulation.

Because of the highly efficient TALEN-mediated gene targeting

at the AAVS1 locus and the superior speed, one can easily apply

iCRISPR to any human cell line of interest, including patient-spe-

cific hiPSCs or cancer cell lines. This versatility allows the study

of gene function in practically any hPSC line or genetic back-

ground of choice.

EXPERIMENTAL PROCEDURES

Construction of TALENs,AAVS1 Targeting Vectors, and Cas9/gRNA-

Expressing Vectors

A pair of TALENs (AAVS1(( -TALEN-L targeting CCCCTCCACCCCACAGT and

AAVS1-TALEN-R targeting TTTCTGTCACCAATCCT) was generated to target

the first intron of the constitutively expressed gene PPP1R12C at the AAVS1

locus (Hockemeyer et al., 2011). The TALEN constructs were constructed

following a published protocol (Sanjana et al., 2012). In brief, a library of

TALE monomers with complementary overhangs was built by PCR using

vector templates from Addgene (32180, 32181, 32182, or 32183). Monomers

were joined into hexamers according to the target DNA sequence. Next, the

hexamers were linked together and incorporated into the full-length TALEN

expression backbone (Addgene 32190).

Neo-M2rtTA donor (Figure S1F) was kindly provided by D. Hockemeyer.

Puro-Cas9 donor (Figure S1E) was constructed by replacing EGFP in

the TRE-TIGHT-EGFP-BW plasmid (Addgene plasmid 22077) (Hockemeyer

et al., 2011) with the human codon-optimized Streptococcus pyogenes

Cas9 cDNA amplified by PCR from pX260 (Addgene plasmid 42229) (Cong

et al., 2013). Puro-Cr donor was generated by introducing a chimeric gRNA

expression cassette, PCR amplified from pX330 (Addgene plasmid 42230)

(Cong et al., 2013), 30 of Cas9 in Puro-Cas9 donor (Figure S5C). piCRct Entry

(Figure S1C), a human codon-optimized S. pyogenes Cas9 expression entry

vector carrying a bicistronic crRNA/tracrRNA duplex expression cassette,

was generated by modifying pX260. piCRg Entry (Figure S1D) was built by de-

leting the bicistronic crRNA/tracrRNA duplex expression cassette from

piCRct Entry and replacing it with the chimeric gRNA expression cassette

PCR amplified from pX330. To generate CRISPR/Cas9 expression vectors

targeting specific genomic loci, 30 or 20 bp of sequence located 50 of the
PAM sequence was cloned in piCRct Entry or piCRg Entry, respectively,

following an established protocol (Cong et al., 2013). Briefly, piCRct Entry

or piCRg Entry were digested with BbsI, dephosphorylated, and gel purified.

A pair of oligos including either 30 or 20 bp homology (Table S4) was an-

nealed and phosphorylated, generating BbsI overhangs that could be cloned

into the BbsI-digested, dephosphorylated vector. Vectors described in this

manuscript will be available to academic researchers through Addgene.

Production of gRNAs through In Vitro Transcription

For production of gRNA, we first generated a T7-gRNA in vitro transcription

(IVT) template by adding the T7 promoter to the gRNA sequence in the piCRg

Entry vector through PCR amplification using CRISPR-specific forward

primers and a universal reverse primer (Table S4).

Alternatively, for APOE gRNAs we designed a 120 nt oligo including the T7

promoter and the full-length gRNA sequence. This oligo was used as a tem-

plate for PCR amplification using T7 and gRNA universal primers (Table S4).

T7-gRNA PCR products were used as templates for IVT using the

MEGAshortscript T7 kit (Life Technologies). The resulting gRNAs were purified

using the MEGAclear kit (Life Technologies), eluted in RNase-free water, and

stored at �80�C until use.

gRNA or gRNA + ssDNA Transfection

iCas9 hPSCswere treatedwith doxycycline (2 mg/ml) for 1 or 2 days before and

during transfection. For transfection, cells were dissociated using Accutase

(Stem Cell Technologies) or TrypLE (Life Technologies), replated onto iMEF-

coated plates, and transfected in suspension with gRNAs or gRNA + ssDNA

using Lipofectamine RNAiMAX (Life Technologies) following the manufac-

turer’s instructions. Briefly, gRNA and ssDNA were added at a 10 nM and

20 nM final concentration, respectively, unless otherwise indicated. gRNAs

(or gRNA + ssDNA) and Lipofectamine RNAiMAX were diluted separately in

Opti-MEM (Life Technologies), mixed together, incubated for 5 min at RT,

and added dropwise to cultured hPSCs. A second transfection was performed

24 hr later in some experiments.
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T7EI andRFLPAnalysis for Assessment of GenomeModification and

Off-Target Analysis

Genomic DNA was extracted 2 or 3 days after the last gRNA transfection.

Genomic regions flanking the CRISPR target sites were PCR amplified (Table

S4). For T7EI assays, 12 ml of PCR products were denatured and reannealed

in NEB Buffer 2 (New England Biolabs) in a total volume of 25 ml using

the following protocol: 95�C, 5 min; 95�C–85�C at �2�C/s; 85�C–25�C
at�0.1�C/s; hold at 4�C. Then, 12.5 ml of hybridizedPCRproductswere treated

with 5 U of T7EI at 37�C for 15min in 13 ml final reaction volume. Products were

then analyzed on 2.5% agarose gels and imaged with a Gel Doc gel imaging

system (Bio-Rad). Quantification was based on relative band intensities using

ImageJ. Indel percentage was determined by the formula 100 3 (1 � (1 �
(b(( + c) / (a(( + b + c))1/2), where a is the integrated intensity of the undigested

PCR product, and b and c are the integrated intensities of each cleavage prod-

uct (Hsu et al., 2013). ForRFLPanalysis, 10ml PCRproductswere digestedwith

enzymes and analyzed on 2.5%agarose gel. Indel percentagewas determined

by the formula 100 3 a / (a(( + b + c) or 100 3 (b(( + c) / (a(( + b + c).

For off-target analysis, ectopic gRNA targets were identified using the rules

outlined in a previous study (Mali et al., 2013b). The most likely off targets fall-

ing in gene coding sequences (four or five sites per gRNA-mediated targeting

experiment) were analyzed through sequencing. Primers for PCR amplification

and sequencing of each off-target site are summarized in Table S4.

Establishment of Knockout or Knockin Lines through NHEJ- or

HDR-Mediated Repair

Two days after the last gRNA or gRNA + ssDNA (Table S4) transfection, hPSCs

were dissociated into single cells and replated at �2,000 cells per 10 cm

dish. Cells were allowed to grow until colonies from single cells became

visible (�10 days). Single colonies were randomly picked based on hPSC

morphology, mechanically disaggregated, and replated into individual wells

of 96-well plates. Colonies were amplified, replated as described above, and

analyzed by Sanger sequencing to enable identification of mutant clones.

Clonal cell lines carrying desired mutations were amplified and frozen down.

Alternatively, for APOE experiments, colonies were picked and directly

analyzed by Sanger sequencing to enable the identification of mutant clones.
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