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H1 cells (passage 6) were seeded in 96 well plates
(Matrigel-coated) in the various media. Media were
changed every 24 hours. The number of cells was
determined using a CyQuant cell proliferation assay kit.
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cells/cm? for each of the tested media (Day 0).

Cells were counted at day 3 in each passage.
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FOREWORD

Welcome to the Best of Stem Cell Reports, 2015201 6!

June 2016 is our third anniversary, and we are delighted to celebrate with this collection of editors’
and readers’ favorites from 2015 and early 2016. Stem Cell Reports is an open-access journal
dedicated to stem cell research and its application to medicine, published for scientists by scientists:
a forum for new data, dialogue about scientific issues, and a chance for researchers in the field to
present their latest findings in short, single-message papers.The ISSCR leadership and the stem cell
research community have been incredibly active in this endeavor, and we have welcomed growth
over the past years that has surpassed our expectations. Our first impact factor in June 2015 was
testimony that our articles continue to be downloaded, disseminated, and well-cited.

In the past year, we have established a strong foundation of authors, reviewers, and readers. Authors
have continued to submit excellent manuscripts over the full breadth of our scope and from all
parts of the world carrying out stem cell research. We receive many enthusiastic emails from our
authors and share just a few of them with you here.

Personally, | feel that the review process was very | would also like to thank you for your enthusiasm

positive, constructive, and a valuable experience. for this work and the painless process of publication

It was a privilege to have had such a sophisticated in Stem Cell Reports.

scientific discourse.VVe are truly grateful for your - Jenny Nichols, Cambridge, UK

and the reviewers’ kind work.

- Mike Karl, Dresden, Germany We have been happy with the review and publishing
process at Stem Cell Reports.Your work is efficient,

It has been a rewarding experience to work with and [you] always reply in time. Stem Cell Reports

Stem Cell Reports. We have been impressed by the is a good choice.

high efficiency and professionalism of Stem Cell - Di Li, Guangzhou, China

Reports.We will share the positive experience

with our colleagues and definitely consider It has been great to work with a journal that is

submitting our manuscripts to Stem Cell Reports very fast and good with deadlines.

again in the future.
-Yibing Qyang, New Haven, USA

- Marti Borkent, Boston, USA

We remain particularly grateful for the loyalty of our reviewers, many of whom review more than
five papers each year. Our reviewers provide high-quality, constructive evaluations anonymously,
altruistically, and with rapid turnaround, helping authors to improve their work and helping our
editors to set standards in the field, crucial for the credibility of and support for stem cell research
among a wider public. We also thank our many readers, who have helped to shape the collection
of articles in this issue.

Our vision remains the publication of high-quality stem cell research. In our third year, our focus has
been on attracting and publishing the best work we hear about and consolidating our position as a
premier journal to publish stem cell research.We encourage you to talk to our editors and ISSCR
board members at conferences. We continue to place emphasis on fair and expedient evaluation
of all manuscripts and the inclusion of studies that debate or confirm existing literature. Our credo
is that reproducibility strengthens the field and underlies its progress.

We also share the ISSCR publications committee’s belief that keeping a journal exciting and lively
means an organized turnover of those leading it. We as editors all have fixed terms in our roles,
and a roll-on, roll-off system of replacement is in place to make sure we continue to have new



ideas and new people. David Scadden is the first to leave us, after more than three years working
with us to start up the journal. He has been a superb associate editor, and while we are sad to see
him leave, we are also pleased to introduce you to an excellent new associate editor: welcome
to Amy Wagers! Many of you will know her for her ground-breaking work on aging and skeletal
muscle, and we hope you will speak with her at the “Meet the Editors” session at the annual ISSCR
meeting or elsewhere.

We will celebrate our fifth “century” this month, when the 500th article will be accepted for
publication: a tremendous achievement and a testament to the support of the ISSCR board of
directors and also of the society's membership and those beyond supporting this new format.
Downloads of articles continue to grow, and mainstream media as well as scientific publications
regularly highlight our articles; you may spot these in our“In the News'' section on the website. Take
a look to find out what is going on.

Just one poignant note, though: many of you will know that Paolo Bianco, one of our 2015 ISSCR
Public Service Award laureates, a pioneer in mesenchymal stromal cell research and one of its most
outspoken critics, died prematurely in November 2015.When he passed away, he had a paper in
revision in Stem Cell Reports. His co-authors on that paper, led by Pam Robey and Mara Riminucci,
managed to complete the requested revisions.You can read this important and critical contribution
to the field in the June issue, of course dedicated to our good friend Paolo.

We also hope you have noticed our impressive covers! We encourage our authors to submit
suggestions and have received the most beautiful imaging and illustrations you can imagine, as well
as some fun and quirky variants; just take a look at the website, www.cell.com/stem-cell-reports.

Have you looked closely at the cover of this Best of Stem Cell Reports issue! Take a magnifying
glass for a good peek. We are delighted to profile additional images from the many wonderful
submissions that we have received since we started; perhaps you can spot yours built into the
ISSCR logo! We encourage you to settle in and take this opportunity to catch up on—or re-
read—a selection of the exciting research we have had the privilege to publish over the past year:
the favorite papers of our editors and readers.

We hope you enjoy this Best of Stem Cell Reports compilation as much as we enjoyed putting it
together: We thank you all for your tremendous support.

THE EDITORIAL TEAM

Christine Mummery, Editor-in-Chief Yvonne Fischer, Managing Editor
Nissim Benvenisty, Associate Editor Atie Gathier, Editorial Assistant
Thomas Graf, Associate Editor Heather Rooke, ISSCR Scientific Director

Hideyuki Okano, Associate Editor
David Scadden, Associate Editor (to April 2016)
Amy Wagers, Associate Editor (from June 2016)

For more articles or to learn more about submitting your research to Stem Cell Reports,
visit www.cell.com/stem-cell-reports.
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Human Cells

Endless Possibilities from Discovery
to Regenerative Medicine.

Cellular Dynamics International (CDI), has designed an induced pluripotent stem cell (iPSC)-based technology
platform that enables the large scale production of high-quality, fully functioning human cells. Stem cells are early
stage, undifferentiated cells that are found in all multicellular organisms. They are unique because they can survive
and replicate indefinitely. CDI's technology offers the potential to create iPSCs from anyone, starting with a standard
blood draw, and followed by the powerful capability to develop into virtually any cell type in the human body.

Our iCell® and donor-specific MyCell® Products are highly pure, highly reproducible, and available in industrial quanti-
ty to enable drug discovery, toxicity testing, stem cell banking, and cell therapy development.

cellulardynamics.com

FUJIFILM is a trademark of FUJIFILM Corporation and its affiliates. © 2016 FUJIFILM Holdings America Corporation and its affiliates. All rights reserved.


http://cellulardynamics.com/

Cultre of Excellence C1cy Visit Bl booth

#1419

SUPPORTER

Redefining Stem Cell

Excellence
and Advancing Clinical Applications

Growth curve of hPSC

500
450 —@— NutriStem®hPSC XF

NutriStem® Family -
of Stem Cell Products s Competior A /,—//’é'

* Defined, serum-free, xeno-free, and feeder-free 250 //-‘/
culture systems for hiPSC, hESC and hMSC 200 v
e Specially developed solutions for attachment, 100.//'
dissociation, cryopreservation and differentiation 50!/
e Hundreds of publications % n 7 % 0 m
e Complete protocols and application data Hours

No. of cells

* FDA Drug Master File (DMF)
available

Discover how our innovative,
reliable, high performance
products facilitate stem cell

research and advancing cell-
based therapies

H1 cells (passage 6] were seeded in 96 well plates
(Matrigel-coated) in the various media. Media were
changed every 24 hours. The number of cells was
determined using a CyQuant cell proliferation assay kit.
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Naive Pluripotent Stem Cells Derived Directly from Isolated Cells of the

Human Inner Cell Mass
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This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

SUMMARY

Conventional generation of stem cells from human blastocysts produces a developmentally advanced, or primed, stage of pluripotency.
In vitro resetting to a more naive phenotype has been reported. However, whether the reset culture conditions of selective kinase inhi-
bition can enable capture of naive epiblast cells directly from the embryo has not been determined. Here, we show that in these specific
conditions individual inner cell mass cells grow into colonies that may then be expanded over multiple passages while retaining a diploid
karyotype and naive properties. The cells express hallmark naive pluripotency factors and additionally display features of mitochondrial
respiration, global gene expression, and genome-wide hypomethylation distinct from primed cells. They transition through primed plu-
ripotency into somatic lineage differentiation. Collectively these attributes suggest classification as human naive embryonic stem cells.
Human counterparts of canonical mouse embryonic stem cells would argue for conservation in the phased progression of pluripotency in

mammals.

INTRODUCTION

Human pluripotent stem cells (PSCs), whether derived
from blastocysts or generated by somatic cell reprogram-
ming, differ substantially from canonical mouse embry-
onic stem cells (ESCs) and are considered to represent a
later phase of epiblast development, termed primed plurip-
otency (Hackett and Surani, 2014; Nichols and Smith,
2009; Rossant, 2015). Multiple claims of conversion of
primed human PSCs into a more naive-like phenotype
have been published (reviewed in (Davidson et al.,
2015)). These reports are based on a shift in some attri-
bute(s) in response to exogenous reprogramming factors
and/or altered culture conditions. Evidence has been lack-
ing, however, for a global state that correlates with mouse
ESCs or human naive epiblast (Huang et al., 2014), or for
presence of a functional gene regulatory network to sustain
naive pluripotency (Boroviak et al., 2015; Dunn et al.,,
2014; Martello and Smith, 2014).

Two independent studies have described resetting of hu-
man PSCs to resemble mouse ESCs following short-term
expression of KLF2 and NANOG (Takashima et al., 2014;
Theunissen et al., 2014). Reset cells are maintained in me-
dium based on components used for mouse ESCs (Dutta
etal., 2011; Ying et al., 2008) comprising titrated inhibition
of glycogen synthase kinase-3 and blockade of the
mitogen-activated protein kinase (MAPK/Erk) pathway
(t2i) with leukemia inhibitory factor (LIF), plus protein Ki-

@ CrossMark

nase C (PKC) inhibition (Takashima et al., 2014). LIF and
t2i have also been used to achieve resetting in combination
with activin plus inhibitors of BRaf, Src family kinases, and
Rho-associated kinase (ROCK) (Theunissen et al., 2014).
Reset pluripotent cells are transcriptionally distinct from
conventional PSCs and more similar to mouse ESCs and
human ICM (Davidson et al., 2015; Huang et al., 2014).
They have increased mitochondrial respiratory activity
and exhibit global DNA hypomethylation (Takashima
et al., 2014), properties consistent with pre-implantation
identity. Perhaps most persuasively, reset cells have ac-
quired expression of, and functional dependency on, tran-
scription factors KLF4 and TFCP2L1 constituting part of
the core gene regulatory network of naive pluripotency in
mouse ESCs (Dunn et al.,, 2014; Martello et al.,, 2013;
Niwa et al., 2009; Ye et al., 2013) and are expressed in the
human ICM but negligible in the primed PSC (Takashima
et al.,, 2014).

In rodents functional equivalence of ESCs with naive
epiblast can be demonstrated by blastocyst colonization
and extensive multilineage contribution to chimeras.
Such an assay is not feasible in human. An alternative indi-
cator of developmental identity is propagation directly
from naive epiblast cells, as for derivation of mouse ESCs
(Boroviak et al., 2014; Brook and Gardner, 1997; Nichols
et al., 2009). In human the standard process for establish-
ing PSC lines from embryos entails explant outgrowth to
form an epithelial structure (Pickering et al., 2003), the
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Figure 1. Cell Line Derivation from Dissociated Human Inner Cell Mass Cells
(A) Day-6 blastocyst.

(B) Trophoblast lysis.

(C) Discarded trophoblast.

(D) Isolated inner cell mass.

(legend continued on next page)
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Table 1. Derivation of Naive Epiblast Stem Cell Lines

Embryos

Surviving Dissociated Cell Cumulative
Experiment Thaw Blastocysts® ICMs Lines Passages
1 24 4 1 HNES1 P30
2 9 4 2 HNES2 P22

HNES3 P29

3 20 4 4 HNES4® P21
4 5 2 1 ¢
Total 58 14 8 4

“Embryos cavitated by day 6.

PPrimary colonies lost in three cases associated with incubator humidity
failure.

“Primary colonies emerged but failed to expand after five passages.

post-inner cell mass intermediate (PICMI) (O’Leary et al.,
2012). This is thought to simulate development of the
post-implantation embryonic disk (Van der Jeught et al.,
2015), which may explain why derivative cell lines acquire
characteristics of primed pluripotency. Naive pluripotency
factors such as TFCP2L1 are downregulated during PICMI
formation (O’Leary et al., 2012). We elected to test the abil-
ity of culture conditions that sustain human naive PSCs
after resetting in vitro to support de novo derivation from
dissociated human ICMs without PICMI transition.

RESULTS

Previous human embryo derivations of PSCs have been
performed in the presence of fibroblast growth factor
(FGF) and/or serum factors, conditions that support devel-
opmental progression. We avoided these and adopted the
culture regime developed for human reset PSCs (Takashima
et al., 2014), comprising serum-free N2B27 medium with
LIF and t2i (inhibitors of GSK3 and MAPK/Erk signaling)
plus the PKC inhibitor G66983. To safeguard viability of
precious embryo cells, we added ascorbic acid and ROCK
inhibitor (Y-27632), constituting t2iLGOY. Cultures were
maintained throughout on fibroblast feeders in 5% O,.

ICMs were isolated from blastocysts 6 days post-fertiliza-
tion by immunosurgery (Solter and Knowles, 1975).
Following dissociation, single cells or doublets were distrib-
uted on feeders in t2iLGOY. Up to half of the plated ICM
cells formed compact colonies within 4-5 days (Figures
1A-1G), similar to mouse ESC primary colony formation
(Nichols et al., 2009). For each embryo, colonies were
manually picked, dissociated, and pooled. Replated cells
proliferated (Figures 1H and S1A) and from a total of
eight ICMs, four cell lines were established (Table 1) and
provisionally termed human naive embryonic stem
(HNES) cells.

HNES cells were expanded by passaging every 3-4 days,
with ROCK inhibitor and ascorbic acid maintained
throughout. HNES cells can be replated and maintained
without ROCK inhibitor, albeit at lower efficiency, and
propagated without ascorbic acid (Figures S1B-S1D).
They can be cryopreserved and thawed with expected re-
covery efficiency using standard procedures. HNES1 cells
exhibit a consistent 46XY karyotype with no abnormal-
ities detected by G-banding (Figure S1E and Table S1),
while HNES2 comprised both diploid and tetraploid cells
on initial karyotyping but resolved to 46XY after flow sort-
ing (Figures S1E and S1F). HNES3 is a mix of 46XX and
cells with chr22 trisomy. HNES4 contains two isochromo-
somes of chromosome 12. Array comparative genomic hy-
bridization at 200 kb genome-wide resolution confirmed
lack of chromosomal abnormalities in HNES1. This line
is described below with data from other lines where
specified.

HNES cells expressed mRNAs for naive pluripotency
markers KLF4, TFCP2L1, and DPPA3, along with elevated
NANOG transcripts (Figure 1I) as seen in reset cells gener-
ated from conventional PSCs (Takashima et al., 2014).
Immunostaining confirmed presence of NANOG, KLF4,
TFCP2L1, and OCT4 (Figures 1J and S1G). Expression of
ESRRB and KLF2 was low in HNES cells, similar to reset cells.
Both factors are also expressed at low levels in human and
marmoset ICMs, indicating divergence between primates
and rodents (Blakeley et al., 2015; Boroviak et al., 2015).
Another Kruppel-like factor, KLF17, is observed at the tran-
script level in primate ICMs (Blakeley et al., 2015; Boroviak
et al.,, 2015) and expressed in reset and HNES cells

(E) Decompacted ICM.

(F) Dissociated ICM.

(G) Primary stem cell clone grown from a single ICM cell.
(H) Colony at passage 8.

(I) gRT-PCR for pluripotency markers in HNES cells, conventional human PSCs (H9), and in vitro reset PSCs (Reset H9). Error bars indicate

the SD of two independent reactions.
(J) Immunofluorescence of pluripotency markers in HNES1 cells.

(K) Immunofluorescence of KLF17 and NANOG in D6 human ICM cells.

Scale bars: 25 um.
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A Scaled Expression == H1(ENCODE) == Reset H9 (Takashima et al)
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(Figure 1I). We detected KLF17 protein in HNES cells and
human ICMs (Figures 1] and 1K).

Whole-transcriptome profiles were obtained by RNA-seq
from replicate cultures of HNES1, HNES2, and HNES3.
These were compared with reset and conventional human
PSC datasets (Takashima et al., 2014) and to a wider panel
of H1, H7, H9, and H14 data from the public domain.
HNES cells feature a transcriptome distinct from other
PSCs and close to the reset state (Figure 2A). They show
consistent expression of naive pluripotency factors. Con-
ventional PSCs exhibit wider variation in expression pro-
files with sporadic activation of naive factors such as
NANOG, ZFP42 (REX1), and TFCP2L1. HNES cells express
a restricted complement of lineage markers compared
with conventional PSCs. We performed principal compo-
nent analysis (PCA), additionally incorporating published
data (Blakeley et al., 2015; Yan et al., 2013) on human
ICM cells and primary cultures generated by single-cell
RNA-seq (Figure 2B). PC1 primarily discriminates between
cells profiled by single-cell and bulk RNA-seq methods,
suggesting a substantial contribution of global expression
variance by sequencing protocol. Numerous transcripts
present in conventional RNA-seq datasets register zero
read counts in the single-cell libraries, in line with known
detection limitations (Kharchenko et al., 2014). Biological
replicates of the three HNES cells cluster together and adja-
cent to reset H9 cells. PC2 places HNES cells in relative
proximity to the ICM cells and well separated from other
PSCs. The degree of correspondence between HNES and
embryo cells appears reasonable, considering the wider
variation between samples profiled in the embryo studies,
and that early ICM cells analyzed precede naive epiblast.
Markers of naive pluripotency and lineage specification
diverge between HNES and reset cells versus conventional
PSC (Figure 2C).

Primed PSCs rely on anaerobic glycolysis with low mito-
chondrial respiration capacity (Zhou et al., 2012), whereas
reset PSCs have active mitochondria and reduced glucose

dependence (Takashima et al., 2014). We evaluated the
capacity of HNES cells to form colonies in the presence of
the competitive inhibitor of glycolysis, 2-deoxyglucose.
Undifferentiated HNES cells readily formed colonies while
primed HNES cells generated by passaging in FGF/KSR did
not survive (Figure S2A). HNES cells also stained intensely
with MitoProbe DilIC1, reflecting mitochondrial mem-
brane potential (Figures S2B and S2C). Extracellular flux
analysis indicated that HNES cells exhibit at least 2-fold
higher respiratory capacity than primed cells (Figure S2D).

Global DNA hypomethylation is a distinguishing feature
of mouse and human ICM cells (Guo et al., 2014; Smith
et al,, 2012), a property shared with naive ESCs (Ficz
etal., 2013; Habibi et al., 2013; Leitch et al., 2013) and reset
human PSCs (Takashima et al., 2014). Immunostaining for
5-methylcytosine (5mC) is fainter in HNES cell nuclei
compared with primed HNES cells (Figure S3A). Like
reset PSCs, HNES cells show appreciable expression of
TET1 and downregulation of de novo methyltransferase
DNMT3B (Figures S3B and S3C). We performed whole-
genome bisulfite sequencing on two HNES lines and their
primed derivatives. Analysis confirmed genome-wide hy-
pomethylation in male and female HNES cells, similar to
levels of 25%-40% observed in human ICM and in contrast
to >70% CpG methylation in conventional PSCs and
primed HNES cells (Figure 2D). Both HNES lines showed
extensive overlap in the distribution of CpG methylation
sites (Figure 2E), with substantial hypomethylation com-
pared with primed HNES cells (Figure 2F). The methylomes
of HNES and reset H9 cells are very similar, suggesting that
the epigenetic state of conventional human PSCs can be
accurately and consistently reprogrammed. We analyzed
methylation levels of CpG islands (CGIs) and performed
PCA, revealing clustering of HNES with reset H9 cells and
conventional human PSCs (H9) with primed HNES cells
(Figure 2G). PC1 captured most of the variation (42%),
indicating high resemblance between HNES cells and
human ICMs (Guo et al.,, 2014). Comparisons of CGI

Figure 2. Transcriptome and Methylome Analyses

(A) Clustered expression data from HNES cells, and reset and conventional human PSCs for a panel of pluripotency and lineage markers
selected by the International Stem Cell Initiative (Adewumi et al., 2007). Displayed are log, FPKM values (fragments per kilobase of exon
per million reads mapped) scaled by the mean expression of each gene across samples. Published data are labeled with sample accession
codes.

(B) PCA of HNES cells, and reset and conventional PSCs with single-cell RNA-seq data from early human ICMs (Blakeley et al., 2015; Yan
et al., 2013) and PSC explants. Embryo single-cell samples are those assigned an epiblast identity in the respective studies.

(C) Pluripotency and lineage marker expression in human ICM, HNES cells, and reset and conventional PSC lines.

(D) Proportion of whole-genome CpG methylation measured by bisulfite sequencing (BS-seq) analysis from three biological replicates.
Error bars indicate the SD of three biological replicates.

(E) Comparison of global methylation in HNES1 (male) and HNES3 (female) cells by averaging CpG methylation levels over 500-kb windows.
(F) Comparisons of CpG methylation in HNES1 cells and primed derivatives, and reset H9 and ICM cells.

(G) PCA of mean CpG island methylation.

(H) CGI methylation in HNES1 and conventional PSCs.
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methylation in HNES and H9 cells (Figure 2H) showed that
the majority of CGIs are hypomethylated in both HNES
cells and conventional PSCs, while many CGIs gain
methylation in primed cells. Only a subset of CGIs is meth-
ylated in both conditions. These data highlight similarity
between HNES and human ICM methylomes and show
that conventional human PSCs have gained methylation
at a number of CGIs when compared with HNES cells.

We transferred HNES cells to conventional PSC culture
medium containing FGF/KSR and lacking inhibitors. After
one passage the domed colonies of HNES cells assumed
flattened epithelial morphology, and after two passages
resembled conventional PSC (Figure 3A). During this
transition OCT4 and NANOG were reduced, and naive
markers, including KLF17, were extinguished (Figures 3B,
S4A, and S4B).

We assessed whether HNES cells can undergo multiline-
age differentiation by generating embryoid bodies directly
from naive and primed HNES cells. In both cases early line-
age markers PAX6, MIXL1, and SOX17 were upregulated
(Figure 3C). Outgrowths from plated embryoid bodies dis-
played TuJl-positive neuronal, FOXA2/AFP double-posi-
tive endoderm, and smooth muscle actin-positive cells
(Figure 3D). We also applied a protocol for cardiomyocyte
differentiation (van den Berg et al., 2016) to primed
HNES cells and observed multiple regions of spontaneous
contraction after 12 days (Movie S1). Cardiomyocyte
identity was confirmed by expression of surface markers
VCAM-1 and CD172a (SIRPa) (Figure S4C).

DISCUSSION

Hitherto, stem cell derivations from human embryos have
yielded cells with features distinct from rodent ESCs and
more similar to mouse post-implantation epiblast-derived
stem cells (Brons et al., 2007; Tesar et al., 2007). This may
be because the culture conditions used were inadequate
to sustain naive pluripotency in the face of stimuli for
developmental progression emanating from extraembry-
onic endoderm (Brook and Gardner, 1997) in ICM explants
and/or provided by FGF and serum factors. Even for deriva-
tions commencing from single blastomeres, a blastocyst-
like structure develops, followed by ICM outgrowth prior
to cell line derivation (Taei et al., 2013). We show that after

dissociation of the ICM to separate epiblast and primitive
endoderm, stem cell colonies emerge directly in the pres-
ence of inhibitors of MAPK/Erk, GSK3, and PKC. Resulting
HNES cell lines can be propagated by enzymatic dissocia-
tion to single cells, retain chromosomal integrity over
many passages, exhibit features diagnostic of naive plurip-
otency, and are capable of multilineage differentiation.

Conventional human PSC cultures are heterogeneous,
potentially comprising complex hierarchies (Davidson
etal., 2015; Enver et al., 2009; Hough et al., 2014). Further-
more, pluripotency is an inherently plastic stage of devel-
opment. It is unsurprising, therefore, that PSCs can adjust
to alternative culture conditions with shifts in morphology
and gene expression. Without objective criteria, these may
be misinterpreted as a change in developmental status
rather than accommodation to culture. In contrast, global
transcriptome, metabolic properties, and DNA hypome-
thylation features align HNES cells with reset PSCs and
distinguish them from conventional human PSCs. Of
particular significance, HNES cells and reset PSCs express
the naive pluripotency factors KLF4, TFCP2L1, TBX3, and
NANOG found in the primate ICMs and functional in
mouse ESC self-renewal. Additionally they express KLF17,
which might compensate for lower expression of KLF2.
Apart from NANOG, these factors are expressed at low
levels or not at all in conventional human PSCs, including
those variants purported to be naive by other criteria. We
have shown that the reset PSC state is dependent on both
KLF4 and TFCP2L1 (Takashima et al., 2014).

The naive gene regulatory network is not fully conserved
between mouse and human. Absence of ESRRB marks a
substantial distinction. Mouse ESCs can be maintained af-
ter deletion of Esrrb but are less stable (Martello et al., 2012).
Lack of ESRRB may therefore render human naive PSC
propagation inherently more demanding. Nonetheless,
culture refinements and replacement of feeders with a
defined substrate may be anticipated to facilitate their
handling and possibly attainment of a ground state.

In summary, these findings suggest that it is possible to
suspend human developmental progression at the pre-im-
plantation epiblast phase and propagate a self-renewing
pluripotent state analogous to mouse ESCs (Boroviak
et al., 2014; Brook and Gardner, 1997). Derivation of
equivalent cell lines from non-human primates and forma-
tion of high-contribution chimeras would provide further

Figure 3. Differentiation

(A) Colonies of naive HNES1 cells in t2iLGGY and primed HNES1 cells after 12 passages in FGF/KSR.
(B) gRT-PCR analysis of naive marker expression in naive HNES1 cells and derivatives after three passages in FGF/KSR. Error bars indicate

the SD of two independent reactions.

(C) gRT-PCR analysis of embryoid bodies formed from HNES1 and primed HNES1 cells. Error bars indicate the SD two independent reactions.
(D) Immunofluorescence of embryoid body outgrowths: TuJ1, B-III tubulin; AFP, a-fetoprotein; SMA, a-smooth muscle actin (green);

FOXA2 (red). Nuclei (DAPI; blue). Scale bars, 100 pum.
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validation. However, our results support the case for naive
pluripotency in human development and may reconcile
the long-running debate about the difference between
PSCs from mice and men.

EXPERIMENTAL PROCEDURES

Embryo Manipulation

Supernumerary frozen human embryos were donated with
informed consent under license from the UK HFEA. Embryos
were thawed using EmbryoThaw medium (FertiPro) and cultured
in drops of pre-equilibrated medium (Origio): EmbryoAssist for
1-8 cell stage (days 0-2), and BlastAssist for 8 cell stage to blastocyst
(days 3-6) under embryo-tested mineral oil (Sigma). Expanded
blastocysts (day 6) were subjected to immunosurgery (Pickering
et al., 2005) to isolate ICMs using anti-human serum (Sigma).
ICMs were treated with Accutase (Sigma or Gibco) for 5-10 min,
and placed in a drop of medium for mechanical separation using
a finely drawn Pasteur pipette. ICM cells were scattered onto
mitotically inactivated (irradiated) murine embryonic fibroblasts
(MEFs). Immunostaining was performed as described by Taka-
shima et al. (2014).

Naive Stem Cell Culture

Cells were propagated in modified N2B27 medium supplemented
with PD0325901 (1 pM, prepared in-house), CHIR99021 (1 pM,
prepared in-house), G66983 (2.5 uM, Sigma-Aldrich), rho-associ-
ated kinase inhibitor (Y-27632) (10 uM, Calbiochem), human LIF
(10 ng/ml, prepared in-house), and ascorbic acid (250 uM, Sigma).
N2B27 medium (1 1) comprised 490 ml of DMEM/F12 (Life Tech-
nologies), 490 ml of Neurobasal (Life Technologies), 10 ml of B27
(Life Technologies), 5 ml of N2 (prepared in-house), 10 ng/ml insu-
lin (Sigma), 2 mM L-glutamine (Life Technologies), and 0.1 mM
2-mercaptoethanol (Sigma). N2 contains 100 pg/ml apo-trans-
ferrin (eBioscience, ABC2553), 3 pM sodium selenite (Sigma),
1.6 mg/ml putrescine (Sigma), and 2 pg/ml progesterone (Sigma)
in DMEM/F12 (Life Technologies). Primary colonies and nascent
cell lines were passaged manually as described above for ICMs.
Established cells were passaged either manually with Accutase
(Life Technologies) dissociation reagent or as a pool using TrypLE
Express (Life Technologies). Cells were cultured in 5% O, and 7%
CO, in a humidified incubator at 37°C. Cells were frozen in 50%
t2iLGOY medium with 40% serum and 10% DMSO.

Conversion to Primed Pluripotency

HNES cells were seeded on MEFs in t2iLGOY for 24 hr, then trans-
ferred into FGF/KSR medium for 7-10 days before passaging with
TrypLE Express. Y-27632 was added for the first passage. Thereafter
cells were passaged as clusters using collagenase/dispase (Roche).
FGF/KSR medium comprised 20% KnockOut Serum Replacement
(Invitrogen), 1X non-essential amino acids (Invitrogen), 2 mM
L-glutamine (Invitrogen), 100 pM 2-mercaptoethanol (Sigma),
10 ng/ml FGF2 (prepared in-house), and DMEM/F-12 basal me-
dium (Sigma-Aldrich). Established primed HNES cultures can also
be maintained in mTeSR1 or E8 media (StemCell Technologies)
on Matrigel.

In Vitro Differentiation
HNES cells or primed derivatives were dissociated with TrypLE Ex-
press and placed in PrimeSurface 96V cell plates (Sumitomo Bake-
lite MS-9096V) at a density of 4,000-5,000 cells per well in medium
containing 20% KSR. Y-27632 was added during the first 24 hr of
aggregation. At day 7 aggregates were plated on gelatin in 20% FBS.
Cardiomyocyte differentiation was performed as described by
van den Berg et al. (2016).
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SUMMARY

The reprogramming factors OCT4, SOX2, KLF4, and MYC (OSKM) can reactivate the pluripotency network in terminally differentiated
cells, but also regulate expression of non-pluripotency genes in other contexts, such as the mouse primitive endoderm. The primitive
endoderm is an extraembryonic lineage established in parallel to the pluripotent epiblast in the blastocyst, and is the progenitor pool
for extraembryonic endoderm stem (XEN) cells. We show that OSKM induce expression of endodermal genes, leading to formation of
induced XEN (iXEN) cells, which possess key properties of blastocyst-derived XEN cells, including morphology, transcription profile,
self-renewal, and multipotency. Our data show that iXEN cells arise in parallel to induced pluripotent stem cells, indicating that

OSKM drive cells to two distinct cell fates during reprogramming.
INTRODUCTION

The pluripotency-promoting role of the reprogramming fac-
tors OCT4, SOX2, KLF4, and MYC (OSKM) is widely appre-
ciated. However, these reprogramming factors also promote
expression of non-pluripotency genes. For example, OCT4
(Pou5f1) directly promotes expression of genes important
for mouse primitive endoderm (Aksoy et al., 2013; Frum
etal., 2013; Le Bin et al., 2014), an extraembryonic lineage
present in the blastocyst, SOX2 indirectly promotes expres-
sion of primitive endoderm genes in the mouse blastocyst
(Wicklow et al., 2014), KLF4 may regulate expression of
primitive endoderm genes in the mouse blastocyst (Morgani
and Brickman, 2015), and MYC regulates endodermal genes
in fibroblasts and embryonic stem cells (ESCs) (Neri et al.,
2012; Smith et al., 2010). These observations raise the possi-
bility that OSKM induce expression of endodermal genes in
somatic cells. In support of this idea, several groups have re-
ported that endodermal genes, such as Gata6, Gata4, and
Sox17, are upregulated in protocols used to reprogram fibro-
blasts to induced pluripotent stem cells (iPSCs) (Hou et al.,
2013; Serrano et al., 2013; Zhao et al., 2015).

However, thereis no consensus as to whether endodermal
gene expression promotes or antagonizes the acquisition of
pluripotency. GATA4 and GATA6 can reportedly substitute
for OCT4 to produce iPSCs (Shu et al., 2013, 2015), arguing
that endodermal genes promote acquisition of pluripo-
tency. Consistent with this, endodermal genes are report-
edly expressed by cells as they become pluripotent during
chemical reprogramming (Hou et al., 2013; Zhao et al.,
2015). By contrast, other evidence suggests that endo-
dermal genes oppose pluripotency during reprogramming.
For example, Gata4 interferes with the acquisition of plurip-

@ CrossMark

otency during OSKM reprogramming (Serrano et al., 2013),
Gata6 is expressed in some partially reprogrammed cells
(Mikkelsen et al., 2008), which are thought to be trapped
in a state between differentiated and pluripotent (Meissner
etal., 2007), and Gata6 knockdown led to increased expres-
sion of Nanog in these cells (Mikkelsen et al., 2008). Thus,
endodermal genes have been described as indicators of
incomplete reprogramming. Here, we show that OSKM
drive cells along two distinct and parallel pathways, one
pluripotent and one endodermal.

RESULTS AND DISCUSSION

iXEN Cells Display XEN Cell Morphology and Gene
Expression
We infected mouse embryonic fibroblasts (MEFs) or adult tail
tip fibroblasts (TTFs) with retroviruses carrying OSKM (Taka-
hashi and Yamanaka, 2006). Eighteen days after infection,
we observed domed colonies with smooth boundaries (Fig-
ure 1A), which could be propagated as stable iPSC lines (16
out of 28 colonies) and could contribute to normal develop-
ment in chimeras (Figure S1A). In addition, we observed col-
onies that were large and flat, with ragged boundaries (Fig-
ure 1A), and roughly three times more abundant and three
times larger than presumptive iPSC colonies (Figure 1B).
These colonies were visible as early as 6 days after OSKM
infection (Figure S1B). Here, we demonstrate extensive sim-
ilarity between blastocyst-derived extraembryonic endo-
derm stem cell (XEN) cell lines and the MEF-derived cell lines
that we hereafter refer to as induced XEN (iXEN) cells.

We manually isolated putative iXEN cell colonies and
cultured these in ESC medium without leukemia inhibitory
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See also Table S1.

factor (LIF) (incomplete ESC medium) or in XEN cell me-
dium, which includes FGF4 and HEPARIN, because both
media support the expansion of blastocyst-derived XEN
cells (Kunath et al., 2005). Most iXEN cell colonies main-
tained XEN cell morphology, growing as individual,
dispersed, and apparently motile cells, in either medium
(40 of 51 colonies) (Figure 1C). A minority of non-iPSC col-
onies (11 of 51 colonies) displayed a mixed mesenchymal
morphology (not shown), reminiscent of partially reprog-
rammed or transformed cells (Meissner et al., 2007; Mikkel-
sen et al., 2008; Sridharan et al., 2009).

Next, we evaluated the expression of endodermal
markers, including GATA6, GATA4, SOX17, SOX7, and
PDGFRA, which were expressed to a similar degree in
both XEN and iXEN cell lines (Figures 1D, S1C, and S1D).
Notably, NANOG was not detected in iXEN cells (Fig-
ure S1D), indicating that iXEN cells are distinct from F-class
(“fuzzy”) cells, which exist in a state of alternative pluripo-
tency (Tonge et al., 2014). These observations show that
iXEN cells express XEN cell markers.

Finally, we compared iXEN and XEN cell transcriptomes
by RNA sequencing independently derived cell lines, as

well as MEF, iPSC, and ESC lines. Multidimensional scaling
(MDS) analysis of the 100 most variably expressed genes
showed that iXEN and XEN cell transcriptomes are more
similar to each other than to MEF, ESC, or iPSC transcrip-
tomes, regardless of the medium in which XEN/iXEN cell
lines had been cultured (Figure 1E). Comparing XEN with
iXEN cell lines, we observed significant (false discovery
rate [FDR] < 0.05) differences in the expression levels of
few (146) genes between XEN and iXEN cells cultured in
incomplete ESC medium, and even fewer (16) differences
in XEN cell medium (Figure 1F and Table S1). Expression
of OSKM was not detected in iXEN cells, consistent with
transgene silencing. Pathway and gene ontology (GO)
term analysis of the differentially expressed genes identi-
fied deficiencies in expression of oxidative phosphoryla-
tion and glutathione metabolism genes in iXEN cells
cultured in incomplete ESC medium relative to those
grown in XEN cell medium (Table S1), which could indicate
deficient iXEN cell proliferation in the absence of growth
factor. No pathways were significantly enriched among
the differentially expressed genes when XEN and iXEN
cells had been cultured in XEN cell medium. Thus, while
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Figure 2. iXEN Cells Are Self-Renewing
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more transcriptional differences between iXEN, XEN, MEF,
and pluripotent cell lines could become apparent with
deeper biological sampling, we conclude that iXEN and
XEN cell transcriptomes are extremely similar, and that
XEN cell medium better supports conversion of MEFs to
XEN-like cells, consistent the role of FGF4 signaling in
promoting primitive endoderm development in vivo (Cha-
zaud et al., 2006; Kang et al., 2013; Nichols et al., 2009;
Yamanaka et al., 2010).

MEEF-Derived XEN Cells Exhibit Stem Cell Properties
Next, we evaluated the self-renewal and multipotency of
iXEN cell lines. In terms of self-renewal, iXEN cell lines

could be passaged >35 times in either medium. However,
iXEN cells grew more slowly than XEN cells in incomplete
ESC medium than in XEN cell medium (Figure 2A), consis-
tent with transcriptional profiling predictions. Because LIF
supports the expansion of totipotent ESCs that possess
XEN-like properties (Morgani et al., 2013), we also exam-
ined the proliferation rate of iXEN cells in ESC medium
with LIF, but iXEN cells did not proliferate as rapidly as
XEN cells in this condition (Figure 2A).

Since blastocyst-derived XEN cells can differentiate into
visceral endoderm (VE) or parietal endoderm (ParE) (Artus
et al., 2012; Kunath et al., 2005; Paca et al., 2012), we
evaluated the multipotency of iXEN cells. During the VE
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differentiation assay (Figure 2B), iXEN cell lines were able
to differentiate to VE, evidenced by epithelialization, local-
ization of E-cadherin (CDH1) at cell boundaries (Figure 2C),
and upregulation of VE markers (Figure 2D). To evaluate
differentiation to ParE, we made chimeras with XEN and
iXEN cell lines. ESC and iPSC lines were used in parallel
positive controls. In chimeras examined between embry-
onic days 7.5 and 8.5, ESCs and iPSCs contributed to the
epiblast lineage, while XEN cells contributed to ParE with
expected degree and frequency (Figures 2F and S2) (Kunath
et al., 2005; Wamaitha et al., 2015). iXEN cells cultured in
incomplete ESC medium did not contribute to chimeras,
even though XEN cells cultured in incomplete ESC me-
dium did. However, iXEN cell lines cultured in XEN cell
medium contributed to ParE (Figures 2F and 2G) to a
similar extent as XEN cells, indicating that iXEN cells
cultured in FGF4/HEP have XEN cell-like developmental
potential in vivo. These observations underscore the
importance of FGF4/HEP for acquisition of iXEN cell func-
tion. These results also indicate that iXEN cells are distinct
from totipotent cells isolated from pluripotent cell cultures
(Canham et al., 2010; Macfarlan et al., 2012; Morgani et al.,
2013), because iXEN cells did not contribute to epiblast or
trophoblast lineages.

iXEN Cells Are Not Derived from Pre-existing iPSC
Colonies

In monolayers, ESCs can differentiate to XEN-like cells at
low frequency in the presence of LIF (Niakan et al., 2010),
or at high frequency in the absence of LIF and presence of
retinoic acid and activin (RA/activin) (Cho et al., 2012; Nia-
kan et al., 2013). These observations raised the possibility
that iXEN cells were derived from iPSCs. However, this pos-
sibility seemed unlikely for several reasons. First, we derived
iXEN cells in the presence of LIF and absence of RA/activin,
and rare XEN-like cells that arise under these conditions
arise adjacent to, or encircling, the ESC colony from which
they are derived (Niakan et al., 2010). By contrast, iXEN cell
colonies were often located far (=50 pum) from the nearest
iPSC colony (29 of 48 colonies). In addition, we routinely
observed nascent iXEN cell colonies on the sixth day of
OSKM infection (Figures 3A and S1B), which is before we
observed iPSCs. These observations argue that iXEN cells
are derived from MEFs in parallel to iPSCs.

To query the cellular origins of iXEN cells experimen-
tally, we infected ~100 wells each containing around ten
tdTOMATO-labeled MEFs per 20,000 unlabeled MEFs
with OSKM retroviruses (Figure 3B). Because MEFs were
labeled sparsely, we predicted that labeled iPSC or iXEN
cell colonies would be relatively rare, enabling us to discern
iXEN cell origins. For example, if iXEN cells were derived
from iPSC colonies, labeled iXEN cell colonies would al-
ways be coincident with labeled iPSC colonies. Alterna-

tively, if iXEN cells were derived from MEFs, labeled iXEN
cell colonies would be observed in wells lacking labeled
iPSC colonies. As expected, most of the wells (85 of 93
wells) contained unlabeled colonies after 18 days of
OSKM infection (Figure 3B). Of the wells containing
labeled colonies, most (7 of 8) contained one labeled
iXEN cell colony and no labeled iPSC colonies. Only in
one well did we observe a labeled iXEN cell colony and a
labeled iPSC colony (1 of 93 wells). Therefore, the majority
of iXEN cells were not derived from iPSC colonies. We do
not exclude the possibility that iXEN cells could be derived
from a cell that transiently expressed pluripotency genes
(Bar-Nur et al., 2015; Maza et al., 2015). Nevertheless, the
presence of iXEN cells in conventional reprogramming
experiments could influence the interpretation of reprog-
ramming outcomes, and underscores the importance of
evaluating cell fates at the clonal level.

All Four Reprogramming Factors Induce XEN Cell Fate
Next, we investigated whether iXEN cells and iPSCs are
induced by similar or different combinations of OSKM.
We evaluated the copy numbers of each transgene by
gPCR analysis of genomic DNA from multiple iXEN cell
and iPSC lines. We observed that the number of OSKM
copies tended to be lower in iXEN cell than in iPSC lines,
although average copy numbers did not differ significantly
(Figure 3C). To determine whether the trend was meaning-
ful, we overexpressed equal levels of OSKM by deriving
MEFs by carrying a doxycycline (dox)-inducible OSKM
cassette (Carey et al., 2010). Interestingly, we observed an
increase in the efficiency of forming both iPSC and iXEN
cell colonies (Figure 3D), indicating that all four reprogram-
ming factors can induce formation of iXEN cells.

GATA6 and GATA4 Facilitate iXEN Cell, but Not iPSC,
Formation

Endodermal genes are reportedly upregulated prior to
pluripotency genes in cultures of MEFs undergoing small-
molecule reprogramming, but not during OSKM reprog-
ramming (Hou et al., 2013; Zhao et al., 2015). However,
we observed GATA6-positive cells 6 days after OSKM infec-
tion (Figure 3A). Moreover, qPCR analysis showed that
endodermal genes, like pluripotency genes, were increas-
ingly upregulated during the 20-day time course of OSKM
reprogramming (Figure 4A), but this did not resolve
whether endodermal genes were expressed within iPSC
progenitors or within a distinct population. We therefore
used flow cytometry to determine whether NANOG-
positive, pre-iPSCs (Bar-Nur et al., 2015) expressed endo-
dermal (GATA6 or SOX17) proteins during reprogram-
ming. We detected NANOG and endodermal proteins in
two largely distinct populations that increased in size
during reprogramming (Figures 4B and S3A-S3C). Neither
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Figure 3. OSKM Induce iXEN Cell Fate in

A DNA GATA6 NANOG MERGE MEFs _
> (A) Nuclear GATA6, but not NANOG, in

E S nascent iXEN colony on day 6 of OSKM re-
X % programming (compared with XEN cell and
€0 ESC controls). Arrowheads point to nuclear
2 C; proteins. Scale bar, 100 pum.
® & (B) Lineage tracing shows that iXEN cells are
g not derived from iPSC colonies during 0SKM
reprogramming of MEFs (representative of
2 two experiments).
3 (C) Absolute gqPCR measurement of O0SKM
=z copy numbers in XEN/iXEN cell genomic
% DNA.
(D) Comparison of the frequency of iXEN
cell/iPSC colonies after retroviral or trans-
genic overexpression of 0SKM on day 18 of
%) .
= reprogramming. Error bars denote SE; two
[0) . .
o cell lines, four experiments each.
0
L
B OSKM
d @ or 0°
~1/2000 MEFs 18days & °
labeled labeled iPS + IXEN? labeled iIXEN?
Category Number| Percent| Cartoon Summary
Wells with unlabeled iPS + iXEN colonies| 85 | 91.4% | & 42
Wells with labeled iPS + iXEN colonies 1 1.1% @) NS
Wells with labeled iPSC colony only 0 00% | & Y2
Wells with labeled iXEN colony only 7 75% | & <UL
Wells examined (total) 93 100% | iPSC iXEN
(o 2t o g:;g ; D a [_]iXEN cell colonies
2 AiPS 3 D Il PS cell colonies
.2 40 OiXEN 1 0 -
£ 0 IXEN 2 = [
o o A iXEN 3 > @ I
c o O
£ € S =k
5 7 82
s B §
G 20 o bl ']
o 2 £
:
5 101 @ o *3 51 :
z A A 2
g 2 T ol — . .
g f— g Virus Dox-Inducible
Oct4 Sox2 Kif4 Myc

population was prevalent in MEFs undergoing mock re- OSKM reprogramming, in contrast to evidence that MEFs
programming (Figure S4A), but both populations were undergoing chemical reprogramming transition through
present and distinct in TTFs during OSKM reprogram- a XEN-like state (Zhao et al., 2015).

ming (Figure S4B). These observations suggest that endo- To investigate further whether iPSCs transition through
dermal genes are not expressed in pluripotent cells during a XEN-like state during OSKM reprogramming, we used
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lineage tracing. We retrovirally reprogrammed MEFs car-
rying Cre under the control of the Sox17 promoter (Liao
et al.,, 2009) and a CRE-sensitive lox-stop-lox-tdTomato re-
porter (Madisen et al., 2010). We predicted that if iPSCs
had expressed endodermal genes during reprogramming,
then most iPSCs would be tdTOMATO-positive 20 days
after OSKM infection because SOX17 is highly and homo-
geneously expressed in iXEN/XEN cells (Figure 1D). How-
ever, we observed that almost all SSEAl-positive cells
were tdTOMATO negative (Figures 4C and S3D), indicating
that most pluripotent cells had not expressed Sox17 during
reprogramming. Taken together, our observations indicate
that during OSKM reprogramming, endodermal genes are
upregulated in cells that are largely distinct from those
becoming pluripotent. In addition, our observations indi-
cate that pluripotency and XEN pathways are parallel
during OSKM reprogramming, in contrast to the serial,
XEN-to-iPSC pathway that predominates chemical reprog-
ramming (Zhao et al., 2015). Moreover, XEN-like cells
derived during chemical reprogramming cannot be main-
tained in XEN cell medium (Zhao et al., 2015), highlighting
fundamental differences in cells produced by chemical and
OSKM reprogramming.

iPS cells

- GATA6

among three reprogrammings (see also
Figure S3D).

s (D) Proportions of iPSC and iXEN cell col-
iXEN cells onies after coinfection of MEFs with OSKM
and shRNA constructs. Error bars denote SE
among three reprogrammings (see also
Figure S3E).

(E) Model proposing that endogenous GATA6
expression can push cells toward either iPSC
or iXEN fate during reprogramming.

or
+ GATAG

Finally, we tested the requirement for endodermal genes
in the formation of iXEN cells, with the expectation that
decreasing endodermal gene expression would decrease
the proportion of iXEN cells. We first confirmed substan-
tial knockdown of Gata6, Gata4, Sox17, or Sox7 in estab-
lished XEN cells by transfection of small hairpin RNA
(shRNA)-encoding plasmids (Figure S3E). We then in-
fected MEFs with shRNAs during reprogramming. Knock-
down of Gata6 or Gata4 led to a 2-fold decrease in the
number of iXEN cell colonies obtained (Figure 4D), indi-
cating that these genes are required for iXEN cell fate.
Notably, knockdown of Gata6 also led to a significant in-
crease in the number of iPSC colonies. Thus, endodermal
gene expression interferes with pluripotency during
OSKM reprogramming. We propose that heterogeneous
expression of GATA6 within the MEFs (Figure 4B) could
contribute to different outcomes during reprogramming
(Figure 4E). Alternatively, stochastic differences in the
timing of translation or nuclear localization of the reprog-
ramming factors could influence cell fates. Finally, our ob-
servations suggest that the parallel pluripotency and XEN
pathways compete with, rather than support, each other
during reprogramming. By contrast, paracrine signaling

452 Stem Cell Reports | Vol. 6 | 447-455 | April 12,2016 | ©2016 The Authors



from pluripotent epiblast cells supports the formation of
XEN cell progenitors in the blastocyst (Frum and Ralston,
2015), but our evidence does not support this model dur-
ing reprogramming. We anticipate that identification of
additional mechanisms regulating the balance between
iXEN cell and iPSC fates will inform future efforts to char-
acterize the molecular steps of cell fate specification, and
lead to establishment of new genetic models of reproduc-
tive disorders.

EXPERIMENTAL PROCEDURES

Mouse Work

All animal work conformed to the guidelines and regulatory stan-
dards of the Michigan State University Institutional Animal Care
and Use Committee. See Supplemental Experimental Procedures
for strains.

Cell Culture

See Supplemental Experimental Procedures for media recipes.
OSKM retroviruses were produced by transfecting 293T cells with
pCL-ECO and pMXs plasmids encoding OSKM (Addgene). 48 hr
later, supernatant was harvested and qPCR was used to quantify
virus (for primer sequence see Supplemental Experimental Proce-
dures). Approximately 6 x 107 copies OSKM per 40,000 MEFs
were added for 24 hr, and medium was then replaced with MEF
medium, then ESC medium on days 2 and 4, and finally reprog-
ramming medium on day 6 and every other day thereafter. For
dox-induced reprogramming, dox-inducible MEFs were plated at
a density of 50 cells/mm? on gelatin in MEF medium. After 24 hr
and every 2 days for 16 days thereafter, wells received ESC medium
with 2 pg/ml dox (Sigma). For sparse labeling, ten tdTOMATO-
labeled MEFs and 20,000 unlabeled MEFs were seeded in each
well of 24-well dishes, then infected with OSKM and examined
18 days later. For lineage tracing, MEFs carrying Sox17!(croHeli
and GH(ROSA)26Sor™ ! HCAG-tdTomatolize yyore infected with OSKM
retrovirus, as described above. shRNAs were cloned into pMXs
and titrated by qPCR (for sequence see Supplemental Experimental
Procedures).

Single-Cell Analyses

Immunostained cells were analyzed on a Becton Dickinson LSR II
or Olympus Fluoview FV1000. Details are available in Supple-
mental Experimental Procedures.

RNA Sequencing and qPCR

cDNA libraries were sequenced to a depth of 25-50 million 50-bp
single-end reads using an Illumina HiSeq 2500. See Supple-
mental Experimental Procedures for details on library prepara-
tion and data processing. The accession number is GEO:
GSE77550.

XEN/iXEN Cell Differentiation
In vitro differentiation followed previously described techniques
(Artus et al., 2012; Paca et al.,, 2012). To create chimeras,

we injected ~15 fluorescently labeled cells into each blastocoel
of unlabeled CD-1 blastocysts, and embryos were then trans-
ferred into the uterus of E2.5 pseudopregnant recipient fe-
males. See Supplemental Experimental Procedures for detailed
protocols.

Statistical Analyses
Unless otherwise stated, t tests were performed for pairwise com-
parisons and ANOVA for multiple pairwise comparisons.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental
Procedures, four figures, and one table and can be found with
this article online at http://dx.doi.org/10.1016/j.stemcr.2016.
02.003.
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SUMMARY

As a group, we met to discuss the current challenges for creating meaningful patient-specific in vitro models to study brain disorders.
Although the convergence of findings between laboratories and patient cohorts provided us confidence and optimism that hiPSC-based
platforms will inform future drug discovery efforts, a number of critical technical challenges remain. This opinion piece outlines our col-
lective views on the current state of hiPSC-based disease modeling and discusses what we see to be the critical objectives that must be

addressed collectively as a field.

Just 10 years since the development of human induced
pluripotent stem cell (hiPSC) technology (Takahashi
et al., 2007), the use of these cells to model brain disorders
and obtain disease-relevant information is becoming a
tangible reality. Not only are we now able to better detect
relevant genetic changes in a patient’s cells using high-
throughput genome sequencing technology but also we
can establish a direct phenotypic correlation between
genetic mutations and an aberrant neuronal phenotype
or developmental trajectory. The latest improvements in
generating relevant neural cell types by either differentia-
tion of hiPSC lines or by direct conversion of somatic cells
(e.g., fibroblasts) now allow researchers to make cells from
different areas of the central nervous system (CNS) and pe-
ripheral nervous system (PNS) and probe effects on the cell

type where disease manifests. This represents a significant
improvement of previous experimental tools, including
animal models and in vitro cultures of non-relevant cell
lines (such as 293T or HeLa cells), which recapitulate only
some of the specific traits of human disease (Eglen and Re-
isine, 2011; Pouton and Haynes, 2005), with the potential
to reverse the current trend of huge investments by the
pharmaceutical industry yielding few therapeutic com-
pounds entering the market (Mullard, 2015; Scannell
et al., 2012).

In April 20185, a group of stem cell researchers, neurosci-
entists, genomic and computational biologists, clinicians,
and industry partners met for 4 days at the Banbury Cen-
ter at Cold Spring Harbor, New York, to discuss the current
challenges for creating meaningful patient-specific in vitro
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Figure 1. Current Challenges for Creating Meaningful Patient-Specific In Vitro Models to Study Brain Disorders

A critical limitation of the field at present is the inherent difficulty in accurately defining cell states, particularly concerning the temporal
and regional identity of pluripotent cells, neurons, and glial cells. A next step for hiPSC-based models of brain disorders will be building
neural complexity in vitro, incorporating cell types and 3D organization to achieve network- and circuit-level structures. As the level of
cellular complexity increases, new dimensions of modeling will emerge, and modeling neurological diseases that have a more complex
etiology will be accessible. An important caveat to hiPSC-based models is the possibility that epigenetic factors and somatic mosaicism
may contribute to neurological and neuropsychiatric disease, risk factors that may be difficult to capture in reprogramming or accurately
recapitulate in vitro differentiation. A critical next step, in order to enable the use of hiPSCs for drug discovery, will be improving the
scalability and reproducibility of in vitro differentiations and functional assays.

models to study brain disorders (Figures 1 and 2). This
opinion piece outlines the current state of the field and
discusses the main challenges that should drive future
research initiatives.

Defining Cell States

The initial discussion at the Banbury meeting addressed the
basic properties of stem cells and the increasing apprecia-
tion of the heterogeneity of the pluripotent state. The
most basic definition of “pluripotency” is the ability of a
single cell to differentiate into cells from all three germ
layers; however, an improved understanding of the vari-
eties of stem cells and pluripotent states available will
broaden the types of cells used as sources for disease
modeling and potentially improve production of specific
cell types. While we now understand that a variety of
artificial stem cell states may be possible during the reprog-
ramming process (Benevento et al., 2014; Clancy et al.,
2014; Lee et al., 2014; Tonge et al., 2014), originally, two
distinct states of pluripotency were apparent: (1) a “naive”
ground state, which was leukemia inhibitory factor
(LIF)-dependent, capable of generating both embryonic
and extra-embryonic cell lineages, and resembled the prop-
erties of mouse embryonic stem cells (mESCs); and (2) a
“primed” state, which was FGF2-dependent, reminiscent
of “epiblast” identity, and resembled human embryonic
stem cells (hESCs) (reviewed by Stadtfeld and Hochedlin-
ger, 2010). In mice, it is well established that inhibition
of ERK1/ERK2 and GSK3B (2i/LIF) is necessary to maintain
the naive state (Marks et al., 2012; Ying et al., 2008); with-
drawal of 2i/LIF is sufficient to drift naive cells to the

primed state (Brons et al., 2007). Recently, several groups
have described culture conditions for maintaining trans-
gene-independent hESCs that share various properties
with mESCs (Chan et al., 2013; Gafni et al., 2013; Marinho
et al., 2015; Valamehr et al., 2014; Ware et al., 2014). Most
compellingly, Hanna and colleagues reported that 2i/LIF,
together with EGEF, FGF2, JNKi, ROCKi, and p38I, not
only converted primed hESCs to the naive state but also
conferred competence to form cross-species chimeric
mouse embryos (Gafni et al., 2013). While culture of mouse
cells in 2i/LIF can convert cells from the primed into the
naive ground state, this is not sufficient to convert primed
human cells into a naive state. A number of different proto-
cols have been published using a variety of cytokines and
inhibitors, with gene expression analyses used to charac-
terize the state of pluripotency. The transcriptome of naive
cells generated by some protocols resembled that of mouse
naive cells and cleavage human embryos (Takashima et al.,
2014; Theunissen et al., 2014), whereas the transcriptome
of naive cells produced by other protocols more closely
resembled that of primed cells (Brons et al., 2007; Chan
et al., 2013; Gafni et al.,, 2013; Valamehr et al., 2014;
Ware et al., 2014). Thus, no consensus on what constitutes
the naive human state has been reached, and it is possible
that different states of pluripotency exist in human cells.
Within this context, a number of presenters considered
the importance of carefully defining cell states, in partic-
ular the nature of pluripotency.

Rudolf Jaenisch, from the Whitehead Institute for
Biomedical Research, reported on iterative chemical
screening to evaluate alternative culture conditions
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Figure 2. Banbury Meeting Attendees

for naive human pluripotency, ultimately yielding an
improved combination of five kinase inhibitors (5i/L/FA)
that induces and maintains OCT4 distal enhancer activity
when applied directly to conventional hESCs (Theunissen
et al., 2014). Using these optimized conditions, his group
demonstrated direct conversion of primed to naive ESCs
in the absence of transgenes and isolation of novel hESCs
from human blastocysts. They noted, however, that naive
hESCs showed upregulated XIST and evidence of X inacti-
vation, raising the possibility that X inactivation in naive
stem cells in mouse and human may be different. Critically,
transplantation of GFP-positive human naive hESCs into
mouse blastocysts yielded no GFP-positive E10.5 embryos,
either by their original method (n = 860 embryos) or by
published methods (Gafni et al., 2013) (n = 436+ embryos).
PCR for human mitochondria is a more sensitive assay,
identifying even the presence of 1/10,000 human cells,
but this also failed to detect mouse-human chimerism.
Although the generation of interspecies chimeras by injec-
tion of human ESCs into mouse morulae was proposed as a
stringent assay for naive human pluripotency (Gafni et al.,
2013), the assay may be too inefficient for use as a routine

A
s

iy

functional assay. Instead, Jaenisch suggested that expres-
sion profiling is the best method to define naive versus
primed ESCs, noting that principal component analysis
(PCA) of gene expression from naive hESCs clusters close
to mESCs and far from primed hESCs.

Jun Wu, from the Izpisua Belmonte lab at the Salk Insti-
tute of Biological Studies, also spoke briefly of recent diffi-
culties in generating viable chimeras following injection
of naive human iPSCs tagged with a GFP reporter (hiPSC-
GFP). Fortuitously, these studies led to media formulations
that allowed his group to expand and propagate mouse
epiblast stem cell cells (mEpiSCs) from embryonic day
5.75 (E5.75) embryos. When cultured with both FGF2
and WNT inhibition (IWR1), in the absence of serum, these
mouse epiblast stem cells showed high cloning efficiency,
comparable to that observed in mESCs. Careful character-
ization revealed a surprising regional specification of these
cells (now termed rsEpiSCs); upon transplantation into
mouse embryos, although they could contribute to all
three germ layers, they could only incorporate into the pos-
terior of the embryo, but not the distal or anterior regions
(Wuetal., 2015). Similar culture conditions yielded human
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1sPSCs, which also contributed to all three germ layers,
exclusively in the posterior region, of chimeric mouse em-
bryos (Wu et al., 2015). This is in sharp contrast to conven-
tional human PSCs, which failed to incorporate in E7.5
mouse epiblast; global genome-wide expression analysis
confirmed that these stem cell states have unique molecu-
lar signatures.

Ronald McKay, of the Lieber Institute for Brain Studies,
further considered molecular regulation of stem cell
identity. Sophisticated immunohistochemical analyses re-
vealed unexpected dynamics in the level of pluripotent
gene expression, which was high immediately following
passaging and declined between splitting and varied be-
tween colonies and cultures, relative to their location
within the colony (Chen et al., 2014). The transcriptional
identity of each stem cell line, however, was stable across
datasets and between laboratories, evidence that the dy-
namic variation between PSCs is defined by our individual
human genomes (Adamo et al., 2015). This transcriptional
identity not only is conserved in replicate cell lines derived
from the same genome but also is stable throughout differ-
entiation; the signature can be detected in post-mortem
brain tissue matched to individual stem cell lines. Such sig-
natures may provide a useful means to both classify and
assess risk within stratified patient populations without
requiring advance knowledge of the target neural cell
type(s).

Nissim Benvenisty, from Hebrew University of Jerusalem,
discussed epigenetic regulation of stem cells. By generating
parthogenetic hiPSCs from female teratomas that harbor
two sets of maternal chromosomes, his group was able to
identify novel imprinted genes, including many miRNAs
(Stelzer et al.,, 2011). Rather than observing decreased
expression in all paternally expressed genes in parthoge-
netic hiPSCs, he reported that about half of the known
paternally expressed genes were unexpectedly not down-
regulated. Two classes of imprinted genes were resolved:
the first was downregulated in all parthenogenetic cell
types and included classical imprinted genes such as
PEG10, whereas the second was not downregulated in
some or all examined parthenogenetic cell types and
showed overlapping imprinted and non-imprinted iso-
forms; this resulted from expression from two promoters,
only one of which was imprinted (Stelzer et al., 2015). In
this context, Benvenisty considered whether parthenoge-
netic hiPSCs could be used to model epigenetic human dis-
orders such as the neurological Prader-Willi Syndrome
(PWS), which results from maternal uniparental disomy
of chromosome 15. Characterization of the parthogenetic
PSCs and iPSCs from PWS patients revealed specific
maternal expression of the DLKI-DIO3 locus in chromo-
some 14. The data suggest that an imprinted gene can
work in trans, because the loss of expression of IPW, an
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imprinted long noncoding RNA in the PWS region, is a
regulator of DLKI1-DIO3 region. This supports a working
model that paternal chromosome 15 mutation in PWS
leads to loss of IPW and subsequent upregulation of
maternal genes (Stelzer et al., 2014).

From these talks arose a discussion of the various tools by
which one could define cell states. There was general agree-
ment that genome-wide transcription analysis, both of
populations or cells, and particularly at the single-cell
level to resolve heterogeneity, was highly informative.
Moreover, genetic and epigenetic editing, combined with
selective use of cell-line derivation methods, could be
tailored to the unique requirements for mechanistic
studies of any particular disorder. Finally, as one considers
modeling neurological and psychiatric diseases, it is critical
that the field as a whole establishes whether or not there is
an ideal starting somatic cell type, reprogramming meth-
odology, and/or pluripotency cell state from which to
initiate hiPSC-based disease modeling experiments of brain
disorders.

Building Complexity to Neuronal Development

In Vitro

From here, the focus of discussions turned toward novel
methods to generate defined cell types and their application
toward a number of highly penetrant neurodevelopmental
and neurodegenerative disorders. There was consistent dis-
cussion of the critical need to build complexity into hiPSC-
based models of neuronal development, first, by more
efficiently differentiating and maturing pure populations
of neurons, astrocytes, and other neural cell types, and, sec-
ond, by allowing these populations to self-organize into
defined circuits and three-dimensional (3D) systems (orga-
noids) (Eiraku et al., 2008; Kadoshima et al., 2013; Mariani
etal., 2012). Earlier work had shown that organoids recapit-
ulate morphogen gradients, cell polarity, layer formation,
and other essential features of morphogenesis. Ultimately,
there is a need to return to the in vivo environment, and a
number of researchers discussed early work in transplanting
human hiPSC neurons back into either fetal or adult
mouse brains (chimeras), in order to track connectivity
and systems-level functionality of these cells in vivo
(Muotri et al., 2005), on the basis of early evidence that
hESC-derived human neurons can cross-talk with mouse
neurons.

Oliver Briistle, from the University of Bonn, reported on
several stable intermediate neural stem cell populations,
which reflect different stages of CNS development and
thus facilitate standardized generation of neurons and glia
from human pluripotent stem cells (for review, see Karus
et al., 2014). The latest addition to this assortment is radial
glia-like neural stem cells, which, in contrast to develop-
mentally earlier neural stem cell (NSC) populations, are
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endowed with a stable regional identity and enable efficient
and more rapid oligodendroglial differentiation (Gorris
et al., 2015). Briistle also gave an update on the StemCell-
Factory project, an automated platform for parallelized
industrial-scale cell reprogramming and neural differentia-
tion (http://www.stemcellfactory.de/). He discussed several
applications of PSC-derived NSCs. First, he presented recent
comparisons of gamma secretase modulators, finding
that amyloid precursor protein (APP) processing in hiPSC
neurons is resistant to non-steroidal anti-inflammatory
drug (NSAID)-based gamma-secretase modulation (Mertens
etal., 2013). Thisis in contrast to results from transgenic cell
lines and mouse models, indicating the need to validate
compound efficacy directly in the human cell type affected
by disease. Second, Briistle developed an hiPSC-based
model of the polyglutamine disorder Machado-Joseph
disease (spinocerebellar ataxia type 3) to illustrate how the
earliest steps in protein aggregation can be modeled in
patient-derived cells (Koch et al., 2011). Aggregates of
ataxin-3 were observed specifically in hiPSC-derived neu-
rons, but not in primary patient fibroblasts, hiPSCs, or
hiPSC-derived glial cells. His group’s findings indicate that
pronounced neuronal intranuclear inclusions are specific
to neurons and help to explain the reason for neuron-spe-
cific degeneration in this disease. Finally, he also discussed
latest developments in studying in vivo integration and
connectivity phenotypes of transplanted iPSC-derived neu-
rons with rabies-virus-based monosynaptic tracing and
light sheet microscopy of whole-brain preparations.
Allison Ebert, from the Medical College of Wisconsin,
described methods for generating astrocyte cultures of
improved purity from hiPSCs. In contrasting other recent
reports (Emdad et al., 2012; Krencik et al., 2011; Serio
etal., 2013), she noted the lengthy duration of existing pro-
tocols, which required months to differentiate and expand
astrocytes, and she reported on recent attempts to use
magnetic activated cell sorting (MACS)-based methods,
and even simple cellular passaging, to positively select
for astrocyte fate within weeks. Despite some successes,
she challenged the field to thoughtfully consider which
type of astrocyte each protocol in fact yields and the rele-
vance of these astrocytes to those occurring in vivo. Ebert
closed by discussing recent findings from hiPSC astrocyte
studies regarding the cell non-autonomous effects underly-
ing reduced synaptic puncti in spinal muscular atrophy
(SMA) hiPSC-derived motor neurons (Ebert et al., 2009;
Sareen et al.,, 2012). SMA is a genetic childhood disease
characterized by motor neuron loss that is believed to
be due to a reduction in the amount of survival motor
neuron (SMN) protein in motor neurons. She reported
that astrocyte activation could be a non-cell-autonomous
contributor to disease, as when SMN is reduced in hiPSC as-
trocytes and there is increased astrocyte reactivity, and that

co-culture of neurons with SMA astrocytes leads to
neuronal phenotype. Together, this work begins to answer
why motor neurons are uniquely vulnerable in SMA when
SMN is a ubiquitously expressed protein, as it may be that
increased astrocyte reactivity ultimately leads to the
reduced synaptic puncti observed in SMA hiPSC motor
neurons.

Pierre Vanderhaeghen, from the University of Brussels,
described efforts to generate defined cortical circuits from
hiPSCs (Espuny-Camacho et al., 2013). Their differentia-
tion methods seemed to closely mirror embryonic develop-
ment, as hiPSCs differentiated first to cortical progenitors,
then to pioneer neurons, then to deep layer pyramidal
neurons, and finally to upper-layer pyramidal neurons.
Although the human timeline was drastically extended,
this same pattern was observed in both mouse (1-week)
and human (3-month) cells (Nagashima et al., 2014). Using
a 3D default differentiation protocol in Matrigel (3DDM
differentiation), which yields spheres for analysis within
21 days, Vanderhaegen’s group analyzed lines from sub-
jects with autosomal recessive primary microcephaly
(mutations in the ASPM gene) (also termed microcephaly
primary hereditary [MCPH]). Just as ASPM mutations
disrupt corticogenesis in the earliest stages, he reported
increased neuronal differentiation, although with reduced
cortical marker expression, as well as mitotic spindle devi-
ations, in the mutant cells compared to controls. Such
phenotypes were not detected in ASPM mutant mice,
which display only mild microcephaly, suggesting that
ASPM mechanisms of action may be in part species-spe-
cific, underscoring the importance of studying human
health in human cells. Moreover, this impairment was
not due to the hypothesized defect in proliferation but
was more likely the result of perturbed cellular patterning,
which could be corrected by applying WNT inhibitor;
hence, these models can truly generate novel unexpected
mechanistic insights. Finally, Vanderhaegen reported that
PSC-derived cortical cells can be transplanted in neonatal
mice, where human neurons develop normally but mature
at a considerably slower pace than their mouse counter-
parts (over 9 months instead of 4 weeks), reminiscent of
the neoteny that characterizes neuronal maturation in
human cortex.

Madeline Lancaster, from the Institute of Molecular
Biotechnology (IMBA) and the MRC Laboratory of Mo-
lecular Biology, discussed using cerebral organoids to
examine pathogenesis of neurodevelopmental disorders
(Lancaster et al., 2013). She noted the many advantages
of these self-organizing 3D mixed cultures of human cells,
including organized progenitor zones and sequential
generation of neuronal layer identities. These organoids
comprise radial glia progenitor cells and neurons with
good cortical pyramidal morphology. Nonetheless, these
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mixed cultures lack axis patterning, show high variability
(line to line and batch to batch), and show a loss of neu-
rons with extended differentiation. At their current state
of development, organoid assays are likely ideal for study-
ing disorders of neurodevelopment (particularly microen-
cephaly), neurogenesis, and fate specification. Noting that
microencephaly is not adequately modeled in rodents,
Lancaster, in work performed in the lab of Juergen Kno-
blich, generated hiPSCs from a microencephaly patient
with a null mutation in centrosomal protein CDK5RAP2
(independent mutations at either allele). She observed a
depleted progenitor population and premature neuronal
differentiation, demonstrating the precision of this plat-
form in resolving microencephalic phenotypes.

Using a similar strategy, Flora Vaccarino, from Yale
University, described applying telencephalic organoids to
model early developmental trajectories in autism spectrum
disorders (ASD). She noted that human-based studies are
critical, owing to fundamental differences in cortical devel-
opment and timing between humans and mice. Concerns
with hiPSCs remain, of course, particularly concerning the
potential genetic instability of hiPSCs, which show an
accumulation of mutations, tracing back in large part to
the original fibroblast population: 30% of skin fibroblasts
carry one to two large somatic copy number variants
(CNVs), and there is wide variability in the frequency of
different mosaic mutations among fibroblast cells (15%-—
0.3%) (Abyzov et al., 2012). Nonetheless, by applying a
neuronal differentiation strategy based upon 3D cortical
organoids, Vaccarino demonstrated patient-specific molec-
ular and cellular phenotypes in ASD hiPSC-derived neu-
rons. She reported a methodology for generating cortical
organoids that are more homogeneous in structure,
composed of repeating units of rosettes, and for which
RNA sequencing comparison to the BrainSpan dataset
revealed closest similarity to early fetal brain tissue. She
cautioned that specific transcriptome differences exist
between isogenic intact organoids and dissociated progen-
itors. Noting that an increase in brain and head size (i.e.,
macrocephaly) characterizes a subset of ASD patients
with poorer outcome, Vaccarino described a study where
organoids from patients were systematically compared to
those from their fathers in transcriptomics and cellular
phenotypes. She reported that ASD hiPSC-derived organo-
ids show a complex cellular phenotype that includes
decreased cell cycle length, upregulation of genes directing
gamma-amino butyric acid (GABA) neuron fate, increased
synaptogenesis and dendrite outgrowth, and changes
in synaptic activity. Global gene co-expression network
analysis of cortical organoids resolved a number of gene
modules that were differentially expressed in ASD individ-
uals, including one potentially driven by FOXG1, a master
regulatory transcription factor that was greatly upregulated
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in ASD. Interestingly, knockdown of FOXGI in ASD-
derived iPSCs normalized the shift in GABA phenotype
in ASD cortical organoids, suggesting a potential causal
pathway in the ASD GABAergic imbalance phenotype (Ma-
riani et al., 2015).

Dimensions of Modeling

As the disease modeling field is developing both more reli-
able in vitro protocols for neural differentiation and more
accurate phenotypical functional readouts, researchers
are beginning to explore neurological diseases that have
more complex etiologies. While highly penetrant mono-
genic disorders such as Rett and Fragile X syndromes
remain among the most tractable areas for iPSC research,
the majority of CNS diseases are multigenic, have incom-
plete penetrance, and are subject to significant environ-
mental influences. One way to circumvent the variability
in phenotypes is to stratify the population of patients.
Selecting for specific clinical cohorts such as biologically
relevant measures, i.e., the brain size phenotype, drug
responsiveness, endophenotypes, or specific genetic co-
horts containing specific genetic variations with clinical
relevance, can provide valuable information toward pa-
tient-tailored biomarkers and therapies.

Carol Marchetto, from the Salk Institute of Biological
Studies, extended her previous characterization of a mono-
genic form of ASD (Rett syndrome) (Marchetto et al., 2010)
by recruiting a genetically heterogeneous cohort of
patients with ASD, characterized by an endophenotype of
transient macrocephaly, and comparing them to gender-
and age-matched unrelated controls. ASD-derived neural
progenitor cells (NPCs) display increased cell proliferation
due to a dysregulation of a B-catenin/BRN2 transcriptional
cascade, while ASD-derived neurons displayed premature
differentiation, reduced synaptogenesis, and altered levels
of excitatory and inhibitory neurotransmitters, leading to
functional defects in neuronal networks, measured by
multielectrode arrays. Interestingly, RNA analysis also
revealed increased expression of FOXGI in ASD NPCs, in
agreement with Flora Vaccarino’s data in a completely in-
dependent set of experiments, suggesting that there may
be common features in macrocephalic ASD and pointing
to a potential target of therapeutic intervention.

Kristen Brennand, from the Icahn School of Medicine at
Mount Sinai, spoke about the inherent value of modeling
predisposition, rather than end-stage disease, in the
context of schizophrenia (SZ), noting that gene expression
patterns characteristic of SZ hiPSC neurons (Brennand
etal., 2011) are conserved in SZ-hiPSC-derived NPCs (Bren-
nand et al., 20135). She presented several phenotypical read-
outs that would be predictive for SZ predisposition in vitro,
such as migration defects (Brennand et al., 2015), WNT
signaling defects (Topol et al., 2015), and perturbations in
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neuronal connectivity (Brennand et al., 2011) and activity
(Yu et al., 2014). By studying the disease phenotype
in vitro, she also gained some insight on the disease
biology; through the analysis of global expression profiles
from SZ-derived NPCs, she reported differential expression
of genes and microRNAs related to the migration changes
observed in vitro. Additionally, Brennand is working with
patient families and a cohort of childhood-onset SZ pa-
tients to correlate SZ-related genetic mutations with gene
expression levels.

Given the vast clinical heterogeneity of major mental
illness, Akira Sawa, from John Hopkins University School
of Medicine, advocated careful patient stratification when
selecting cohorts for hiPSC-based disease modeling. He
argued that traditional Diagnostic and Statistical Manual of
Mental Disorders (DSM-1V) (American Psychiatric Associa-
tion, 1994) diagnosis does not provide enough neurobio-
logically relevant information for patient recruitment for
basic research and proposed that other criteria such as clin-
ical longitudinal assessment, neuropsychology examina-
tion, brain imaging, and correlation between intermediate
phenotypes and disease-related genetic polymorphisms
should be considered. By screening olfactory NPCs ob-
tained from a larger clinical cohort of patients with
SZ and bipolar disorder (BD) with psychotic features, he
identified those patients with reduced phosphorylation
(pS713) of disrupted in schizophrenia 1 (DISC1), indepen-
dent of clozapine treatment, and selected them for further
hiPSC-based characterizations. Reduced (pS713) DISC1
phosphorylation was replicated in hiPSC neurons, and
levels of p713-DISC1 correlated to neuropsychological
and anatomical changes, highlighting the importance of
patient stratification in complex neuropsychiatric diseases.
He proposed that such clinical phenotype-based stratifica-
tion of the subjects for hiPSC research could also be applied
for unique subsets of SZ and mood disorders, such as psy-
chotic depression and rapid-cycling BD.

Hongjun Song, from Johns Hopkins University School of
Medicine, generated hiPSC-derived cortical neurons from
four members of a SZ family pedigree defined by a deletion
mutation of DISC1 gene (4-base-pair frameshift deletion on
exon 12) (Chiang et al., 2011), observing decreased excit-
atory postsynaptic current (EPSC) frequencies and synaptic
vesicle protein 2 (SV2) puncta density in patients with the
mutation, which were rescued by both transcription acti-
vator-like effector nucleases (TALEN)-mediated genetic
correction (Wen et al., 2014). Subsequent RNA sequencing
showed DISC1-associated changes in expression of genes
involved in neuronal development, synaptic transmission,
and those related to mental disorders. Complementary
data obtained from genetically modified mice with this
same DISCI mutation highlighted the continued value
of mouse models to study the role of specific mutations

independent of genetic background, as a means of cross-
paradigm validation of results obtained with hiPSCs, at
the levels of neuronal circuits and behavior, and for in vivo
drug testing.

Eric Morrow, from Brown University, showed data from
patients with a recently described condition termed Chris-
tianson syndrome (CS), a monogenetic X-linked disorder
caused by mutations in the endosomal sodium/hydrogen
exchanger 6 protein (NHE6) (Pescosolido et al., 2014). His
laboratory has engineered iPSCs from peripheral blood
mononuclear cells from patients with CS and their unaf-
fected male siblings. His studies are investigating a variety
of endosomal phenotypes in iPSC-derived neurons as
well as cellular phenotypes related to abnormal neuronal
differentiation. They are using these cellular assays as plat-
forms to screen candidate treatments. His study empha-
sized several themes, including pursuing various paths to
assemble control cells as well as using statistical methods
on experiments on multiple mutations with different sub-
clonal lines. Further, Morrow’s studies capitalize on his
access to patient clinical assessments, a mouse model, as
well as iPSCs. Combining these in vivo studies with the
in vitro iPSC studies may prove to be a powerful approach.

Frank Soldner, from the Whitehead Institute for Biomed-
ical Research, having previously generated isogenic hiPSCs
at two-point mutations in early-onset Parkinson’s disease
(PD) (Soldner et al., 2011), now presented studies on the
penetrance of non-coding PD risk alleles. Meta-analysis of
genome-wide association study (GWAS) data from 13,708
PD cases has identified 26 significant PD-associated loci;
however, there is a lack of mechanistic insight in how
such sequence variants functionally contribute to complex
disease. Soldner proposed that functional disruption of
distal enhancer elements leads to the deregulation of
gene expression and confers susceptibility to PD. As a proof
of principle to study the consequence of these mutations
on gene expression, he conducted functional analysis of
cis-regulatory elements in the SNCA locus via genome edit-
ing tools in order to precisely disrupt regulatory elements
in isogenic pairs. He used quantitative allele-specific assays
as readouts and showed that common single nucleotide
polymorphisms (SNPs) with small effect size can contribute
to PD risk. This work highlights the importance of corre-
lating previously identified disease-related mutations
(SNPs and CNVs) with changes in expression profile
in vitro in order to identify functional disease-relevant
risk variants and determine the mutation’s impact.

Rick Livesey, from the Gurdon Institute, provided
insights into mechanisms of Alzheimer’s disease (AD)
pathogenesis using human stem cell models (Shi et al.,
2012). The cellular hallmarks of AD are the accumula-
tion of amyloid precursor protein (APP) protein-derived
AB peptide fragments and neurofibrillary tangles of the
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microtubule-associated protein tau. Livesey described the
characterization of hiPSC neurons derived from patients
with different familial AD mutations in the APP gene or
Presenilinl (PSEN1), the enzymatic subunit of the y-secre-
tase complex that processes APP. All of the different muta-
tions increased the release of pathogenic longer forms of
AP peptides. However, while increased APP gene dosage
and APP mutations all increased total and phosphorylated
tau in neurons, PSEN1 mutations did not (Moore et al.,
2015). Manipulating y-secretase activity in human neu-
rons, using available drugs, identified that APP processing
is linked to regulating levels of tau protein, hinting that
extracellular Ap may not be the only process relevant to
disease pathogenesis. His work proposes a cell-autono-
mous link between APP processing and tau.

Lorenz Studer, from Memorial Sloan-Kettering Cancer
Center, described work modeling two rare human diseases,
familial dysautonomia (FD) and Hirschsprung’s disease
(colonic aganglionosis). FD is a rare recessive disorder,
occurring when a T — C point mutation leads to skipping
of exon 20 in iKBKAP/ELP1. Deriving hiPSCs from patients
with both severe (S1 and S2) and mild (M1 and M2) FD, he
found that patient-derived hiPSC neurons clearly modeled
clinical outcome; relative to unaffected controls, severe FD
patients had difficulty generating BRN3A sensory neurons,
whereas mild FD patients did not (sensory neurons from
both classes of patients die within 28 days). To study
Hirschsprung’s disease, a fatal if untreated disease in which
there is incomplete migration of the enteric nervous
system, Studer described a differentiation protocol that
successfully generates vagal and enteric neural crest from
hESCs that express appropriate cell-type-specific BRN3A/
ISL1 markers, produce slow wave activity in vitro, and
properly innervate the colon when transplanted into
mice (Chambers et al., 2013). hESC-derived ENRB~/~ and
RET '~ enteric neural crest cells showed reduced migration
in vitro and in vivo. A high-throughput screening (HTS)
assay for compounds that rescue these migration deficits
identified Pepstatin A. Studer concluded by discussing the
technical challenges in studying disorders that require
cell types that require significant maturation and aging,
some of which are potentially addressable through overex-
pression of progerin (Miller et al., 2013), as well as methods
and assays under-development to address these challenges.
For example, he described combining a method to rapidly
differentiate cortical neurons with in vivo cell engraftment,
in collaboration with Marc Tessier-Lavigne, to yield sub-
stantial morphological integration of neurons when
imaged by iDISCO, a novel 3D immunohistological pro-
cessing and imaging technique (Renier et al., 2014); this
strategy will allow mapping of the connectivity of human
neurons derived from patients with a variety of neurodeve-
lopmental disorders.
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Sally Temple, from the Neural Stem Cell Institute, has
applied a robust hiPSC differentiation protocol to retinal
pigment epithelium (RPE) to understand molecular mech-
anisms underlying age-related macular degeneration
(AMD) (Stanzel et al., 2014), a highly prevalent neurode-
generative disease affecting one in five people older than
age 75. A characteristic sign of the early, dry form of AMD
is the appearance of large extracellular deposits termed
drusen in the macula. Proteomic analysis has demon-
strated that drusen share many molecular characteristics
with senile plaques in AD. Observing significantly higher
expression of AMD and drusen-associated transcripts,
particularly Ap42 and AB40, in AMD iPSC-RPE than in
controls, the group took a candidate-based approach and
identified several small molecules that reduce AMD-associ-
ated transcripts in iPSC-RPE, in some cases irrespective of
original AMD disease status. These findings suggest that
this in vitro model may be valuable to identify dry AMD
therapeutics.

In aggregate, it has become obvious that by more accu-
rately modeling human neurodevelopmental and neurode-
generative diseases in vitro, a number of insights into the
cellular and molecular mechanisms underlying the disease
state have already arisen. hiPSC-based platforms, com-
bined with genome-scale analyses of sequence variations
and transcripts, are increasingly facilitating studies of
the temporal dynamics of human disease and allowing
researchers to study human-specific elements of disease,
asking when critical changes occur in the disease process.
From insights into the mechanisms of tau changes in AD,
to increased FOXG1 expression in two hiPSC cohorts of
ASD, to the critical role of ASPN in microencephaly, cellular
models are revealing convergent mechanisms underlying
genetically heterogeneous neurological conditions.

Somatic Mosaicism

An emerging issue in the stem cell field is somatic mosai-
cism, the presence of DNA structural and/or sequence
variation from cell to cell in a given individual. This raises
interesting questions about not only the role of this form of
cellular heterogeneity in health and disease but also the
utility of any single patient-derived iPSC line in accurately
representing that patient’s disease state. Alysson Muotri,
from University of California, San Diego, presented data
on iPSC-derived neurons from patients with Aicardi-Gou-
tieres syndrome (AGS), a neurodevelopmental disease
characterized by intellectual and physical problems with
neuroinflammation. Muotri made iPSCs from AGS patients
with mutations on TREX1 gene related to clearance of
L1 mobile elements from the cytosol and compared them
with isogenic controls. TREXI-mutant cells have high
levels of single-stranded DNA (ssDNA) derived from mo-
bile retroelements (Alus and L1s) in the cytoplasm and
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decreased expression of neuronal markers TLG4, MAP2,
TUJ1, and SYN. These features were partially rescued by
treatment with reverse transcriptase inhibitors (such as
anti-HIV drugs), indicating clinical relevance on this
extreme neurological condition. Additionally, TREX 1-defi-
cient astrocytes also increased ssDNA and triggered an in-
flammatory response that affected neurons, suggesting a
non-cell-autonomous inflammatory effect that may be
contributing to neuronal loss in AGS. The TREX 1 mutation
highlights the importance of human models, since mouse
models for the disease don’t present any neurological
symptoms.

Mike McConnell, from University of Virginia School of
Medicine, presented the use of hiPSC-based neurogenesis
to study brain mosaicism (McConnell et al., 2013). His
strategy is to perform single cell genomic sequencing. His
data from primary brain showed that 45/110 human fron-
tal cortex neurons had megabase-scale CNVs. Similarly, he
detected similar levels of mosaic CNVs in hiPSC-derived
neurons but very low levels of mosaicism in hiPSC-derived
NPCs or human fibroblasts. These data suggest that some
aspects of primary brain somatic mosaicism are recapitu-
lated during hiPSC-based neurogenesis. His laboratory
is currently defining the levels of genetic mosaicism in
neuronal cultures to understand the impact of mosaicism
on disease modeling. New data were presented using
hiPSC-based neurogenesis to investigate the cause and
consequence of brain somatic mosaicism.

It is increasingly clear that somatic mosaicism occurs in
both post-mortem and hiPSC neurons. What remains to
be determined is the precise extent of this phenomenon
in the human brain, its mechanisms, and the precise role
that mosaicism contributes to evolution, human behavior
and disease, and even the “normal” physiological condi-
tion. Moving forward, future hiPSC experiments should
be designed with a consideration of the existence of so-
matic mosaicism, incorporating (1) analysis of multiple
iPSC lines per patient, (2) isogenic engineering, and (3)
phenotypic rescue experiments.

Using hiPSCs for Drug Discovery

A major goal in the still nascent human stem cell field is to
utilize improved cell-based assays in the service of small-
molecule therapeutics discovery and virtual early-phase
clinical trials. Ajamete Kaykas, from the Novartis Institute
for BioMedical Research, discussed the pharmaceutical
pipeline to identify phenotypes in human pluripotent
stem cell (hPSC)-derived neurons. He demonstrated that
in anon-academic setting, it is possible to establish a library
of more than 100 transgene-free hiPSCs as well as a
clustered regularly interspaced short palindromic re-
peats (CRISPR) pipeline to create and screen clones for
indels, knockout, and point mutation via high-throughput

sequencing methods. In parallel, his group has tested the
feasibility of scaling both directed differentiation as well
as NGN2-induction protocols into 384-well plate format
for high-throughput screening. Overall, both a robust
hPSC pipeline for hiPSC-based modeling as well as stan-
dardized and automated differentiation methods are being
established at Novartis, in collaboration with the Stanley
Center, for the characterization and drug screening of SZ
patients.

Lee Rubin, from Harvard University, discussed the chal-
lenges and successes his laboratory has encountered, in
the academic setting, while establishing hiPSC-based
high-throughput drug screening for SMA. Given that there
are three types of SMA, fatal within the first year of life
(type 1), by the teenage years (type 2), and characterized
by chronic immobility (type 3), Lee asked whether SMA is
in fact one disease or three. To determine why motor
neurons from some SMA patients are more sensitive than
others, he generated hiPSCs from patients with all three
types of SMA, observing that SMA iPSCs have an increased
propensity to generate NPCs and a slightly decreased
propensity to yield endoderm, consistent with clinical
observations that children with SMA have other defects,
particularly in endodermal and cardiac tissues. Compared
to controls, SMA motor neurons show increased cell
death, apoptotic station, reduced neuronal outgrowth,
and decreased neuronal firing (SMA3 > SMA2 > SMAL),
and regardless of diagnosis, non-motor neurons do not
die. Lee conducted three high-throughput screens for com-
pounds to prevent cell death in SMA (ES-derived motor
neurons from SMN-deficient mice, SMA patient fibro-
blasts, and SMA hiPSC-derived motor neurons). Unbiased
screens in mouse motor neurons, human motor neurons,
and human fibroblasts identified many compounds that
increased SMN levels, only some of which overlapped
between platforms: while some compounds that block
SMN degradation were hits in all three screens, proteasome
inhibitors were found in the fibroblast screen but proved
toxic to motor neurons (MNs). On the basis of high content
imaging data generated through the various screens, his
group also observed that at the level of single cells, whether
from control or SMA hiPSCs, there is cell-to-cell variation
in SMN levels; individual cells with high SMN are the fittest
and survive better than neighboring cells with lower SMN,
implying that SMN is a general regulator of motor neuron
survival, likely owing to reducing activation of the endo-
plasmic reticulum (ER) stress response. Moreover, inhibi-
tors of the degradation process do not promote survival
of SMN neurons below a defined basal level but shift the
distribution of SMN, producing more neurons with levels
that support survival. On the other hand, compounds
that reduce ER stress don’t affect SMN levels at all but still
promote motor neuron survival. Lee summarized problems
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that arise in high-throughput screening of hiPSC-derived
cells as those arising due to issues of neuronal variability,
immaturity, and non-cell-autonomous disease-relevant
interactions.

In discussions among attendees, it became apparent that
pharmaceutical and academic scientists approach drug
discovery with different perspectives. Traditionally, most
academics seek to test the cell type most relevant to disease,
pursuing a candidate-based approach to test effects on
phenotypes, whereas industry scientists have historically
conducted high-throughput screens on entrenched indus-
try-standard screening cell lines using target-based assays.
While academics have typically been willing to develop
more “risky” assays, the strengths of pharma have histori-
cally been in assay selection, scalability, and optimization,
as well as drug chemistry and target optimization. Now,
research strategies are converging, and both types of re-
searchers are moving toward hiPSC-based screening
platforms, drifting toward a hybrid model of testing me-
dium-throughput libraries, screening ~30,000 compound
libraries with known targets. New collaborations between
academic and pharma researchers promise a future of paral-
lel screening for both targets and phenotypes. Additional
hurdles will be encountered if academics are to be the
new drivers of drug discovery, including replication (across
platforms/reproducibility across sites), documentation (to
the rigor of record keeping in industry), and investments
to increase automation.

Perspectives and Summary

In line with many of these themes, David Panchision, from
the National Institute of Mental Health (NIMH), discussed
recent funding initiatives to facilitate cell-based research
on mental illness, including those supporting technol-
ogy development and academic-industry partnerships for
developing validated assays. He solicited feedback on
NIMH priorities for advancing the field, which involve in-
vestigators working together to: (1) implement centralized
sharing of patient and reference cell lines with genetic
and clinical data, such as through the NIMH Repository
and Genomics Resource (https://www.nimhgenetics.org/);
(2) arrive at common cell-line quality control methods
and standards for validating hiPSCs and differentiated
cell types; (3) keep improving hiPSC-based technology,
including developing easier and quicker targeting methods,
optimizing the fidelity of “in vivo” surrogate assays like chi-
meras and organoids, improving assay miniaturization, and
scaling up to increase the number of individuals who can be
contrasted by these strategies; (4) focus on robustness and
reproducibility, which can include studying genetic vari-
ants of large effect from fully characterized patients and
maintaining consistency and transparency in protocols/
samples across labs; and (5) remain mindful of the critical
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value of collaboration and training and supporting the
rapid dissemination of best practices (Panchision, 2013).

There was agreement that, although it was important to
maximize the rapid sharing and adoption of resources/
methods for patient-based disease studies, it was critical
that this be balanced with the need for innovation at this
early stage in the field. For example, although reprogram-
ming technologies had advanced tremendously, some par-
ticipants cautioned funding organizations to not restrict
iPSC production to a single method or provider, since ques-
tions still remained about best practices. Additionally,
analysis of specific biological processes or disorders may
benefit from tailored cell derivation technologies (e.g.,
parthenogenesis), stem cell patterning (e.g., naive versus
primed hiPSCs), and strategies for genetic manipulation
(e.g., CRISPR-Cas9 versus TALEN).

The meeting highlighted the diverse array of cell-based
approaches that are being pursued to study human biology
and disease, including those (e.g., somatic mosaicism) that
illustrated the possibilities and potential limitations of
these technologies. Our group was heartened that we are
seeing clear disease-related phenotypes in the dish, giving
some confidence that discoveries (such as those reflecting
early stages in disease processes) would be clinically rele-
vant. Moreover, as such discoveries are being made, unex-
pected findings are emerging, but the convergence and
reproduction among labs improve our group’s optimism
that these are robust results and that human cells will
be a powerful tool in the therapeutic development arma-
ment. Moving forward, a critical application of hiPSC-
based studies will be in providing a platform for defining
the cellular, molecular, and genetic mechanisms of disease
risk, which will be an essential first step toward target
discovery. Toward this goal, the case studies discussed
demonstrated that different assay systems could yield a
surprising convergence of phenotypes, leading to some
optimism that the considerable remaining technical chal-
lenges to modeling disease are still surmountable.
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SUMMARY

Here, we show that the lysophosphatidic acid receptor 1 (LPA;) is expressed by a defined population of type 1 stem cells and type 2a
precursor cells in the adult mouse dentate gyrus. LPA;, in contrast to Nestin, also marks the quiescent stem cell population. Combining
LPA;-GFP with EGFR and prominin-1 expression, we have enabled the prospective separation of both proliferative and non-prolifer-
ative precursor cell populations. Transcriptional profiling of the isolated proliferative precursor cells suggested immune mechanisms
and cytokine signaling as molecular regulators of adult hippocampal precursor cell proliferation. In addition to LPA; being a marker
of this important stem cell population, we also show that the corresponding ligand LPA is directly involved in the regulation of adult
hippocampal precursor cell proliferation and neurogenesis, an effect that can be attributed to LPA signaling via the AKT and MAPK

pathways.

INTRODUCTION

Neurogenesis in the adult mouse hippocampus has by now
been very well characterized; however, despite consider-
able effort, the identification and isolation of the underly-
ing neural stem cells has been hampered by the lack of
appropriate markers. Nestin is the most widely used marker
of the stem cell population in the adult dentate gyrus and
subventricular zone (SVZ). However, in Nestin-GFP trans-
genic mice the GFP expression is not restricted to the neu-
ral stem cells (Kawaguchi et al., 2001; Mignone et al., 2004).
Nestin-GFP expression can also be found in immature neu-
rons and when cultured in vitro as neurospheresf, only
0.4% of cells formed neurospheres (Mignone et al., 2004).
SOX2 is another widely used stem cell marker, but its cell-
type specificity is also not sufficient for many concerns. A
large fraction of classical astrocytes (§1008%), for example,
expresses SOX2 (Couillard-Despres et al., 2006; Suh et al.,
2007), with a recent study showing that approximately
30% of all SOX2-GFP* cells in the dentate gyrus are positive
for S1008, a marker that is not expressed by the stem cells
(Bracko et al., 2012). While several workable hippocampal
stem cell isolation protocols have been proposed (Jhaveri
et al., 2010; Walker et al., 2007, 2013), there is agreement
in the field that there is still much room for further
improvement.

Based on its expression pattern, we identified the lyso-
phosphatidic acid receptor 1 (LPA;)-GFP transgenic mouse
as a potential tool for the isolation of adult hippocampal
stem cells (Heintz, 2004). The importance of lipid meta-
bolism in neural stem cell biology was highlighted with
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the identification of a direct function of lipid signaling
in stem cell-based neural plasticity. The key enzyme for
de novo lipidogenesis, fatty acid synthase (FASN), is not
only active in neural stem cells, but its inhibition also im-
pairs adult hippocampal neurogenesis (Knobloch et al.,
2013). Among the potential lipid-based regulatory mole-
cules, phospholipids are the primary candidates. Phos-
pholipids are found in large amounts in the brain as the
key components of the cellular lipid bilayer. Lysophos-
phatidic acid (LPA) is a membrane-synthesized phospho-
lipid that acts as an intercellular signaling molecule
through six G-protein receptor subtypes (LPA;_; Choi
et al., 2010). The first of these receptors to be described,
LPA;, mediates the proliferation, migration, and survival
of neural progenitor cells during development (Estivill-
Torrus et al., 2008). There have also been reports that
LPA; deletion reduces adult hippocampal neurogenesis
(Matas-Rico et al., 2008) and causes spatial memory defi-
cits (Castilla-Ortega et al., 2011; Santin et al., 2009). These
findings suggested to us that LPA; might play a functional
role in adult hippocampal neurogenesis. In addition, the
nature of LPA; as a surface receptor made it a potential
candidate for the prospective isolation of hippocampal
precursor cells.

Given the possible functional links between LPA; and
adult neurogenesis, we undertook the present study to
determine whether the receptor LPA; might indeed serve
as a marker for the identification and prospective isolation
of adult hippocampal stem cells and whether its ligand, the
phospholipid LPA, might exert specific pro-neurogenic
effects.
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Figure 1. LPA;-GFP Is Expressed in the Precursor Cells of the Adult Dentate Gyrus

(A-E) GFP* cells in the adult brain are detected in various brain regions (A) including the adult dentate gyrus (B). The GFP signal
in the dentate gyrus resembles that in the Nestin-GFP mouse (C); however, the processes of the radial-glia-like stem cells
show less prominent GFP immunofluorescence (D). The processes of some LPA;-GFP* cells (green) co-express GFAP (red) and vimentin
(red, E).

(F-L) We could not detect co-localization of LPA;-GFP with S-1008 (F, blue) in the dentate gyrus. LPA;-GFP rarely co-localized with tomato
lectin-stained blood vessels (F, red, arrows). Abundant co-localization of SOX2 (red) and GFP (green) is observed (G). (H) Linear unmixing
of LPA;-GFP (green) and Nestin-cyan nuclear (red) shows almost complete overlap in the progenitors in the SGZ. (I) GFP* cells in the
dentate gyrus express TBR2 (blue, arrow) and several cells express GFP, TBR2, and NeuroD (red, arrowhead). Very few cells are DCX" and GFP*
(J [red, arrowheads] and K [blue, arrow]). In general, GFP™ cells (G, green) do not express NeuN (L, red) or calretinin (K, red). Double-
positive cells were very rarely found (K).

(legend continued on next page)
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RESULTS

LPA, Is Expressed by Radial-Glia-like Precursor Cells of
the Adult Dentate Gyrus but Shows Limited
Expression in the SVZ

Using the LPA;-GFP reporter mouse line (Gong et al., 2003),
we first mapped LPA;-GFP expression along the entire
ventral-dorsal axis of the adult brain (Figures 1A and S1).
LPA;-GFP expression was detected in the subgranular
zone (SGZ) of the dentate gyrus (Figure 1B) and very closely
resembled the characteristic Nestin-GFP signal (Figure 1;
Yamaguchi et al.,, 2000). Glial fibrillary acidic protein
(GFAP) immunofluorescence revealed co-localization in
the processes of GFAP™ and LPA;-GFP* cells in the SGZ (Fig-
ure 1D), indicating that they are radial-glia-like type 1 cells
(Kempermann et al., 2004). This was confirmed by staining
for another astrocytic marker, vimentin (Figure 1E). No
co-localization of LPA;-GFP" was detected with S100B, a
marker of post-mitotic astrocytes in the murine hippocam-
pus (Figure 1F). As expected, there was significant overlap
in expression between LPA; and the precursor marker
Sox2 (77.25% =+ 1.2%; Figure 1G). Crossing LPA;-GFP
mice with nuclear Nestin-Cyan mice (Encinas and Enikolo-
pov, 2008) revealed that almost all GFP* cells were also
Cyan™ (Figure 1H). The majority of LPA;-GFP" cells were
early progenitors (LPA;-GFP*Tbr2*: 64.5% + 6.3%; Figure 1;
Hodge et al., 2008). LPA;-GFP* expression also identified
a fraction of type 2b cells (LPA;-GFP*NeuroD"Tbr2 :
4.3% + 0.1%). Only very few LPA;-GFP" cells co-expressed
doublecortin (DCX) (0.9% + 0.2%; Figures 1] and 1K) or
NeuN (0.9% = 0.2%; Figure 1L) and calretinin (0.1% =+
0.1%; Figure 1K). Outside the dentate gyrus, LPA;-GFP*
expression was not restricted to precursor cells (Figure S2).
These data indicate that LPA, in the dentate gyrus is a spe-
cific marker of type 1 stem cells and early progenitor cells.

LPA;-GFP Mice Can Be Used to Directly Quantify the

Exercise-Induced Increase in Precursor Proliferation

To determine whether LPA;-GFP mice could be used
to directly detect in vivo changes in precursor cell num-
bers, we used the physical activity paradigm (van Praag
et al, 1999). Quantification of bromodeoxyuridine
(BrdU)-labeled cells revealed the expected increase in pro-
liferation following physical activity (standard housing
2,977 = 162.8 BrdU" cells, n = 11 mice versus running
4,869 + 475.8 BrdU™ cells, n = 12 mice, p = 0.0016; Figures

2B and 2C). Similarly this could be directly quantified by
counting LPA;-GFP* cells (standard housing 7,176 + 512
LPA;-GFP" cells, n = 11 mice versus running 10,220 +
562.9 LPA;-GFP* cells, n = 12 mice, p = 0.0007; Figures
2D and 2E). The running-induced increase in proliferation
could also be directly detected by flow cytometric quantifi-
cation of LPA{-GFP* cells (Figures 2F-2H: standard housing
14.2% + 0.7%, n = 4 mice versus running 20.4% =+ 1.7%,
n = 4 mice, p = 0.0142), thus confirming that LPA;-GFP
mice are a useful tool to directly detect in vivo changes in
hippocampal precursor proliferation.

Sorting LPA;-GFP* Cells Allows the Prospective
Isolation of Hippocampal Precursor Cells

Given that we could detect LPA;-GFP expression in the
precursor cells of the adult DG by immunofluorescence,
we next examined whether we could prospectively isolate
hippocampal precursor cells on the basis of LPA;-GFP
expression. Firstly, the baseline precursor frequency of
unfractionated cells, gating only on forward and side
scatter and propidium iodide (live cells), was determined
(2.4 = 1.3 neurospheres per 1,000 total cells). Sorting on
the basis of LPA;-GFP expression enhanced the frequency
of precursor cells to 19.9 + 5.5 neurospheres per 1,000 cells,
and neurospheres formed almost exclusively from the
LPA;-GFP" population (LPA;-GFP* 99.8% =+ 0.2% versus
LPA;-GFP™ 0.2% + 0.2% of total neurospheres, n = 4 exper-
iments; p = 0.0001; Figures 3A-3D). Plating the LPA,-GFDP*
population in the presence of depolarizing levels of KCl,
which we have previously shown activates a latent stem
cell population (Walker et al., 2008), increased the number
of neurospheres (LPA;-GFP*, no KCl1 19.9 + 5.5 versus KClI
24.4 + 6.4 neurospheres per 1,000 cells, n = 4 experiments,
p = 0.03) but had no effect on the LPA;-GFP™ cells (LPA;-
GFP™ no KCl 0.03 = 0.03 versus KCI 0.02 + 0.02 neuro-
spheres per 1,000 cells, n = 4 experiments, p = 0.9).

Given that Nestin is a commonly used marker of neural
precursor cells, we next compared the efficacy of precursor
isolation using the LPA;-GFP transgenic mice with that of
Nestin-GFP mice. Although the majority of the neuro-
spheres were formed from the Nestin-GFP* population
(Nestin-GFP* 33.8 + 6.1 versus Nestin-GFP~ 2.0 + 0.4 neu-
rospheres per 1,000 cells, n = 6 experiments, p = 0.0022;
Figure 3D), a large percentage of the total neurosphere
formation was from the Nestin-GFP~ cells (Nestin-GFP*
73.5% = 9.6% versus Nestin-GFP~ 26.5% + 9.6%). In

(M) A summary plot of the fraction of LPA;-GFP* cells that co-localize with other markers (n = 4 individual mice with a total of 800 cells for

each antibody combination).

(N) Schematic illustration of expression of individual markers in relation to LPA;-GFP expression.
Scale bars represent 50 um in (B), (C), (F), and (L) and 25 pm in all other panels. (A) is a compilation of images of coronal sections, (I) and
(K) are single planes of z stacks, and the other panels are maximum-intensity projections of z stacks.
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contrast to the LPA;-GFP~ population, the Nestin-GFP~
population contained a population of latent stem cells
that could be activated by depolarizing levels of KCI (Nes-
tin-GFP*, no KCl 30.32 + 5.9 versus KCl 27.9 = 4.0,
p = 0.9 versus Nestin-GFP~, no KCI 2.0 + 0.2 versus KCl
2.5 + 0.2 neurospheres per 1,000 cells, n = 6 experiments,
p = 0.04). Therefore, compared with Nestin-GFP, LPA;-
GFP can be used to isolate both the active and quiescent
precursor cells from the adult dentate gyrus.

LPA;-GFP* Precursor Cells Show Stem Cell Properties

In agreement with the results generated from the neuro-
sphere assays, cells grown as adherent monolayers showed
proliferation only from the LPA;-GFP* cultures (Figures 3E
and 3F). After four passages under proliferative conditions,
>95% of cells were positive for Nestin and LPA;-GFP (Fig-
ure 3G). Following differentiation, all three neural cell
types (neurons, astrocytes, and oligodendrocytes) were
generated from LPA;-GFP* primary neurospheres (Figures
3H-3]), supporting multipotency. The majority of the cells
were astrocytes (91.2% + 1.3%), a small number were neu-

Figure 2. A Running-Induced Increase in
Proliferation Can Be Measured Directly
in LPA;-GFP Mice

(A and B) Experimental design (A) and
histogram (B) representing the number
of BrdU-labeled cells in running (RUN)
and standardly housed (STD) LPA;-GFP mice.
n =11 mice per group, ***p < 0.001, Stu-
dent’s t test.

(C) Representative images of BrdU labeling
in the dentate gyrus. Scale bars represent
50 pm.

(D) Histogram representing the number of
LPA;-GFP* cells in RUN and STD housed
LPA;-GFP mice. n = 11 mice per group,
***p < 0.001, Student’s t test.

(E) Representative image of LPA;-GFP la-
beling in the dentate gyrus. Scale bars
represent 50 um.

(F-H) FACS plot of a wild-type littermate
used to set the GFP gates (F). LPA;-GFP*
cells were analyzed from RUN (G) or STD
housed mice with the gates set to count
total GFP* cells. Histograms representing
the percentage of total LPA;-GFP™ cells (H,
n = 4 mice per group, *p < 0.05, student’s
t-test) in RUN or STD mice.

All data represent the mean + SEM.

STD RUN

rons (6.0% = 1.3%), and few oligodendrocytes (1.1% =
0.3%) were generated (n = 4 experiments). To examine
self-renewal, we dissociated individual large (>200 pm) pri-
mary neurospheres, which we have previously shown to be
stem cell derived (Walker et al., 2008), into single cells, re-
plated them into neurosphere medium, and cultured them
as individual cell lines. Approximately 20% of the primary
neurospheres could be maintained over five passages (11
of 56 neurospheres), indicating their ability to self-renew.
In addition, the adherent monolayer cultures generated
both GFAP" astrocytes and BIII-tubulin®™ neurons following
differentiation. Taken together, these results support the
idea that the LPA;-GFP-expressing cells from the dentate
gyrus include multipotent, self-renewing stem cells.

LPA,-GFP in Combination with EGF-Receptor and
Prominin-1 Expression Effectively Separates the
Proliferative from the Non-proliferative Precursor
Cells

The LPA;-GFP* population was relatively large and had a
neurosphere-forming frequency of approximately 1 in 50
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Figure 3. LPA;-GFP* Precursor Cells Can Be Prospectively
Isolated from the Adult Dentate Gyrus and Are Multipotent
In Vitro

(A-C) Cells isolated from the dentate gyrus of LPA;-GFP* mice are
first gated on the basis of forward and side scatter (A) and
excluding dead cells (B). Approximately 5% of cells in the adult
dentate gyrus are LPA;-GFP* (C).

(D) Histogram representing the number of neurospheres generated
per 1,000 cells for each isolated population. Fg = 13.3, **p < 0.01,
one-way ANOVA with Tukey’'s multiple comparison test, n = 4
experiments.

(E-J) LPA;-GFP* and LPA;-GFP~ cells were sorted and cultured
independently as adherent monolayer cultures (E-G) or neuro-
spheres (H-J). Cell proliferation was observed only from the
LPA1-GFP* cultures (E), with no growth from the LPA;-GFP™ cells
(F). After five passages under proliferative conditions, the ma-
jority of the cells remained positive for the precursor markers
LPA;-GFP (green) and Nestin (red) (G). The primary neurospheres
generated from the LPA;-GFP* cells (H) can differentiate into
BIII-tubulin® (I, magenta) neurons, GFAP* astrocytes (I, white),
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cells. This was increased to approximately 1 in 7 by
isolating cells with high levels of LPA;-GFP expression
(LPA,-GFPMe" 1355 + 30.5 versus LPA;-GFP'°V 13.7 + 2.3
neurospheres per 1,000 cells, n = 3 experiments, p = 0.05;
Figure S3A). Activated stem cells and proliferative progeni-
tor cells can also be isolated from the adult SVZ (Pastrana
et al.,, 2009) and dentate gyrus (Walker et al., 2013) on
the basis of epidermal growth factor receptor (EGFR)
expression. As expected, the LPA;-GFP"EGFR* population
contained most of the proliferative cells (205.2 + 32.8
neurospheres per 1,000 cells) compared with the LPA;-
GFP'EGFR™ (4.5 + 0.02 neurospheres per 1,000 cells), the
LPA;-GFP~EGFR" (2.8 + 0.05 neurospheres per 1,000 cells),
and the LPA;-GFP"EGFR™ (0.1 + 0.03 neurospheres per
1,000 cells; n = 3 experiments, p = 0.0021; Figure S3B) pop-
ulations. The neurosphere-forming frequency of the LPA;-
GFP*EGFR" population increased to 1 in 4.9 cells.

Finally, we have previously shown that adult hippocam-
pal stem cells express prominin-1 (Walker et al., 2013). A
combination of all three markers (LPA;-GFP, EGFR, and
prominin-1) increased the purity of the proliferative
population to one neurosphere formed per 3.2 cells
plated (LPA;-GFP*EGFR*prominin-1* 310.6 + 31.7, LPA;-
GFP'EGFR prominin-1" 13.3 + 4.9; LPA;-GFP*EGFR*
prominin-1- 102.0 + 39.8 neurospheres per 1,000 cells,
n = 3 experiments, p = 0.001; Figure S3C). The expected
theoretical maximum frequency of acutely counted, po-
tential neurosphere-forming cells that survive the sorting
procedure has been estimated to be between 1 in 2 (our
observations) and 1 in 6 (Kawaguchi et al., 2001). The
above combination of markers therefore allows us to
isolate an essentially pure population of proliferating neu-
rosphere-forming cells.

Proliferative Precursor Cells from the Adult Dentate
Gyrus Have a Distinct Transcriptional Profile

Using the combination of LPA;-GFP, prominin-1, and EGF-
647, we are able to separate the highly proliferative (i.e., neu-
rosphere-forming) LPA;* cells from the non-proliferative
population. To gain insight into the underlying molecular
regulation of these distinct subpopulations of LPA;* cells,
we performed RNA sequencing on three fluorescence-acti-
vated cell sorting (FACS)-isolated primary cell populations;
“proliferative LPA;* cells” (LPA;-GFP*EGFR*prominin-1%),
“non-proliferative LPA;* cells” (LPA;-GFP"EGFR*prominin-
17, LPA,-GFP*EGF prominin-1%, and LPA,-GFP*EGFR " pro-
minin-1"), and “niche cells” (LPA;-GFP™), a heterogeneous
population that is composed predominantly of neurons
(NeuN*: 46.8% + 2.7%, n = 4 experiments; Figures 4A-4C).

and 04" oligodendrocytes (white, J). DAPI* cell nuclei are cyan
I, 3).
Data represent the mean + SEM. Scale bars, 50 pum.
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A principal component analysis showed that, as expected,
the samples cluster by cell population (Figure 4D). We iden-
tified a set of 255 genes expressed only in the precursor cells
(all LPA;* cells compared with LPA;~ cells) and a subset of
145 genes with specific expression only in the proliferative
neurosphere-forming cells (LPA;-GFP*EGFR"prominin-17;
Tables S1 and S2). As expected, the combined precursor pop-
ulation was enriched in the gene ontology (GO) categories of
“cell division” (GO:0051301, p = 3.9 x 10~ ') and “cell cy-
cle” (GO:0007049, p = 3.9 x 10~ '%), confirming its highly

proliferative nature (Table S3). A GO analysis of the prolifer-
ative LPA;* cells revealed a unique functional profile, with
an enrichment in terms related to the immune response
such as “immune system process” (GO:0002376, p = 1.6 X
10719, “immune response” (GO:0006955, p = 4 x 1077,
and “inflammatory response” (GO:0006954, p = 5.3 X
1077; Table S4). A survey of the KEGG database revealed
that our set of proliferative precursor cell genes was en-
riched in the pathways “cytokine-cytokine receptor interac-
tion” (p = 1.3 x 10~°) and “chemokine signaling pathway”
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Figure 5. The Two LPA,-GFP* Populations
Correspond to Subpopulations Proposed
by Existing Single-Cell Sequencing Data

(A) Clustering of single cells identified
by principal component analysis of RNA-
sequencing data from Shin et al. (2015)
(figure adapted from original manuscript).

(B) The five subpopulations (S1-S5) corre-
spond to the proliferative and non-prolif-
erative LPA;* populations identified in the
current study.
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(p =3 x 10?). Interestingly, when viewed as a STRING pro-
tein-protein interaction network (Franceschini et al., 2013),
many of the KEGG pathway-enriched genes clustered
together, further suggesting that they are functionally
similar (Figure 4E). This same network also contains a tight
cluster of genes involved in cell division. Given that these
GO and KEGG profiles are also characteristic of circulating
immune cells, we had to exclude potential contamination
with blood cells. Using flow cytometry, we confirmed that
our proliferative cell population did not contain any lym-
phocytes (CD45%) or endothelial cells (CD31"; Figure S4).
Together these results show that, while the total precursor
cell population exhibited the expected mitotic phenotype,
the highly proliferative neurosphere-forming population is
distinguished by an unexpected transcription profile, sug-
gesting a role for cytokine signaling in these cells.

A recent study further differentiated hippocampal Nes-
tin-positive cells into five subpopulations (S1-S5) based
on their molecular profiles, with characteristics ranging
from quiescent stem cells to actively dividing precursors
(Shin et al., 2015) (Figures 5A and 5B). Comparison of the
expression profiles of our proliferative and non-prolifera-
tive precursor cells with the expression data from that
study showed that our non-proliferative cells exhibited a
profile similar to that of the S1-S3 stages, identified by
Shin et al. (2015) as the non-dividing putative stem cell
subpopulations (Figure 5C), whereas our proliferative pop-
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83 sS4 S5

ulation corresponded to the actively dividing S4 and S5
stages (Figure 5D).

CXCL1 Increases Hippocampal Neurosphere Number
As a case study to investigate the role of immune-associated
genes in adult hippocampal precursor proliferation, we
chose three cytokines that were highly expressed in our
stem cell population, CXCL1, CXCL2, and CCL8. Whether
these three cytokines play a role in neural precursor cell
proliferation was unknown. CXCL2 and CCL8 had no ef-
fect on the size or number of neurospheres generated
from either SVZ or dentate gyrus primary cells (Figure SS5).
CXCL1, however, significantly increased the number of
neurospheres generated from both the SVZ (30 ng/ml
CXCL1 137.1% = 6.2% of control, p = 0.009, n = 4 experi-
ments) and the dentate gyrus (3 ng/ml CXCL1 173.0% =+
10.8% of control, p = 0.02, n = 3 experiments; Figure S5).
This exemplary result confirms the regulatory role of one
of the identified immune-related cytokines in adult hippo-
campal precursor proliferation.

LPA Increases Hippocampal Precursor Proliferation

In Vitro

In combination, the data presented above suggest that
LPA;-GFP is expressed with high specificity on type 1 and
type 2a hippocampal precursor cells in vivo. However,
the direct effect of LPA on the proliferation and survival
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Figure 6. LPA Increases Precursor Proliferation In Vitro and
In Vivo

(A) Histogram representing the number of neurospheres formed
from primary adult dentate gyrus cells treated with 10 uM LPA or
15 mM KCl in the presence or absence of the LPA inhibitor DGPP.
Fo3 = 8.3, *p < 0.05, **p < 0.01, one-way ANOVA with Tukey’s
multiple comparison test, n = 4 experiments.

(B) Experimental design for in vivo LPA infusion and thymidine
analog labeling.

(C-F) Histograms representing the number of surviving neurons
(C) and the number of proliferating precursor cells (E) following
28 days of LPA infusion. Two-tailed Student’s t test, *p < 0.05,
n =11 animals (control group) and n = 12 animals (LPA group).
Representative images of CldU (red) and NeuN (white) double-
labeled cells (D) and IdU (red) single-labeled cells (F), DAPI-
labeled nuclei (blue).

Data represent the mean + SEM. Scale bars, 50 pum.

of these cells has not yet been examined. To investi-
gate this, we first added LPA (10 uM) to cultured primary
hippocampal precursor cells. Exogenous LPA significantly
increased the number of neurospheres, as did the addi-
tion of depolarizing levels of KCIl, a response that could
be blocked by the specific LPA;/LPA; antagonist diacylgly-
cerol pyrophosphate (DGPP) (control 27.75 + 7.39, LPA

71.50 + 15.06, LPA + DGPP 8.00 + 1.58, KCI 81.5 + 15.2,
KCl+DGPP 32.5 + 15.8, n = 4 experiments, p = 0.0006; Fig-
ure 6A). LPA treatment also increased neurosphere size
(control 51.5 = 1.5 um, LPA 69.3 + 3.3 pm, n = 3 experi-
ments, p = 0.04) but had no effect on the percentage of
neurons (control 8.6% + 2.3% versus LPA 11.5% + 5.2%,
p = 0.57, n > 8 coverslips) or astrocytes (control 82.1% =+
7.3% versus LPA 87.0% + 4.8%, p = 0.62, n > 8 coverslips)
after differentiation.

LPA Increases Net Neurogenesis without Changing
Proliferation In Vivo

To confirm that the effect of LPA on hippocampal precursor
cells in vivo, we used osmotic minipumps to continuously
infuse LPA directly into the hippocampus for 28 days. To
measure neuronal survival, we injected 5-chloro-2’-deoxy-
uridine (CldU) at the beginning of the experiment, and to
label proliferating cells 5-iodo-2’-deoxyuridine (IdU) was
injected 12 hr prior to perfusion (Figure 6B). We found an
increase in neuronal survival (CIdU*NeuN™" cells; saline
2,402 + 215.1, n = 11 animals versus LPA 3,125 + 161.6,
n = 12 animals, p = 0.01; Figures 6C and 6D), indicating a
significant effect of LPA on adult hippocampal neurogene-
sis. Interestingly, this effect did not appear to be due to
a pro-proliferative effect, as we saw only a small but non-
significant increase in proliferating (IdU™) precursor cells
in the 28-day LPA-infused group (saline 2,469 + 286.4,
n = 10 animals versus LPA 2,732 + 266.5, n = 12 animals,
p = 0.42; Figures 6E and 6F). Similarly, we also observed
no significant increase in IdU" cells following 7 days of
LPA infusion (saline 2,553 + 302.9, n = 6 animals versus
2,656 + 140.0, n = 7 animals, p = 0.8). These data show a
specific effect of LPA on survival of newborn neurons.

LPA Signals through the AKT and the MAPK Pathways
In Vitro and Ex Vivo

LPA can signal through several G-protein-coupled recep-
tors (LPA; ) and multiple signaling pathways including
AKT, mitogen-activated protein kinase (MAPK), or protein
kinase C (PKC) to induce cell proliferation, differentiation,
or survival of many cell types (Ye et al., 2002). We first
performed a time-course experiment with LPA stimulations
of between 2 and 60 min (Figure 7A). In these experiments,
we found that LPA stimulation of adherent neural precur-
sor cells in vitro rapidly and transiently induced phosphor-
ylation of AKT (S473) 2 min after stimulation (ratio pAKT/
AKT unstimulated 0.52 + 0.02 versus 2 min 0.66 + 0.09,
n = 4 experiments, p = 0.02; Figure 7B) and ERK1/2 (ratio
pERK/ERK unstimulated 0.23 + 0.04, 2 min 1.41 + 0.23,
p = 0.0025, 5 min 1.47 + 0.24, p = 0.0025, 10 min 0.83 +
0.08, p = 0.0006; Figure 7C), an effect that was reduced to
basal levels at 5 min (for AKT) and 30 min (for ERK1/2) after
LPA administration. A similar effect was observed following
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Figure 7. LPA Signals via the AKT and
MAPK Pathways In Vitro

(A) Experimental design for in vitro LPA
signaling under proliferation conditions.
(B-D) There is a rapid phosphorylation of
AKT (B) and MAPK (C) in response to LPA

A  Experimental design (proliferation) F
Add LPA

Experimental design (differentiation)
Add LPA

48 h + E/F 24 h - E/F{0 min

48 h + E/F 24 h - E/F-2 min
48 h + E/F 24 h - E/F{—5 min
48 h + E/F 24 h - E/Fi— 10 min

72h+E/F 4d-E/F|0min
72h +E/F 4d-E/F [-2min
72h +E/F 4d-E/F —5min
72h +E/F 4d - E/F 10 min

48 h + E/F 24 h - E/F| 30 min 72h +E/F 4d-E/F 30 min t t t £ dh t l u
48 h + E/F 24 h - E/F| 60 min 72h +E/F 4d-E/F 60 min . rea _men ora _eren neura precursor cells
in vitro and primary dentate gyrus cells
B In vitro Akt signaling (proliferation) G In vitro Akt / MAPK signaling in vivo (D, n = 4 experiments).

LPA ( 2 5 10 30 60

LPA (min
pAKT

AKT
c In vitro MAPK signaling (proliferation)

PERK1/2 *“

PERK1/2

ERK1/2

(differentiated monolayers)

) 0 2 5 10 30 60
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DGPP.

(F) Experimental design for in vitro LPA
signaling under proliferation conditions.

(G and H) There is a rapid phosphorylation of
AKT and MAPK in response to LPA treatment
in both differentiated adherent monolayers
(G) and differentiated neurospheres (H,
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10 min of LPA stimulation of primary isolated dentate
gyrus cells ex vivo (Figure 7D). We confirmed that this
signaling was occurring via the LPA;/; receptor as AKT
phosphorylation was inhibited when the cells were pre-
treated with the LPA,,3-specific antagonist DGPP for 1 hr
prior to the addition of LPA (Figure 7E). In addition, we
confirmed that phosphorylation of AKT and MAPK in
response to LPA stimulation also occurs in differentiated
cells generated from both adherent monolayers (Figures
7F and 7G) and neurospheres (Figure 7H). These results
demonstrate that LPA signals via the AKT and MAPK path-
ways, providing a functional context for this marker.

DISCUSSION

In the present study we show that LPA; is expressed by stem
and progenitor cells (predominantly type 1 and type 2a)
within the neurogenic niche of the dentate gyrus of adult
mice, and that it outperforms Nestin, the current gold stan-
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dard, as a marker for prospective isolation of cells that
exhibit precursor cell properties ex vivo. Sorting LPA;-
GFP" cells in combination with prominin-1 and EGFR
allows the separation of the non-proliferative from the pro-
liferative precursor cells, the latter of which was revealed by
RNA sequencing to have an unexpected immune-cell-like
transcriptional profile.

The intermediate filament Nestin is the most commonly
used marker of neural stem cells. Although all four
commonly accessible transgenic Nestin-GFP lines show
expression in the adult neurogenic regions, they differ in
the extent of GFP expression (Beech et al., 2004; Kawaguchi
etal., 2001; Mignone et al., 2004; Yamaguchi et al., 2000). It
was recently demonstrated that Nestin expression is absent
from the quiescent stem cell population of the adult SVZ
(Codega et al., 2014), being upregulated only after the
stem cells are activated. In the present study, we demon-
strate that LPA;-GFP is a more sensitive marker than
Nestin-GFP and can be used to effectively isolate the prolif-
erative hippocampal precursor population, with >99% of



the neurospheres generated from the LPA;-GFP* cells.
Importantly, LPA;-GFP appears to also mark the quiescent
stem cell population in the dentate gyrus. In contrast to
the Nestin-GFP™ population, no quiescent stem cells could
be activated from the LPA;-GFP~ population following
in vitro depolarization, a treatment which we have previ-
ously shown to mimic neural activity (Walker et al.,
2008). Combining LPA;-GFP expression with two other
markers, EGFR and prominin-1, we were able to further
separate the proliferative (neurosphere-forming) from the
non-proliferative cells.

Our flow cytometric isolation strategy has allowed the
molecular characterization of proliferative, as distinct
from the non-proliferative precursor cells. This distinction
could previously not be made using broader markers such
as Nestin and SOX2. Indeed, comparison of our list of 145
proliferative precursor-cell-enriched genes with the SOX2-
enriched genes generated by Bracko et al. (2012) revealed
only three common genes (Igf1, Dab2, and Txnip), and
when our threshold was decreased to 2-fold enrichment
only two additional commonly expressed genes were de-
tected (Ucp2 and Hmgb2). The fact that SOX2 also marks
post-mitotic astrocytes and the presence of known choroid
plexus markers in their stem cell gene list highlights the
limitation of sorting using a single marker. In contrast,
our division of proliferative versus non-proliferative corre-
sponds well with subpopulations identified by transcript
functional profiling in another recent study (Shin et al.,
2015). Our present study extends on this work by enabling
prospective isolation of the proliferative and non-prolifera-
tive precursor cell populations. This will allow downstream
manipulation in vitro for further characterization of factors
capable of activating the quiescent stem cells, as well as for
potential applications such as transplantation.

Transcriptomic analysis of our isolated proliferative pre-
cursor population revealed a profile with immune-like
characteristics. The presence of cytokine receptors on neu-
ral precursor cells, as well as the production of cytokines
and other inflammatory molecules, supports the existence
of bidirectional crosstalk between the neural stem cells and
the immune system (Zhang et al., 2015). Indeed, there is
emerging evidence for a direct and synergistic interaction
between neural stem cells and peripheral T cells to main-
tain baseline neurogenesis levels as well as to promote re-
covery following insult (Niebling et al., 2014; Wolf et al.,
2009; Zhang et al., 2015). Our analysis revealed a number
of immune molecules expressed by the proliferative precur-
sor cells, most of which have no known role in the regula-
tion of adult neural stem cells. We had, however, previously
identified one of these molecules, Oncostatin M, as a regu-
lator of neural precursor activity (Beatus et al., 2011). In
addition, as a proof of concept, we confirmed a regulatory
role of one of the identified immune-related proteins in

adult hippocampal precursor proliferation. More detailed
studies, however, are required to further investigate the
specific role that CXCL1 and the other stem-cell-specific
cytokines play in this process.

The definition of marker combinations in neural stem
cell biology has been hampered by the dearth of informa-
tion linking markers and the underlying lineage-defining
biology. LPA is of particular interest as it suggests lipids as
a new class of molecules co-defining stem cell entities,
and indeed lipids are emerging as key signaling molecules
in neural stem cell biology. The most abundant brain lipid,
DHA (docosahexaenoic acid), is consistently released from
phospholipids, and its presence is inversely linked to brain
aging and neurodegenerative diseases. DHA supplementa-
tion leads to enhanced hippocampal long-term potentia-
tion (Kawashima et al., 2010) and, combined with physical
activity, enhances synaptic plasticity and spatial learning
(Wu et al., 2008). DHA increases neurogenesis in vitro
and in vivo (Kawakita et al., 2006). Another dietary polyun-
saturated fatty acid, arachidonic acid, has also been shown
to enhance hippocampal neurogenesis (Maekawa et al.,
2009). We show that exogenous LPA affects in vitro precur-
sor cell potential as well as proliferative capacity. This is in
contrast to a previous report of reduced neurosphere size
from LPA-treated cortical cells (Fukushima et al., 2007).
Neurosphere numbers were not quantified in that study.
Another study, using 10 uM LPA, showed inhibition of
neurosphere formation and neuronal differentiation of hu-
man embryonic stem cells without affecting proliferation,
apoptosis, or astrocytic differentiation (Dottori et al.,
2008). Conversely, in embryonic brain cultures ex vivo,
LPA promoted survival and differentiation of cortical pre-
cursor cells (Kingsbury et al., 2003). We found a significant
stimulatory effect of LPA on adult hippocampal neurogen-
esisin vivo. Interestingly, only a small and statistically non-
significant increase in proliferating precursor cell number
in the LPA-infused group was seen. This is consistent
with data showing that LPA can promote differentiation
and cell survival without eliciting a strong proliferative
response (Tang et al., 2014). Lipids have a critical role in
cell signaling, with LPA binding G-protein-coupled recep-
tors of the LPA receptor family (LPA;_¢) which signal via
the PI3K-AKT, Ras-ERK, and PLC-PKC cell-signaling path-
ways. Cell survival is largely mediated by AKT signaling
whereas the MAPK pathway generally regulates differentia-
tion and cell specification, and the Rho and PKC pathways
mediate proliferation (Gude et al., 2006; Miyamoto et al.,
2009; Ye et al., 2002). Our present data showing an activa-
tion of AKT and MAPK pathway signaling explains the pro-
survival effect observed in response to exogenous LPA.
However, the exact mechanism through which LPA; acti-
vation is involved in the control of precursor cell activity
and adult neurogenesis remains to be explored.
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In summary, we show that LPA; is expressed by a defined
population of neural precursor cells in the hippocampus,
and provide evidence for the involvement of LPA in the
regulation of these cells both in vitro and in vivo. In addi-
tion, we present a marker combination that allows the sep-
aration of proliferative and non-proliferative precursor
cells and present the transcriptional profile of the prolifer-
ative cells, providing insight into their immune-like char-
acteristics and further supporting the hypothesis of a
bidirectional crosstalk between neural stem cells and the
immune system.

EXPERIMENTAL PROCEDURES

For a more detailed description, see Supplemental Experimental
Procedures.

Animals

LPA;-GFP (Gong et al., 2003), Nestin-GFP (Yamaguchi et al., 2000),
and Nestin-Cyan nuclear (Encinas and Enikolopov, 2008) mice
were maintained on a 12-/12-hr light/dark cycle with food and
water provided ad libitum. All experiments were conducted in
accordance with the applicable European and national regulations
(Tierschutzgesetz) and were approved by the responsible authority
(Landesdirektion Sachsen). All animals were 8 weeks old at the
time of the experiment except for the Nestin-Cyan/LPA;-GFP
mice, which were 3 weeks old.

Fluorescence Immunohistochemistry of Tissue
Sections

Fluorescence immunohistochemistry was performed using the
following primary antibodies: GFP, GFAP, vimentin, SOX2, TBR2,
NeuN, calretinin, DCX, NeuroD, or S1008. The appropriate DyLight
and cyanine secondary antibodies (1:500; Dianova) were used.
For visualization of the blood vessels, biotinylated Lycopersicon
esculentum (tomato lectin; 1:2,000; Vector Laboratories, Linaris)
was added for 48 hr at 4°C, followed by incubation with streptavi-
din-Cy3 (1:500; Jackson ImmunoResearch Laboratories) and DAPI
(1:10,000; Invitrogen). Fluorescence immunohistochemistry for
the detection of CldU, IdU, and NeuN was performed as described
previously (Overall et al., 2013).

Fluorescence-Activated Cell Sorting and In Vitro Cell
Culture

Dentate gyrus tissue from Nestin-GFP or LPA;-GFP mice (eight per
experiment) was microdissected (Hagihara et al., 2009) and enzy-
matically dissociated using the Neural Tissue Dissociation Kit
(Miltenyi). Cells were stained with a prominin-1-specific antibody
(13A4-phycoerythrin [PE]; eBioscience) and/or EGF-647 (Molecu-
lar Probes). Prior to adding the prominin-1-PE or EGF-647, a small
proportion of the cells were removed and stained with an isotype
control (rat IgG1-PE; eBioscience) as a control for non-specific
staining. Dead cells were excluded by staining with propidium io-
dide (1 pg/ml). Sorted populations of cells were collected directly
into neurosphere growth medium, and each population was plated
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into 48 wells of a 96-well plate as described elsewhere (Walker and
Kempermann, 2014). Primary hippocampal neurospheres were
passaged from wells containing single large neurospheres. For dif-
ferentiation, neurospheres were plated onto poly-D-lysine (PDL)
and laminin-coated coverslips in medium without growth factors
for 8 days. The primary cells from each sorted population were
plated into one well of a PDL/laminin-coated 24-well plate in
1 ml of growth medium to generate adherent monolayer cultures.
The cells were stained for BIII-tubulin, MAP2ab, GFAP, the oligo-
dendrocyte marker O4, or the precursor cell antigen Nestin.

For the in vitro neurosphere experiments, primary dentate
gyrus cells were isolated and either LPA (18:1 1-oleoyl-2-hydroxy-
sn-glycero-3-phosphate, 10 uM; Avanti Polar Lipids), DGPP (8:0 di-
octanoylglycerol pyrophosphate, 50 pM; Avanti Polar Lipids),
KCl (15 mM), CXCL1 (3 ng/ml or 30 ng/ml; R&D Systems),
CXCL2 (0.1 ng/ml, 1 ng/ml, or 10 ng/ml; R&D Systems), or CCL8
(10 ng/ml or 100 ng/ml; BioLegend) were added at the time of
plating.

BrdU and GFP Immunohistochemistry and
Quantification

For assessment of cell proliferation in the dentate gyrus, LPA;-GFP
mice were given three intraperitoneal injections of 50 mg/kg BrdU
(Sigma) spaced 6 hr apart, and were perfused 12 hr after the last
injection.

For quantification of BrdU* and GFP* cells in the dentate gyrus,
sections were stained for either BrdU or GFP, followed by incuba-
tion with anti-rat-biotin or anti-rabbit-biotin secondary antibodies
(both 1:500; Dianova). Detection was performed using the Vectas-
tain ABC-Elite reagent (Vector Labs, Linaris) with diaminobenzi-
dine (Sigma) and 0.04% NiCl as the chromogen.

Next-Generation Sequencing

Three populations of primary dentate gyrus cells, “proliferative
LPA;* cells” (LPA;-GFP*EGFR*prominin-1*), “non-proliferative
LPA;" cells” (LPA;-GFP"EGFR*prominin-1~, LPA;-GFP*EGF pro-
minin-1¥, and LPA;-GFP*EGFR prominin-1~), and “niche cells”
(LPA;-GFP™), were isolated by FACS and pools of approximately
1,000 cells were sequenced on the Illumina HiSeq 2000 platform
providing on average 35 Mio reads per sample. The raw sequence
data are deposited in the GEO under accession number GEO:
GSE68270. Reads were mapped to the latest mouse genome build
(mm10) and counts per gene were log,-transtormed for down-
stream analysis. Population-specific transcripts were identified by
first using an ANOVA filter (adjusted p < 0.05) and then selecting
transcripts with more than 4-fold difference in expression between
groups. Comparison with single-cell data (Shin et al., 2015) em-
ployed an eigengene derived from transcripts corresponding to
the genes differentially regulated in this study (Table S1).

In Vivo LPA Infusion

Micro-osmotic pumps (Alzet, #1004; 28 days of infusion at a flow
rate of 0.11 pl/hr) were loaded with LPA (200 nM) supplemented
with 0.1% BSA or vehicle solution (0.9% sterile PBS, containing
0.1% BSA), and the cannula inserted to enable unilateral infu-
sion directly into the hilus region of the hippocampus (anterior/
posterior —1.3, dorsal/lateral +1.0, dorsal/ventral —2.2, relative to



Bregma). Mice were injected with CldU (42.5 mg/kg) immediately
following surgery on day 1 and with IdU (57.5 mg/kg) on the eve-
ning of the 28th day, 12 hr prior to perfusion.

Protein Preparation and Western Blot Analysis

LPA,-GFP* adherent cultures were transferred to mitogen-free me-
dium for 24 hr, after which LPA (25 uM) was added and the cells
were incubated for 2, 5, 10, 30, or 60 min at 37°C. For the ex vivo ex-
periments primary dentate gyrus cells were isolated and treated with
either PBS or LPA (25 uM) for 10 min in either the presence or
absence of the LPA;-specific inhibitor DGPP (50 uM). They were
then lysed immediately on ice and clarified by centrifugation at
16,000 x g for 10 min at 4°C. Lysates were separated on 4%-12%
NuPage gels and transferred to polyvinylidene fluoride membranes,
and probed with either rabbit anti-AKT, rabbit anti-phospho AKT-
S473, or mouse anti-phospho ERK1/2 antibodies. Immunoreactive
bands were detected using either donkey anti-rabbit horseradish
peroxidase or goat anti-mouse secondary antibodies and the Super-
Signal West Dura Chemiluminescent Substrate (Thermo Scientific).
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SUMMARY

Amyotrophic lateral sclerosis (ALS) is a late-onset motor neuron disorder. Although its neuropathology is well understood, the cellular
and molecular mechanisms are yet to be elucidated due to limitations in the currently available human genetic data. In this study, we
generated induced pluripotent stem cells (iPSC) from two familial ALS (FALS) patients with a missense mutation in the fused-in sarcoma
(FUS) gene carrying the heterozygous FUS H517D mutation, and isogenic iPSCs with the homozygous FUS H517D mutation by genome
editing technology. These cell-derived motor neurons mimicked several neurodegenerative phenotypes including mis-localization of FUS
into cytosolic and stress granules under stress conditions, and cellular vulnerability. Moreover, exon array analysis using motor neuron
precursor cells (MPCs) combined with CLIP-seq datasets revealed aberrant gene expression and/or splicing pattern in FALS MPCs. These
results suggest that iPSC-derived motor neurons are a useful tool for analyzing the pathogenesis of human motor neuron disorders.

INTRODUCTION

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative
disease resulting in the selective death of motor neurons
(Cleveland and Rothstein, 2001). ALS symptoms are associ-
ated with muscle weakness and paralysis and approxi-
mately 80% of ALS patients die within 3-5 years after
the onset of these symptoms. The prevalence of ALS is
two per 100,000 people per year (Bruijn et al., 2004) and
approximately 10% of patients have a familial history of
the disease (Gros-Louis et al., 2006). Familial ALS (FALS)
is identified by mutations in several genes, including
SOD1, TARDBP and FUS (Chen et al., 2013).

Several efforts including animal and in vitro culture
models have been undertaken to understand the patho-
genic mechanism of ALS. In animal models, neurobiolog-
ical phenotypes of ALS are observed, which are due to
multiple pathogenic mechanisms, including protein degra-
dation, oxidative stress, inflammation, paraspeckle forma-
tion, mitochondrial dysfunction and apoptotic pathways
(Lanson and Pandey, 2012; Nishimoto et al., 2013; Robber-
echt and Philips, 2013; Tsao et al., 2012). In addition, the
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use of recently developed induced pluripotent stem cell
(iPSC) technologies also enables understanding of the
disease pathogenesis (Mattis and Svendsen, 2011; Okano
and Yamanaka, 2014). Indeed, iPSCs have been generated
from ALS patients with mutations in SOD1 (Chestkov and
Vasilieva, 2014; Dimos et al., 2008), TDP-43 (Bilican et al.,
2012; Egawa et al., 2012), C9ORF72 (Almeida et al., 2013;
Sareen et al., 2013) and recent publications of FUS (Lenzi
et al., 2015; Liu et al., 2015; Di Salvio et al., 2015) suggest
a useful tool for pursuing the cellular pathogenesis and
mechanism underlying FALS.

FUS, also known as Translocated in Liposarcoma (TLS), is
a DNA/RNA-binding protein containing a glycine-rich re-
gion, an RNA recognition motif and a nuclear localization
signal (Lattante et al., 2013; Yang et al., 2010). In FALS,
more than 50 mutations in the FUS gene have been reported
(Lattante et al., 2013). Some mutant FUS proteins form nu-
clear/cytosolic protein aggregations that shift from the nu-
cleus to the cytoplasm (Dormann et al., 2010; Suzuki et al.,
2012; Vance et al., 2013; Zhou et al., 2013). This sequestra-
tion of FUS into aggregations is thought to be a potential cue
for the initiation of motor neuron degeneration.
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Figure 1. Characterization of iPSCs and Differentiation into Motor Neurons

(A) Human dermal fibroblasts from two ALS patients who carried the FUS H517D heterozygous mutation (C-to-G heterozygous mutation);
the mutation was maintained in the generated iPSCs.

(B) Representative image of immunochemical analysis of pluripotent markers, 0CT4, SSEA4 and TRA-1-60. Control, YFE-16; FALS, FALS-2e2.
The same images are shown in Figure S1B. The scale bar represents 200 pum.

(C) Representative karyotypes of the generated FALS1 and FALS2 iPSC lines are shown.

(legend continued on next page)
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In the present study, we generated iPSCs from two ALS pa-
tients carrying the FUS H517D mutation, healthy volunteers
and isogenic iPSCs with FUS H517D mutation using the
TALEN system and investigated the multifaceted cellular
phenotypes of their motor neurons in vitro. We differenti-
ated these iPSCs into the motor neuron cell lineage and
observed significant mis-localization of mutant FUS to the
cytosol and the accumulation of FUS in stress granules under
various stresses, which has never been reported for wild-type
FUS protein. Furthermore, using two comprehensive ana-
lyses, exon array combined with previous CLIP-seq data
(Lagier-Tourenne et al., 2012), we identified transcripts
showing aberrant gene expression, which may be involved
in FUS-dependent pathology, even in motor neuron precur-
sor cells (MPCs) derived from FALS iPSCs. The subsequent
analysis using the IN Cell Analyzer revealed an increase
in neuronal cell death and a decrease in neurite length in
FALS iPSC-derived HB9-positive motor neurons compared
with controls under stress conditions. In contrast, in our
analysis on BII-TUBULIN-positive neurons, there were
nearly no changes in FUS mis-localization, FUS accumula-
tion in stress granules, occurrence of neuronal cell death,
or neurite length. Thus, the present report describes the
in vitro modeling of human ALS with the FUS mutation to
uncover the pathogenetic history of this disease.

RESULTS

Generation of FUS-ALS-iPSCs and Differentiation into
Motor Neurons

We generated FALS iPSCs derived from skin fibroblasts iso-
lated from two FALS patients (Figure S1A and Table S1),
both with a point mutation in the gene encoding the C-ter-
minal domain of the FUS protein (Akiyama et al., 2016). To
reprogram the skin cells into FUS-ALS-iPSCs, we used
episomal vectors carrying OCT4, SOX2, KLF4, L-MYC,
LIN28 and p53 shRNA. The two ALS patients had a hetero-
zygous C-to-G transition at nucleotide 1,550 (c.1550C>G)
in the exon 15 coding sequence of the FUS gene (hereafter
referred to as patient-1, FALS-e46, FALS-e48, and FALS-e54;
and patient-2, FALS-2e2, FALS-2e3, and FALS-2e23). We
confirmed that FALS iPSCs also harbored the heterozygous
C-to-G point mutation in the FUS gene (Figure 1A) and

had no other mutations in the FUS gene (data not shown).
This point mutation causes a single amino acid substitu-
tion (histidine to aspartic acid) at amino acid position
517 in the C-terminal domain of the FUS protein, termed
H517D. Furthermore, we established another control
iPSC line, YFE-16 (Shimojo et al., 2015), in addition to
the two control human iPSC lines, 409B2 and 414C2,
which were established previously (Table S1) (Okita et al.,
2011). These three control lines were derived from two
individuals who were diagnosed as clinically healthy and
did not have the C-to-G point mutation in the FUS gene
(Figure 1A). Importantly, these iPSC lines showed the
typical morphology of colonies similar to human embry-
onic stem cell lines, based on the expression of pluripotent
stem cell markers (SSEA4, OCT4, and TRA-1-60) by immu-
nocytochemical analysis (Figures 1B and S1B; control and
FALS in Figure 1B represented YFE-16 and FALS-2e2 respec-
tively and the same images are shown in Figure S1B),
normal karyotypes by the G-band staining method (Fig-
ure 1C) and no exogenous transgene expression by qRT-
PCR (Figure S1C) or oriP genomic PCR (Figure S1D). We
also confirmed the pluripotency of differentiation poten-
tials into three germ layers (Figure S1E). In addition, we
generated isogenic iPSCs with FUS H517D homozygous
mutation (hereafter referred to as FUSH>!7P/HS17D1 - o
and -3) using the TALEN genome editing systems on
409B2 control iPSCs (Figure S2).

AlliPSCs were differentiated into neural lineages including
motor neurons based on a previously described protocol but
with slight modifications (Bilican et al., 2012; Chambers and
Fasano, 2009; Egawa et al., 2012; Hester et al., 2011; Hu and
Zhang, 2009; Imaizumi etal., 2015; Nizzardo et al., 2010; Sur-
macz et al., 2012; Matsumoto et al., 2016). The iPSCs were
transferred into a suspension culture to form the neuro-
sphere in neural progenitor maintenance media containing
retinoic acid and the hedgehog signaling activator, pur-
morphamine, to promote the commitment of MPCs. All
MPCs were constructed from motor neuron progenitor
marker, OLIG2 and SOX2 double-positive cells, and an early
marker of motor neuron differentiation, ISLET1 positive cells
(Figure 1D). Quantitative analysis for the ratio of marker
expression using IN Cell Analyzer revealed that there was
no significant difference in the differentiation ratio between
control, FALS, and FUS™S'7P/HS17D \pCs (Figure 1E). MPCs

(D) Representative image of immunocytochemistry for the neural stem cell marker (S0X2) and motor neuron progenitor markers (OLIG2 and

ISLET1). The scale bar represents 20 pm.

(E) Quantitative data of the ratio of each MPC marker-positive cell/Hoechst-positive cell (n = 3 independent experiments; means + SD;

Tukey's test).

(F) Representative image of immunocytochemistry for motor neuron markers (HB9, ISLET1 and SMI32) and other neural markers
(BIII-TUBULIN, MAP2, VGLUT1 and GLUR1). The scale bars represent 60 pm.
(G) Quantitative data of the ratio of each marker-positive cell/BIII-TUBULIN-positive cell (n = 3 independent experiments; mean + SD;

Tukey's test).
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were passaged twice and then adhered on poly-ornithine/
laminin-coated plates. Neurons were differentiated after
20 days in adherent culture. These neuronal cell popu-
lations contained motor neurons (i.e., HB9, ISLET1 and
SM1I32), glutamatergic neurons (i.e., VGLUT1) and gluta-
mate-responsive neurons (i.e., GLURI) (Figure 1F) and
there was no significant difference in the ratio of these
markers between control, FALS, and FUS?>17P/H517D neyrons
(Figure 1G).

Aberrant Gene Expression in FALS Motor Neuron
Progenitor Cells

We performed exon array analysis using an Affymetrix
GeneChip Human Exon 1.0 ST Array to analyze RNA pro-
files in control and FALS-derived MPCs, which efficiently
differentiate into motor neurons. We compared 18,738
genes using core probes to observe fold changes (FCs) in
gene expression between the three control and six FALS-
derived cell types. A scatterplot of FCs showed a very
high correlation coefficient of more than 0.9, suggesting
our in vitro culture model was stable regarding their
transcriptome. Next, we prepared a list of FUS-regulated
genes, which were differentially expressed for each cell,
by filtering the gene-level signal intensities with Bayes
statistics p values <0.001. Of the 159 differently expressed
genes we identified, 124 genes were upregulated and 35
genes were downregulated in FALS MPCs as summa-
rized in plots and a heatmap (Figures 2A and 2B). We
analyzed the Gene Ontology (GO) terms (Figure 2C) of
the genes, including SLITRK4, DST, GNAOI1, ALCAM,
NFASC, NEUROD4 and ONECUTZ that were aberrantly ex-
pressed in FALS-derived cells. We found that these genes
were associated with neuron differentiation, neuron devel-
opment and cell adhesion and were enriched compared
with the profiles of control MPCs (Aruga and Mikoshiba,
2003).

We reanalyzed a previous FUS CLIP-seq (crosslinking
and immunoprecipitation, followed by high-throughput
sequencing) dataset (Lagier-Tourenne et al., 2012) to deter-
mine whether this gene regulation is involved in direct
regulation of the FUS protein. Among 10,159 FUS CLIP clus-
ters, we defined 1,558 genes with tag number >20 and peak
height >10; approximately 75% were located in intronic
sequences (Figure 2D), which is consistent with previously
reported FUS binding sites. We found that 23 genes were
significantly overlapped using the exon array of 159 genes
and potential FUS targets, as well as 1,558 genes based
on the CLIP-seq dataset (Figures S3A, S3B, and Table S2).
Most of these differently expressed genes were validated
by qRT-PCR analysis (Figure 2E), indicating consistency
between qRT-PCR and exon array analyses (Table S3).

We also analyzed the alternative splicing changes in con-
trol and FALS MPCs by exon array. We identified altered

expression of exons between control and FALS MPCs
including RSUI (Ras suppressor protein 1), RPH3AL (rab-
philin 3A-like) and EFCAB13 (EF-hand calcium binding
domain 13), which had differences in expression levels on
the core probes (Figure 3A). To validate these results by
semi-quantitative RT-PCR assay (Figure 3B), we designed
the primers flanking the splicing target exons in these genes
and validated alternative splicing changes using total RNA
obtained from tertiary MPC-specific cells by semi-quantita-
tive RT-PCR analysis. As expected, these three genes showed
dramatic splicing changes in FALS MPCs (Figure 3C). To
confirm whether the splicing changes between control
and FALS-derived cells depend on the mutation of the FUS
protein, we analyzed the splicing patterns of these three
genes in the MPCs derived from FUSHS!7P/HS17D_ipgCs
carrying the FUS HS517D homozygous mutation. We
confirmed that differential splicing changes also occur
in the RPH3AL and EFCABI3 genes between control
and FUSMS17PMSIZD NMpCs (Figures 3D and S3C). Semi-
quantitative analysis of splicing variants revealed that
FUSHS17D/MSIZD N pCs express higher levels of the RPH3AL
377-bp band than 409B2 control MPCs, but express similar
levels of RSU1 and EFCABI13 splicing bands (Figure 3E).
These results suggest that aberrant gene expressions and/or
splicing changes are associated partially with mutant FUS.

Mutant FUS Is Localized in Stress Granules under Stress
Conditions

The H517D mutation in FUS lies in a nuclear localization
signal (NLS) (Figure 4A). Previous reports revealed that
the FUS protein localizes to the nucleus; however, the
mutations in the NLS sequences of the FUS protein cause
mis-localization in the cytoplasm, even under normal con-
ditions. To address the possibility that the FUS protein from
FALS iPSC-derived cells harboring the H517D mutation
also mis-localizes to the cytoplasm, we performed immu-
nocytochemical analysis. The data confirmed that there
is cytoplasmic mis-localization of the FUS protein in FALS
and FUS"S17P/HS17D 4psCs (Figure 4B) and we determined
the ratio of cytosolic FUS using IN Cell Analyzer (Figure 4C).
The FUS proteins in FALS and FUS™517P/H517D ipsC_derived
neuronal lineage cells (Figures 4D and 4E) and HB9-positive
motor neurons (Figures 4D and 4F) were also mis-localized
into cytosol. In addition, we performed biochemical anal-
ysis to measure the expression levels of FUS mRNA.
Control, FALS and FUSHSV7P/HSIZD NpCs and neurons
expressed similar levels of the FUS gene (Figure S4).

It has been reported that mutant FUS localizes into cyto-
plasmic stress granules (SGs) upon various stimuli (Aulas
et al., 2012; Bentmann et al., 2012; Vance et al., 2013).
SGs are cytosolic structures that transiently form upon
exposure of cells to environmental stress, such as heat,
oxidative stress, or hypoxia functions in the cellular defense
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Figure 2. Exon Array Analysis Using MPCs and Comparison with FUS CLIP-Seq

(A) Scatterplot analysis of gene expression using control and FALS MPCs. A total of 124 genes were upregulated (blue) and 35 were
downregulated (red) in FALS MPCs compared with control MPCs.

(B) The heatmap of correlation coefficients.

(C) Major GO terms showed both increases and decreases in gene expression in FALS versus control MPCs.

(D) Reanalysis of previously reported CLIP-seq (Lagier-Tourenne et al., 2012).

(E) Quantitative RT-PCR analysis of the expression levels for eight randomly selected genes in control and FALS iPSC-derived MPCs. Solid
and hatched bars show gRT-PCR and exon array data, respectively (n = 3-6 independent samples; mean + SD; Dunnett’s test).
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A Figure 3. Alternative Splicing Analysis
T on MPCs
\ (A) The plots of the expression levels in exon
‘ ;" \,/\ probes. Red and blue lines show control and
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) splicing between controls and FALS in each
gene.
B D (B) RT-PCR of splicing variants in RSU1,
Control FALS RPH3AL and EFCAB13 in iPSC-derived MPCs.
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- numbers.
3 (C) Schematic figure of alternative splicing
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against stress, as well as translational repression of a subset
of mRNAs (Nishimoto et al., 2010). We induced oxidative
stress in iPSCs and iPSC-derived neurons by treatment
with 0.5 mM sodium arsenite for 60 min to observe the
formation of SGs using anti-G3BP (Ras GTPase-activating
protein-binding protein) as a marker of SGs for immunocy-
tochemistry. First we found that FUS proteins from FALS
and FUSHS17P/HS17D pSCs and iPSC-derived neurons leak
and form aggregates in the cytosol, and that their aggregates
co-localize with SGs (Figure S5A). In contrast, wild-type FUS
remained in the nucleus and did not form G3BP-positive
cytoplasmic granules (Figures SA and S5F). Next, we deter-
mined the number of all SGs and FUS-positive SGs per
OCT4-positive iPSCs or HB9-positive motor neurons using
IN Cell Analyzer. The number of all SGs in iPSCs was

unchanged in all lines (Figure 5B); however, the levels
of FUS-positive SGs are significantly higher in FALS- and
FUSHS17D/MSIZD 4pgCs than in controls (Figure 5C). We
next examined similar assays in neuronal lineages. Impor-
tantly, we confirmed that the number of neuronal cell pop-
ulations and all SGs in the differentiating cells in our culture
was not significantly changed among all the lines (Figures
5D, 5E and 5G). FALS- and FUS™S17P/HSIDipgC-derived
neuronal lineage cells and HB9-positive motor neurons
showed higher levels of FUS-positive SGs than did controls
with significant changes (Figures SH and 5I). We obtained
similar results under the condition of 44°C heat shock
(Figures S5B-SSE). In addition, FALS iPSC lines expressed
both H517D-mutant and normal FUS; therefore, we used a
transient expression assay to confirm whether the H517D
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mutant FUS protein is localized into cytoplasmic SGs under
stress conditions. The 293T cell lines were transfected with
plasmids encoding either wild-type FUS or H517D mutated
FUS (Figure SSF). Expectedly, only the H517D FUS mutant
was co-localized with G3BP-positive SGs under the treat-
ment with arsenite but not wild-type FUS, reflecting our
observation in FUS iPSC lines (Figure S5G).

Stress Vulnerability in FALS Motor Neurons

While ALS is an adult-onset neurodegenerative disease
that specifically targets motor neurons, GO analysis and
overlapping genes with CLIP-seq predicted that FALS mo-
tor neurons are involved in neural development (Table
S2). To address the possibility that FALS iPSC-derived
neurons display any defects of neuronal maturation, we
measured neurite length on motor neurons. Neural cell
populations derived from iPSCs included various neuronal
subtypes. Therefore, to label only motor neurons, HB9-
venus reporter lentivirus (HB9:Venus) (Shimojo et al.,
2015) was infected into the iPSC-derived cells. Motor
neurons were visualized by Venus fluorescent protein (Fig-
ure 6A); we identified motor neurons labeled by the Venus
fluorescent protein with the anti-GFP antibody to deter-
mine the length of neurites by IN Cell Analyzer (Figure 6B).
As a result, there were no differences between controls,
FALS, and FUS™S'7P/HS17D_derived BI-TUBULIN-positive
neurons under all conditions: unstressed, sodium arsenite
treatment and glutamate treatment (Figure 6C). In
HB9:Venus-positive motor neurons, however, FALS and
FUSHS17PHSI7D neyrons showed significantly shorter neu-
rites than controls by treatment with both sodium arsenite
and glutamate (Figure 6D). These results suggest that FALS-
derived neurons might show not only neuronal matura-
tion (in this case, neurite maintenance) but also cellular
vulnerability especially in motor neurons. Therefore, we
next pursued the cell viability of FALS-derived neurons
and HB9-positive motor neurons under normal and stress
conditions by immunostaining with cleaved-CASPASE3,
which is a marker for apoptosis (Figure 7A). In all neurons
labeled with BII-TUBULIN, we found significant differ-
ences between control and FUSTS1V7P/HSI7D fines: this
may be due to homozygous mutation of FUS protein (Fig-
ure 7B). However, we were unable to confirm this as a
single population of the FALS line also has a significant
change. On the other hand, in HB9-positive motor neu-
rons, the changes in the apoptotic cell population were
much greater between control and all FALS and
FUSHS17D/HSIZD Jines (Figure 7C). These results suggest
that iPSC-derived HB9-positive motor neurons with FUS
HS517D mutation are vulnerable to stress and even with
normal conditions rather than other types of neurons,
this phenomenon reflects the ALS-like malady phenotype.
Therefore we conclude that our in vitro FALS model is a

useful tool to pursue the mechanism underlying the dis-
ease phenotype and treatment.

DISCUSSION

In the present study, we established ALS-specific human
iPSCs from two patients with a point mutation in the FUS
gene and isogenic iPSCs with FUS H517D homozygous
mutations derived from healthy 409B2 iPSCs using the
TALEN genome editing system. In addition, we differenti-
ated into patient derived neurons to observe the disease
history of FALS during neuronal differentiation in vitro.
FALS-derived motor neuron lineage cells and HB9-positive
mature motor neurons showed several ALS-related pheno-
types such as neuronal cell death, pathological cellular
structure and altered gene regulation, including steady-
state transcript levels and alternative splicing. Our
in vitro model may thus enable an investigation into the
correlations between the molecular pathophysiology of
ALS and various cell biological phenomena.

RNA-mediated mechanisms in ALS originated from the
first discovery of ubiquitinated TDP43 protein, which is an
RNA-binding protein (Neumann et al., 2006). Subsequent
studies found the mutation in this gene among FALS (Rick-
etts et al., 2014; Rutherford et al., 2008; Sreedharan et al.,
2008). TDP43-containing protein inclusions in cells ulti-
mately came to be recognized as a pathological hallmark
in ALS and frontotemporal lobar degeneration (FTLD). The
other RNA-binding protein, the FUS/TLS protein coding
gene, also contains potential causative mutations in FALS
and in FTLD (Kwiatkowski et al., 2009; Vance et al., 2009).
In the present study, the mutant FUS protein was co-local-
ized with the stress marker protein G3BP in our cultured
iPSCs, HB9-positive motor neurons derived from them,
and fibroblast cell line overexpressing FUS protein respond-
ing to stress conditions, arsenite and heat shock (Figures SF
and S95). In general, the stress granule is a mechanism for
avoiding stress and has been implicated in the cellular stress
defense. These granules are in equilibrium between assem-
bly and disassembly to manage correct gene regulation
with cellular conditions. One such pathological hypothesis
considers that once this equilibrium is disrupted, these stress
granules form irreversible protein inclusions, named “path-
ological aggregates.” In our in vitro model, we observed that
FUS mutant proteins localize to SGs in iPSC-derived HB9-
positive motor neurons, even under unstressed conditions;
the co-localization of FUS and G3BP has not been observed
in wild-type cells expressing normal FUS. This suggests the
possibility that over-migration of FUS into SGs potentially
causes aberrant gene expression and/or splicing, and that
these granules may eventually form pathological aggregates,
leading to neuronal cell death.
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Figure 4. FUS Localization in iPSCs and iPSC-Derived Neurons

(A) Schematic diagram of FUS. The H517D mutation is located in the nuclear localization signal; RRM, RNA recognition motif; R/G, R/G rich

region; Z, zinc finger domain.

(B) Representative images of immunocytochemistry for FUS in iPSCs. Arrowheads indicate cytosolic FUS. The scale bar represents 20 pum.
(legend continued on next page)
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A ) B Figure 5. FUS Protein Localization into
Arsenite Stress Granules
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(A) Representative images of immunocyto-
chemistry for SG in iPSCs under 0.5 mM sodium
arsenite stress conditions. FUS in FALS and
FUSHS17P/H17D 4pses co-localized with the
SG marker G3BP (arrowhead), whereas FUS in
Unstressed Arsenite control iPSCs remained in the nucleus. The
Cc scale bar represents 20 um. In (A)-(I) images
= or graphs, Arsenite means addition of 0.5 mM
sodium arsenite, 1 hr treatment.
(B) Quantitative data of the number of SGs per
0CT4-positive cell in iPSCs (n = 3 independent
experiments; mean + SD; Dunnett’s test).
(C) Quantitative data of the number of FUS-
positive SGs per OCT4-positive cell in iPSCs
(n = 3 independent experiments; mean + SD;
*p < 0.05, **p < 0.01; Dunnett’s test).
(D) Representative images of immunocyto-
chemistry for BIII-TUBULIN-positive neurons.
The scale bar represents 20 pm.
(E) Quantitative data of the percentage of BIII-
TUBULIN-positive neurons (n = 3 independent
experiments; mean = SD; Dunnett’s test).
(F) Representative images of immunocyto-
chemistry for SG in iPSC-derived neurons under
0.5 mM sodium arsenite stress conditions. FUS
co-localized with the SG marker G3BP (arrow-
head). The scale bar represents 20 um.
(G) Quantitative data of the number of SGs per
Hoechst-positive cell in iPSC-derived neurons
(n = 3 independent experiments; mean + SD;
Dunnett’s test).
(H) Quantitative data of the number of
Unstressed Arsenite FUS-positive SGs per Hoechst-positive cell in
iPSC-derived neurons (n = 3 independent
experiments; mean + SD; *p < 0.05, **p <
0.01; Dunnett’s test).
(I) Quantitative data of the number of
FUS-positive SGs per HB9-positive cell in iPSC-
derived neurons (n = 3 independent experi-
ments; mean + SD; *p < 0.05, **p < 0.01;
Dunnett’s test).
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(C) Quantitative data of the percentages of cytosolic FUS ratio per 0CT4-positive cells in iPSCs (n = 3 independent experiments; mean + SD;

**p < 0.01; Dunnett’s test).
(D) Representative images of immunocytochemistry for FUS in iPSC-derived neurons. Arrowheads indicate cytosolic FUS. The scale bar
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(E) Quantitative data of the percentage of cytosolic FUS ratio per Hoechst-positive cell in iPSC-derived neurons (n = 3 independent
experiments; mean + SD; *p < 0.05, **p < 0.01; Dunnett’s test).

(F) Quantitative data of the percentage of cytosolic FUS ratio per HB9-positive cell in iPSC-derived neurons (n = 3 independent experi-
ments; mean + SD; **p < 0.01; Dunnett’s test).
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and to discover an early disease-related diagnostic marker.
FUS has been shown to associate with RNA polymerase II
and TFIID, thereby participating in the general transcrip-
tional regulation process (Bertolotti et al., 1996). In addi-
tion, FUS binds to TBP and TFIID to repress transcription
by RNAPIII, suggesting that FUS controls the cross-regula-
tion between RNA polymerases (Tan and Manley, 2010).
Recent studies, however, have shown that the recruit-
ment of FUS proteins to promoter regions with IncRNA
represses transcription (Wang et al.,, 2008). Further-
more, FUS binding to the antisense RNA transcribed by
RNAPIII from promoter regions downregulates transcrip-
tion (Ishigaki et al., 2012). These past studies suggest

Glutamate

that FUS regulates transcriptional repression by various
mechanisms in specific target genes. This finding could
reflect our observations from our microarray assay that
78% (124 out of 159 genes) of the significantly changed
genes in transcript levels are upregulated in FALS MPCs.
Furthermore, with more specific analysis that focused on
FUS direct targets that we defined by using the CLIP-seq
dataset, we found that 95.6% of genes (of 23 genes) are
upregulated in FALS.

In one proteomics study, FUS/TLS proteins were also
identified as general splicing factors, which may be an
early stage of the splicing process (Hartmuth et al,
2002). Our exon array analysis also revealed aberrant
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Figure 7. Enhanced Apoptosis in FALS
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**p < 0.01; Dunnett’s test).
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experiments; mean + SD; *p < 0.05, **p <
0.01; Dunnett’s test).
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gene splicing events in RSUI, RPH3AL, and EFCAB13 genes
in the FALS patients. Of these, aberrant RNA process-
ing of RPH3AL was also confirmed by our isogenic
FUSHS17DHSITD Jines, suggesting the direct effects of FUS
H517D mutation. However, in the other two alternative
exons, we did not detect significant differences between
control and isogenic FUS™S'7P/HSIZD Jines suggesting
that FUS H517D mutation is not likely to have direct ef-
fects on their splicing regulation. RPH3AL is an associated
protein of RAB3A (Haynes et al., 2001) and RAB27A (Fu-

kuda, 2003) and regulates exocytosis in dense-core gran-
ules from endocrine cells (Haynes et al., 2001). In addition,
mutant RPH3AL is mis-localized throughout the cytosol,
whereas WT-RPH3AL is localized in the distal portion of
the neurites (Fukuda et al., 2004). To date, there has been
no reports of functional analyses of products from each
alternative splicing event in these three genes. This may
be involved in the pathological features of FUS-mediated
pathologies and may also be useful as early diagnostic
markers for ALS. Our iPSC model for FALS may thus
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represent a useful tool for observing gene expression levels
in the motor neuron lineage, as gene expression analysis in
motor progenitor cells oriented into HB9-positive motor
neurons cannot be achieved using conventional disease
models.

We also addressed whether pathological features
observed in other ALS models are observed in our in vitro
FALS model. Motor neurons in patients with sporadic ALS
express abundant unedited GLUA2 forms in the AMPA re-
ceptor subunit (Kawahara et al., 2004; Kwak et al., 2010),
but the unedited GLUA2 form in FALS MPCs and neurons
derived from iPSCs was not detected (Figure S6). ER stress is
increasingly recognized as an important pathway leading
to cell death in animal and cellular disease models based
on mutant SOD1 (Atkin et al., 2006; Saxena et al., 2009),
and mutant FUS proteins would also be predicted to induce
ER stress and to interact with protein disulfide isomerase,
similar to mutant SOD1 (Farg et al., 2012). In this study,
however, the expression of ER stress-related genes (BIP,
CHOP, spliced XBP1, CASP4, and ASK1) almost did not
change in FALS and FUS"S'7P/H517D \MpCs and neurons
(Figure S7).

Our study showed that neurite length and the ratio of
apoptotic cells in FALS- and FUS™17P/HS17D ipgC_derived
neurons were the same as in control motor neurons.
With several stresses especially in glutamate treatment,
however, FALS- and FUS™!7P/HS17D HB9. positive motor
neurons exhibited shorter neurites and an increased
cleaved-CASPASE3-positive cell ratio compared with con-
trol HB9-positive motor neurons. These results suggest
that FALS iPSC-derived motor neurons are vulnerable
to oxidative and excitatory stresses and there is a possibil-
ity that these phenomena are relevant to ALS-like phe-
notypes. We thus determined that these ALS patient-
specific iPSC-derived motor neurons recapitulate disease
phenotypes.

Recently, other groups also established in vitro FUS
iPSCs models showing the inclusion of the stress granule
of FUS mutant proteins (Lenzi et al.,, 2015; Liu et al,,
2015). In addition to these findings, we observed addi-
tional ALS-like phenotypes and motor neuron vulnera-
bility under some stress conditions and discovered
potential biologically relevant aberrant gene expressions.
Importantly, these events are also confirmed by the use
of genome editing technology to generate isogenic
mutant FUS H517D, suggesting that the present in vitro
FALS model is able to recapitulate the ALS-like pheno-
types. Based on these results, our mutant FUS-associated
iPSC-derived HB9-positive motor neurons can be added
to the list of model systems that may provide general
tools for use in the analysis of the pathogenic process
and drug screening studies in human motor neuron
disorders.

EXPERIMENTAL PROCEDURES

Isolation of Human Skin Fibroblasts and Generation of
iPSCs

The 409B2 and 414C2 iPSCs were kindly provided by Dr. Shinya
Yamanaka (Okita et al., 2011). A skin-punch biopsy from a healthy
24-year-old Japanese man obtained after written informed consent
(Keio University School of Medicine) was used to generate the con-
trol YFE-16 (Shimojo et al., 2015) iPSCs. FALS-1 and FALS-2 iPSCs
were generated from a 39-year-old Japanese man and 43-year-old
Japanese man, respectively. All the human iPSC clones were estab-
lished by episomal vector transduction of transcription factors
(SOX2, OCT4, KLF4, L-MYC, LIN28 and short hairpin RNA of
p53) into human dermal fibroblasts (Okita et al., 2011). The cells
were evaluated as described previously (Egawa et al., 2012; Miiller
etal., 2011; Okita etal., 2011). All the experimental procedures for
skin biopsy and iPSC production were approved by the Keio Uni-
versity School of Medicine Ethics committee (approval number,
20080016) and Tohoku University School of Medicine Ethics com-
mittee (approval number, 2010-306).

Motor Neuron Differentiation

Motor neuron differentiation of iPSCs was performed as previ-
ously described with slight modifications (Imaizumi et al., 2015).
Briefly, iPSCs were exposed to a medium including 3 uM dorsomor-
phin (Sigma), 3 pM SB431542 (Tocris Bioscience), and 3 pM
CHIR99021 (Stemgent) over 5 consecutive days. Next, iPSCs
were detached from feeder layers and then enzymatically dissoci-
ated into single cells. The dissociated cells were cultured in suspen-
sion in media hormone mix (MHM) (Okada et al., 2008) including
2% B27 supplement (Life Technologies), 2 ng/ml basic fibroblast
growth factor (PeproTech), 3 uM CHIR99021 (Stemgent), 2 pM
SB431542 (Tocris Bioscience), 10 uM Y27632 (Wako), 1 uM retinoic
acid (Sigma), 1 puM purmorphamine (Calbiochem), and 10 ng/ml
recombinant human leukemia inhibitory factor (Millipore) for
5-24 days to allow the formation of MPCs. MPCs were passaged
repeatedly by dissociation into single cells followed by culture in
the same manner. Typically, MPCs at three passages were used
for analysis. The starting cell density was 1 x 10 cells/ml in pri-
mary MPC culture and 1 x 10° cells/ml in secondary and tertiary
MPC cultures. For terminal differentiation, dissociated MPCs
were allowed to adhere to poly-L-ornithine- and laminin-coated
dishes with 5 x 10* cells/well in 96-well plate in MHM/B27
including 1x N2 supplement (Gibco), 1x GlutaMAX (Gibco),
10 ng/ml recombinant human brain-derived neurotrophic factor
(R&D Systems), 10 ng/ml recombinant human glial cell line-
derived neurotrophic factor (R&D Systems), 50 ng/ml recom-
binant hSHH (R&D Systems), 10 ng/ml insulin growth factor
1 (R&D Systems), 200 ng/ml ascorbic acid, 50 nM retinoic acid
(Sigma), and 1 uM dibutyryl cyclic AMP (Sigma), and cultured for
20 days. Glutamate was added in the last 24 hr and sodium arsenite
was added in the last 1 hr.

Immunocytochemistry

Immunocytochemistry was performed as described previously
(Imaizumi et al., 2015). Detailed conditions are given in the
Supplemental Information (Table S4). Fluorescence images were
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acquired on AxioVision (Zeiss), BZ-9000 (Keyence), or IN Cell
Analyzer (GE Healthcare).

High-Content Analysis

For the MPC population assay, neuronal subtype assay, neurite
length analysis and cleaved-CASPASE3 analysis, stained plates
were imaged on the high-content cellular analysis system IN
Cell Analyzer 6000 (GE Healthcare) and a set of 5 x 5 fields
were collected from each well using the 20x objective, resulting
in over 10,000 cells being scored per well. For FUS mis-localiza-
tion analysis and stress granule analysis, stained plates were
imaged on IN Cell Analyzer 6000 and a set of 6 x 6 fields
were collected from each well using the 60X objective, resulting
in over 9,000 cells being scored per well. Analysis (IN Cell
Developer Toolbox v1.9; GE Healthcare) began by identifying
intact nuclei stained by Hoechst, which were defined as traced
nuclei that were larger than 50 pm? in surface area and with
intensity levels that were typical and lower than the threshold
brightness of pyknotic cells. Each traced nucleus region was
then expanded by 50% and cross-referenced with MPC markers
(OLIG2, SOX2 and ISLET1), motor neuron markers (ISLETI,
SMI32 and HBY), glutamatergic neuron marker (VGLUT1),
glutamate-responsive neuron marker (GLUR1), neuron markers
(MAP2 and BIHI-TUBULIN), and pluripotent marker (OCT4) to
identify them; from these images, the percentages of these
were calculated. By setting areas on each cell type or neural
subtype, the ratio of FUS mis-localization into cytosol, the num-
ber of stress granules, or the number of FUS-positive stress gran-
ules in OCT4-positve iPSCs, BIII-TUBULIN-positive neurons or
HB9-positive motor neurons were analyzed. Using the above-
described traced images of each cell, neurite length and the
cleaved-CASPASE3-positive cell ratio in BIII-TUBULIN-positive
neurons or HB9-positive motor neurons were analyzed.

Quantitative RT-PCR

RNA was isolated using an RNeasy kit (Qiagen) and reverse
transcription using iScript cDNA Synthesis Kit (Bio-Rad). Quan-
titative RT-PCR was performed using SYBR Premix Ex Taq II
(TaKaRa) on the ViiA 7 Real-Time PCR System (Life Technolo-
gies) (Table SS5).

Sequence Analysis

Genomic DNA was isolated using a DNeasy kit (Qiagen) and ampli-
fied using intronic primers and direct nucleotide sequencing (Table
S5). Both sense and antisense strands of all amplicons were
sequenced using the Big Dye 3.1 dideoxy terminator methods
(Applied Biosystems) and ABI Prism 3130xL Genetic Analyzer
(Applied Biosystems).

Exon Array for MPCs

Exon array analysis was performed using an Affymetrix GeneChip
Human Exon 1.0 ST Array. Data were analyzed using the
GeneSpring GX7.3.1 software (Agilent), UCSC Genome browser
(http://genome.ucsc.edu/index.html), and DAVID Bioinformatics
Resources (http://david.abcc.ncifcrf.gov/). Exon array data have
been registered in the Gene Expression Omnibus under accession
number GEO: GSE76698.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental
Procedures, seven figures, and five tables and can be found with
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SUMMARY

The plasticity of pluripotent stem cells provides new possibilities for studying development, degeneration, and regeneration. Protocols
for the differentiation of retinal organoids from embryonic stem cells have been developed, which either recapitulate complete eyecup
morphogenesis or maximize photoreceptor genesis. Here, we have developed a protocol for the efficient generation of large, 3D-stratified
retinal organoids that does not require evagination of optic-vesicle-like structures, which so far limited the organoid yield. Analysis of
gene expression in individual organoids, cell birthdating, and interorganoid variation indicate efficient, reproducible, and temporally
regulated retinogenesis. Comparative analysis of a transgenic reporter for PAX6, a master regulator of retinogenesis, shows expression
in similar cell types in mouse in vivo, and in mouse and human retinal organoids. Early or late Notch signaling inhibition forces cell
differentiation, generating organoids enriched with cone or rod photoreceptors, respectively, demonstrating the power of our improved
organoid system for future research in stem cell biology and regenerative medicine.

INTRODUCTION

Pluripotent embryonic stem cells (PSCs) facilitate research
on mammalian neuronal development, neurodegenerative
disorders, and regenerative therapies. It has been shown in
the retina that developmental processes such as optic-
vesicle (OV) and optic-cup (OC) morphogenesis and
signaling cascades can be reproduced using mouse and hu-
man embryonic stem cells (mESCs and hESCs) (Eiraku
et al., 2011; Nakano et al., 2012; Hiler et al., 2015; La Torre
et al., 2015). Retinal organoid (Boucherie et al., 2013; De-
cembrini et al., 2014; Gonzalez-Cordero et al., 2013) and
2D culture approaches (Lamba et al., 2006; Osakada et al.,
2008) have been used for cell replacement therapy studies
because efficient derivation of sufficient numbers of inte-
gration-competent cells remains a major limitation for
regenerative medicine. The first reports on cell-based dis-
ease-modeling approaches (Phillips et al., 2014), retinal
neuronal morphogenesis (Busskamp et al., 2014), and
function in organoids (Zhong et al., 2014) are promising.
Yet, in this evolving field, benefits and limitations have
not been fully explored and many questions remain.

For example, the question of efficient generation of large,
stratified, retinal tissues has not been addressed. Sasai and
colleagues pioneered a protocol that allows the self-organi-
zation of eyecup-like structures (Eiraku et al., 2011; Nakano
et al., 2012). This entails a series of complex tissue interac-
tions, such as eyefield evagination and subsequent invagi-
nation, resulting in neural retina opposed by retinal
pigment epithelium (RPE). However, this protocol relies

@ CrossMark

on the evagination of the neuroepithelium and its live visu-
alization, preferably using transgenic RAX (retina and ante-
rior neural fold homeobox) reporter gene expression, for
reliable manual isolation of the prospective retinal organo-
ids. RAX is part of a group of transcription factors sufficient
and necessary for the specification of the eyefield, which
gives rise to the eye primordia and the retina. Although
eyefield formation has been shown to be efficient in mouse
PSC lines, the yield of retinal organoids depends on and is
highly limited by a low frequency of neuroepithelial evag-
ination (Eiraku et al., 2011; Hiler et al., 2015). Others have
adapted protocols to maximize and simplify rod photore-
ceptor production by omitting the evagination dissection
step. This results in larger organoids, with retinal and
non-retinal structures intertwined within the starting orga-
noid, and comes at the expense of inner-retina cell types
(Decembrini et al., 2014; Gonzalez-Cordero et al., 2013).
Therefore, we speculated that unbiased neuroepithelium
trisection at the eyefield stage overcomes these limitations
and enables production of more numerous retinal
organoids.

Another question is the heterogeneity within and be-
tween organoids, which seems common to all the proto-
cols developed so far but has not yet been studied in detail.
Several processes, such as progenitor proliferation, cell dif-
ferentiation, and ontogenetic cell death, could be potential
sources of organoid variation. Transgenic animals with flu-
orescently labeled cells have been instrumental in visual-
izing major processes in the developing and adult retina.
However, it is unknown whether reporter expression is
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comparable between retinal organoids and in vivo. Thus,
we investigated PAX6 transgenic reporter expression to
gain an insight into retinal organoidogenesis. PAX6 is a
highly conserved master regulator of neurogenesis (Sha-
ham et al., 2012), playing several roles in eye and retinal
development, e.g., eyefield specification, stemness control,
and cell-fate specification. PAX6 reporter expression might
also provide an insight into the formation of retinal struc-
ture because it remains expressed in postmitotic horizontal
and amacrine cells, whose synaptic processes are part of the
outer and inner plexiform layer, respectively.

Here, we have developed a protocol to facilitate efficient
organoidogenesis of large, complex, 3D retinas derived
from wild-type mESCs without requiring the formation
and isolation of OV/OC-like structures. Gene-expression
profile analyses of individual organoids and retinal cell
birthdating experiments indicate efficient, reproducible,
and temporally regulated retinogenesis. We have estab-
lished retinal organoidogenesis from mESC and hESC lines
carrying a human PAX6 transgenic GFP reporter,
hPAX6GFP BAC, and respective transgenic mice to assess
GFP-expressing cells in a comparative approach. Our re-
sults suggest that our protocol is a valuable addition to
the existing organoid technologies, and will facilitate
future retina research and regenerative medicine.

RESULTS

Identifying the Limitations of Retinal
Organoidogenesis

Taking advantage of the original retina organoid protocol
(Eiraku and Sasai, 2011; Eiraku et al., 2011), we started
the investigation using our transgenic hPAX6GFP mESC re-
porter lines and the respective wild-type mESC (E14TG2a).
We generated the hPAX6GFP mESC lines by transposon-
mediated BAC transgenesis. The reporter is composed of
the human PAX6 gene, with a GFP inserted in exon 4,
and contains genomic sequences 108 kb upstream and
9.5 kb downstream of the gene body (Figure S1A). Two
mESC clones were selected and tested positive for expres-
sion of pluripotency markers (Figure S1B; unless otherwise
stated, clone 1 was used hereafter). Upon aggregation,
mESCs formed continuous epithelial structures by day
(D) 4-5 (Figure 1A), and by D10 we detected the first expres-
sion of hPAX6GFP (Figure 1B). However, although organo-
ids had expanded in size and formed a neuroepithelial
structure, the frequency of OV formation was as low as
had been reported previously (Eiraku and Sasai, 2011; Hiler
et al., 2015), which severely limited the number of retinal
organoids generated. Furthermore, we did not observe
any two-walled OC-like morphologies as previously
described (Figure S1C and Table S1; Eiraku and Sasai,
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2011). The protocol with ongoing culture of entire starting
aggregates led to large heterogeneous organoids with inter-
twined retinal and non-retinal structures and rosette for-
mation at D21 (Figures S1D and S1F; Table S1), comparable
with previous reports (Decembrini et al., 2014; Gonzalez-
Cordero et al., 2013). Specifically, the inner retinal cell
types were not well developed: this substantially limited
retinal organoid research and hPAX6GFP reporter analysis.

To overcome the observed limitations and to enable effi-
cient retinal organoidogenesis, we devised an approach
(Figures 1C and S1E) based on the following data on
eyefield formation and neuroepithelium evagination
efficiency. PAX6 and NESTIN expression at DS indicated
development of a polarized neuroepithelium with the api-
cal surface inside (Figures S2A and S2B). Between DS and
D10, efficient eyefield induction and retinal determination
occurred based on expression of the eyefield transcription
factors RAX, PAX6, and LHX2 in predominant parts of
the majority of organoids (D7, 81% + 10% RAX" organoids,
N =7, n > 10; unless stated otherwise, data are given as
mean + SD of organoids [n] scored for marker expression
by immunostaining per independent experiment [N];
Figures 2A-2C). At the same time, eyefield regions self-
patterned into presumptive RPE (MITF" OTX2* VSX2~
RAX™) and neural retina (RAX* VSX2* MITF~ OTX2")
regions, reminiscent of an OC-like stage in vivo. RAX™
regions co-expressed VSX2, indicating the onset of retino-
genesis, while regions adjacent to the RAX* VSX2* areas ex-
pressed RPE markers (Figures 2B, S2D, and S2E). However,
OC-like morphology due to tissue invagination was not
observed; rather, the RPE regions that lie adjacent to the
neural retina part either within the organoid main body
(Figure 2B) or at the base of an evagination (Figure S2E).
This suggested that self-patterning of the eyefield into pre-
sumptive neural retina and RPE occurred at the molecular,
but not structural, level.

Next, we tested whether the cell-seeding density influ-
ences the evagination and eyefield differentiation effi-
ciency: lower (1,500-3,000/well) compared with higher
(6,000-9,000/well) cell-seeding numbers led to a higher
percentage of organoids developing one or more evagina-
tions by D7 (Figures 2D and 2E). The majority of organoids
generated from lower seeding densities had eyefield areas
(80% =+ 4% RAX", N = 4, n = 24 organoids per seeding
density and independent experiment [N]; Figures 2D and
2F), whereas organoids from higher seeding densities rarely
had RAX* (10% + 4% RAX", N = 4, n = 24), but regularly
LHX2* areas. RAX* eyefield regions ranged from small parts
to almost the entire organoid neuroepithelium (Figures 24,
2D, and S2C). These quantitative data confirm and extend
previous observations (Decembrini et al., 2014; Eiraku and
Sasai, 2011), showing that eyefield differentiation effi-
ciency is highly dependent on cell-seeding densities. Our
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Figure 1. Description of the Retinal Organoidogenesis Trisection Protocol and the Generation of Wild-Type and hPAX6GFP mESC-

Derived Retinal Organoids

(A and B) Representative phase contrast images of entire mESC-derived aggregates (A) and transgenic hPAX6GFP expression in organoid
cryosections (B) at different days (D) of our trisection protocol. Aggregates are shown before (D1-10) and after (D14-18) organoid

trisection.

(C) Schematic overview and timeline of the trisection protocol. mESC-derived starting (mother) aggregates are formed with 100% effi-
ciency, out of which eyefield induction occurs in 81%, so that trisection increases the yield of retinal organoids to 183% (N > 4, n > 20).
Magenta indicates eyefield tissue on D7-10 and retina thereafter. KOSR, knockout serum replacement; N2, N-2 supplement.

n = individual organoids per independent experiment (N). Scale bars, 200 pm (A) and 50 um (B). See also Figure S1.

data indicate that aggregates with eyefield regions localized
only in the aggregate main body were more frequent
(65% + 10%, n = 67) than aggregates with RAX" evagina-
tions (35% + 10%, N =7, n = 67, p < 0.0001). Moreover,
not all evaginations expressed eyefield markers (31% =+
7% RAX™, 69% + 7% RAX*, N = 7, n = 57 evaginations
analyzed; Figures 2G and S2C). Following the former proto-
col (Figures S1C and 2G) only 28% + 8% (n = 25) of the
starting aggregates could be used to harvest OV-like tissue,
although their disposed main bodies frequently contained
eyefield tissue. In addition, the majority of the starting or-
ganoids developed eyefield neuroepithelia within the main
body without ever evaginating (53% = 8%, N =7, n = 42,
p < 0.0001). These data imply that the default selection
for evaginations omits numerous eyefield regions within
mother aggregates. Consequently, merely isolating evagi-
nations is a waste of potential retinal tissue. Also, evagina-

tions are not reliable eyefield predictors. We reasoned that
unbiased manual dissection of organoids at the eyefield
stage into three evenly sized independent portions (trisec-
tion step), with potentially all of them containing eyefield-
determined neuroepithelium, could enable the growth of
three retinal organoids per starting aggregate (Figures S1E,
2G, and S20).

Efficient Retinal Organoidogenesis from mESC

Following neuroepithelium trisection, the majority of or-
ganoids developed into large, continuous epithelial struc-
tures, resulting in the efficient formation of high numbers
of large, stratified retinal organoids within 21 days (Figures
1,2, 3, and S3; Table S1). Immunostaining analysis revealed
organoid commitment to retinal fate, and indicated a syn-
chronized onset and progression of retinogenesis. Quanti-
tative analysis of cell proliferation and expression of the
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Figure 2. Low Frequency in Potential Optic-Vesicle Formation, but Not Eyefield Induction, Limits Retinal Organoidogenesis
Efficiency

(A) RAX and PAX6 co-expression, indicating eyefield identity, was detected at day (D) 7.

(B) At D10, large neural retinal areas (RAX" VSX2™) with adjacent RPE areas (MITF* RAX™ VSX2™) were observed. Dashed square indicates
region-of-interest shown at higher magnification: RAX"™ (b’) and MITF*VSX2* (b").

(C) Quantitative analysis of eyefield induction: the number of RAX" aggregates increases over time, based on scoring immunostained
aggregate sections at D2-10 (N > 3, n > 10; 3,000 mESCs seeding density).

(D-F) Eyefield induction efficiency was dependent on cell-seeding density and did not correlate with evaginations (see also Figure S2).
(D) Phase-contrast images and immunostaining images for eyefield transcription factors RAX and LHX2 of aggregates developing from
different cell-seeding densities at D1 and D7 as indicated. (E) Quantification of aggregates with evaginations and (F) RAX* aggregates,
developed from different cell-seeding densities (N = 4, n = 24).

(G) Scheme of eyefield and optic-vesicle formation efficiency (N=7, n > 10). mESC-derived starting (mother) aggregates are formed with
100% efficiency, out of which 81% develop eyefields and 28% form optic vesicles. Thus, according to the first protocol, aggregate
evagination and optic-vesicle formation limit the efficiency of retinogenesis, and the majority of eyefield-containing tissues are
frequently discarded.

n =individual organoids per independent experiment (N). Data shown are means + SD. **p < 0.01, ***p < 0.001. Scale bars, 50 um. See
also Figure S2.

neurogenic transcription factor ASCL1 (Figures 3A and 3B)
suggested a regulated temporal process of organoidoge-
nesis. The number of cells positive for the mitosis marker
phosphohistone H3 (PHH3) significantly decreased from
D12toD25 (N=3,n=5/N, p<0.0001). ASCL1" cells signif-
icantly increased from D12 to D16 (N > 3, n = 5/N, p <
0.0001) and decreased thereafter, indicating progenitor
expansion followed by depletion, similar to retinogenesis
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in vivo. The vast majority of organoid neuroepithelia
express VSX2, the earliest specific marker of retinal progen-
itors, at D10 (67% + 8% VSX2* organoids) versus D7 (7% =
2% VSX2* organoids) (N > 5, n > 30 per time point, p <
0.0001; Figures 3C and S3A). Photoreceptor-specific marker
CRX was expressed in 89% =+ 3% of organoids at D15, but
not at D12 (N > 3, n > 30 scored per time point, p <
0.0001; Figure 3C). ELAVL3/4 (HUC/D), an early marker
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Figure 3. Efficient Retinal Histogenesis from Trisected Day-10 Aggregates

(A and B) Organoid development followed a temporal program, as evidenced by (A) mitotic marker phosphohistone H3 (PHH3) and (B)
expression of the neurogenic marker ASCL1 (N =3, n=5).

(C) Developing large epithelial structures express markers for retinal progenitors (VSX2) and photoreceptors (CRX), indicating retinal
identity. Photoreceptors were localized at the outer (apical) side of the aggregate. VSX2 is also expressed in postmitotic bipolars. Scoring
analysis of (retinal) aggregates immunostained for VSX2 and CRX (N > 4, n > 20).

(D) The trisection approach increased the total yield of retinal organoids at D21. Each starting aggregate was trisected at D10 into three
evenly sized portions, out of which 183% =+ 44% developed into retinal organoids (score of RAX* organoid section at D21; N =4, n > 20;
see Supplemental Experimental Procedures and Table S1), the minority developed as non-retinal organoids (23%), and the remainder
degraded by D21.

(E) Cell birthdating showed a defined timing of retinogenesis. The scheme shows 2-hr EdU pulses (open triangle) analyzed after a 2-day
chase period (closed triangle). Graphs represent quantitative analysis of birthdated cells (N = 3, n = 3/N). Representative images of
birthdated ELAVL3/4" (amacrine, horizontal, ganglion cells), BRN3* (ganglion cells), VSX2 (progenitors, bipolar cells), and CRX* (pho-
toreceptors) cells.

n =individual organoids per independent experiment (N). Data are represented as means + SD. *p < 0.05, **p < 0.01, ***p < 0.001. Scale
bars, 50 um (A-C) and 20 pum (E). See also Figure S3.

of ganglion and amacrine cells, was first detected at D10 in
most of the RAX™ regions (Figure S3B), marking the onset of
retinal neurogenesis (50% + 12% ELAVL3/4" RAX" orga-
noids at D10 versus D7, N > 5, n > 8/N, p < 0.0001),
whereas earlier, at D7, ELAVL3/4 was only found in some
non-retinal organoid parts (RAX™). Organoid scoring of
immunostained sections revealed that markers of retinal
ganglion (BRN3, ELAVL3/4) and amacrine cells (ELAVL3/4,
TFAP2A, BHLHBS) were upregulated between D10 and
D15, and photoreceptor (CRX, RCVRN, OTX2, RHO), bipo-
lar (OTX2, VSX2), and Miiller glia (glutamine synthetase,
GLUL) cells by D15-18 (Figures S3B-S3G). Structurally,
photoreceptors (CRX*, RCVRN") were located on the outer
(apical) surface of the organoid, and PAX6" cells (amacrine
and ganglion cells) accumulated toward the organoid cen-
ter, while VSX2-expressing cells (bipolar cells, Miller glia)

were localized in an intermediate layer (Figures 3C and
S3E), indicating that retinal organoids by D21 display a
stratified architecture comparable with early postnatal
retina in vivo. In comparison with previous protocols,
the trisection of the starting (mother) aggregate at D10 re-
sulted in a 3-fold increase in organoids that continued to
develop. This resulted in twice as many differentiated large
stratified retinal organoids at D21 as starting aggregates
(183% + 44%, N =4, p < 0.05, number of RAX* retinal orga-
noids scored at D21 compared with number of starting or-
ganoids; Figures 3D and S1C-S1E); only a minority were
non-retinal (23%). Each D21 retinal organoid contained a
major proportion of retinal tissue with a circumference of
1.2 £ 0.4 mm (N = 2, n = 10; Figures S1F and S3E), which
is about one-third the size of a postmitotic mouse retina
in vivo at postnatal day 10 (Loffler et al., 2015).
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Approximately one-third of trisected organoids degraded
before D21 by falling apart during media changes or
at specimen fixation. Commonly, these organoids had
no compact neuroepithelium, suggesting non-retinal
phenotypes.

Reproducibility of Retinal Organoidogenesis
Indicated by Cell Birthdating, and Comparative
Temporal Gene Expression Analysis of Individual
Organoids
To investigate the variability of retinal histogenesis among
individual organoids and over time, we first conducted
5-ethynyl-2’-deoxyuridine (EdU) pulse-chase birthdating
experiments (Figures 3E, S3H, and S3I). EAU was applied
for 2 hr at D12, D15, or D18 and EdU-retaining cells were
quantified 2 days later (data given as mean + SD [range]
per 100 pm random organoid regions of interest [ROI],
N =3, n = 3/N, 1 ROI/n). We found, on average, a total of
88 + 20 (49-121) ELAVL3/4" (amacrine, horizontal, gan-
glion cells) and 18 + 5 (4-28) BRN3" cells (ganglion cells)
in developing D14 organoids. Both markers birthdate cell
types that appear early in retinogenesis and the majority
were also born early in the organoids, before D15 (Figure 3E,
D14 versus D20, p<0.05 and p <0.01). The total number of
BRN3" cells significantly increased over time (D20 40 + 4
[24-58], p < 0.01 compared with D14) and ELAVL3/4 cells
remained rather constant. The variability of birthdated
ELAVL3/4 and BRN3 cells were high at all three time points
according to the coefficient of variation (CV) (ratio of SD to
mean; mean CV 40% and 59%, respectively). VSX2* EdU*
cell numbers remained similar at all three time points
(mean CV 17%): initially, they most likely represented pro-
genitors and later bipolar cells. In contrast, significantly
more CRX" (photoreceptors) appeared later, at D18 rather
than D12 or D15 (D12 versus D18, p < 0.001). The total
number of CRX" photoreceptors increased strongly over
time (D14, 30 = 2 [18-39] versus D17, p < 0.05, and versus
D20, p < 0.0001; CRX* 170 + 22 [132-219]). The low vari-
ability of CRX*" EQU™ cells at D17 (16 + 0.2 [14-17], CV
1%) suggested robust photoreceptor genesis, but the vari-
ability strongly increased at D20 (37 + 8 [20-54], CV
22%). In conclusion, the total number of BRN3 and CRX
cells increased significantly over time, BRN3 and ELAV3/4
cells being born earlier and CRX cells later, indicating
temporally regulated and robust retinogenesis. The birth-
dating data suggest differential variabilities in retina orga-
noidogenesis, and that the variation of total cell numbers
at the end of retinal organoidogenesis (D20) is higher
than the variation reported in the adult mouse retina
in vivo (Jeon et al., 1998).

To determine how synchronous organoids develop and
to reveal potential variation at the molecular level, we per-
formed real-time qPCR gene profiling of individual organo-
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ids. We collected 12 single organoids at each of five
different time points (D7, D10, D15, D18, and D21; 60 or-
ganoids in total) and analyzed the expression of 21 genes in
each organoid (normalized to Actb; Figures 4 and S4, Tables
S2 and S3). We detected significant changes in genes asso-
ciated with developing and mature retinal cells, including
progenitors (proneural and stemness genes), ganglion cells,
interneurons, photoreceptors, and Miiller glia. Temporal
gene-expression profiles indicated an early and late phase
of organoidogenesis (see dashed vertical lines in Figure 4A).
For example, there was a large and stable increase in Crx,
the earliest known regulator of photoreceptor genesis,
from D10 to D21 (p < 0.00001), whereas Rcvrn, indicating
mature photoreceptors, increased later, at D18 (p <
0.00001 compared with D7). Hierarchical clustering (Fig-
ure 4B) revealed groups of genes increasing significantly
before D135, indicating functions in early retinogenesis
(clusters I, II, and V), such as those related to ganglion
cell genesis (Atoh7, Isl1, and Brn3). In contrast, genes regu-
lating late retinogenesis, such as Nrl (earliest known marker
of postmitotic photoreceptors) and RIbpl (Miiller glia),
became upregulated after D15 (clusters VI-VII). Many
genes changed continuously (interneuron related, such as
Foxn4, Meis2, Neurod1/6) and a few underwent smaller
changes (such as Rax, Pax6, Sox9, Vsx2, mostly progenitor
related). Low levels of Mitf suggested limited RPE cell fate.

The CV for each gene was used to capture relative vari-
ability in interindividual organoid gene expression (Mason
etal., 2014) (CV include data with AACq values > +1.0; Ta-
ble S3). For example, neurogenic transcription factor Ascl1
increased 120-fold up to D21, with a low mean variability
(D10-21 mean CV 15%), indicating effective neurogenesis.
Crx expression had a relatively low variability in the main
phase of organoidogenesis (CV 12% at D15 and D18), sug-
gesting robust photoreceptor production. However, Crx
became more variable at D21 (CV 51%), and Rcvrn, indica-
tive of further differentiated photoreceptors, was also quite
variable at D18-21 (mean CV 26%). Given that retinal cell
genesis is completed at D21 (Figure 3A), the observed
variability might be due to processes such as ongoing cell
maturation. The molecular data matched those for related
proteins well (Figures 3 and S3). Photoreceptor birthdating
indicated less variability during the main phase compared
with the end of retinogenesis, and RCVRN protein was
more heterogeneously expressed than CRX throughout a
given organoid at D21 (Figures 3E, S3E, S3H, and S3I). In
contrast, although ganglion and amacrine cell birthdating
showed interorganoid variation throughout retinogenesis,
expression of related genes (D10-18 mean CV of Atoh7,
Brn3b, and Foxn4 14%) was less variable during neurogen-
esis, but stronger at the end of retinogenesis (D21 mean
CV 41%). The average CV for all 21 genes at D10-21 was
35%. Overall, most genes analyzed show reproducible



Figure 4. Temporal Gene Expression Com-

expression across individual organoids at a given time
point, and comparable temporal changes supporting an
effective onset and progression of retinal histogenesis in
the organoid system. However, our results also revealed dif-
ferential levels of molecular and phenotypic organoid het-
erogeneity, suggesting that various processes, such as cell
maturation, ontogenetic cell death, and contribution of
non-retinal organoid tissue, might be origins of variation.
Knowing these variability sources will likely facilitate
further improvements in organoidogenesis and down-
stream applications.

Notch Signaling Inhibition Revealed Time-Dependent
Progenitor Competence in mESC-Derived Retinal
Organoidogenesis and Enabled the Generation of
Cone- or Rod-Enriched Organoids

Based on the observed sequence of genes expressed and
cells synchronously generated, we hypothesized that
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the trisection method facilitates reproducible experi-
ments to differentially stimulate the generation of retinal
cell types that appear early and late. Thus, we performed
timed application of the Notch inhibitor DAPT (Figures 5
and S5), which is widely used to force differentiation and
has been applied in late retinal organoidogenesis (Eiraku
et al.,, 2011). We observed that early DAPT treatment
(D12-14, Figures 5A and 5B) significantly increased the
number of cone photoreceptors indicated by counts of
TRBETA2" (226-fold, p < 0.0001) and S-OPSIN* cells
(42-fold, p < 0.001) compared with control (N = 3,
n = 5). The number of cells expressing OTX2, a homeodo-
main transcription factor expressed in early and mature
photoreceptors and bipolars, was no higher than in the
control. However, after early DAPT treatment the major-
ity of OTX2" cells co-expressed SALL3, a known regulator
of cone genesis. After late DAPT treatment (D16-18, Fig-
ures 5C, 5D, and S5A-S5C) the total numbers of rod
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Figure 5. Generation of Rod- or Cone-Photoreceptor-Enriched Organoids by Timed Inhibition of Notch Signaling
(A and B) Notch inhibition by DAPT at early time points (D12-14) increased the number of cone photoreceptors. (A) Images of immu-
nostained organoid sections and (B) graphs with quantification of cone marker expressing cells (TRBETA2", S-OPSIN*) in DAPT-treated and

control (DMS0) organoids (N = 3, n = 5).

(Cand D) Notch inhibition at later time points (D16-18) resulted in rod-enriched organoids. (C) Quantification and (D) images of cell-
type-specific markers (BRN3*, ganglion cells; CRX*, photoreceptors; ELAVL3/4", ganglion, amacrine, horizontal cells; GLUL", Miiller glia;
VSX2*, progenitors, bipolars) in DAPT-treated and control (DMSO) organoids (N =3, n=5). hPAX6GFP-expressing cells were greatly reduced
by Notch inhibition. Top panels of (B) and (C) show schemes of the experimental paradigms.

n = individual organoids per independent experiment (N). ***p < 0.001. Scale bars, 50 um. Data are represented as means =+ SD. See also

Figure S5.

photoreceptors (CRX" and RCVRN*) were strongly
increased, whereas progenitors (VSX2*, KI67*, PAX6",
hPAX6GFP"), Miiller glia (GLUL*, SOX9*), and bipolars
(VSX2*, PRKCA™", VSX1*) were almost completely absent
after DAPT treatment (not all shown), suggesting that
Notch inhibition prevented their fates. The numbers of
ganglion and amacrine cells (ELAVL3/4") were not signif-
icantly affected. DAPT applied at D14-16 (Figure S5D) led
to a less pronounced increase in photoreceptors at D18,
compared with when it was applied at D16-18. Our re-
sults suggest that progenitors change their neurogenic
competence throughout organoidogenesis, so that by
tuning Notch signaling at defined time points it is
possible to alter the proportions of retinal cells, specif-
ically increasing cone or rod photoreceptors in correla-
tion with early and late stages of retinal development,
respectively.

hPAX6GFP Labeled Retinal Progenitors and Subtypes
of Inner Neurons in mESC- and hESC-Derived Retinal
Organoids

To further refine our understanding of the course of reti-
nogenesis in the organoid system, we studied hPAX6GFP
reporter expression (Figures 6 and S6). hPAX6GFP was first
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detected with lower fluorescent signal intensity by D10 in
the neuroblast layer of organoids derived from mESC
clone 1 (Figure 1B). The GFP cell numbers increased until
D18 and decreased from D18 to D21. By D21, GFP" cells
had accumulated in the inner nuclear layer (INL)-like re-
gion of the organoid, starting to extend processes to an in-
ner plexiform layer (IPL)-like region (Figure 6A). Clone 1
was analyzed in more detail (Figures 6A and S6A), because
GFP expression in clone 2 was rather sparse and appeared
much later (Figure S6B). GFP* cells at D15-18 showed co-
expression of PAX6 and RAX, SOX9, and VSX2, as well as
the proliferation markers PHH3 and MCM6, suggesting
retinal progenitor identity (Figures 6A and S6A). Not all
PAX6" cells expressed GFP, which could be due to the
species difference (mouse/human) or the lack of enhancer
elements in the BAC. With ongoing progenitor depletion,
more GFP* cells accumulated in the INL-like region, sug-
gesting genesis of a subset of retinal interneurons. Indeed,
the majority of GFP* cells at D21 expressed the pan-ama-
crine marker TFAP2A (Figure 6A). Subsets of GFP* cells
immunostained for bHLHBS (GABAergic amacrines) and
co-expressed EBF3 (glycinergic amacrines) and CALB2,
indicating that a broad range of amacrine subtypes
can be formed in retinal organoids (Figures 6A and S6A;
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Figure 6. hPAX6GFP in mESC- and hESC-Derived Retinal Organoids

(A and B) Analysis of transgenic hPAX6GFP expression in (A) mESC-derived and (B) hESC-derived retinal organoids. (A) At day (D) 18,
weakly GFP* cells in the neuroblastic layer co-expressed the retinal progenitor markers RAX and PAX6. At D21, GFP* cells had accumulated
in the inner nuclear layer (INL)-like region and co-localized with ELAVL3/4 and PAX6, indicating amacrine and horizontal cells. GFP™ cells
are not co-labeled with photoreceptor, bipolar (0TX2, RCVRN), or ganglion cell (BRN3™) markers. GFP* cells co-expressed the pan-amacrine
marker TFAP2a and bHLHBS5, expressed by GABAergic amacrines. (B) Overview and ROI images of immunostained human organoid sections
at D41: GFP was detected in PAX6", RAX", VSX2, and ELAVL3/4" cells. Just as in mouse organoids (A), ganglion cells (BRN3) were mostly

GFP negative.

Scale bars represent 50 um, and 10 um for high magnifications shown in (A) and (B). See also Figure S6.

Table S1). At D21, GFP* cells expressed PAX6, and did not
co-localize with photoreceptor or bipolar markers (CRX,
RCVRN, OTX2). The GFP* progeny contained amacrine
and horizontal cells (ELAVL3/4), but no retinal ganglion
cells (BRN3) or Miiller glia (GLUL). We also positively
probed hPAX6GEFP reporter expression in CNS regions
outside the retina in mESC-derived cerebral organoids
(Figure S6C; Eiraku and Sasai, 2011). We sought to provide
initial evidence for hPAX6GFP expression in human
retinal organoids derived from two previously reported
hESC lines (Rostovskaya et al., 2012) by adapting a previ-
ously published protocol (Nakano et al., 2012). Compara-
ble with our trisection approach in the mESC system, we
manually dissected each individual human organoid into

three to five evenly sized tissue parts on D18 after aggre-
gation. In D41 organoids, GFP was detected in regions
with neuroepithelial structure in two different hESC re-
porter lines, which co-labeled with PAX6, RAX, and
VSX2: these indicated the identity of the retinal progeni-
tors (Figure 6B; N = 4; line 2 not shown). Comparable
with previous reports, we observed the first ELAVL3/4*
(amacrine and horizontal cells) and BRN3* (ganglion
cells) cells in D41 hESC-derived retinal organoids in
line 1, but not line 2 (not shown). Thus, just as in mouse
retinal organoids (Figure 6A), human ganglion cells
(BRN3™") were mostly GFP~ (Figure 6B), while GFP labeled
mouse and human progenitor (RAX*, PAX6") and ama-
crine cells (ELAVL3/4%).
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Figure 7. Characterization of Transgenic hPAX6GFP Expression in the Developing and Mature Mouse Retina

(A) Images of GFP and PAX6 immunostained hPAX6GFP reporter mice retina sections at embryonic days (e) 12 and 15, and postnatal days
(p) 0 and 6 show GFP in progenitors and subsets of PAX6™ postmitotic horizontal and amacrine neurons.

(B) Similar to the retinal organoids, GFP* cells in the mouse retina also co-expressed the markers CALB1 (amacrine, horizontal cells) and
ELAVL3/4 (amacrine, horizontal, ganglion cells), but not the ganglion cell marker BRN3. Subsets of GFP* cells also co-expressed PROX1 and

bHLHB5 (amacrines).

(Cand D) Summary scheme (C) and comparison table (D) show that transgenic hPAX6GFP expression showed similar retinal cell types in the
retinal organoid system and mouse retina in vivo. GFP expressed (+)/not expressed (—); RPC, retinal progenitor cell; RGC, retinal ganglion
cell; HC, horizontal cell; AC, amacrine cell; BP, bipolar cell; MG, Miiller glia; NE, neuroepithelium.

Scale bars represent 50 um, and 10 um for high magnifications shown in (B). See also Figures 6, S6, and S7.

Comparative hPAX6GFP Expression Analysis in
Retinal Organoids and Mouse Retina In Vivo Revealed
Similar Expression Patterns and Timing

We sought to gain further insights into organoidogenesis by
comparative analysis of retinal organoids derived from the
hPAX6GEFP transgenic reporter mESC line (Figures 6 and
S6) and the respective transgenic mouse strains (Figures 7
and S7). We generated transgenic mice carrying the same
hPAX6GEFP reporter as the mESC. GFP was first detected
by embryonic day 12 (e12) in the retina in vivo (Figure 7A),
when neurogenesis starts. Most GFP* cells co-expressed
PAX6 and various progenitor markers matching our orga-
noid data. By postnatal day O (p0), GFP" progenitors had
become more restricted to the central retina (Figures 7A
and S7A). By p0-6, GFP was detected in the developing
INL and ganglion cell layer (GCL), and by p11 (the end of
retinogenesis) and in adults it was also detected in the hor-
izontal cell layer (Figures 7A, 7B, and S7A-S7C). GFP* cells
were evenly distributed in the central and peripheral devel-
oping and postmitotic retina (see retina section and flat-
mount data, Figures S7A and S7B), but not in the RPE or
lens, both of which expressed PAX6 (data not shown). By
p6-11, GFP* cells co-expressed the amacrine and horizontal
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cell markers CALB1, ELAVL3/4, and PROX1, and the ama-
crine markers bHLHBS and SOX2 (Figures 7B and S7D). In
line with our results in mouse and human retinal organoids,
hPAX6GFP did not co-localize with retinal ganglion cells
in vivo (Figure S7D). GFP was not expressed in Miiller glia
in vivo but was expressed in mouse retinal explant culture,
suggesting upregulation of hPAX6GFP in reactive glia (Fig-
ure S7E). These comparative analyses reveal that hPAX6GFP
is similarly expressed in transgenic mice in vivo and in the
mESC- and hESC-derived retinal organoids in a subset of
developing retinal progenitors, in amacrine and horizontal
cells (Figures 7C and 7D).

DISCUSSION

We developed an efficient approach for retinal organoido-
genesis stemming from the pioneering protocol (Eiraku
et al.,, 2011) which makes use of the power of PSC to
generate self-organized, complex, stratified 3D retinal tis-
sue. The original protocol utilizes the generation of OC-
like structures, but requires the OV-like evagination of the
neuroepithelium and its manual dissection. We observed



that about 80% of organoid neuroepithelia developed into
eyefields, comparable with previous publications (Table
S1). However, using E14TG2a mESC, or the original re-
ported RAX-GFP mESC line (kindly provided by Y. Sasai,
Japan [Eiraku et al., 2011]), others (Hiler et al., 2015) and
our group (RAX-GFP data not shown) observed that
OV-like structures form irregularly and OC-like structures
infrequently. The fact that evagination of the eyefield neu-
roepithelium occurs rather inefficiently in about 20% of ag-
gregates, and varies between PSC lines (Hiler et al., 2015;
see also Figure 2G and Table S1), which might depend on
the intrinsic capacity of the PSC line or on culture condi-
tions, currently limits retinal organoidogenesis. Notably,
eyefield domains achieved with E14TG2a mESCs are rather
large (covering up to 50% of the organoid at D10). OV size
has been reported to be a critical factor influencing OC
formation (Decembrini et al., 2014; Eiraku et al., 2011),
suggesting that this may be a major factor preventing OC
formation. Thus, factors affecting eyefield restriction and
expansion, such as sonic hedgehog, may be differentially
regulated in different mESC lines. By merely isolating the
aggregate evaginations, the majority of eyefield tissues
were discarded. Furthermore, our data show that evagina-
tions frequently lack eyefields, and are thus not reliable pre-
dictors of prospective retinas. By trisecting an unbiased
simple organoid neuroepithelia, we overcame these limita-
tions. The trisection protocol utilizes all starting aggregates
to improve the retinal organoid yield and enables robust
generation of large, stratified 3D retinal organoids derived
from wild-type mESC.

Our data show that the trisection approach results in the
generation of retinal organoids with a cell birth order and
developmental timing comparable with mice in vivo.
Expression of bHLHBS (GABAergic amacrines) and EBF3
(largely glycinergic amacrines) in different subsets of ama-
crine cells at D21 also show not only that the major retinal
cell types differentiate in mouse retinal organoids but
also that subtype specification is induced. To gain further
understanding of the reproducibility of retinal organoido-
genesis, we performed cell birthdating experiments and
analyzed interindividual organoid variation in gene-expres-
sion levels. The molecular data were consistent with the
immunostaining-based phenotypic results, showing signifi-
cant differences in the types of cells born earlier (ganglion
cells) and later (photoreceptors), as well as in related gene-
expression changes. Overall, the dataindicate a robust onset,
temporal order, and progression of retinal histogenesis;
this suggests that regulated developmental programs are
repeated. However, comparing individual organoids also
revealed differential gene-expression variability. Although
some genes are expressed quite robustly, others are more var-
iable at the onset, end, or even throughout retinal organoido-
genesis. Many of the genes investigated have functions not

only in the developing but also in the maturing and adult
retina. Whether the observed gene-expression variability is
the cause of the phenotypic heterogeneity of the organoids
at the protein level, or whether they are consequences of
other processes (e.g., ontogenetic cell death and cell matura-
tion) remains unknown. Future studies of the origins and
consequences of gene-expression variation in retinal devel-
opment are needed to refine our understanding of the rela-
tionships between phenotypic and molecular heterogeneity
in retinal organoidogenesis and animals in vivo.

Comparative analysis of transgenic hPAX6GFP expres-
sion revealed similarities between the retinal organoid sys-
tem and the mouse retina in vivo. Our analyses indicated a
similar sequence of hPAX6GFP™ retinal cell types in mice
in vivo, and in mESC- and hESC-derived retinal organoids:
progenitors and retinal interneurons (horizontal and ama-
crine cells). This was despite differences in the number of
hPAX6GFP* cells. In early postmitotic mouse retinal orga-
noids hPAX6GFP* cells participated in the formation of
an IPL-like region, indicating that important features of
the ultimately highly complex inner architecture of the
mature retina are generated. The two mESC lines analyzed
expressed GFP differentially, possibly due to different inser-
tion sites. The hPAX6GFP transgene does not contain all its
enhancers, and carries the GFP-containing cassette in
exon 4 (Figure S1), disrupting gene function, so that the
observed GFP pattern may also indicate cell heterogeneity.
This might be of significance, since the functional impor-
tance of spatiotemporal levels of PAX6 expression during
development is well established (Shaham et al., 2012).
Our results suggest that the hPAX6GFP transgenic reporter
in the human and mouse ESC organoid system might be a
useful tool for studying progenitor lineages, neuronal
differentiation, maturation, survival, stratification, and
neural wiring in retinal and brain organoids. Moreover,
the organoid system might offer a faster way to identify
robust and reliable reporter expression in the tissue of inter-
est, prior to the generation of transgenic mice.

For current and future applications of the 3D retinal
organoid system, the neuroepithelium trisection approach
provides significant advantages in comparison with the
mESC protocols currently available (Table S1 and Figures
S1C-S1E) and, as indicated by our experiments with the
hPAX6GFP hESC, potentially also for human PSCs. First,
this approach does not require any transgenic reporter
and does not involve the formation of complex evagina-
tions or eyecups, processes reported to be inefficient in all
of the published protocols. Therefore, it provides full flexi-
bility for the application of any, and multiple, fluorescent
reporters for retinal-organoid-based research. Second, our
protocol yields about twice as many retinal organoids as
starting aggregates, and retina sizes are comparable with,
or even bigger than, those reported previously. Hiler et al.
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(2015) recently reported that, following the evagination
isolation protocol, the frequency of retinal organoids
derived per starting aggregate is about 46% for the RAX-
GFP mESC line: our protocol yields 183%. Third, organoids
grown with this protocol develop stratified neural retinal
tissue, with defined outer nuclear layer, inner nuclear layer,
and GCLs, although at the final time point (D21) the inner
and outer plexiform layers had not completely formed.
Fourth, previous adaptions (Decembrini et al.,, 2014;
Gonzalez-Cordero et al., 2013) of the original 3D retinal or-
ganoid protocol have made reporter and OC formation in-
dependent by omitting the manual dissection/selection
step and, instead, maintaining and maturing the retinal
domain inside the mother aggregate. This approach even
allows the protocol to be automated. Although photore-
ceptors develop well inside the mother aggregate, inner
retinal cell types and layers either differentiate less well or
degenerate more. This may be an advantage for studies
focusing on photoreceptors and requiring high numbers
of them. However, it might be inconvenient for studies
that require the complete retinal structure. Additional
modifications, such as maintaining the organoid in Matri-
gel for two additional days (Decembrini et al., 2014; Gonza-
lez-Cordero et al., 2013), which restricts its expansion,
might be necessary to develop a 3D retina. Our trisection
protocol also reduced the size of the organoid at this tem-
poral stage, and likely facilitates further development by,
e.g., increasing access for nutrients and oxygen and
allowing for better expansion by removing restrictive
neighboring tissue. This might also increase the survival
of organoids in long-term culture—specifically in the
human retinal organoid system—and potentially also for
organoidogenesis of other types of tissue. Fifth, timed
drug-based Notch inhibition enables forced differentiation
of early and late retinal cell types in the organoid system,
indicating that neurogenic competence is regulated in a
similar way to retina in vivo (Cepko, 2014). Thus, our
data suggest a reliable approach for generating large
numbers of cone photoreceptors, which are of interest for
various applications such as cell replacement therapy.
Therefore, one of our future endeavors will be to apply
and optimize the trisection protocol to the human retinal
organoid system, and to perform research on human
neuronal development, disease modeling, tissue repair,
regeneration, and therapies in translational medicine.

EXPERIMENTAL PROCEDURES

Generation of hPAX6GFP mESCs and Reporter Mouse

The eGFP-IRES-puro-pA-FRT-PGK-neo-pA-FRT cassette was in-
serted directly after the initiating methionine (ATG) in exon 4 of
the hPAX6 gene in the BAC RP11-26B16, followed by the insertion
of piggyBac inverted repeats by recombineering, as previously
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described (Rostovskaya et al., 2012; Figure S1A). The BAC was co-
transfected with hyPBase expression vector to mESC; blasticidin-
resistant clones were screened by PCR for transposition signature,
and phenotyped using pluripotency markers (Figure S1B). Genera-
tion of transgenic mice was performed as previously described
(Rostovskaya et al., 2013). Animal licenses were obtained accord-
ing to the TU Dresden and German Federal regulations. See Supple-
mental Experimental Procedures.

mESC Culture

E14TG2a (MMRRC, UC Davis) wild-type and hPAX6GFP trans-
genic mESCs were cultured in mESC medium supplemented with
10* U/ml leukemia inhibitory factor and 1 uM PD0325901. Cells
were passaged every 2-3 days using TrypLE Express (Invitrogen).

mESC Retinal Organoidogenesis

Retinal differentiation was adapted from a previously reported pro-
tocol (Eiraku et al., 2011). In brief, mESC aggregation in 96-well
plates was defined as day 0 (DO0), and 2% Matrigel was added on
D1. After being cultured (20% O,) until D7, the organoids were
transferred to bacterial-grade petri dishes for further culture in
retinal maturation medium 1 (40% O,). On D10, the organoids
were manually trisected using surgical tweezers (Fine Science Tools,
Dumont No. 5) and further cultured in retinal maturation me-
dium 2. EC23 (0.3 pM) was added from D10 to D14. See Supple-
mental Experimental Procedures.

hESC Retinal Organoidogenesis

Retinal differentiation of H7.56 PAX6GFP BAC transgenic hESC
was performed by adapting a previously reported protocol (Nakano
et al., 2012). Permission to work with hESCs was granted by the
Robert Koch Institute, Berlin, Germany. See Supplemental Experi-
mental Procedures.

Tissue Preparation and Immunohistochemistry

Samples were fixed in 4% paraformaldehyde, and cryoprotected
(30% sucrose, overnight) and embedded in tissue-freezing medium
(Jung). Frozen sections were cut at 12-20 pm. Immunostaining was
performed using standard protocols. See Supplemental Experi-
mental Procedures.

Single-Organoid qPCR

RNA from single retinal organoids (n = 12 randomly selected indi-
vidual organoids per time point) were isolated and reverse tran-
scribed using a Power SYBR Green Cells-to-Ct kit (Ambion).
Gene-specific primers were designed using Primer3 (Simgene.
com) software, spanning an exon-exon junction where applicable.
Real-time qPCR reactions were performed with SsoFast EvaGreen
Supermix (Bio-Rad) according to the manufacturer’s instructions
(C1000, CFX96, Bio-Rad). See Supplemental Experimental
Procedures.

Data Analysis

Samples were imaged on a Zeiss ApoTome2, LSM Confocal, or Spin-
ning Disc Confocal microscope. For aggregate scoring, analysis of
each aggregate was performed by assessing marker expression on



multiple consecutive sections (>8) on at least two slides (N > 4 in-
dependent experiments, n > 10 aggregates/N). For cell counting
and co-localization analysis, random ROIs 100 pm wide were
used. The x axis of each ROI was positioned radially to the organoid
center, with the y axis aligned perpendicular to the organoid sur-
face. ROI images are z axis projections of 5 X 1 um acquired in Apo-
tome mode using a 20x Plan-Apochromate objective. Cells were
counted on 3D reconstructed images using ZEN blue (Zeiss). Orga-
noid circumference and retinal length were measured using the
length tool in ZEN blue (Zeiss). Statistical analysis was performed
with GraphPad Prism using one-way ANOVA (Tukey’s post hoc
test) or Student’s unpaired t test. Results were considered significant
for p < 0.05 and data were plotted as mean + SD if not noted other-
wise. See Supplemental Experimental Procedures.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental
Procedures, seven figures, and three tables and can be found
with this article online at http://dx.doi.org/10.1016/j.stemcr.
2016.03.001.
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SUMMARY

Human embryonic stem cell (hESC)-derived pancreatic progenitor cells effectively reverse hyperglycemia in rodent models of type 1 diabetes,
but their capacity to treat type 2 diabetes has not been reported. An immunodeficient model of type 2 diabetes was generated by high-fat diet
(HFD) feeding in SCID-beige mice. Exposure to HFDs did not impact the maturation of macroencapsulated pancreatic progenitor cells
into glucose-responsive insulin-secreting cells following transplantation, and the cell therapy improved glucose tolerance in HFD-fed
transplant recipients after 24 weeks. However, since diet-induced hyperglycemia and obesity were not fully ameliorated by transplantation
alone, a second cohort of HFD-fed mice was treated with pancreatic progenitor cells combined with one of three antidiabetic drugs. All
combination therapies rapidly improved body weight and co-treatment with either sitagliptin or metformin improved hyperglycemia
after only 12 weeks. Therefore, a stem cell-based therapy may be effective for treating type 2 diabetes, particularly in combination with anti-

diabetic drugs.

INTRODUCTION

The International Diabetes Federation estimates that up
to 95% of the ~380 million people worldwide who are
affected by diabetes suffer from type 2 diabetes (Interna-
tional Diabetes Federation, 2014). Thus, the potential
impact of a novel treatment for type 2 diabetes is enor-
mous. Despite obvious differences in the pathogenesis of
type 1 and 2 diabetes, both diseases are characterized by
impaired glucose homeostasis resulting from insufficient
insulin production by pancreatic beta cells. In type 1 dia-
betes, beta cell destruction by the immune system is rapid
and extensive, causing severe insulin deficiency. In con-
trast, beta cell failure in type 2 diabetes occurs gradually
over time and is associated with peripheral insulin resis-
tance. Clinical studies have shown that patients with
type 2 diabetes also have reduced beta cell mass (Butler
et al., 2003; Yoon et al., 2003) and declining beta cell func-
tion during the progression from pre-diabetes to overt dia-
betes (Weyer et al., 1999; Ferrannini et al., 2005). Therefore,
treatment strategies for type 2 diabetes should be aimed at
restoring beta cell mass and/or function, in addition to
improving insulin sensitivity (Halban, 2008; Kahn et al.,
2014).

Transplantation of cadaveric human islets can restore
insulin-independence in patients with type 1 diabetes
(Shapiro et al., 2000; Ryan et al., 2001), but this approach
has not been actively pursued for type 2 diabetes, likely

@ CrossMark

due to the inadequate supply of donor islets, risk of immu-
nosuppression, and perceived hurdle of insulin resistance.
The obstacle of an insufficient cell supply may be over-
come with the use of human embryonic stem cells
(hESCs). We previously demonstrated that hESC-derived
pancreatic progenitor cells reversed hyperglycemia in a
mouse model of type 1 diabetes characterized by severe
beta cell destruction and insulin deficiency (Rezania
etal., 2012, 2013; Bruin et al., 2013). However, the efficacy
of this stem cell-based therapy for treating hyperglycemia
in an obesogenic and insulin-resistant environment, such
as in type 2 diabetes, has not been reported. Based on
evidence that intensive insulin therapy improves insulin
sensitivity, glycemic control, and beta cell function in
patients with type 2 diabetes (Weng et al., 2008; Kramer
et al., 2013), we hypothesized that hESC-derived insulin-
secreting cells may also be effective for this patient
population.

Our first aim was to establish a model of type 2 diabetes
in immunodeficient mice that would be compatible with
xenotransplantation. Different strains of rodents have
widely variable susceptibility to high-fat diet (HFD)-
induced obesity and/or hyperglycemia (Srinivasan and
Ramarao, 2007; Svenson et al., 2007; Hariri and Thibault,
2010). Moreover, insulin resistance, a hallmark feature of
type 2 diabetes (Kahn et al., 2006), is thought to be driven
primarily by obesity-associated inflammation (reviewed in
Kalupahana et al., 2012; Osborn and Olefsky, 2012), and
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Figure 1. SCID-Beige Mice Rapidly Develop Obesity, Fasting Hyperglycemia, Glucose Intolerance, and Insulin Resistance Following
Exposure to HFDs

(A and B) Body weight (A) and fasting blood glucose levels (B) were measured during a 14-day acclimation period on normal chow and
for 51 days following administration of one of the following diets: 10% fat (black; n =11 mice), 45% fat (red; n =11 mice), 60% fat (blue;
n =11 mice), or Western diet (green; n = 11 mice).

(Cand D) Blood glucose (C, raw values and area under the curve) and plasma mouse insulin levels (D) were assessed during an oral glucose
tolerance test (OGTT; n = 4-6 mice per group) on day 47. See Figure S1 for OGTTs at days 5 and 32.

(E) Aninsulin tolerance test (ITT) was performed on day 42 (n=9-11 mice per group). Glucose levels are presented as a percentage of basal
glucose levels (at time 0) and the area above the curve was calculated using 100% as the baseline.

(F) Adiposity (% fat) was assessed by DEXA at day 43 in a subset of mice (n = 3 mice per group).

(legend continued on next page)
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recruitment of T cells (Feuerer et al., 2009; Nishimura et al.,
2009; Winer et al., 2009) and B cells (Winer et al., 2011) to
insulin-sensitive tissues. SCID-beige mice are a sponta-
neous double-mutant model in which the scid mutation re-
sults in a lack of both T and B lymphocytes, and the beige
mutation causes defects in cytotoxic T cells, macrophages,
and NK cells (http://www.taconic.com). To our knowledge,
the susceptibility of double-mutant SCID-beige mice to
HFDs has not previously been examined as a potential
model of type 2 diabetes.

An important consideration in translating a stem cell-
derived pancreatic progenitor therapy to clinical practice
is the variability that will be encountered within the pa-
tient environment during the period of cell engraftment
and maturation in vivo. This is particularly relevant given
that macroencapsulated hESC-derived pancreatic pro-
genitor cells are now being tested for safety, tolerability,
and efficacy in a phase 1/2 clinical trial by Viacyte
(ClinicalTrials.gov, Identifier: NCT02239354). We hypoth-
esized that exposure to HFDs may impair the development
of hESC-derived insulin-secreting cells, since obesity-asso-
ciated lipotoxicity and inflammation contribute to beta
cell dysfunction in patients with type 2 diabetes (reviewed
in Potter et al.,, 2014). Furthermore, both human and
rodent islets displayed beta cell dysfunction following
transplant into HFD-fed rodents (Hiramatsu and Grill,
2001; Gargani et al., 2013). Here, we examined the impact
of HFDs on hESC-derived progenitor cell development
in vivo, and assessed whether a stem cell-based insulin
therapy could improve glycemic control in mice with
diet-induced obesity, insulin resistance, and hyperglyce-
mia. We also investigated the efficacy of combining the
cell therapy with one of three antidiabetic drugs: sitagliptin
(a dipeptidyl peptidase-4 [DPP4 inhibitor]), metformin
(suppresses hepatic gluconeogenesis and enhances insulin
sensitivity), and rosiglitazone (a PPARy agonist from the
thiazolidinedione [TZD] class). Our studies demonstrated
that a combination therapy was more effective in HFD-
fed mice than either antidiabetic drugs or progenitor cell
transplants alone. Moreover, neither HFDs nor antidiabetic
drugs impacted the ability of hESC-derived cells to mature
in vivo and appropriately secrete insulin in response to
glucose.

RESULTS

SCID-Beige Mice Rapidly Developed Diet-Induced
Obesity, Insulin Resistance, and Hyperglycemia

All three of the HFDs used in this study (45% fat, 60% fat,
and Western) induced rapid increases in fasting body weight
(BW; Figure 1A) and blood glucose levels (Figure 1B)
compared with low-fat diet (LFD) controls (10% fat). More-
over, after only 5 days, mice in all three HFD groups were
severely glucose intolerant relative to LFD controls (Fig-
ure S1A), even though no differences in BW were observed
at that time (Figure S1B). At 32 days, HFD mice were both
glucose intolerant (Figure S1C) and significantly heavier
(Figure S1D) than LFD controls. Mice fed 45% and 60% fat
diets were overtly insulin resistant at day 42 (higher glucose
levels at 10 and 60-120 min post-insulin, and reduced area
above the curve relative to LFD controls), whereas mice on
the Western diet only showed significant insulin resistance
at 10 min after insulin administration (Figure 1E).

In the week preceding transplantation (day 51), mice in
all HFD groups were glucose intolerant (day 47, Figure 1C)
and showed insulin-secretion kinetics that differed from
LFD controls (either no glucose-induced insulin secretion
or altered timing of peak insulin levels; Figure 1D). All
HFD mice were significantly overweight (Figure 1A) and
had increased adiposity (Figure 1F) compared with LFD
controls, and mice fed 45% or 60% fat diets also had signif-
icantly elevated circulating leptin levels (Figure 1G). Expo-
sure to HFDs caused dyslipidemia, including significantly
reduced plasma free fatty acid levels in all HFD-fed mice
(Figure S1E), reduced triglyceride levels in 45% and 60%
fat groups (Figure S1F), and elevated cholesterol levels in
the Western-diet group compared with LFD controls (Fig-
ure S1G). Interestingly, the HFD-induced metabolic defects
in immunodeficient mice were not associated with macro-
phage infiltration in adipose tissue (marked by F4/80
immunoreactivity; Weisberg et al., 2003), whereas signifi-
cant accumulation of F4/80-positive crown-like structures
was observed in the epididymal fat of ob/ob mice, an
immunocompetent model of type 2 diabetes (Figure 1H).
Fibroblast growth factor 21 (FGF21) was used as an adipo-
cyte marker because it is highly expressed in white adipose
tissue (Markan et al., 2014).

(G) Mouse leptin levels were measured on days 47-49 following a 4- to 6-hr morning fast (dashed line indicates the highest standard
concentration in the leptin assay). See Figures S1E-S1G for circulating lipid levels.

(H) Immunofluorescent staining of epididymal fat from immunocompromised SCID-beige mice fed either a 10% or 60% fat diet for
36 weeks, and from an immunocompetent adult ob/ob mouse. F4/80 and FGF21 are shown as macrophage and adipocyte markers,
respectively. Crown-like structures, representing macrophage infiltration, are shown in insets. Scale bars, 200 pum.

(A-Cand E-G) *p < 0.05 versus 10% controls (two-way ANOVA for comparison of multiple time points in line graphs, and one-way ANOVA
for bar graphs); (D) *p < 0.05 versus time 0 (one-way ANOVA). Data are represented as mean + SEM (line graphs) or as box-and-whisker

plots with individual mice shown as separate data points.
See also Figure S6 and Table S2.
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Taken together, these results indicate that 7 weeks of
exposure to HFDs generated a type 2-like diabetes model
characterized by hyperglycemia, insulin resistance, obesity,
and dyslipidemia in immunodeficient mice. Given the
phenotypic similarities between mice on the 45% and
60% fat diets, these groups were combined for all further
analysis (hereafter referred to as the 45%-60% fat group).

Exposure to HFDs Did Not Affect the Function of
hESC-Derived Endocrine Cells In Vivo

Prior to transplantation, differentiated hESC-derived
pancreatic progenitor cells were assessed by fluorescence-
activated cell sorting (FACS) and immunofluorescent stain-
ing (Figure S2). Following in vitro differentiation, ~95% of
cells expressed PDX1 and ~65% expressed NKX6.1 (Figures
S2A, S2C, S2D, and S2G), two key markers of pancreatic
endoderm. Approximately 20% of PDX1-positive cells
were in the cell cycle, as indicated by Ki67 or PCNA expres-
sion (Figures S2A and S$2D), and the pluripotency marker
OCT3/4 was not detected (Figure S2A). Although ~14%
of progenitor cells expressed endocrine markers (Figures
S2A and S2B), only 2.5% of synaptophysin-positive cells
co-expressed NKX6.1 (Figure S2A) and most were polyhor-
monal (Figure S2F), indicative of an immature endocrine
population. Indeed, insulin/C-peptide-positive cells only
rarely co-expressed PAX6 (Figure S2E) or NKX6.1 (Fig-
ure S2C) at this stage of differentiation. These data are
consistent with the characteristics of hESC-derived pancre-
atic progenitor cells described previously by our group
(Rezania et al., 2012, 2013; Bruin et al., 2013).

Progenitor cells were encapsulated in Theracyte devices
and transplanted subcutaneously into immunodeficient
mice from each of the four diet regimens. We used immuno-
deficient mice because although macroencapsulation de-
vices are predicted to protect human cells from allogeneic
immune rejection (Tibell et al., 2001), they are unlikely to
protect them from xenograft rejection (Brauker et al.,
1996; Mckenzie et al., 2001). The immunoisolation devices
allowed us to mimic studies in patients receiving macro-
encapsulated pancreatic progenitor cells (ClinicalTrials.
gov, Identifier: NCT02239354). Following transplantation,
hESC-derived cells from all diet groups secreted similar
levels of human C-peptide under basal and fed conditions
between 8 and 20 weeks (Figure 2A), and produced robust
glucose-stimulated human C-peptide secretion at 18 weeks
(Figures 2B and 2C). Similarly, human insulin secretion was
induced by an arginine challenge in all diet groups at
24 weeks, although due to high variability, the Western-
diet group did not reach statistical significance (Figure 2D).
We observed a trend toward increased basal glucagon secre-
tion in the HFD groups, but as four out of five mice in the
LFD group had undetectable fasting glucagon levels, it
was not possible to perform a statistical analysis (Figure 2E).

Arginine-stimulated glucagon levels were similar between
diet groups (Figures 2E and 2F), and we estimate that
approximately half of the circulating glucagon may have
originated from hESC-derived cells, as indicated by the dif-
ference between glucagon levels in sham-treated mice and
transplant recipients (Tx; Figure 2F).

hESC-Derived Endocrine Cells Were Similar following
LFD or HFD Exposure, but Grafts from HFD-Fed Mice
Contained More Polyhormonal Cells

At 29 weeks post-transplantation, hESC-derived grafts had
similar or significantly higher levels of islet-related genes
compared with human islets and there were no significant
differences between grafts from mice fed LFDs or HFDs
(Figure 3). The majority of cells within the harvested de-
vices were immunoreactive for the endocrine marker syn-
aptophysin, and a small proportion expressed the ductal
marker CK19. Trypsin-positive exocrine cells were rarely
observed (Figure 4A). The grafts were largely composed
of cells expressing insulin, glucagon, or somatostatin (Fig-
ures 4B and 4E), and the percentage of mono-hormonal
insulin-positive and glucagon-positive cells was similar
between diet groups (Figure 4C). However, we did note
a minor but significantly higher percentage of cells that
were immunoreactive for both insulin and glucagon
in the HFD grafts compared with LFD grafts (Figures 4C
and 4D). Aside from these rare polyhormonal cells, expo-
sure to HFDs did not appear to generally influence the
maturation state of hESC-derived insulin-secreting cells:
the majority of insulin-positive cells in all transplant
recipients co-expressed PDX1 (Figure 4F), NKX2.2 (Fig-
ure 4G), NKX6.1 (Figure 4H), and MAFA (Figure 4I) at
29 weeks post-transplantation.

hESC-Derived Insulin-Secreting Cells Improved Diet-
Induced Dysglycemia and Insulin Resistance
Long-term tracking revealed that mice in all HFD groups
continued to be overweight (Figure S3A) and hyperglyce-
mic under fasting conditions (Figure S3E) compared with
LFD controls throughout the duration of the study. Trans-
plantation of hESC-derived cells did not affect either BW
(Figures S3B-S3D) or fasting blood glucose levels (Figures
S3F-S3H) compared with sham surgery. However, we did
observe significant improvements in long-term glycemic
control, as measured by HbA1C, following transplantation
(Figures 5A and 5B). HbA1C levels were elevated at 12 and
24 weeks in all HFD sham mice compared with LFD sham
controls, and were significantly reduced by transplantation
in the 45%-60% fat group at both ages (Figures SA and 5B).
Transplant recipients on 45%-60% fat diets also displayed a
significantly lower glucose excursion following a mixed-
meal stimulus compared with sham mice at 20 weeks
(Figure 5C), and all HFD transplant recipients had

608 Stem Cell Reports | Vol. 4 | 605-620 | April 14,2015 | ©2015 The Authors



A 8 Weeks Post-Tx 12 Weeks Post-Tx 16 Weeks Post-Tx 20 Weeks Post-Tx

B 10% Fat
B 45%-60% Fat
B Western

o

Human C-Peptide (ng/mL)
N S
Human C-Peptide (ng/mL)
N B
Human C-Peptide (ng/mL)
N H
{4y
Human C-Peptide (ng/mL)
- e » 9
i - =
- R —

N
N
N
N
N
N

*

Human C-Peptide (fold change)
N w B [4)]
B

*
*
e *

*
Human C-Peptide (ng/mL)
Human C-Peptide (ng/mL)
2 o ® o

“*

Human C-Peptide (ng/mL)
r o ® o N

2 2 2
0L Q=== ¢ 0 T T T
0 3060 0 3060 0 3060 0 30 60 0 30 60 0 30 60
Time (min) Time (min) Time (min) Time (min)
D ,,. ipArgTT: 24 Weeks E .0 * 1500,
- *
- 1200
£ 3 g * g *
2 £ 5,100
= q 600 T
5 i S 500
§10] o o}
ir I
0 0
0 15 0 15 0 15 0 15 _0 15 0 15 PR SR SN
Time (min) Time (mins) 2 =Y 2y

Figure 2. Exposure to HFDs Does Not Affect the Function of hESC-Derived Pancreatic Endocrine Cells In Vivo

The development of hESC-derived progenitor cells into pancreatic endocrine cells was assessed in mice fed a 10% fat (black), 45% or 60%
fat (purple), or Western (green) diet. See Figure S2 for characterization of the progenitor cells pre-transplantation.

(A) Human C-peptide levels were measured after an overnight fast and 40 min following an oral mixed-meal challenge (“fed”) at 8, 12, 16,
and 20 weeks post-transplantation. *p < 0.05, paired t test (fast versus fed).

(B and C) At 18 weeks post-transplantation, human C-peptide levels were measured during an i.p. glucose tolerance test (ipGTT). In (B)
data are normalized to baseline levels, and in (C) raw levels (ng/ml) are presented for individual animals, with each diet group shown on a
separate plot. *p < 0.05, one-way repeated-measures ANOVA (versus time 0).

(D-F) At 24 weeks post-transplantation, an i.p. arginine tolerance test (ipArgTT) was performed. Plasma was collected after a 4-hr fast and
15 min following arginine administration to measure human insulin (D) and glucagon (E and F) levels. (E) shows glucagon levels at 0 and 15
minutesin transplant recipients, and (F) shows glucagon levels in sham-treated mice (Sham, striped bars) and transplant recipients (Tx, solid
bars) at 15 minutes only. The red line indicates the lower limit of detection for the glucagon assay. (D and E) *p <0.05, one-tailed paired t test
(0 versus 15 min); (F) *p < 0.05, two-tailed t test (sham versus Tx). Data points from individual mice are shown as box-and-whisker plots.
See also Table S2.

significantly improved glucose tolerance at 24 weeks post- completely ameliorated at 24 weeks, but the area under
transplantation (Figures SE and S4B). These improvements the curve for transplant recipients in the Western group
were not yet evident at 18 weeks (Figures 5D and S4A). was indistinguishable from that obtained for controls (Fig-
Glucose tolerance in the 45%-60% fat group was not ures SE and S4B). Interestingly, we also observed a modest
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Figure 3. Gene Expression Profiles Are Similar for hESC-Derived Graft Tissues Exposed to Different LFDs or HFDs In Vivo

The gene expression of islet-related genes was assessed in macroencapsulated hESC-derived grafts at 29 weeks post-transplantation from
mice fed a LFD (10% fat) or HFD (45% fat, 60% fat, and Western), as well as in adult human islet preparations. All data are presented as the
fold change relative to undifferentiated hESCs (H1 cells) using a log scale. Data points from individual mice or different human islet donors
are shown as box-and-whisker plots. *p < 0.05 for hESC-derived grafts from each diet group versus human islets (one-way ANOVA). See also

Tables S2 and S3.

but statistically significant improvement in insulin sensi-
tivity at 22 weeks in transplanted HFD-fed mice compared
with shams (Figures S5F, S4C, and S4D), which may have
contributed to the improved glucose tolerance in HFD
transplant recipients (Figure SE).

We assessed beta and alpha cell mass in the endogenous
pancreas from mice fed 10% or 60% fat diets to determine
whether the improved glucose tolerance in HFD-fed trans-
plant recipients could be accounted for by expansion of the
endogenous endocrine pancreas. Beta cell mass was signif-

icantly higher in all mice on 60% fat diets compared with
LFD sham controls, and there was no difference between
sham and transplanted mice in either diet group (Figures
SSA and S5D). Interestingly, there was no effect of HFDs
on alpha cell mass, but a significant reduction in alpha
cell mass was observed in LFD transplant recipients
compared with LFD shams (Figures S5B and S5D). There
were no significant differences in the ratio of insulin-posi-
tive to glucagon-positive area in the pancreas of mice on
either diet (Figure SSC).
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Figure 4. The Morphology of Macroencapsulated hESC-Derived Pancreatic Endocrine Cells Is Similar in Grafts from Mice Fed a LFD
or HFD

(A, B, and D-I) Representative immunofluorescent images of Theracyte devices at 29 weeks post-transplantation from mice fed 10% fat or
60% fat diets.

(A) The majority of hESC-derived cells within devices from both diet groups were endocrine cells. The expression of synaptophysin (endocrine
marker, red), CK19 (ductal marker, green), trypsin (exocrine marker, blue), and DAPI (nuclear marker, white) is shown. Scale bars, 100 um.
(B) The endocrine compartment was mainly composed of cells expressing eitherinsulin (red, guinea pig antibody), glucagon (green, rabbit
antibody), or somatostatin (blue, Ms antibody); scale bars, 100 um. Higher-magnification images are shown in (E); scale bars, 50 pum.
(C) The percentage of cells (% of DAPI+ nuclei) within devices that were immunoreactive for insulin (insulin+), glucagon (glucagon+), or
both hormones (ins+/gcg+) was quantified in grafts from mice fed 10% fat or 45%-60% fat diets. *p < 0.05, two-tailed t test. Data are
represented as mean + SEM and data points from individual mice are also shown.

(D) Example of graft tissue from the 60% fat diet group with a region of endocrine cells that expressed both insulin and glucagon (white
arrows); scale bars, 25 pm.

(F-I) The majority of insulin-positive cells (INS, red) show a mature beta cell phenotype, including co-expression of key beta cell
transcription factors (green): (F) PDX1, (G) NKX2.2, (H) NKX6.1, and (I) MAFA; scale bars, 50 pm. See also Figure S2 and Tables S2 and S4.

Cell Therapy Had No Effect on the Obesity Phenotype,
but Improved Liver Weight in HFD Mice

Although hESC-derived cells improved glucose homeosta-
sis in HFD-fed mice, there was no apparent effect on the
obesity phenotype. At the end of our study (29 weeks
post-transplantation and 36 weeks post-diet), mice on
the 45%-60% fat diets (sham and Tx) had significantly

higher BW, adiposity (epididymal fat pad weight as a
proportion of BW) and circulating leptin levels than LFD
shams (Figures SS5E-S5G). The obesity phenotype was
more subtle in Western-diet mice during the first 7 weeks
(Figure 1A) and by the end of the study there were no sig-
nificant differences in BW, adiposity, or leptin levels be-
tween Western-fed mice (sham and Tx) and LFD sham

Stem Cell Reports | Vol. 4 | 605—620 | April 14,2015 | ©2015 The Authors 611



A HbA1C: 12 weeks B HbA1C: 24 weeks C  Oral Meal Challenge: 20 weeks

#
15 #
40 * 40 = * = 10% Sham
* * ok # 10% Tx
3.8 3.8 P * S 12 B 45%-60% Sham
. T 45%-60% Tx
36 36 o B Western Sham
o ) ? 2 9 Western Tx
< 34 < 34 E
T I 0 &
3.2 3.2 B %
o
o
3.0 3.0 3
28 28 0
Fast Fed Fast Fed Fast Fed
D ipGTT: 18 weeks
30 30 30 3000
- 10% Sham = 45%-60% Sham -+ Western Sham
o %609
2 © 10% Tx 25  45%-60% Tx . + Western Tx 2500 *
S = = 3 2000
1% 123 1723 —
Q Q Q ()
S 15 El E T 1500
O] (O] O] =)
8 10 3 B g 1000
o kel ° <
o o o
5 500
0 0 0. 0
0 15 30 45 60 75 90 105 120 0 15 30 45 60 75 90 105 120 0 15 30 45 60 75 90 105 120
Time (min) Time (min) Time (min)
E .
ipGTT: 24 weeks
30 30 * 30 3000
« 10% Sham * = 45%-60% Sham * ~+ Western Sham
© 10% Tx £ 45%-60% Tx
s o %5 %-60% 2 -+ Western Tx 2500
o ;’ 20 e 20 S 2000
2 g g 5
g S 15 S 15 2 1500
] O] O] 2
B B 10 — g 10 3 1000
S Ke] =~ e - <
o o o ~hee
5 5{%4 I 2 500
0 0 0 0
0 15 30 45 60 75 90 105 120 0 15 30 45 60 75 90 105 120 0 15 30 45 60 75 90 105 120
Time (min) Time (min) Time (min)
F
ITT: 22 weeks
10 10 o0 o 10 8000
-+ 10% Sham = 45%-60% Sham -+ Western Sham
© 10% Tx * & 45%-60% Tx -+ Western Tx
s 8 S8 s 8 o 6000
E E E g
[} 0] 0] o
@ 6 o 6 @ 6 o 4000
8 8 8 3
3 = 2 Eel
0 4 O 4 0 4 < 2000
o © el (1]
o <] o N, prag o
o o e B <
@ 2 @2 @ 2 0
0 0 0 -2000
0 15 30 45 60 75 90 105 120 0 15 30 45 60 75 90 105 120 0 15 30 45 60 75 90 105 120
Time (min) Time (mins) Time (min)

Figure 5. Cell Transplant Recipients on HFDs Show Improved Glucose Homeostasis Compared with Sham-Treated Mice

(A and B) HbA1C levels were measured at 12 (A) and 24 (B) weeks post-transplantation in sham mice (solid bars) and transplant recipients
(Tx, striped bars).

(C) At 20 weeks post-transplantation, blood glucose levels were measured after an overnight fast and 40 min following an oral meal
challenge (“Fed”).

(D and E) ipGTTs were performed at 18 (D) and 24 (E) weeks post-transplantation in sham mice (solid lines with closed symbols; solid bars)
and transplant recipients (Tx, dashed lines with open symbols; striped bars) on 10% fat (gray; 18 weeks: Tx/Sham, n = 4 mice; 24 weeks: Tx,
n=>5and Sham, n =4 mice), 45% or 60% fat (purple; 18 weeks: Tx, n =12 and Sham, n =7 mice; 24 weeks: Tx, n = 13 and Sham, n = 6 mice),
or Western (green; 18 weeks: Tx, n =5 and Sham, n = 4 mice; 24 weeks: Tx, n = 6 and Sham, n = 3 mice) diets. The area under the curve is
shown to the right for each ipGTT.

(F) An ITT was performed at 22 weeks post-transplantation in sham and transplant recipients from each diet group (10% Tx, n = 5 mice;
10% Sham, n = 4 mice; 45%-60% Tx, n =12 mice; 45%-60% Sham, n = 6 mice; West Tx, n = 6 mice; West Sham, n =4 mice). The area above

(legend continued on next page)
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controls (Figures SSE-S5G). All HFD groups had signifi-
cantly higher liver weight (Figure SSH) and evidence of
cytoplasmic vacuolation, consistent with dietary lipidosis
in the liver (Figure SS5I; Western and 45% fat groups not
shown) compared with LFD controls. Interestingly, trans-
plant recipients fed 45%-60% fat diets had significantly
reduced liver weight relative to shams (Figure SS5H),
although a pathology assessment did not reveal differences
in cytoplasmic vacuolation in H&E-stained liver sections
(Figure SSI). Similarly, vacuolation of renal tubular epithe-
lium was observed in kidney sections from all HFD groups
(consistent with dietary lipidosis) and there was no effect
of cell transplantation on this phenotype (data not
shown). Other tissue pathologies (Table S1) were consis-
tent with spontaneous age- and sex-related events and
considered to be unrelated to exposure to diets or cell
transplants (data not shown).

Combined Treatment of HFD-Fed Mice with
Progenitor Cell Transplants and an Antidiabetic Drug
Rapidly Improved Diet-Induced Obesity and Glucose
Intolerance

Since the progenitor cell therapy resulted in improved
glucose tolerance in HFD-fed mice at 24 weeks, but not
full reversal of the diabetes phenotype, we next investi-
gated a combination therapy with known antidiabetic
drugs. A second cohort of SCID-beige mice was placed on
either a LFD (10% fat) or HFD (60% fat) for 6 weeks, fol-
lowed by long-term administration of either sitagliptin
(4 g/kg in 60% fat diet), rosiglitazone (18 mg/kg in 60%
fat diet), or metformin (1.25 mg/ml in drinking water) in
HFD-fed mice (treatment groups are summarized in Table
S2). Similar to our first cohort, SCID-beige mice in this sec-
ond cohort rapidly developed attributes of type 2 diabetes
following HFD administration (Figure S6).

At the time of transplantation (1 week after drug admin-
istration), all HFD-fed mice were significantly heavier than
LFD controls (Figure 6F). Interestingly, weight loss was
observed within the first 2 weeks following transplantation
in HFD-fed mice on antidiabetic drugs (Figures 6C-6E). In
contrast, no change in BW was observed during this time
in either HFD transplant recipients without drug treatment
(Figure 6B) or sham mice on any drug (Figures 6A-6E). All
transplant recipients that received antidiabetic drugs had
significantly lower BW on day 75 (Figure 6F) and reduced

epididymal fat pad weight (relative to BW; Figure 6G)
compared with sham mice, such that neither parameter
was different from LFD-fed sham controls. As in our previ-
ous cohort (Figures S3 and SSE), there was no effect of trans-
plantation on BW (Figures 6B and 6F) or circulating leptin
levels (Figure 6H) in HFD-fed mice without drug treatment,
although we did observe a reduction in relative epididymal
fat pad weight in this cohort (Figure 6G). Interestingly, the
combination of a cell transplant with either metformin or
sitagliptin resulted in significantly reduced circulating lep-
tin levels in the transplant recipients compared with their
respective sham controls (Figure 6G). The cell therapy
had no effect on restoring leptin levels in the rosiglitazone
group (Figure 6G).

Fasting blood glucose levels were not affected by any of
the combination therapies throughout the study duration
(Figure S7). At 12 weeks post-transplantation, mice in all
HFD sham groups were glucose intolerant compared with
LFD controls, regardless of the drug treatment used (Fig-
ure 7A). As expected based on our previous cohort, we
found no effect of the cell therapy on glucose tolerance
at 12 weeks post-transplantation in the HFD-fed mice
without drug treatment (Figure 7B), and likewise, the com-
bination with rosiglitazone was also ineffective at this time
(Figure 7E). Interestingly, the cell therapy significantly
improved glucose tolerance at 12 weeks post-transplanta-
tion when combined with either metformin (Figure 7C)
or sitagliptin (Figure 7D) treatment. In fact, glycemic con-
trol during an oral glucose challenge was indistinguishable
between the LFD controls and HFD-fed mice receiving
sitagliptin with the cell therapy, with the exception of a
marginally higher peak glucose level at 15 min post-gavage
(Figure 7D). The improved glucose tolerance in cell
transplant recipients from the metformin- and sitagliptin-
treated groups was associated with significantly reduced
fasting mouse C-peptide levels compared with their respec-
tive sham controls at 16 weeks post-transplantation
(Figure 7G), an effect that was not yet evident at 4 weeks
(Figure 7F). Interestingly, the improvements in glucose
tolerance were not associated with differences in glucose-
stimulated C-peptide secretion by hESC-derived grafts. All
transplant recipients showed robust glucose-responsive hu-
man C-peptide secretion at 16 weeks, and there were no
differences in human C-peptide levels between HFD-fed
mice treated with different antidiabetic drugs (Figure 7H).

the curve (right panel) was calculated using the fasting glucose level (100%) for each animal as the baseline. For clarity, all glucose curves
(GTTs and ITTs) from sham and transplanted mice are shown separately for each diet group. See Figure S4 for glucose curves combined on
the same plots. Data are represented as mean + SEM (line graphs) or as box-and-whisker plots showing individual mice as separate data
points. For all box-and-whisker plots: *p <0.05, one-way ANOVA versus 10% sham; #p < 0.05, two-tailed t test (Tx versus sham). For all line
graphs: *p < 0.05, two-way ANOVA, Tx versus sham. See Figure S3 for long-term body weight and blood glucose tracking, and Figure S5 for
the effect of cell transplants on endogenous pancreas, liver, fat, and circulating leptin levels.

See also Table S2.
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Figure 6. Diet-Induced Obesity Was Reversed Following Progenitor Cell Transplantation Combined with an Antidiabetic Drug
(A-F) Fasting body weight was assessed in mice fed a 10% fat diet without drug (black/gray; all panels; n = 8 mice), 60% fat diet without
drug (A and B, blue; n = 7-8 mice per group), 60% fat diet plus metformin (A and C, purple; n = 7-8 mice per group), 60% fat diet plus
sitagliptin (A and D, orange; n =8 mice per group), or 60% fat diet plus rosiglitazone (A and E, green; n = 8 mice per group). Body weight
tracking for sham mice from all treatment groups is shown in (A). Sham mice (solid lines, closed symbols) and transplant recipients (Tx;
dashed lines, open symbols) from each treatment group are shown together with the LFD control as a reference (B-E). The change in body
weight from day —2 to day 12 is shown in box-and-whisker plots to the right of each line graph, with each data point representing an
individual mouse. Data on line graphs are represented as mean + SEM. (F) Body weight pre-transplant (day —2) and post-transplantation
(day 75).

(legend continued on next page)

614 Stem Cell Reports | Vol. 4 | 605-620 | April 14,2015 | ©2015 The Authors



DISCUSSION

Our first goal in these studies was to establish an immuno-
deficient mouse model of hyperglycemia associated with
insulin resistance and obesity that would resemble a type
2 diabetes phenotype. It was not feasible to transplant
human progenitor cells into traditional models of type 2
diabetes, such as db/db or ob/ob mice, because macroencap-
sulation devices are unlikely to protect human cells from
xenograft immune rejection (Brauker et al., 1996; Mcken-
zie et al., 2001). Although macroencapsulation was not
required to protect the cells in immunodeficient mice,
we opted to transplant within immunoisolation devices
so that our findings would be more clinically relevant
(macroencapsulated hESC-derived progenitor cells are
currently being evaluated in patients with diabetes by Via-
Cyte [ClinicalTrials.gov, Identifier: NCT02239354]). We
used SCID-beige mice for our studies because the matura-
tion of hESC-derived pancreatic progenitor cells has been
well characterized in this strain (Rezania et al., 2012,
2013; Bruin et al., 2013). SCID-beige mice fed 45%-60%
fat diets had many characteristics of type 2 diabetes,
including increased BW and adiposity, fasting hyperglyce-
mia, and glucose intolerance, insulin resistance, hyperlep-
tinemia, and hepatic lipidosis. However, unlike humans
with type 2 diabetes, mice fed 45% or 60% fat diets had
reduced circulating free fatty acid and triglyceride levels.
We speculate that excess lipids are likely taken up by pe-
ripheral tissues, which may explain the severe ectopic lipid
deposition observed in the liver and kidneys of these mice.
Western-diet-fed mice were similar with respect to glucose
intolerance and hepatic/kidney lipidosis, but showed
a more mild phenotype in terms of obesity, fasting hyper-
glycemia, insulin resistance, and leptin levels. We also
observed pancreatic beta cell dysfunction in the 60% fat
and Western-diet groups, as indicated by the lack of
glucose-stimulated insulin secretion. Therefore, although
no one diet produced a phenotype that perfectly modeled
the human condition, all three HFDs resulted in character-
istics that mirrored important features of type 2 diabetes,
most notably including hyperglycemia associated with
obesity and insulin resistance. The mechanism underlying
the rapid HFD-induced metabolic dysregulation in mice
lacking T cells, B cells, and fully functioning macrophages
remains to be determined and is intriguing given that
immune cells reportedly play a central role in the develop-

ment of obesity-associated inflammation and subsequent
insulin resistance (Feuerer et al., 2009; Nishimura et al.,
2009; Winer et al., 2009, 2011). Notably, in contrast to
ob/ob mice, we did not observe infiltration of F4/80-positive
macrophages in the epididymal fat tissue of HFD-fed
SCID-beige mice, suggesting that other mechanisms may
be involved in the development of insulin resistance in
this animal model.

Transplantation of human pancreatic progenitor cells
into HFD-fed mice resulted in improved glycemic control
over time. At 12 weeks post-transplantation, mice on
45%-60% fat diets and with hESC-derived grafts had signif-
icantly lower HbA1C levels than sham mice on the same
diet, indicative of improved long-term glycemic control,
although these mice remained glucose intolerant at
18 weeks. As the progenitor cells matured over time, circu-
lating human C-peptide levels increased, engrafted cells
became glucose/arginine responsive, and significant im-
provements were observed in glucose excursions following
mixed-meal and glucose challenges in HFD transplant re-
cipients compared with HFD shams between 20 and
24 weeks post-transplantation. We suspect that the addi-
tion of an alternative source of appropriately regulated in-
sulin secretion provided sufficient compensation for pe-
ripheral insulin resistance, a feat that the endogenous
pancreas was incapable of achieving on its own. Transplan-
tation did not affect the pancreatic beta cell mass, so it
is unlikely that expansion of the endogenous pancreas
contributed to the observed improvements in glucose ho-
meostasis in HFD-fed mice. Interestingly, transplant recip-
ients from the 45%-60% diet group had enhanced insulin
sensitivity compared with shams, which may also have
contributed to their improved glucose tolerance. An im-
provement in insulin sensitivity as a result of higher circu-
lating insulin levels is counterintuitive, but consistent with
previous reports in patients with type 1 diabetes following
human islet transplantation (Rickels et al., 2013) and pa-
tients with type 2 diabetes following short-term intensive
insulin therapy (Kramer et al., 2013).

Based on these data, we predicted that co-treating HFD
transplant recipients with antidiabetic drugs, particularly
insulin sensitizers, would improve the efficacy of the
progenitor cell therapy. Although co-treatment with met-
formin, an insulin sensitizer from the biguanide class,
improved BW and glucose intolerance after just 12 weeks,
the combination with rosiglitazone, an insulin sensitizer

(G and H) Epididymal fat pad weight relative to body weight (G) and plasma mouse leptin levels (H) were assessed at 20 weeks post-

transplantation.

(A-E) *p <0.05, one-way ANOVA for comparisons of all groups (LFD versus HFD Sham, LFD versus HFD Tx, HFD Sham versus HFD Tx); (F-H)
#p < 0.05, one-way ANOVA for comparison of each group to LFD control; *p < 0.05, two-tailed t test, Tx versus Sham. See Figure S6 for the
phenotype of mice on HFDs in cohort 2 (pre-transplant) and Figure S7 for long-term blood glucose tracking following administration of

drugs with or without cell transplants.
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Figure 7. The Combination of Either Sitagliptin or Metformin with a Cell Transplant Resulted in Improved Glucose Tolerance within
12 Weeks
(A-E) OGTTs were performed at 12 weeks post-transplantation in mice fed a 10% fat diet without drug (black/gray; all panels; Sham: n =5
mice), 60% fat diet without drug (A and B, blue; Tx/Sham: n =7 mice), 60% fat diet plus metformin (A and C, purple; Tx/Sham: n =5 mice),
60% fat diet plus sitagliptin (A and D, orange; Tx: n =7 mice, Sham: n =8 mice), or 60% fat diet plus rosiglitazone (Aand E, green; Tx:n=7
mice, Sham: n = 6 mice). Blood glucose levels for sham mice from all treatment groups are shown together in (A). Sham mice (solid lines,
closed symbols) and transplant recipients (Tx; dashed lines, open symbols) from each treatment group are shown together with LFD
controls as a reference (B-E). The area under the curve (AUC) is shown in box-and-whisker plots to the right of each line graph, with
separate data points representing individual mice. Data on line graphs are represented as mean + SEM. (A) *p < 0.05 (one-way ANOVA
versus LFD).

(legend continued on next page)
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from the TZD class, did not reverse hyperglycemia. Interest-
ingly, the most effective antidiabetic drug tested in our
study was the DPP4 inhibitor sitagliptin, which acts to in-
crease circulating incretin levels by preventing inactivation
by DPP4. When sitagliptin was combined with the cell
therapy, HFD-fed mice had glucose tolerance and BW
that was similar to LFD-fed control mice at 12 weeks post-
transplantation. Furthermore, transplanted mice on either
sitagliptin or metformin had reduced fasting mouse
C-peptide levels, which may suggest that the endogenous
pancreas has been relieved of the demand to compensate
for insulin resistance. The reversal of hyperleptinemia in
both sitagliptin- and metformin-treated transplant recipi-
ents also suggests a more robust reversal of the obesity
phenotype in these groups as compared with the HFD
transplant recipients treated with rosiglitazone or without
drugs. Taken together, our data suggest that a cell-based in-
sulin replacement therapy could be considered as a future
treatment option for type 2 diabetes, particularly if com-
bined with antidiabetic drugs.

Many of the same pathways that trigger obesity-associ-
ated beta cell dysfunction in patients with type 2 diabetes
may also contribute to graft failure following islet trans-
plantation (Potter et al., 2014). Therefore, a potential
caveat in replacing dysfunctional beta cells with healthy
insulin-secreting cells is the risk of subsequent graft failure
in an obesogenic and hyperglycemic host environment.
Indeed, in previous studies, both human and rodent islet
grafts displayed beta cell dysfunction following exposure
to HFDs (Hiramatsu and Grill, 2001; Gargani et al., 2013)
and chronic hyperglycemia (Eizirik et al., 1997; Biarnés
etal., 2002). In contrast, the development of hESC-derived
pancreatic progenitor cells into insulin-secreting cells
was accelerated by exposure to chronic hyperglycemia
compared to normoglycemia (Bruin et al., 2013). However,
the potential effect of an obesogenic environment on
hESC-derived progenitor cells was not previously exam-
ined. We also demonstrated previously that short-term
exposure to exendin-4, a GLP-1 mimetic, for 4 weeks
post-transplantation did not affect the development of
progenitor cells (Bruin et al., 2013), but the possible effects
of long-term treatment with antidiabetic medications has
not been reported. In the current studies there was a ten-
dency for increased basal glucagon levels and arginine-
induced human insulin secretion in HFD-fed compared
with LFD-fed transplant recipients, but overall the results

showed that neither an obesogenic environment nor expo-
sure to antidiabetic drugs had a major impact on the
function of hESC-derived insulin-secreting cells in vivo.
However, there are several important caveats to our immu-
nocompromised mouse model that should be considered:
first, we cannot exclude the possibility that HFDs or antidi-
abetic drugs may impact the function of hESC-derived
endocrine cells in an immunocompetent host environ-
ment; second, human progenitor cells may respond differ-
ently to mouse versus human diabetogenic/obesogenic
stimuli; and third, the potential long-term impact of
HEDs or antidiabetic drugs on hESC-derived grafts cannot
be examined in mice because of their relatively short life-
span. Regardless, hESC-derived cells secreted similar levels
of human C-peptide in response to secretagogue challenges
in all diet groups (with or without antidiabetic drugs),
and qPCR demonstrated no significant differences in
expression of several islet-related genes within grafts from
different diet or drug treatment groups. The only sign
that an obesogenic environment may have impacted pro-
genitor cell maturation was a small but significant increase
in the percentage of insulin/glucagon bihormonal cells
in grafts from mice fed 45%-60% fat versus 10% fat diets.
These cells may represent a subpopulation of immature,
fetal-like endocrine cells (Riedel et al., 2012; Bruin et al.,
2014), but without conducting lineage-tracing studies,
we cannot know their source or fate. Regardless, the ability
of hESC-derived progenitor cells to thrive and mature into
functional pancreatic endocrine cells in a chronic obeso-
genic and hyperglycemic (albeit immunocompromised)
environment further supports the feasibility of a stem
cell-based therapy for type 2 diabetes.

In our previous studies, a dose of 5 million progenitor
cells was sufficient to normalize hyperglycemia in mice
with severe insulin deficiency caused by streptozotocin-
induced beta cell destruction (Rezania et al., 2012, 2013;
Bruin et al., 2013). With diet-induced hyperglycemia, the
same dose of progenitor cells generated higher levels of hu-
man C-peptide, yet the graft-derived insulin (combined
with endogenous mouse insulin) was insufficient to
completely normalize glycemia. Therefore, it is likely that
a larger mass of insulin-producing cells would be required
to ameliorate hyperglycemia in insulin-resistant patients
with type 2 diabetes compared with insulin-deficient pa-
tients with type 1 diabetes. Alternatively, our studies also
suggest that a progenitor-based cell therapy may be more

(B-E) For glucose curves, two-way ANOVA was used to examine differences at each time point during the OGTT (*p <0.05, HFD Sham versus
LFD; #p <0.05, HFD Tx versus LFD). For the AUC, one-way ANOVA was used compare all groups (LFD versus HFD Sham, LFD versus HFD Tx, HFD

Sham versus HFD Tx; *p < 0.05; ns, not significant).

(Fand G) Fasting mouse C-peptide levels at 4 weeks (F) or 16 weeks (G) post-transplantation. *p <0.05, two-tailed t test (Tx versus Sham).
(H) Human C-peptide levels were measured after an overnight fast and 60 min following an intraperitoneal glucose challenge. *p < 0.05,

paired two-tailed t test (0 versus 60 min).
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effective in a type 2 diabetic setting if it is combined with
an antidiabetic drug. These findings are in line with
another report by our lab, in which leptin therapy was
shown to enhance the performance of transplanted islets
in diabetic mice (Denroche et al., 2013), likely due to the in-
sulin-sensitizing effects of leptin (Denroche et al., 2011).

Conclusions

In conclusion, we have demonstrated that hESC-derived
pancreatic progenitor cells may be a feasible option for
treating patients with type 2 diabetes, in addition to those
with type 1 diabetes. Our data suggest that transplanted
hESC-derived insulin-producing cells thrive following
chronic exposure to HFDs, at least in immunodeficient
mice. Thus, stem cells are a candidate for restoring func-
tional beta cells in an insulin-resistant, obese setting.

EXPERIMENTAL PROCEDURES

In Vitro Differentiation of hESCs and Assessment of
Pancreatic Progenitor Cells

The H1 hESC line was obtained from the WiCell Research Institute.
All experiments at the University of British Columbia (UBC) with
H1 cells were approved by the Canadian Stem Cell Oversight Com-
mittee and the UBC Clinical Research Ethics Board. Pluripotent H1
cells were differentiated into pancreatic progenitor cells according
to our 14-day, four-stage protocol as previously described (Bruin
et al., 2013). Expression of key pancreatic progenitor cell markers
was assessed prior to transplantation using custom Tagman
qPCR Arrays (Applied Biosystems) and flow cytometry as described
in Supplemental Experimental Procedures.

Animals

Male SCID-beige mice (C.B-Igh-1b/GbmsTac-Prkdc*™-Lyst’sN7,
8-10 weeks old; Taconic) were maintained on a 12 hr light/dark cy-
cle throughout the study. All experiments were approved by the
UBC Animal Care Committee and carried out in accordance with
the Canadian Council on Animal Care guidelines.

Diets and Drug Administration
All mice were given ad libitum access to a standard irradiated diet
(Harlan Laboratories, Teklad Diet #2918) for 2 weeks to allow for
acclimatization following their arrival at UBC. In the first cohort,
mice were placed on one of four different diet regimens (Research Di-
ets) for the 36-week study (n =11 per diet): (1) “10% fat” control diet
(D12450K, 10 kcal% fat, 70 kcal% carbohydrate [no sucrose]), (2)
“45% fat” diet (D12451, 45 kcal% fat [primarily lard], 35 kcal% car-
bohydrate), (3) “60% fat” diet (D12492, 60 kcal% fat [primarily lard],
20 kcal% carbohydrate), or (4) “Western” diet (D12079B, 41 kcal%
fat [primarily milk fat], 43 kcal% carbohydrate [primarily sucrose]).
In the second cohort, mice were placed on either the 10% fat
control diet (D12450K; n = 8) for the duration of the study or
60% fat diet (D12492; n = 64) for 6 weeks, followed by one of
the following treatment regimens for the remainder of the study
(n = 16 per group): (1) 60% fat diet with no drug (D12492),

(2) 60% fat diet containing rosiglitazone (18 mg/kg diet or
~3 mg/kg BW per day; Cayman Chemical; Research Diets custom
diet formulation D08121002), (3) 60% fat diet containing sitaglip-
tin (4 g/kg diet or ~750 mg/kg BW per day; sitagliptin phosphate
monohydrate, BioVision; Research Diets custom diet formula-
tion D0O8062502R), or (4) 60% fat diet (D12492) and metfor-
min (1,1-dimethylbiguanide hydrochloride) in drinking water
(1.25 mg/ml or ~250 mg/kg BW per day).

Transplantation of hESC-Derived Pancreatic
Progenitor Cells

The procedure used for transplantation of macro-encapsulated
pancreatic progenitor cells is described in Supplemental Experi-
mental Procedures. In the first cohort, mice were randomly as-
signed to receive either a cell transplant (Tx, n = 7 per diet) or
sham surgery (sham, n = 4 per diet) after 7 weeks of LFD or HFD
feeding. In the second cohort, HFD-fed mice (+/— drug treatment)
received either a transplant (n = 8 per group) or sham surgery (n=38
per group) 1 week after administration of the antidiabetic drugs.
LFD controls all received sham surgery. The treatment groups are
summarized in Table S2.

Metabolic Assessments

All metabolic analyses were performed in conscious, restrained
mice and blood samples were collected via the saphenous vein.
BW and blood glucose levels were assessed regularly throughout
each study following a 4-hr morning fast. For all other metabolic
tests, blood was collected after fasting (time 0) and at the indicated
time points following administration of various secretagogues. De-
tails about the fasting time, route of administration, and dose used
for each metabolic test are provided in Supplemental Experimental
Procedures along with information about the assays used to mea-
sure circulating hormones, lipids, and HbA1C levels.

Dual-Energy X-Ray Absorptiometry
Body composition was determined using dual-energy X-ray ab-
sorptiometry (DEXA) with a PIXImus Mouse Densitometer (Inside
Outside Sales). Data are expressed as % fat.

qRT-PCR

Theracyte devices were harvested at 29 weeks post-transplantation
from cohort 1 and stored for qPCR analysis. Details regarding the
qPCR analysis, human islet donors, and the procedure used to
isolate RNA from engrafted tissue are described in Supplemental
Experimental Procedures. Primers are listed in Table S3.

Immunofluorescent Staining and Image
Quantification

Prior to transplantation, a portion of differentiated pancreatic pro-
genitor cells were fixed overnight in 4% paraformaldehyde (PFA)
and then embedded in 1% agarose prior to paratfin embedding.
In cohort 1, the Theractye devices and a variety of tissues (listed
in Table S1) were harvested at 29 weeks post-transplantation,
fixed in 4% PFA, and stored in 70% EtOH prior to paraffin embed-
ding. All paraffin sections (5 um thick) were prepared by Wax-it
Histology Services. Immunofluorescent staining was performed
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as previously described (Rezania et al., 2011) and details about the
primary antibodies are provided in Table S4. The procedures used
for image analysis and quantification are described in Supple-
mental Experimental Procedures. H&E staining was performed ac-
cording to standard procedures and tissue analysis was performed
in a blinded fashion by an independent pathologist (Nova Pathol-
ogy PC).

Statistical Analysis

All statistical analyses were performed using GraphPad Prism soft-
ware (GraphPad Software). Details about specific statistical tests are
described in Supplemental Experimental Procedures. For all ana-
lyses, p < 0.05 was considered statistically significant. Data are pre-
sented as the mean + SEM (line graphs) or as box-and-whisker plots
showing individual data points.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental
Procedures, seven figures, and five tables and can be found with
this article online at http://dx.doi.org/10.1016/j.stemcr.2015.02.
011.
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SUMMARY

Malaria eradication is a major goal in public health but is challenged by relapsing malaria species, expanding drug resistance, and the
influence of host genetics on antimalarial drug efficacy. To overcome these hurdles, it is imperative to establish in vitro assays of liver-
stage malaria for drug testing. Induced pluripotent stem cells (iPSC) potentially allow the assessment of donor-specific drug responses,
and iPSC-derived hepatocyte-like cells (iHLCs) can facilitate the study of host genetics on host-pathogen interactions and the discovery
of novel targets for antimalarial drug development. We establish in vitro liver-stage malaria infections in iHLCs using P. berghei, P. yoelii,
P. falciparum, and P. vivax and show that differentiating cells acquire permissiveness to malaria infection at the hepatoblast stage. We also
characterize antimalarial drug metabolism capabilities of iHLCs using prototypical antimalarial drugs and demonstrate that chemical
maturation of iHLCs can improve their potential for antimalarial drug testing applications.

INTRODUCTION

Malaria affects 250 million people and causes approxi-
mately one million deaths each year (World Health Organi-
zation, 2013). As an obligatory stage of the Plasmodium life
cycle that occurs soon after infection of the human host,
the liver stage is an attractive target for the development
of antimalarial drugs and vaccines (Mazier et al., 2009; Pru-
déncio et al., 2006), especially with the goal of malaria
eradication. Current in vitro models of liver-stage malaria
commonly utilize hepatic cell lines such as HepG2 or
HCO04 in conjunction with Plasmodium sporozoites from
either rodent malaria species (P. berghei, P. yoelii) or human
malaria species (P. falciparum, P. vivax), which have liver
stages that range in length from 2 days for P. berghei and
P. yoelii to 6-8 days for P. falciparum and P. vivax. Due to
their better maintenance of hepatic drug metabolism en-
zymes compared to hepatic cell lines and the fact that
they are the natural host for malarial sporozoites, primary
human hepatocytes are a preferable cell type to model
liver-stage malaria in vitro for the purposes of antimalarial
drug development. These traits of primary human hepato-
cytes mean they may offer better predictive value in in vitro
liver-stage malaria phenotypic drug screens and may more
accurately recapitulate host-pathogen interactions in vitro
than the cell lines that are typically used for modeling liver-
stage malaria (March et al., 2013). However, primary hu-
man hepatocytes are sourced from a small pool of donors
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and thus may not represent the genetic diversity of the hu-
man population.

Pluripotent stem cell-derived hepatocytes overcome
some of the drawbacks of cell lines, fetal tissue, and adult
human sources and may be considered an alternative
source of primary human hepatocytes. Compared to pri-
mary human hepatocytes, stem cell-derived hepatocytes
can represent more diverse genotypes, can be personalized
to exhibit rare genotypes, and are renewable in culture. Hu-
man pluripotent embryonic stem cells were first isolated
from human blastocysts (Thomson, 1998), but embryonic
stem cells face considerable ethical issues with regards to
their availability and use. More recently, the enforced
expression of various factors in a variety of differentiated
cell types led to the generation of induced pluripotent
stem cells (iPSCs) (Takahashi et al., 2007). In particular,
iPSCs can, in a reliable and stepwise manner, differen-
tiate through the developmentally appropriate stages
(i.e., endoderm, hepatic specified endoderm, hepatoblasts)
to produce hepatocyte-like cells iHLCs) in vitro (Schwartz
et al., 2014). The ability to generate iHLCs from different
donors provides an opportunity to assess donor-specific
drug responses in vitro, akin to conducting an in vitro clin-
ical trial. Our prior work has shown that iHLCs are suscep-
tible to hepatotropic pathogens such as hepatitis C and
hepatitis B virus infection (Schwartz et al., 2012; Shlomai
et al., 2014). It remains to be seen whether iHLCs can
serve as a host population for liver-stage malaria assays,
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especially considering that iHLCs generated using current
state of the art protocols are developmentally immature
and more closely resemble fetal hepatocytes in their cyto-
chrome P450 expression and activity profiles as well as in
their antigen expression (Si-Tayeb et al., 2010). However,
recent promising attempts to mature iHLCs to a more adult
phenotype, including the identification of small molecules
(Shan et al., 2013), genetic manipulation with transduc-
tion of a gene for a hepatic transcription factor (Takayama
et al., 2012), a combination of 3D culture and cAMP
signaling (Ogawa et al., 2013), or in vivo transplantation
(Takebe et al., 2013), may ultimately contribute to the gen-
eration of appropriately mature iHLCs for antimalarial drug
screens, which, to date, have largely been carried out in hu-
man hepatoma cells (da Cruz et al., 2012; Derbyshire et al.,
2012; Meister et al., 2011). Isogenic iHLCs that are more
developmentally mature may also facilitate the discovery
of host factors for the Plasmodium liver stages.

In this study, we show the feasibility of infecting iHLCs
with Plasmodium sporozoites in vitro and demonstrate Plas-
modium parasite development over time in culture. We
identify the stage at which cells acquire permissiveness to
liver-stage malaria infection during the differentiation pro-
cess. It is also necessary to characterize the responses of ma-
laria-infected iHLCs to known antimalarial drugs in order
to establish the utility of this cell type for use in in vitro
liver-stage malaria phenotypic drug screens. We observe
that iHLCs are not responsive to the antimalarial drug pri-
maquine and hypothesize this deficiency is due to a lack
of bioactivation of the drug by hepatic cytochrome P450
drug metabolism enzymes. Consistent with this model,
we further demonstrate that chemically matured iHLCs ac-
quire primaquine sensitivity, highlighting the potential to
use iHLCs for antimalarial drug testing.

RESULTS

iPSC-Derived Hepatocyte-like Cells Support Liver-
Stage Malaria Infection In Vitro

iPSC-derived hepatocyte-like cells (iHLCs) were generated
using a 20 day in vitro differentiation protocol that recapit-
ulates the different stages of hepatic development (Si-Tayeb
et al., 2010). During this differentiation process, iPSCs
adopt an endoderm fate at 5 days and become hepatic-spec-
ified endoderm cells at 10 days, hepatoblasts at 15 days,
and iHLCs at 20 days after the initiation of differentiation,
respectively (Figure 1A). iHLCs demonstrate typical polyg-
onal hepatocyte morphology (Figure 1B) and express pro-
totypical hepatic markers like human albumin, «1-anti-
trypsin, and a-fetoprotein (Figure 1C). The two known
host entry factors for liver-stage malaria, CD81 and SRB1,
are both transcribed and translated in iHLCs (Figures 1D

and 1E), and the proteins are appropriately localized on
the cell surface, as observed via immunofluorescence assays
(Figures 1F and 1G). Based on these observations, we hy-
pothesized that day 20 iHLCs may support Plasmodium
infection.

Cultures of iHLCs were overlaid with media containing
P. berghei sporozoites for 3 hr and fixed at 1, 2, or 3 days
postexposure. Immunofluorescence assays using anti-
bodies specific for P. berghei HSP70 were conducted in order
to quantitate iHLC infection by P. berghei (Figure 2A).
HSP70-expressing exoerythrocytic forms (EEFs) were de-
tected as early as 1 day postinfection, and larger EEFs
were observed at later time points (Figures 2A and 2B).
Furthermore, at 3 days postinfection the P. berghei (P.b.)
EEFs expressed the mature EEF marker, MSP-1 (Figure 2C),
suggesting that P.b. EEF maturation occurred along with
Pb. EEF growth. In addition, separate cultures of iHLCs
were infected with an alternate rodent Plasmodium species,
P. yoelii (Py.), and were shown to support Py. EEFs that also
increased in size over a 48 hr period postinfection (Figures
2D and 2E). iHLCs were next tested for their capacity to be
infected by the human malaria parasite, P. falciparum (Pf.),
and were found to harbor HSP70-expressing Pf. EEFs at
3 days postexposure (Figure 2F). Moreover, at 6 days post-
exposure, Pf. EEFs also expressed the liver-stage maturation
marker, Pf. MSP-1 (Figure 2G; 10%-35% Pf. EEFs, as
compared to 45% for P.b. EEFs), and increased in size
compared to those observed at 3 days postexposure to Pf.
sporozoites (Figures 2F and 2H). In addition to Pf., iHLCs
were also infected with sporozoites of a different human
malaria species, P. vivax (P.v.), and were found to support
HSP70-expressing Pv. EEFs that also increased in size
from an average of 5 um at 3 days postinfection to a wide
range of sizes up to 77 um by 8 days postinfection (Figures
21 and 2J). These results indicate that iHLC infectibility
with Plasmodium sporozoites is not restricted to the rodent
malaria species, and that the in-vitro-derived host cells can
also support EEF maturation. Last, differentiated iHLCs
were phenotypically stable and could be infected with Pf.
sporozoites up to day S5 after initiation of differentiation
(Figure S1 available online), which was the latest time point
tested for Plasmodium infectibility in this study.

Kinetics of Acquisition of Permissiveness to
Plasmodium Infectibility

To determine at what point in the 20 day in vitro differ-
entiation process that iPSC-derived hepatic lineage cells
become susceptible to malaria infection, cells at different
stages of differentiation (iPS cells, endoderm, hepatic-
specified endoderm, hepatoblast, iHLCs) were exposed
to sporozoites obtained from a single batch of Pf.-in-
fected A. gambiae mosquitoes. At 4 days postinfection,
no Pf. EEFs were observed in iPSCs, whereas a small
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Figure 1. Characterization of iHLCs Derived by In Vitro Differentiation of iPSCs

(A) Schematic of protocol for the in vitro differentiation of iPS cells to iHLCs.

(B) Representative bright-field image showing typical hepatic morphology of iHLCs at d20 postdifferentiation.

(C) Kinetics of human albumin, a1-anti-trypsin (A1AT), and a-fetoprotein (AFP) secretion over the course of differentiation from iPS cells
to iHLCs. n = 3 biological replicates per condition. Data are represented as mean + SEM.

(D) Representative RT-PCR analysis of (D81 and SRB1 gene expression over the course of differentiation from iPS cells to iHLCs. n = 3
biological replicates per condition. Data are represented as mean + SEM.

(E) Representative western blot analysis of CD81 and SRB1 protein expression over the course of differentiation from hepatic-specified

endoderm cells to iHLCs. n = 2 biological replicates are shown.

(F and G) Representative immunofluorescence images of d20 iHLCs expressing (F) CD81 and (G) SRB1.

Scale bars, 50 um.

number were observed in endoderm cells (d5 cells) and
hepatic-specified endoderm cells (d10 cells) (Figures 3A
and 3B). However, the number of Pf. EEFs was signifi-
cantly higher in hepatoblasts (d15 cells) than in hepat-
ic-specified endoderm cells and the frequency of infec-
tion remained elevated in differentiated iHLCs (d20
cells) (Figures 3A and 3B). Although some variability is
observed between experiments regarding the relative
number of Pf. EEFs observed between d15 and d20 cells
(Figure 3B, left versus right), likely a product of the estab-
lished stochastic nature of the iHLC differentiation pro-
cess and also a function of heterogeneity of iPSC-derived
progeny in each well, we consistently observed acquisi-
tion of more robust Pf. susceptibility between days 10
and 15 of the directed differentiation protocol. Notably,
the size distributions of observed Pf. EEFs at 4 days post-
infection were not significantly different at any time
point (d5, d10, d15, d20 postdifferentiation) (Figure 3C),

suggesting that the rare cells that exhibit permissiveness
to Plasmodium sporozoite infection at earlier time points
were already capable of supporting parasite survival and
growth for at least 4 days postinfection. This pattern is
emphasized by the observations at 6 days postinfection
that d15 hepatoblasts maintained similar levels of Pf.
infection as d20 iHLCs (Figure S2A), exhibited increased
Pf. EEF sizes than at 4 days postinfection (Figure S2B),
and supported the maturation of P.f. EEFs as demon-
strated by the expression of the liver-stage maturation
marker, Pf. MSP-1 (Figures S2A and S2C), and the appear-
ance of merosome-like structures (Figure S2D). However,
a higher proportion of Pf. EEFs in d20 iHLCs express
Pf. MSP1 (~40%) than those in d15 hepatoblasts
(~20%) (Figure S2A), and the Pf. EEF size distribution is
larger in iHLCs than in hepatoblasts (Figure S2B) at
6 days postinfection. These data suggest that, whereas
hepatoblasts are also capable of supporting Pf. EEF
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survival, growth, and maturation, Pf. EEFs in hepato-
blasts may develop to either a slower or smaller degree
than those in iHLCs. In addition to their capacity to
be infected by Pf. sporozoites, d16 hepatoblasts and
completely differentiated iHLCs both support similar
numbers of Py. EEFs at 2 days postinfection (Figure S2E),
suggesting that incompletely differentiated hepatoblasts
have also acquired sufficient host factors to allow the in-
vasion and growth of rodent Plasmodium sporozoites.

Plasmodium-Infected iHLCs Are Sensitive to
Atovaquone but Not Primaquine

Because iHLCs obtained via the current iPSC in vitro differ-
entiation protocol express a relatively low level of 83 hu-
man hepatic drug metabolism enzymes (DMEs) compared
to primary human hepatocytes (Shan et al., 2013), we hy-
pothesized that Plasmodium-infected iHLCs may only
respond to antimalarial drugs that are active in their parent
form, such as atovaquone (Biagini et al., 2012), and not to
drugs that require bioactivation by hepatic DMEs in order
to demonstrate inhibitory activity against the Plasmodium
liver stages, such as primaquine (Bennett et al., 2013; Pybus
et al., 2013). Indeed, when iHLCs infected with P. yoelii
sporozoites were treated with 10 nM atovaquone or
10 pM primaquine starting at 3 hr postinfection, only the
atovaquone-treated cultures were blocked in their ability
to support Py. EEFs (Figure 4A). In contrast, no differences
in the number or size distribution of Py. EEFs were observed
in primaquine-treated iHLCs infected at either 23 or
28 days postdifferentiation (Figures 4B and 4C), suggesting
that primaquine exposure had no impact on the infection
or growth of Py. EEFs. This finding supports the hypothesis
that, whereas iHLCs support Py. invasion and Py. EEF
growth, they do not express the appropriate hepatic
DMEs, and/or other host factors, necessary for the bio-
activation of primaquine into a form that can inhibit
liver-stage P.y. EEFs. To confirm that the absence of prima-
quine sensitivity of Plasmodium-infected iHLCs extends
to the human Plasmodium species, iHLCs were infected
with P. falciparum sporozoites, and primaquine treatment
was started 3 hr postexposure to sporozoites. As observed
following infection with Pjy., primaquine treatment of
Pf.-infected iHLCs did not reduce the number of P.f. EEFs
(Figure 4D), nor did it alter the Pf. EEF size distribution
(Figure 4E).

Small Molecule-Mediated Maturation of iHLCs
Confers Primaquine Sensitivity

In order to utilize iHLCs in antimalarial phenotypic drug
screens, it would be highly advantageous to obtain iHLCs
with a developmentally mature hepatic DME profile. A pre-
vious high-throughput small molecule screen identified
two small molecules capable of promoting transcriptional

upregulation of many adult human hepatic DMEs (Shan
et al., 2013), including the four DMEs CYP2D6, CYP3A4,
CYP2C19, and MAO-A, that are responsible for the major-
ity of primaquine metabolism and bioactivation in hepato-
cytes (Jin et al., 2014; Pybus et al., 2012, 2013). To test
whether maturation of iHLCs induced by of these small
molecules, FPH1, confers primaquine sensitivity, iHLCs
were treated with either FPH1 or the DMSO carrier for a to-
tal of 6 days (treatment phase, D21-26). The iHLCs were
cultured for an additional 1-2 days without the small mole-
cule (washout phase, D27-28) before being exposed to Plas-
modium sporozoites, in order to avoid any direct effects of
the small molecule or DMSO on sporozoite infectivity, or
on eventual drug sensitivity during the liver-stage infection
(Figure SA).

For the purposes of a moving toward an eventual high-
throughput screening protocol, we used a bioluminescent
strain of P. yoelii that expresses firefly luciferase (P.y.-luc)
to readout parasite infection and growth in the presence
of primaquine following FPH1-induced maturation of
iHLCs. The bioluminescence of Py.-luc liver-stage EEFs
is directly proportional to the total liver-stage load, as
measured by RT-PCR (Miller et al.,, 2013; Mwakingwe
et al., 2009), and is also a function of the total number
of EEFs per well and the mean EEF diameter in that
well (Figure S3). Although P.y.-Iuc infection (as measured
by BLI) in DMSO-treated iHLCs did not decrease upon
primaquine treatment, iHLCs pretreated with FPH1
exhibited significantly lower levels of Py.-luc infection
(Figure 5B).

To determine whether primaquine sensitivity was also
achieved in P. falciparum-infected iHLCs, iHLCs were pre-
treated with FPH1 or DMSO and exposed to Pf. sporozoites.
At 4 days postinfection, the infected cultures were fixed,
and Pf. infection was quantified by manual counts of Pf.
EEFs immunostained for PtHSP70. As predicted, iHLCs pre-
treated with DMSO supported an equivalent number and
size distribution of Pf. EEFs in the presence or absence of
primaquine during infection. However, iHLCs pretreated
with FPH1 exhibited a significant decrease in the number
of Pf. EEFs present when infected in the presence of pri-
maquine (Figure 5C). Furthermore, the fewer Pf. EEFs
observed in FPH1 pretreated iHLCs showed a significant
decrease in their size distribution (Figure 5D). Collectively,
the data clearly show that primaquine becomes more effec-
tive against both P. yoelii and P. falciparum EEFs in cells
exposed to FPH1.

DISCUSSION

In this study, we show the feasibility of infecting iHLCs
with P. berghei, P. yoelii, P. falciparum, and P. vivax.
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Figure 2. iHLCs Are Susceptible to Liver-Stage Plasmodium Infection
(A and B) (A) Representative immunofluorescence images of P. berghei (P.b.) EEFs and (B) P.b. EEF size distributions at D1, D2, or D3
postinfection in iHLCs.
(C) Representative immunofluorescence image of MSP1-positive P.b. EEF at D3 postinfection.
(DandE) (D) Representative immunofluorescence images of P. yoelii (P.y.) EEFs and (E) P.y. EEF size distributions at D1 or D2 postinfection
in iHLCs.

(legend continued on next page)
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Figure 3. Kinetics of Acquisition of
Permissiveness to Plasmodium Infecti-
bility

(A)  Representative IF images of
P. falciparum (P.f.) EEFs from cells infected
at various stages after the initiation of iPSC
differentiation at D4 postinfection. Scale
bars, 5 pm.
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Liver-stage Plasmodium EEFs grow in size over time and ex-
press MSP-1, which is typically expressed in more mature
EEFs. Although iPS cells and definitive endoderm cells are
generally not infectible with P. falciparum, some degree of
P. falciparum infectibility is acquired by the time the cells
are further differentiated to a hepatic-specified endoderm
lineage. Notably, populations of hepatoblasts are equally
or more infectible than the resulting iHLCs at the end of
the in vitro differentiation protocol. iHLCs generated by
the existing differentiation protocol do not respond to
primaquine, a malaria drug that requires bioactivation
by mature hepatic cytochrome P450 (CYP450) enzymes.
However, further maturation of iHLCs using a previously
described small molecule results in the acquisition of pri-
maquine sensitivity, such that the drug treatment dimin-
ished infection by P. yoelii and P. falciparum.

Day post-differentiation at t.o.i.

In the context of drug development, there has been a
shift from the traditional paradigm of testing drugs in
immortalized cell lines to the use of primary cells, which
have been increasingly recognized to offer better physio-
logical relevance to drug screening and disease modeling
in vitro (Engle and Puppala, 2013). A key goal of early-stage
drug discovery platforms is the elimination of drug candi-
dates that generate toxic metabolites that can cause drug-
induced liver injury (DILI), a key cause of drug removal
from the market (McDonnell and Braverman, 2006). To
this end, a hepatic cell type that accurately recapitulates
the native cellular physiology of an adult human hepato-
cyte is advantageous, but most hepatic cell lines lack the
expression of a wide array of such key adult hepatic
metabolism activity (March et al., 2013) because they are
largely tumor derived (i.e., HepG2) or tumor associated

(F and H) (F) Representative immunofluorescence images of P. falciparum (P.f.) EEFs and (H) P.f. EEF size distributions at D3 or D6

postinfection in iHLCs.

(G) Representative immunofluorescence image of MSP1-positive P.f. EEF at D6 postinfection.
(T'and J) (I) Representative immunofluorescence images of P. vivax (P.v.) EEFs and (J) P.v. EEF size distributions at D3 or D8 postinfection

in iHLCs.
Scale bars, 5 pm. See also Figure S1.
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Figure 4. Plasmodium-Infected iHLCs Are Sensitive to Atovaquone but Not Primaquine
(A) Number of P. yoelii (P.y.) EEFs per well in iHLCs that were infected at 21 days postdifferentiation in the presence or absence of 10 nM

atovaquone (ATQ). n = 3 biological replicates per condition.

(B and C) (B) Number of P.y. EEFs per well and (C) size distributions of P.y. EEFs in iHLCs that were infected at 23 or 28 days post-
differentiation in the presence or absence of 10 uM primaquine (PQ). n = 3 biological replicates per condition.
(D and E) (D) Number of P. falciparum (P.f.) EEFs per well and (E) size distributions of P.f. EEFs in iHLCs that were infected at 29 days

postdifferentiation in the presence or absence of 10 uM primaquine.

n = 3 biological replicates per condition. Two-tailed t test run for panels (B)-(E). Data are represented as mean + SEM.

(i.e., HCO4). A second major goal of drug discovery plat-
forms is the ability to identify nontoxic compounds that
demonstrate differential efficacy in a phenotypic screen
relevant to a disease. In the case of drug discovery against
the malarial liver stages, it is therefore highly advantageous
to utilize a cell type that best represents the primary adult
hepatocyte. At the same time, it is also ideal to represent
highly polymorphic genetic variants in drug metabolism
and different ethnic groups in such drug screens, as these
factors may influence the efficacy of potential antimalarial
drug candidates. For example, genetic polymorphisms in
CYP2D6 metabolism that stratified P. vivax patients into
poor, intermediate, or extensive CYP2D6 metabolizers
were recently reported to correlate with the risk of a failure
of primaquine to prevent malaria relapse due to P. vivax
(Bennett et al., 2013). Several cell sources have been pro-
posed to augment the genetic variation and supply of adult
primary human hepatocytes, including xenogenic or fetal
human tissue, or embryonic stem cell-derived hepatocytes,

but these sources are hampered by safety, ethical, or sourc-
ing issues.

iPSC-derived iHLCs offer a unique advantage in that they
can be generated from any donor, which allows a broad
spectrum of the human population to be represented in
in vitro drug screens and provides an opportunity to assess
donor-specific drug responses in vitro. Recent collabora-
tions between drug discovery companies and academic lab-
oratories (Engle and Puppala, 2013) mark the development
of an infrastructure that will benefit future personalized
models of human diseases, including hepatotropic diseases
like the relapsing forms of malaria.

iPSCs can also be engineered using DNA editing tech-
niques to incorporate any genetic abnormality or modifica-
tion to enable the exploration of the role that host genetics
plays in liver-stage malaria infection. Although clinically
relevant host factors that influence hepatic susceptibility
to liver-stage malaria infection have not been documented,
the study of potential host factors may benefit from the
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Figure 5. Small Molecule-Mediated Maturation of iHLCs Confers Primaquine Sensitivity

(A) Schematic of small molecule dosing of iHLCs before infection with P. yoelii-luciferase (P.y.-luc) or P. falciparum (P.f.).

(B) Effect of FPH1 pretreatment on primaquine (PQ) sensitivity (closed bars, 10 uM primaquine) of iHLCs infected with P.y.-luc. Infection
was measured by bioluminescence imaging of P.y.-luc-infected iHLCs. n = 4 biological replicates per condition. *p < 0.05, two-tailed t test.

See also Figure S3.

(C) Effect of FPH1 pretreatment on primaquine sensitivity of iHLCs infected with P.f. Infection was measured by counting the number of
P.f. EEFs per well. n = 4 biological replicates per condition. *p < 0.05, two-tailed t test.
(D) Size distributions of P.f. EEFs in P.f.-infected iHLCs that were pretreated with the DMSO carrier or FPH1 and treated with or without

10 uM primaquine after infection.

larger pool of genetic variation that is accessible with the
use of iPSCs. This effort may have implications in drug dis-
covery against the liver stages of malaria species that pre-
sent with large genetic heterogeneities in different parts
of the world, especially the relapsing malaria species like
P. vivax (e.g., temperate versus tropical strains), which
may have coevolved to infect geographically distinct hu-
man populations (Cui et al., 2003; Dondorp et al., 2009;
Gunawardena et al., 2010; Li et al., 2001).

From a developmental standpoint, the infectibility of
iHLCs with liver-stage malaria and other hepatotropic
pathogens such as the hepatitis viruses could also be a po-
tential biomarker of hepatic lineage commitment, with

****p < 0.0001, two-tailed t test. Data are represented as mean + SEM.

iPSCs becoming permissive only when they become suffi-
ciently hepatocyte-like. The ability to study liver-stage ma-
laria infection at different developmental stages during the
in vitro directed differentiation of iPSCs into iHLCs within
a single donor may also facilitate the identification of host
factors required for permissiveness to Plasmodium sporo-
zoite infection and the elucidation of the roles that these
host factors play in malaria pathogenesis.

One potential measure of how developmentally close
iHLCs are to primary human hepatocytes is the efficiency
of liver-stage malaria infection of iHLCs compared to
primary human hepatocytes. With the multiplicity of
infection (MOI) of approximately 0.5 used in the above
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P. falciparum experiments (with respect to the estimated
number of iHLCs per well based on an estimate of differen-
tiation efficiency), an infection rate of approximately 0.3
1.8 Pf. EEFs per 10,000 iHLCs is obtained. In comparison,
a microscale human liver platform that was recently re-
ported to support P. falciparum infection in primary human
hepatocytes reported an infection rate of approximately
100 Pf. EEFs per 10,000 hepatocytes at 3.5 days after infec-
tion with an MOI of 15 (March et al., 2013). Assuming that
the infection rate scales linearly with MOI for the purposes
of this analysis, an MOI of 0.5 in primary human hepato-
cytes would be estimated to give rise to an infection rate
of approximately 3 Pf. EEFs per 10,000 hepatocytes. This
suggests that iHLCs exhibit anywhere from 10%-60% of
the infectibility of primary human hepatocytes and indi-
cates that iHLCs have acquired sufficient hepatocyte-like
characteristics that confer infectibility with liver-stage
malaria.

The observation that iHLCs are infectible with malaria
before their in vitro differentiation is complete could reflect
the acquisition of some liver-stage malaria host entry fac-
tors during the iPSC differentiation process, or heterogene-
ity in iPSC differentiation that results in faster hepatic
maturation of a subpopulation of cells. This observation
could also suggest the possibility of some promiscuity in
the host entry factors that are required for Plasmodium
sporozoite entry. Further studies are required to determine
whether the EEFs observed in incompletely differentiated
iPSCs reflect fully replication-competent EEFs, or whether
such EEFs are prone to developmental arrest due to the
absence (or presence) of some host factor that promotes
(or inhibits) parasite development. It is intriguing that hep-
atoblasts appear to support similar P. falciparum infection
rates and similar degrees of parasite growth as iHLCs, with
some experiments even exhibiting a trend of increased
numbers of Pf. EEFs or Py. EEFs in hepatoblasts compared
to iHLCs (Figures 3B, left, and S2E). This slight difference
in infectibility could suggest the acquisition of sufficient
host entry factors that support Plasmodium infection and
development by d15 postinitiation of differentiation from
iPSCs, but that further maturation beyond the hepatoblast
stage results in the acquisition of other host factors that
henceforth limit EEF development and survival. Because
the cells in different stages of in vitro differentiation arise
from the same donor, these observations also offer a clean
comparative system in which to systematically probe and
identify host factors that are essential for liver-stage malaria
parasite infections, using proteomics or gene expression
technologies, in a donor-independent manner.

A common shortcoming of iHLCs and other iPSC-
derived cells lies in the fact that they often resemble a
developmentally immature state compared to the fully
differentiated adult counterpart (Engle and Puppala,

2013). In the field of iHLCs, current in vitro differentiation
protocols result in the production of a hepatic cell type that
is biologically closer to fetal hepatocytes than adult hepato-
cytes, due to the incomplete abrogation of the expression
of fetal markers such as alpha-fetal protein (AFP) (Si-Tayeb
etal., 2010; Song et al., 2009), and the incomplete acquisi-
tion of an adult-like levels of key secretory, detoxification,
and metabolic activity (Shan et al., 2013). Our data show
that further chemical maturation of iHLCs allows the
acquisition of primaquine sensitivity, presumably via the
acquisition of a drug metabolism enzyme (DME) expres-
sion profile that better resembles the adult human hepato-
cyte. This advance decreases the biological gap between
iHLCs and primary adult hepatocytes and increases the
potential utility of iHLCs in drug development efforts for
malaria and other diseases. The expression of a develop-
mentally mature repertoire of hepatic DMEs is particularly
important considering that current drug development ef-
forts toward malaria eradication revolves around the 8-ami-
noquinoline family, which is currently the only class of
drugs that is efficacious against the cryptic hypnozoite
stage of P. vivax liver-stage infections (Wells et al., 2009),
and the fact that many existing antimalarial drugs such
as proguanil, artemether, lumefantrine, and halofantrine
are known to undergo metabolism in the liver by hepatic
DMEs (Khoo et al., 2005) and whose in vitro efficacy will
therefore likely be predictive of in vivo efficacy only if the
in vitro hepatocyte model exhibits a primary human hepa-
tocyte DME expression profile. Although the primaquine
response in iHLCs pretreated with FPH1 was incomplete,
other primary human hepatocyte models of P. falciparum
treated with the same primaquine concentration (10 pM)
also exhibit an incomplete response, with about 10%-—
20% of the number of Pf. EEFs remaining (Dembele et al.,
2011; March et al., 2013). An unexpected finding was
that FPH1 pretreatment also increased the baseline number
of Pf. EEFs in iHLCs in the absence of primaquine treat-
ment compared to DMSO pretreatment (Figure 5C). The
chemical maturation of iHLCs by FPH1 is likely to involve
a complex mechanism, which could theoretically result
either in an increase in the adult hepatic phenotype
of the existing population of iHLCs and hence their infect-
ibility by Plasmodium sporozoites, or an expansion in the
population of iHLCs or of other hepatic progenitors.
Chemically matured iHLCs with increased baseline infect-
ibility with Plasmodium could therefore provide an oppor-
tunity to elucidate hepatic host factors that promote
liver-stage malaria infection in hepatocytes.

In conclusion, the establishment of Plasmodium liver-
stage infections in induced pluripotent stem cell-derived
hepatocyte-like cells lays the foundation for their use in
antimalarial drug discovery as well as paves the way to
study the genetic basis of host-Plasmodium interactions.
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EXPERIMENTAL PROCEDURES

iPSC Culture and Hepatocyte-like Cell Generation
Undifferentiated iPSC were maintained and differentiated into
iHLCs as described (Si-Tayeb et al., 2010). In brief, iPSCs were
cultured in monolayer on Matrigel (Becton Dickinson), and
directed differentiation was achieved by sequential exposure to
activin A, bone morphogenic protein 4, basic FGE, HGF, and oncos-
tatin M (OSM). For P. berghei and P. yoelii experiments, iHLCs differ-
entiated from the iPSC lines, RC2 (reprogrammed from fibroblasts
by the laboratory of Darrell Kotton at Boston University) (Somers
et al., 2010), iPS.C2a (reprogrammed from foreskin fibroblasts by
the laboratory of Stephen Duncan at Medical College of Wiscon-
sin) (Si-Tayeb et al., 2010), or LN4 (a subclone of iPS.C2a with
higher uniformity in growth and differentiation) were used. For
P. falciparum experiments, iHLCs differentiated from the iPSC
line, LN4, or cryopreserved iHLCs from Cellular Dynamics Interna-
tional (white female donor, iPSCs reprogrammed from fibroblasts,
iCell Hepatocytes 2.0, CDI) were used. For P. vivax experiments,
cryopreserved iHLCs (white female donor, iPSCs reprogrammed
from fibroblasts, or white male donor, iPSCs reprogrammed from
peripheral blood mononuclear cells, iCell Hepatocytes 2.0, CDI)
were used. Cryopreserved iHLCs from CDI were thawed, plated
on collagen I, and maintained according to the manufacturer’s in-
structions until used.

Sporozoites

P. berghei ANKA and P. yoelii sporozoites were obtained by dissec-
tion of the salivary glands of infected Anopheles stephensi mosqui-
toes obtained from the insectaries at New York University or
Harvard School of Public Health. P. falciparum sporozoites were ob-
tained by dissection of the salivary glands of infected Anopheles
gambiae mosquitoes obtained from the insectary at Johns Hopkins
School of Public Health. P. vivax sporozoites were kindly provided
by the insectary at Mahidol Vivax Research Center (Bangkok,
Thailand) and were prepared by dissection of the salivary glands
of infected Anopheles dirus mosquitoes.

Infection of iHLCs

P. berghei, P. yoelii, P. falciparum, or P. vivax sporozoites from
dissected mosquito glands were centrifuged at 600 x g for 5 min
on to iHLCs at a multiplicity of infection of 0.1-1 in the presence
of 2% fetal bovine serum. After incubation at 37°C and 5% CO;, for
2-3 hr, the wells were washed twice before serum-free culture me-
dium was added. Media was replaced daily. Samples were fixed 24,
48, or 65 hr postinfection with P. berghei and P. yoelii, 3, 4, or 6 days
postinfection with P. falciparum, and 3 or 8 days postinfection with
P. vivax. For P. vivax experiments, iHLCs from CDI were exposed to
P. vivax sporozoites at 4 days postplating.

Immunofluorescence Assay

iHLCs were fixed with —20°C methanol for 10 min at 4°C, washed
thrice with PBS, blocked with 2% BSA in PBS overnight at 4°C, and
then incubated overnight at 4°C with a primary antibody: mouse
anti-human CD81 (clone JS-81, BD Pharmingen; 1:200), rabbit
anti-SRB1 (Novus Biologicals; 1:100), mouse anti-PbHSP70 (clone
2E6; 1:200 for P. berghei and P. yoelii), rabbit anti-PbMSP1 (1:500

for P. berghei), mouse anti-PfHSP70 (clone 4C9, Sanaria; 1:200 for
P. falciparum), or mouse anti-PfMSP1 (1:200 for P. falciparum). Sam-
ples were washed thrice with PBS before incubation for 1-3 hr at
room temperature with secondary antibody: goat anti-mouse
Alexa Fluor 594 or Alexa Fluor 488 or donkey anti-rabbit-Alexa
Fluor 488 (Invitrogen; 1:400). Nuclei were then counterstained
with Hoechst 33258 (Invitrogen; 1:1000), samples were washed
thrice with PBS, and 1 ml of Aquamount (Thermo-Scientific) was
added per well. Images were captured on a Nikon Eclipse Ti fluores-
cence microscope or an Olympus FV1000 multiphoton laser scan-
ning confocal microscope.

Biochemical Assays

Cell culture supernatants were collected and stored at -20°C. Hu-
man albumin, al-anti-trypsin (A1AT), and a-fetoprotein (AFP)
secretion were measured by enzyme-linked immunosorbent assays
with horseradish peroxidase detection (Bethyl Labs) and 3,3,5,5'-
tetramethylbenzidine (TMB, Pierce) development.

Statistics

Experiments were repeated with three or more independent
batches of differentiated iHLCs with triplicate or quadruplicate
biological samples for each condition. Data from representative
batches of iHLCs are presented. Two-tailed t tests were performed
for all comparisons between two conditions (e.g., with or without
primaquine). One-way ANOVAs were performed for comparisons
involving three or more conditions (e.g., number of EEFs in
cells infected at various time points after differentiation) with Tu-
key’s post hoc test for multiple comparisons. All error bars repre-
sent SEM.
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SUMMARY

The generation of in vivo repopulating hematopoietic cells from in vitro differentiating embryonic stem cells has remained a long-stand-
ing challenge. To date, hematopoietic engraftment has mostly been achieved through the enforced expression of ectopic transcription
factors. Here, we describe serum-free culture conditions that allow the generation of in vivo repopulating hematopoietic cells in the
absence of ectopically expressed factors. We show that repopulating activity arises immediately upon the commitment of mesodermal
precursors to the blood program, within the first wave of hematopoietic specification. We establish that the formation of these progen-
itors is extremely transient and exquisitely sensitive to the cytokine milieu. Our findings define the precise differentiating stage at which
hematopoietic repopulating activity first appears in vitro, and suggest that during embryonic stem cell differentiation, all hematopoietic
programs are unraveled simultaneously from the mesoderm in the absence of cues that restrict the coordinated emergence of each lineage

as is normally observed during embryogenesis.

INTRODUCTION

Recent advances in the generation, propagation, and differ-
entiation of pluripotent stem cells (PSCs) offer great prom-
ise in the field of regenerative medicine. Both embryonic
stem cells (ESCs) and induced PSCs (iPSCs) provide limit-
less sources of self-renewing cells endowed with the poten-
tial to generate tissue-specific cell populations that can be
used in transplantation therapy (Grabel, 2012; Keller,
2005). However, one major hurdle in realizing this poten-
tial is the lack of specific and efficient protocols for differen-
tiating these PSCs to specific populations that can be used
for therapeutic applications. Although stem-cell-based re-
generative medicine is still a distant goal, outstanding
progress has been made in generating and engrafting
ESC-derived lineages such as dopamine neurones (Kriks
et al., 2011) and cardiomyocytes (Shiba et al., 2012; Yang
et al.,, 2008). In contrast, since the first report of blood
cell generation from ESCs 30 years ago (Doetschman
et al., 1985), progress in deriving hematopoietic cells that
are able to engraft in vivo has been rather modest. To
date, the most successful in vitro derivation of hematopoi-
etic cells capable of repopulating mouse models has relied
on the ectopic expression of transcription factors such as
HOXB4 (Kyba et al., 2002), CDX4 (Wang et al., 2005b),
LHX2 (Kitajima et al., 2011), and RUNX1a (Ran et al.,
2013). However, although HOXB4 overexpression has
been shown to confer reproducible engraftment capability
in differentiating mouse ESCs (Bonde et al., 2008; Kyba
et al., 2002; Lesinski et al., 2012; Matsumoto et al., 2009),
this approach has not been successfully translated to hu-

@ CrossMark

man ESCs (Wang et al., 2005a). An alternative approach
to the use of HOXB4 in differentiated human ESCs was
recently reported by Doulatov et al. (2013), who showed
that the ectopic expression of transcription factors
(HOXA9, ERG, RORA, SOX4, and MYB) in differentiating
ESCs promotes short-term erythroid and myeloid engraft-
ment. Few reports have documented the in vitro genera-
tion of hematopoietic repopulating potential from unma-
nipulated ESCs (Burt et al., 2004; Hole et al., 1996; Miiller
and Dzierzak, 1993; Potocnik et al., 1997). However, these
approaches have not been reproduced or pursued, suggest-
ing that they involve serum-dependent conditions that
cannot be easily replicated. The use of high serum concen-
trations (Wang et al., 2005a) and/or stroma cell lines (Le-
dran et al., 2008) to support the formation of repopulating
hematopoietic cells derived from human ESCs has also
shown promising results, but to date, no follow-up studies
have further validated or extended these differentiation
protocols. It is likely that the reported successes in deriving
repopulating hematopoietic cells relied on specific factors
present in rare batches of serum—parameters that are im-
possible to control for and thus are extremely difficult to
reproduce.

Itis thought that a better understanding of the molecular
and cellular mechanisms that regulate the emergence and
maintenance of long-term repopulating hematopoietic
stem cells (HSCs) during embryonic development would
aid in the development of optimal protocols to generate
such cells in vitro from PSCs. HSCs have been shown to
emerge first from the aorta-gonad-mesonephros (AGM)
region around embryonic day 10.5 (E10.5) in murine
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embryos (Medvinsky and Dzierzak, 1996). This occurs
several days after the actual onset of hematopoietic activity,
which is observed first in the yolk sac from E7.5 and next in
the embryo proper from E9.0 (Palis et al., 1999). These early
waves of hematopoiesis successively give rise to primitive
erythroid, myeloid, definitive erythroid, and lymphoid
progenitors (Costa et al.,, 2012; Lin et al., 2014). Several
studies, including lineage tracing (Zovein et al., 2008)
and in vivo imaging (Boisset et al., 2010) studies, have re-
vealed the endothelial origin of HSCs emerging from a he-
mogenic endothelium (HE) population within the AGM
region. Similarly, earlier waves of hematopoietic progeni-
tors were also shown to derive from the HE (Ema et al.,
2006; Lancrin et al., 2010; Nishikawa et al., 1998).

The in vitro differentiation of ESCs has been widely used
as a model system to dissect and understand the early
events of hematopoietic specification in terms of both mo-
lecular mechanisms and cellular steps. The careful dis-
section of this in vitro program has demonstrated that,
similarly to in vivo development, blood cells are generated
from mesodermal hemangioblast precursors through an
HE intermediate (Choi et al., 1998, 2012; Eilken et al.,
2009; Fehling et al., 2003; Huber et al., 2004; Kennedy
et al., 2007; Lancrin et al., 2009; Wang et al., 2004) and
that the same network of transcription factors orchestrates
both in vivo and in vitro processes (Moignard et al., 2013).
Detailed studies of the generation of primitive erythroid,
myeloid, and lymphoid progenitors have suggested a tem-
poral emergence of these blood lineages in vitro, reflecting
their sequential emergence in vivo during embryonic
development (Irion et al., 2010). This led to the concept
that repopulating activity might emerge at late stages of
the hematopoietic program during ESC differentiation
(Kardel and Eaves, 2012; Lis et al., 2013; Sturgeon et al.,
2013) and that the emergence of lymphoid potential marks
the establishment of the definitive program (Kennedy
et al., 2012; Slukvin, 2013). To date, however, attempts to
derive in vivo repopulating hematopoietic cells from late
stages of ESC differentiation have been largely unsuccess-
ful. To revisit this long-standing challenge, we took an
alternative approach and explored the very first step of
hematopoietic specification from the mesoderm. We hy-
pothesized that multilineage progenitors with in vivo
repopulating ability might be specified very early upon
commitment of mesoderm to the blood program, and
might be difficult to maintain as such in the presence of
serum or hematopoietic cytokines. We first evaluated the
growth factor requirement for optimal specification of he-
mangioblast to HE. Next, defining the full hematopoietic
potential of this emerging population, we observed the
concomitant emergence of erythroid, myeloid, and lymp-
hoid progenitors. Interestingly, this early population was
also endowed with the capability to engraft immunocom-

promised mice and to confer multilineage, long-term
engraftment. Further studies allowed us to define the
temporal emergence of this repopulating ability and to
determine the growth factor requirement and immuno-
phenotypic characteristic of this population. Collectively,
our findings demonstrate that in vitro repopulating cells
emerge very rapidly from mesoderm precursors, are ex-
tremely transient, and are exquisitely sensitive to the
growth factors present in the differentiating conditions.

RESULTS

BMP4, Activin A, and VEGF Are Critically Required for
the Generation of HE and CD41" Progenitor Cells

We previously showed that a combination of BMP4, Acti-
vin A, FGE and VEGF was sufficient to efficiently drive
the formation of blood precursors from differentiating
ESCs in serum-free culture conditions (Pearson et al.,
2008). However, optimal specification to each differentia-
tion stage is likely to require precise temporal exposure to
cytokine stimuli. Therefore, we set out to define which cy-
tokines were specifically required for the transition from
hemangioblast to HE, and then from HE to hematopoietic
progenitors, with a particular emphasis on HE, from which
repopulating cells are known to emerge in vivo (Bertrand
et al.,, 2010; Boisset et al., 2010; Kissa and Herbomel,
2010). As depicted in Figure 1A, ESCs were differentiated
via embryoid body (EB) for 3 days in serum-free culture
with the successive addition of BMP4 at day 0, and then
Activin A and FGF at day 2.5. This sequential exposure to
growth factors was previously shown to promote heman-
gioblast specification efficiently in developing mesoderm
(Pearson et al., 2008). At day 3 of the EB culture, FLK1* cells
enriched for hemangioblast were isolated and then further
cultured with no added factors, a combination of four fac-
tors (BMP4 [B], Activin A [A], FGF [F], and VEGF [V]), or
various combinations of these factors. The successful differ-
entiation of FLK1" cells into HE was measured at day 2 of
the culture by the coexpression of TIE2 and cKIT, as previ-
ously described (Lancrin et al., 2009). The efficient genera-
tion of hematopoietic progenitors was assessed at day 3 by
CD41 expression, which is known to mark emerging pro-
genitors (Ferkowicz et al., 2003; Mikkola et al., 2003). In
the absence of added factors, few cells coexpressed TIE2
and cKIT (Figure 1B), and the generation of CD41* cells
was limited (Figure 1C). In contrast, the addition of all fac-
tors (BAFV) led to the detection of a substantial TIE2*cKIT*
population and the enhanced generation of CD41" cells.
Dissecting the role of each factor individually or in com-
bination revealed that individual factors on their own
and most combinations were not able to generate or main-
tain an HE population (Figure 1B) and/or to produce a
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Figure 1. Optimal Cytokine Combina-
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substantial frequency of CD41" cells (Figure 1C). Both Ac-
tivin A and VEGF appeared to be critically required for
the generation and maintenance of HE cells, since only cul-
ture conditions containing both factors led to the forma-
tion of a clear TIE2*cKIT" population (AV, AFV, and BAV).
As observed in V, BV, and BFV culture conditions, the
absence of Activin A in the culture led to CD41 cell produc-
tion associated with a decrease in TIE2*cKIT* frequency
that was already observed at day 2 (Figures 1B and 1C). In
contrast, the absence of BMP4 in the culture led to a dra-
matic decrease in CD41" cell production, as observed in
A, AV, and AFV culture conditions, suggesting that while
this factor is dispensable for the generation or maintenance
of a TIE2*cKIT" population, BMP4 is required for the emer-
gence of CD41" cells. To address this issue, we supple-
mented AV culture with BMP4 at day 2 and assayed for
CD41 expression at day 3 (Figures S1A and S1B). However,
the delayed addition of BMP4 did not enhance the genera-
tion of CD41" cells, suggesting that although it does not
impact the generation of a TIE2*cKIT* immunophenotypic
population from FLK1" cells, BMP4 exposure is nonetheless
critical for shaping the hematopoietic potential of this pop-
ulation at the onset of FLK1 differentiation. The expression
of a panel of endothelial markers, such as ICAM2, FLK1,
and CD144 (VE-cadherin), further revealed that the pres-

Stem

CD41

ence of both BMP4 and Activin A was critical to maintain
the endothelial identity of the cKIT* population at day 2
of the culture (Figure S1C). Only a fraction of cKIT" cells
maintained the expression of these endothelial markers
when cultured in the presence of AFV or BFV. Altogether,
these data revealed that the combination of BMP4, Activin
A, and VEGF is critical for the generation of both HE
and CD41" cells. Interestingly, early exposure to BMP4 ap-
pears to confer hematopoietic potential to the TIE2*cKIT*
population.

Inhibitory Effect of FGF and Activin A on Further
Hematopoietic Commitment

We next compared the emergence and frequency of HE
when FLK1* cells were cultured with BAV and BAFV, as
these two conditions were the most effective for generating
HE (Figure 1B). In both cases, a low frequency of TIE2"cKIT*
cells was observed at day 1 of the culture; the frequency of
this population peaked at day 2 and decreased thereafter
(Figure 2A). No noticeable differences were observed in
the temporal emergence and frequency of this population
regardless of whether FGF was added to the culture or not
(Figures 2A and 3D). In contrast, the formation of CD41*
cells was negatively affected by the presence of FGF in the
culture, with on average a 2-fold increase in the frequency
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FLK1" cells sorted from day 3 EBs were seeded on gelatinized plates in serum-free media supplemented with a BAV or BAFV cytokine

combination (B, BMP4; A, Activin A; V, VEGF; F, FGF2).

(A and B) Cells were analyzed daily by flow cytometry for (A) coexpression of TIE2 and cKIT marking HE and (B) CD41 expression marking

blood cells.

(C) At day 2 of the culture, cells were plated in clonogenic assay for hematopoietic precursors, and colonies were counted at day 5 for
primitive erythroid (EryP) and day 8 for all other colonies (Mac, macrophages; Mac/Ery, macrophages and erythroid; Mix, multilineage
myeloid and erythroid). Data shown are representative of at least three experiments. In (C), data are presented as the mean number of
colonies from three dishes from one representative experiment; bars represent SEM.

of CD41" cells produced in the absence of FGF from day 2
onward (Figures 2B and 3E). Both cultures gave rise to prim-
itive erythroid and definitive colonies upon replating in
clonogenic assays; however, FLK1* cells cultured in the
BAV condition resulted in the production of higher fre-
quencies of hematopoietic precursors (Figure 2C), in agree-
ment with the CD41 flow cytometry data. Altogether,
these data suggest that although FGF does not affect the
temporal emergence and frequency of HE, this growth
factor negatively impacts the formation of hematopoietic
progenitors.

We next assessed the influence of Activin A on the emer-
gence of CD41" progenitor cells because this factor was
previously shown to negatively affect the generation of
definitive hematopoiesis (Kennedy et al., 2012). For this
purpose, sorted FLK1" cells were cultured for 1 day in the
presence of BMP4, Activin A, and VEGF (BAV), and then
switched to media containing only BMP4 and VEGF (BV)
as depicted in Figure 3A. Flow cytometric analysis revealed
that removing Activin A after 1 day of culture significantly
enhanced the frequency of TIE2*cKIT* cells (Figures 3B and

3D), as well as the generation of CD41" cells (Figures 3C
and 3E). Time-lapse imaging of these cultures over a
3-day period illustrated the formation of adherent colonies
of endothelial cells followed by the emergence of individ-
ual floating blood cells (Figures 3F and 3G), as previously
shown in serum-supplemented cultures (Lancrin et al.,
2009). The BAV-BV culture condition led to the emergence
of large and healthy clusters of round floating cells (Figures
3F and S2A). In contrast, maintenance of Activin A in the
culture (BAV) appeared to reduce the viability and size of
the clusters of round floating cells (Figures 3G and S2B).
This was further highlighted by the overall growth of the
cultures in which a change of media from BAV to BV led
to a marked increase in cell confluency (Figure S2C).
Altogether, these data reveal that restricting the temporal
exposure to Activin A is critically important for optimal
specification of HE and hematopoietic precursors.

Multilineage Hematopoietic Potential of cKIT" Cells
Having defined the optimal serum-free culture condition
for the early steps of hematopoietic specification, we next
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Figure 3. Activin A Impairs the Maintenance of HE

(A) Schematic representation of the experimental strategy. FLK1* cells sorted from day 3 EBs were seeded on gelatinized plates in serum-
free media supplemented with BAV for the first day and then with BV from day 1 onward (B, BMP4; A, Activin A; V, VEGF).
(B) Flow cytometry analysis of TIE2 and cKIT coexpression at day 1 and 2 of FLK1* cell culture grown in a BAV or BAV-BV cytokine

combination.

(C) Flow cytometry analysis of CD41 expression at days 2 and 3 of the same cultures.
(D and E) Graph of data obtained from BAFV, BAV, and BAV-BV cultures, showing the frequencies of TIE2*cKIT" cells at day 2 (D) and CD41*

cells at day 3 (E). Each point represents an independent experiment.

(Fand G) Representative time-lapse imaging of FLK1" sorted cells cultured in serum-free media supplemented with a BAV-BV (F) or BAV (G)
cytokine combination. Data shown are representative of at least three independent experiments (n.s., nonsignificant).

See also Figure S2.

evaluated the biological characteristics of cKIT-expressing
cells generated in this condition. As shown by multiparam-
eter flow cytometry analysis, cKIT" cells coexpressed all
endothelial markers tested (Figure 4A), including ICAM2
and CD40, which were previously shown to mark HE (Pear-
son etal., 2010). At this stage of the culture, a small fraction
of cKIT* cells also coexpressed low levels of CD41, but none
expressed CD45 (Figure 4A; both of these markers are indic-
ative of a further commitment to hematopoiesis). We next
evaluated the biological potential of this cKIT" population
sorted at day 2 of BAV-BV culture. When cKIT" cells were
plated in clonogenic assays for hematopoietic progenitors,
we observed the formation of both primitive erythroid col-

onies and definitive colonies (Figures 4B, S3A, and S3B). Af-
ter 1 week, the culture of cKIT" cells on OP9 or OP9-DL1
stroma in lymphoid-promoting conditions led to the
formation of clusters of free-floating cells in the culture
media and cobblestone-like areas underneath the stromal
layer (Figure 4C). Analysis of cells derived from the OP9-
DL1 cocultures after 3-4 weeks revealed the generation of
T lymphocytes as defined by the expression of T cell-spe-
cific genes (Figure S3C); CD4, CD8, and CD3 expression;
an immature CD4"CD8" population; and low frequencies
of more mature CD4" and CD8" cells (Figure 4D). Similarly,
analysis of cells derived from OP9 cocultures demons-
trated the generation of B lymphocytes as marked by the
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Figure 4. The cKIT* Cell Population Derived from FLK1* Hemangioblast Contains Erythroid, Myeloid, and Lymphoid Potential

(A and B) FLK1" cells sorted from day 3 EBs were seeded on gelatinized plates in serum-free media supplemented with BAV for the first day
and then with BV from day 1 onward (B, BMP4; A, Activin A; V, VEGF). At day 2 of culture, cells were analyzed for the coexpression of cKIT
with a panel of endothelium and hematopoietic cell-surface markers.

(B) Day 2 sorted cKIT cells were plated in clonogenic assay for hematopoietic precursors. Primitive Ery: primitive erythrocytes; all definitive
colonies: macrophages, macrophages/erythrocytes, GM, and GEMM colonies. Data are presented as the mean number of colonies from three
dishes; bars represent SEM.

(C) Bright-field picture taken at 1 week of culture. Blue arrows mark cobblestone areas; red arrowheads mark free-floating hematopoietic
clusters.

(D) Cells derived from OP9-DL1 culture were stained at the indicated time for the coexpression of CD4, CD8, and CD3 marking T lym-
phocytes.

(E) Cells derived from OP9 culture were stained at the indicated time for the coexpression of B220, CD19, and IgM marking B lymphocytes.

Data shown are representative of at least three experiments.
See also Figure S3.

expression of B cell-specific genes (Figure S3D) and the co-
expression of B220 and CD19, with a small fraction of these
cells expressing immunoglobulin M (IgM; Figure 4E). Alto-
gether, these data reveal that FLK1* mesodermal progeni-
tors that have grown for 2 days in the sequential presence
of BMP4, Activin A, and VEGF (BAV) followed by BMP4
and VEGF (BV) give rise to a population of cKIT™ cells en-
dowed with the capacity to generate erythroid, myeloid,
and lymphoid cells.

Long-Term and Multilineage Engraftment Potential

of the cKIT* Population

Given the in vitro multilineage capacity of the cKIT* popu-
lation isolated from FLK1" cells that had differentiated for
2 days, we next investigated whether this population con-

tained cells that were able to engraft in vivo. For this pur-
pose, cKIT™ cells were isolated from BAV-BV culture at day
2 and injected into sublethally irradiated recipient mice
as depicted in Figure 5A. Blood samples were taken every
4 weeks over a 16-week period and analyzed by flow cytom-
etry for the expression of CD45.1 (marking recipient cells)
and CD45.2 (marking in vitro-derived donor cells). In the
initial experiments, the persistence of a small CD45.2*
population was observed in four out of ten mice over the
16-week period (Figures 5B and 5C). The in vitro origin of
the CD45.2* cells was further confirmed by detection of
the Brachyury-GFP knockin allele, which was present
in the starting ESC line but absent from the recipient
mice (Figure 5D). Similar in vivo engraftment results were
also obtained with cKIT* cells derived from the in vitro
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Figure 5. The cKIT* Population Contains In Vivo Repopulating Activity

(A) Schematic representation of the experimental strategy.

(B) Blood cells from control and engrafted mice were stained for CD45.1 expression (marking recipient cells) and CD45.2 expression

(marking ESC-derived cells).

(C) Frequency of CD45.2" cells (blue circles) in the blood at the indicated week. Each point represents a mouse (n = 2, with 5 mice per

experiment).

(D) PCR detection of the Brachyury endogenous and Brachyury-GFP knockin alleles carried by ESC-derived blood cells (BM, bone marrow; S,

spleen).

(E) Bone marrow and spleen cells harvested 22 weeks after engraftment were stained for CD45.1 and CD45.2.
(F) Staining for lineage analysis is shown for CD45.1" recipient and CD45.2™ ESC-derived cells from bone marrow and spleen at 22 weeks
after engraftment. CD71 and TER119 mark erythroid cells, CD11b and GR1 mark myeloid cells, and IgM and B220 mark B lymphocytes.

See also Figure S4.

differentiation of two other ESC lines (Figures S5D and
S5G-S5]). Analysis of the lineage contribution in bone
marrow and spleen at 22 weeks after engraftment revealed
the presence of CD45.2" cells expressing cell-surface
markers characteristic of erythroid (TER119 and CD71),
myeloid (Grl and CD11b), and B lymphoid (IgM and
B220) lineages (Figures SE and SF). The B lymphocytes
generated upon engraftment coexpressed IgM, CD19, and
B220 (Figure S4A), and were able to secrete immunoglobu-
lins (Figure S4B). It has been shown that embryonic he-
matopoietic precursors preferentially give rise to B-1 B
lymphoid cells involved in innate immunity (Montecino-
Rodriguez and Dorshkind, 2012). In addition to IgM
expression, these B lymphocytes are characterized by the
expression of CD11b and CDS5 for the B-la subset and
CD11b for the B-1b subset. Given the embryonic origin

of the cKIT* donor cells, we further assessed the immuno-
phenotype of the B lymphoid population generated upon
engraftment. None of the IgM* cells expressed CD11b or
CDS5, suggesting that these cells are B-2 type B lymphocytes
(Figure S4C). Altogether, these data demonstrate that cKIT*
cells isolated from ESCs that have differentiated in serum-
free culture with restricted temporal exposure to specific
growth factors are able to confer long-term and multiline-
age engraftment in vivo.

Temporal Emergence of Hematopoietic

Repopulating Activity

The repopulating activity observed upon engraftment of
cKIT" cells isolated from day 2 culture was reproducible
but remained low in terms of both the chimerism level
and frequency of mouse repopulation (Table 1). Therefore,
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Table 1. Summary of the In Vivo Engraftment Experiments

Population Tested Cytokines in FLK1 Culture n Engrafted Mice Chimerism Frequency at 4 Weeks (Percentage CD45.2")
FLK1* no further culture 2 0/8 0
cKIT* day 1 BAFV 6 14/26 4,5.9, 6.5,0.37, 4.5, 2.32, 0.77, 21, 3.36, 2.17,
10.04, 15.66, 5.04, 16.36
BAV 2 3/8 0.4, 19.9, 15.65
AV 1 1/4 0.43
BNVF 1 0/4 0
BNV 1 1/4 0.09
BFV 1 0/4 0
cKIT* day 2 BAV(day 1)-BV(day 2) 7 9/28 2.96, 15.09, 0.76, 0.91, 1.44, 0.18, 0.58, 0.44, 0.26
BAV(day 1)-A(day 2) 1 2/4 0.12, 2.9
BAV(day 1)-SB(day 2) 1 2/4 0.19, 2.5
BAV(day 1)-B(day 2) 1 1/4 1.5
BAV(day 1)-none(day 2) 1 1/3 0.24
BAFV 2 5/12 0.78, 1.04, 1.3, 2.9, 6.1
BAV 1 1/8 1.42
BNVF 1 0/4 0
BNV 1 0/4 0
cKIT* day 3 BAV(day 1)-BV(day 2) 2 0/12 0

B, BMP4; A, Activin A; V, VEGF; F, FGF2; N, Nodal; SB, SB-431542. See also Figure S5.

we explored whether we could achieve a higher repopula-
tion activity by changing the timing of cKIT* cell isolation
during the course of FLK1 differentiation to hematopoiesis.
The cKIT" population isolated from day 3 culture was un-
able to engraft in vivo, whereas day 1 cKIT" cells gave rise
to reproducible engraftment capability (Figure 6A). The
overall level of chimerism observed with cKIT* cells derived
from day 1 culture was higher than that observed with cells
derived from day 2 culture. Given this very rapid onset of
repopulating activity upon culture of FLK1* mesodermal
precursors, we also evaluated the potential of FLK1" cells
to engraft directly without further culture. However,
FLK1* cells isolated from EBs and directly injected in vivo
did not give rise to any repopulation activity (Figure 6A).
Altogether, these findings suggest that the repopulating
ability of ESC-derived hematopoietic precursors emerges
rapidly upon mesoderm specification and is very transient.

Growth Factor Requirement for the Emergence

of Hematopoietic Repopulating Activity

We next evaluated how altering the cytokine combination
during the differentiation of FLK1* mesoderm might
impact the generation of in vivo repopulating cells. In a

first set of experiments, we assessed the growth factor
requirement for the generation of this repopulating activ-
ity. We tested combinations of cytokines in which FLK1*
cells were cultured for the first day with BAV cytokines
and then either maintained with BAV or changed to Activin
A, BMP4, TGFB inhibitor (SB-431542), or no cytokines for
the second day of culture. In addition, cKIT" cells isolated
after 2 days of culture with BAFV were also tested in engraft-
ment experiments. In all conditions tested, no improve-
ment was observed in either the chimerism level or fre-
quency of engrafted mice when compared with the BAV-
BV cytokine combination (Table 1). Altogether, these data
suggest that a variation in cytokine exposure during the
second day of FLK1 culture does not affect the repopulating
activity of the cKIT* population isolated at day 2. Addition-
ally, cKIT" cells isolated from day 1 culture gave higher
engraftment levels, suggesting that the first day of FLK1
culture is critical for determining in vivo repopulating com-
petency. We therefore focused on the cytokine requirement
for the first day of culture. Data presented in Figure 1A
show that the cytokine combinations BAV, BAFV, and AV
were the best conditions for generating a TIE2"cKIT" HE
population at day 2. When analyzed at day 1 of culture,
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Figure 6. Successful Engraftment Is Highly Dependent on Cytokine Exposure

(A) Frequency of CD45.2" cells (blue circles) in the blood of recipient mice 4 weeks after engraftment with the indicated population. The
data presented in this graph for cKIT* cells at days 1 and 2 were obtained under BAFV, BAV, and BAV-BV culture conditions. Each point
represents one mouse; the number of experiments conducted for each population is shown in Table 1 (B, BMP4; A, ActivinA; V, VEGF; F,
FGF2).

(B) Representative flow cytometric analysis of cKIT and TIE2 expression for cells obtained from day 1 FLK1 culture grown in the indicated
cytokines.

(C) Frequency of CD45.2" cells in the blood of recipient mice 4 weeks after engraftment with cKIT* cells isolated from day 1 FLK1 culture
grown in the indicated cytokine mix (BAFV, purple circles; BFV, pink circles; BAV, dark green circles; AV, light green circles). Each point
represents one mouse; the numbers of mice and experiments are detailed in Table 1.

(D) Representative flow cytometric analysis of cKIT and CD41 expression for cells obtained from day 1 FLK1 culture grown in the presence of
BAFV cytokines.

(E) Frequency of CD45.2" cells (blue circles) in the blood of recipient mice 4 weeks after engraftment with the indicated cells isolated from
day 1 FLK1 culture grown in the presence of the BAFV cytokine mix. Each point represents one mouse (n = 2, with 4 mice per experiment,
except for group CD41™ cKIT™ with 2 mice per experiment).

(F) Frequency of CD45.2" cells (blue circles) in the blood of recipient mice at the indicated number of weeks after engraftment. Data in this
graph represent a summary of all recipients that successfully engrafted. Each point represents one mouse, n = 18 with 4 mice per
experiment as detailed in Table 1.

(G) Flow cytometric analysis of CD45.1 and CD45.2 expression relative to side scatter (SSC) for bone marrow and spleen cells at the
indicated weeks after engraftment.

See also Figure S6.
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the TIE2*cKIT* population was detected at equivalent fre-
quencies in those three cytokine mixes (Figure 6B). How-
ever, when tested in an in vivo repopulation assay, the
absence of BMP4 was detrimental to engraftment, as
shown by a comparison of engraftment for cKIT* cells
derived from AV and BAV (Figure 6C). Interestingly, cKIT*
cells derived from BFV culture did not give rise to any repo-
pulating activity, even though this cytokine combination
gave rise to a high frequency of blood progenitors (Fig-
ure SS5A). Furthermore, although the chimerism levels
observed in mice repopulated with cKIT* cells derived
from BAV and BAFV were similar, the number of mice en-
grafted was substantially higher in the presence of FGF
(14/26; 53.8%) than in its absence (3/8; 37.5%; Figure 6C).
It was recently shown that in vitro differentiated, Nodal-
derived endoderm contributed in vivo to embryonic endo-
derm much more efficiently than Activin A-derived endo-
derm (Chen et al., 2013). Therefore, we assessed the in vivo
repopulating ability of cKIT* cells obtained from cultures in
which Activin A was replaced by Nodal. Although Nodal
was able to induce the formation of a TIE2*cKIT" popula-
tion at days 1 and 2 of FLK1" cell culture (Figure S5B), we
only observed a very low level of engraftment (0.09%) in
one mouse out of 12 for all conditions tested (Figure S5C).
Finally, to ensure the reproducibility and specificity of the
differentiation process that is promoted by the BAFV cyto-
kines, we performed the differentiation and engraftment
protocol using BAFV cytokines from another commercial
supplier. We observed similar levels of engraftment and
contributions to erythroid, myeloid, and lymphoid line-
ages with these cytokines (Figures SSD-SSF). Altogether,
these data demonstrate that very specific growth factor
exposure during FLK1" differentiation to cKIT" is critically
important to generate in vivo repopulating cells. Changes
in a single cytokine can dramatically alter the potential of
these in vitro-generated cells to engraft in vivo.

Immunophenotype of In Vitro-Derived Cells Endowed
with Repopulation Activity

In order to refine our analysis of the cell population that
harbored in vivo engraftment potential, we aimed to
further define the immunophenotypic characteristics of
this population. All endothelial cell-surface markers tested
were coexpressed by cKIT" cells and therefore could not be
used to subfractionate the cKIT" population. In contrast,
CD41, which is known to be expressed on early embryonic
HSCs (McKinney-Freeman et al., 2009; Robin et al., 2011),
showed a distinct expression in a small subset of cKIT* cells
(Figure 6D). Surprisingly, however, when tested in in vivo
engraftment, the cKIT*CD41™~ fraction was more enriched
in repopulating activity than the cKIT*CD41" fraction,
whereas, as expected, the cKIT CD41" subset was devoid
of this activity (Figure 6F). These results establish that as

soon as TIE2*cKIT* HE cells acquire CD41 expression, their
in vivo engrafting ability is dramatically decreased, further
reinforcing the hypothesis that the potential for in vitro-
derived hematopoietic cells to repopulate recipient mice
is extremely transient.

Long-Term and Multilineage Engraftment

The two most fundamental characteristics of HSCs are their
abilities to self-renew and to give rise to all lineages of the
blood system. As shown above in Figure SF, blood progen-
itor contribution to the myeloid, erythroid, and lymphoid
lineages was observed at 22 weeks after engraftment, but
also at all stages analyzed (Figure S6). To address the self-re-
newing property of these in vitro-derived repopulating
cells, we followed the frequency of CD45.2* cells in the pe-
ripheral blood of recipients for up to 20 weeks (Figure 6F),
considering that engraftment past 16 weeks is a readout
of long-term repopulation. From 4 to 12 weeks after
engraftment, we observed a progressive decline in the
contribution of donor cells, with the frequency of these
cells plateauing from 12 weeks onward. Analysis of donor
cell contributions in the bone marrow and spleen revealed
that initially the frequency of CD45.2" cells was high in the
bone marrow and low in the spleen (Figure 6G), a ratio that
was reversed over time. By 22 weeks, the contribution
to the bone marrow was low but still clearly detectable.
Altogether, these data suggest that in vitro-derived repopu-
lating cells are able to provide long-term multilineage
engraftment, but their self-renewing ability is not as robust
as that of in vivo-derived repopulating cells. In the future, it
will be important to determine whether this is an intrinsic
property of in vitro-derived repopulating cells or whether
self-renewal can be modulated by the culture conditions.

DISCUSSION

The present study defines the temporal emergence of repo-
pulating activity in vitro, identifying the precise step at
which this population is generated. Altogether, our data
establish that the presence of this repopulating activity is
remarkably transient and the emergence/maintenance of
this cell population is critically dependent on a precise
set of growth factors.

To investigate the presence of long-term in vivo repopu-
lating hematopoietic progenitor cells during ESC differen-
tiation, we made the assumption that this activity might
emerge rapidly upon specification of the hematopoietic
program in mesoderm precursors, and we implemented
several experimental strategies to test this hypothesis.
First, the differentiating conditions were designed to avoid
exposure to serum and cytokines such as SCF, IL6, and IL3
to prevent further differentiation of newly emerging
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hematopoietic progenitors as much as possible. Second, we
only considered cKIT expression as a potential marker of re-
populating activity, since to date it is the only cell-surface
marker that has been shown to be expressed on all HSCs
throughout embryonic development and adulthood
(all other markers are either expressed transiently during
embryonic development or are only expressed on adult
HSCs). Finally, to test for engraftment potential, we used
sublethally conditioned recipients, reasoning that, in
contrast to lethal irradiation, the remaining endogenous
hematopoietic system would allow recipient mice to sur-
vive even with very low levels of contribution from the
donor cells. A possible drawback to this approach is that
the full engraftment potential might be underestimated
due to competition between recipient and donor cells.
However, the combination of these various experimental
settings allowed us to reproducibly monitor the serum-
and stroma-free generation of ESC-derived repopulating
hematopoietic cells.

Our data demonstrate that both the emergence and
maintenance of in vivo repopulating cells are extremely
sensitive to the cytokine milieu: a change in a single factor
will completely abolish the detection of engrafting cells.
When we compared the outcome of FLK1 cells cultured
in the presence of BAFV versus BFV, the absence of Activin
A dramatically affected the detection of in vivo engrafting
cells, as they were most likely rapidly pushed toward differ-
entiation when exposed only to BFV. Taken together,
our results strongly suggest that the signaling pathway
activated by Activin A, but not Nodal, is critical, but not
sufficient, for maintaining the repopulating ability of the
TIE2*cKIT* population. The addition of FGF seems to rein-
force the role of Activin A; however, on its own, FGF is not
able to maintain the population of engrafting hematopoi-
etic progenitors. Finally, BMP4 signaling appears to be crit-
ical for conferring hematopoietic competency to the HE, an
observation that is consistent with the known role of BMP4
in the regulation of Runx1 (Burns et al., 2005; Pimanda
et al., 2007). Although our study identifies differentiating
conditions that allow the detection of engrafting hemato-
poietic cells, further work will be required to improve and
optimize the culture conditions for the maintenance and
expansion of these repopulating cells.

An important conceptual aspect of our findings relates to
the relationship between ESC-derived repopulating cells
and their in vivo counterparts. Based on their immunophe-
notypic characteristics, the ESC-derived cells more closely
resemble the VE-cad*CD45 CD41'°" pre-HSC type I popu-
lation identified in the AGM region at E11.5 (Rybtsov et al.,
2011). However, these type I pre-HSCs express a low level of
CD41 and do not engraft recipients unless they are cocul-
tured for 4 days with OP9, in contrast to ESC-derived repo-
pulating cells, which do not express CD41 and are able to

engraft directly, albeit when injected intrafemorally. Based
on their limited self-renewal characteristics, the ESC-
derived engrafting cells might correspond to lineage-
committed progenitors with a repopulating ability in
which the multilineage potential is dissociated from the
self-renewal capacity, as recently described for adult mouse
bone marrow progenitors (Yamamoto et al., 2013). An
interesting finding in our study is the concomitant emer-
gence of primitive erythroid, myeloid, definitive erythroid,
and lymphoid potential very early upon mesoderm specifi-
cation. This is in contrast to previous studies that reported
the sequential generation of these progenitors during
in vitro differentiation of ESCs (Keller et al., 1993; Kennedy
et al., 2012; Rafii et al., 2013). In those studies, serum-sup-
plemented factors may have conditioned or altered the
timing of differentiation and delayed the emergence of spe-
cific progenitor subsets. During embryonic development,
the emergence of hematopoietic progenitors occurs in
successive waves, with primitive erythroid progenitors
emerging first around E7.25, followed by erythro-myeloid
progenitors from E8.25 and lymphoid progenitors from
E9, whereas definitive HSCs are only detected from E10.5
onward (Costa et al., 2012; Lin et al., 2014). One possible
explanation to account for our findings is that during
serum-free ESC differentiation, all hematopoietic programs
unravel simultaneously because there are no extrinsic fac-
tors restricting or altering the developmental timing for
the emergence of each lineage. During embryonic develop-
ment, these cues are provided by the microenvironment in
which these precursors reside.

The present study establishes a first critical step toward
the generation of in vitro-derived, repopulating hemato-
poietic cells that might be suitable for therapeutic applica-
tions. Further work will need to be carried out to translate
this protocol to the differentiation of human ESCs and
iPSCs.

EXPERIMENTAL PROCEDURES

ESC Growth and Differentiation

Unless specified otherwise, the ESC line used in this study is
an E14.1 (129/ola) carrying a GFP reporter cassette knocked in
the Brachyury locus (Fehling et al., 2003). The F1 (129/B6) and
RI (129/sv) ESC lines were also tested for engraftment potential.
ESCs were maintained on irradiated mouse embryonic fibroblasts
in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 50 pg/ml penicillin-streptomycin (GIBCO), 15% fetal calf
serum (FCS; PAA Laboratories), 1% leukemia inhibitory factor
(conditioned medium from Chinese hamster ovary cells), and 1.5
x 10~* M monothioglycerol (Sigma). Prior to differentiation, ESCs
were passaged twice on gelatinized tissue-culture-grade plates to re-
move the mouse embryonic fibroblasts. For the first passage, ESCs
were grown in DMEM supplemented as above, and the second
passage was performed in Iscove’s modified Dulbecco’s medium
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supplemented as above. For gelatin treatment, dishes were coated
for 20 min with 0.1% w/v gelatin in ddH,0. For EB generation,
ESCs were trypsinized and plated at 50,000 cells/ml in petri-grade
dishes in StemPro-34 SFM (GIBCO) supplemented with 2 mM
L-glutamine (GIBCO), transferrin (Roche), 0.5 mM ascorbic acid
(Sigma), and 4.5 X 1074 M monothioglycerol (Sigma). BMP4,
bFGF, Activin A, Nodal, and VEGFa (R&D Systems or PeproTech)
were used at 5 ng/ml unless otherwise stated. For hemangioblast
culture, FLK1* sorted cells were seeded on gelatinized plates in
StemPro-34 SFM supplemented as above with the addition of cyto-
kines as stated for each experiment.

Mice Engraftments

NOD.Cg-Prkdc*™ 112rg"™1"1'/Sz] mice were purchased from The
Jackson Laboratory and bred in-house or at Harlan. Male mice
were irradiated with a 125 cGy sublethal dose and injected intrafe-
morally with sorted cells. Depending on the experiment, between
10° and 5 x 10° sorted cells were injected per mouse. All animal
work was performed in accordance with regulations established
by Home Office Legislation under the 1986 Animal Scientific Pro-
cedures Act.
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SUMMARY

We present self-cloning CRISPR/Cas9 (scCRISPR), a technology that allows for CRISPR/Cas9-mediated genomic mutation and site-spe-
cific knockin transgene creation within several hours by circumventing the need to clone a site-specific single-guide RNA (sgRNA) or
knockin homology construct for each target locus. We introduce a self-cleaving palindromic sgRNA plasmid and a short double-stranded
DNA sequence encoding the desired locus-specific sgRNA into target cells, allowing them to produce a locus-specific sgRNA plasmid
through homologous recombination. scCRISPR enables efficient generation of gene knockouts (~88% mutation rate) at approximately
one-sixth the cost of plasmid-based sgRNA construction with only 2 hr of preparation for each targeted site. Additionally, we demonstrate
efficient site-specific knockin of GFP transgenes without any plasmid cloning or genome-integrated selection cassette in mouse and
human embryonic stem cells (2%-4% knockin rate) through PCR-based addition of short homology arms. scCRISPR substantially lowers

the bar on mouse and human transgenesis.

INTRODUCTION

The clustered regularly interspaced short palindromic re-
peats (CRISPR)/CRISPR-associated protein 9 (Cas9) system
has emerged as an efficient tool to mutate, delete, and
insert genomic DNA sequences in a site-specific manner
(Cong et al., 2013; Jinek et al., 2013; Mali et al., 2013). In
CRISPR-mediated genome editing, Cas9 protein is directed
to cleave DNA by an associated single-guide RNA (sgRNA)
hairpin structure that can be designed to target almost
any genomic site of interest (Jinek et al., 2012). Site-specific
mutagenesis and targeted transgenesis are key applications
for studying development and disease, and the ability to
easily edit any genomic locus is revolutionizing genetics
and stem cell research.

Currently, CRISPR/Cas9 targeting requires molecular
cloning of a site-specific sgRNA plasmid for every new
locus, which involves the time-consuming and costly steps
of plasmid ligation, transformation, purification, and
sequence verification over the course of about 1 week.
This investment hinders large-scale sgRNA screening
necessary for multiplexed and high-throughput genome
editing applications. Additionally, knockin transgenesis
of genes such as GFP using CRISPR/Cas9 still requires the
time-consuming construction of homology constructs
typically with 600 to 6,000 bp homology arms, a laborious
process that impedes routine knockin line generation.
These barriers are holding back the revolutionary potential
of large-scale targeted genome manipulation. In this work,
we provide alternative methods of sgRNA and homology
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construct generation that eliminate the need for plasmid
cloning and, thus, substantially reduce the time, workload,
and cost of CRISPR/Cas9-mediated genome editing, while
maintaining high efficiency of site-specific mutation and
transgene insertion (Table S1).

In the standard CRISPR/Cas9 method, once a site-specific
sgRNA sequence is found, it is cloned into a plasmid con-
taining a hairpin structure enabling Cas9 binding and a
U6 promoter capable of transcribing the sgRNA hairpin
in target cells (Ran et al., 2013; Yang et al., 2014). As each
locus to be targeted requires a unique sgRNA sequence,
this plasmid-cloning step must be performed for every
new sgRNA to be used, providing a bottleneck to the
throughput of CRISPR/Cas9-mediated genome editing
and, thus, limiting mutation-based functional genomic
screening applications. We have designed methods that
circumvent any cloning steps in the gene editing process
and demonstrate their efficacy at genome editing in both
mouse and human embryonic stem cells (ESCs) as well as
HEK293T cells. This method vastly simplifies the genera-
tion of targeted transgenic or knockout cell lines without
compromising efficiency, creating an ideal platform for
large-scale genome editing and screening applications.

RESULTS
Self-cloning CRISPR/Cas9 (scCRISPR) relies on the target

cells to clone the desired sgRNA sequence. Mammalian
cells are known to repair introduced plasmid DNA through

@ CrossMark

OPEN ACCESS


mailto:rsherwood@partners.org
http://dx.doi.org/10.1016/j.stemcr.2015.09.022
http://creativecommons.org/licenses/by-nc-nd/4.0/

A

scCRISPR

sgRNA

sgRl

sgPal plasmid
sgPal plasmid

Cas9-Palindromic sgRNA (sgPal)
cleaves Yy
sgPal plasmid

B iansa | Gemi—

Cleaved sgPal plasmid is repaired by
homologous recombination with a PCR-
ified sgRNA

Hist1h3a-GFP +sgPall +std

SgRNA plasmid __

New sgRNA scribed from
the site-specific sgRNA plasmid
for genomic targeting

Cc

+ sgPal1 + GFP fragment

Hist1h3a-GFP mouse ESCs

+ sgGFP plasmid

4 _ mouse ESCs :- sgGFPplasmid . + sgPal1 alone angFp fragment
© 5 ] 8 H
3 5 02 | Bo9.9% L 03% o _f73:4%
O s
g L] 3 i,
2 e o8
g -
= 4
z & “ W ae 2 i EME ] W ae A% 3 IR
Hist1h3a-GFP fluorescence>
D E F
sgPalt
Hist1h3a-GFP + + sgPal1
102,0
sgPal1 + sgGFP3 sgPal7 + sgGFP3  sgPal8 + sgGFP3 sgGFP . Rosa26-! [E)gléed i # ?GFF: * SQfDSRed :
- long fragment . long fragment Iong fragment |014 3 mouse S °“9 omology fragments
® 5 o o o Most frequent T o [04% |92.3%, 12. 3%
= 83.0% 88.3% 78.9% @ $
] 0 ’ ° SgGFPHR | € 3 ;
Qg &
5y errors | 03 ‘ & 5. J2s% [asd
o i 2
t 0 500 a s
2% S T Srig iy Plasmid copy L= P

Hlst1h3a GFP fluorescence —)

Figure 1. Simplified, Efficient Genome Editing Using scCRISPR
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(A) Schematic shows the scCRISPR/Cas9 process that occurs inside target cells.

(B) Histograms show flow cytometric GFP fluorescence (x axis) in Hist1h3a mouse ESCs (left) after electroporation with Cas9 and plasmid
sgRNA (second from left), sgPall plasmid alone (third from left), and sgPall plasmid and sgGFP homology fragment with standard-length
arms (fourth from left).

(C) Fluorescence microscopy shows GFP fluorescence in Hist1h3a-GFP mouse ESCs (left) after targeting with Cas9 and plasmid sgRNA
(second from left) and sgPall plasmid and sgGFP homology fragment (third from left).

(D) Histograms show flow cytometric GFP fluorescence (x axis) in Hist1h3a-GFP knockin mouse ESCs after electroporation with Cas9 and
(from left to right) sgPall, sgPal7, and sgPal8 plasmids together with a long sgGFP homology fragment.

(E) MiSeq plasmid copy numbers per cell of sgPall, sgGFP, and the three most frequently mismatched sgGFP species 96 hr after co-
electroporation of mouse ESCs are shown.

(F) Multiplexed mutation of GFP (x axis) and dsRed (y axis) in Hist1h3a-GFP Rosa26-dsRed mouse ESCs (left) after co-introduction of Cas9,

sgPall plasmid, and sgGFP and sgDsRed long-armed homology fragments (right) is shown.

See also Figure S1.

homologous recombination (HR) (Folger et al., 1982; Small
and Scangos, 1983; Wake and Wilson, 1979). We asked
whether we could take advantage of plasmid HR by intro-
ducing a template sgRNA plasmid into cells that could be
recombined with a small DNA fragment containing the
desired site-specific sgRNA sequence to form a functional
site-specific sgRNA plasmid. The HR pathway is stimulated
by double-stranded DNA breaks (Rouet et al.,, 1994), so
we designed a self-cleaving palindromic template sgRNA
plasmid that, upon transcription in cells, should induce
a DNA break in its own sequence, which subsequently
could be repaired into a functional site-specific sgRNA
(Figure 1A).

To implement scCRISPR, we designed self-complemen-
tary palindromic sgRNA plasmids (sgPals) that should
induce their own cleavage after complexing with Cas9 in
cells. We used the improved “FE” sgRNA design that has
been shown to increase Cas9 cleavage efficiency (Chen
etal., 2013). To minimize off-target genomic DNA cleavage
by sgPal, we designed an sgPal sequence with minimal
predicted off-target cleavage potential (see the Supple-
mental Experimental Procedures). We also designed an
oligonucleotide that, upon PCR amplification, contains
an sgRNA sequence-targeting GFP flanked by arms of
homology to the sgPal plasmid on either side (Figure 1A).
We co-electroporated a Cas9 expression plasmid, our
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sgPall plasmid, and the GFP-targeting sgRNA homology
fragment into Histone H3.1 (Hist1h3a)-GFP knockin
mouse ESCs. The Cas9 plasmid encodes Blasticidin resis-
tance and the sgPall plasmid encodes Hygromycin resis-
tance, allowing transient antibiotic selection to enrich for
cells that received both plasmids. All introduced compo-
nents are transient and should not integrate into target
cells such that the introduced mutation is the only lasting
consequence of scCRISPR.

Electroporation of sgPall, Cas9, and a GFP-targeting
sgRNA homology fragment induced loss of GFP in 73% of
cells 1 week after electroporation, while Cas9 and sgPall
alone with no GFP-targeting sgRNA homology fragment
produced minimal (0.3%) detectable GFP loss (Figures 1B
and 1C). Comparatively, conventional CRISPR/Cas9 tar-
geting with an sgRNA plasmid induced 99.9% loss of GFP.
Sequence analysis confirmed loss of GFP was a result of
genomic mutations at and around the target site of the
sgGFP fragment (Figure S1A). scCRISPR-based treatment
of Histone H2BJ (HIST1H2BJ])-GFP HEK293T cells also
induced efficient (66%) GFP loss (Figure S1B). Thus,
scCRISPR is an efficient method of inducing site-specific
genomic mutation in mouse and human cell types, produc-
ing GFP loss in a majority of cells within the targeted
population.

To determine whether scCRISPR indeed functions
through plasmid HR, we varied the sgRNA plasmid and
HR donor fragments. We found that substituting the sgPal
plasmid with a non-self-cleaving sgRNA plasmid produced
9% GFP loss (Figure S1C), likely due to plasmid HR occur-
ring in the absence of a double-strand break. When we
varied the length of homology in the sgRNA homology
fragment, we found that decreasing our standard ho-
mology arm length to short 60 bp arms of homology
decreased the GFP loss after recombination with sgPall
to 27% (Figure S1C), providing evidence that plasmid HR
is required for scCRISPR. We designed nine additional
sgPal plasmids and evaluated their efficiency in scCRISPR.
All ten sgPals induced substantial GFP loss, although
efficiencies ranged from 22% to 84% with sgPal7 yielding
significantly more efficient GFP loss than sgPall (Fig-
ure S1D). The differences in efficiency between the distinct
sgPals may be due to sequence characteristics affecting
Cas9 cleavage, which are not yet well understood (Ren
et al., 2014). Additional amplification of sgRNA fragments
creating long homology arms further enhanced sgRNA tar-
geting efficiency to 83% for sgPall and 88% for sgPal7 (Fig-
ure 1D). Thus, scCRISPR can achieve up to 88% mutation
frequency with a self-cleaving sgRNA donor and an sgRNA
acceptor amplified as a short double-stranded DNA homol-
ogy fragment. Subsequent experiments reported here were
carried out with sgPall, using standard-length sgRNA ho-
mology fragments unless stated otherwise.

To assess sgPal plasmid recombination efficiency and ac-
curacy inside target cells, we performed deep sequencing of
sgRNA plasmid protospacer region in Hist1h3a-GFP mouse
ESCs 4 days after electroporation of Cas9, sgPall, and
sgGFP homology fragment. The cells used for this experi-
ment also contained a single-copy genomically integrated
sgRNA cassette, which allowed us to calculate the average
numbers of copies of each sgRNA species per cell. We found
that by far the most abundant sgRNA plasmids inside cells
were sgPall and sgGFP, with 15% of sgRNA plasmids hav-
ing recombined from sgPal into sgGFP (Figure 1E). Copy-
number analysis indicated that ~100 copies of sgGFP
plasmid are present at this time point as compared to 600
copies of sgPal. We estimated that plasmid copy number
per cell was 5- to 10-fold higher than this during the peak
CRISPR targeting period between 24 and 72 hr after electro-
poration and was diluted upon cell division. The dataset
shows a low frequency of sequences similar to sgPal or
sgGFP but with a single nucleotide mismatch (Figure 1E).
These erroneous sequences occur at less than 0.5% of the
frequency of the correct sequences, a rate that is indistin-
guishable from technical MiSeq sequencing error (Quail
et al.,, 2012). While we cannot determine conclusively
whether these mutant sgRNA reads are present inside cells
or are artifacts of sequencing, this error rate represents at
most fewer than 0.5% of correctly recombined sgRNA plas-
mids. Hence, scCRISPR induces efficient and faithful
sgRNA recombination within target cells.

We next asked whether the HR of sgPal plasmids in cells
occurs at a high enough frequency to target multiple
sites in a single experiment. We designed sgRNA homology
fragments targeting two additional locations within
GFP and two within dsRed. All four additional sgRNAs pro-
duced >50% loss of GFP or dsRed (Figure S1E) in Hist1h3a-
GEFP or Rosa26-CAGGS-dsRed cells, respectively, suggesting
that scCRISPR works with a variety of sgRNAs. We then
introduced two sgRNAs simultaneously into mouse ESCs,
finding high rates of GFP loss with two GFP-targeting
sgRNAs in Hist1h3a-GFP cells (70%; Figure S1E), two
dsRed-targeting oligos in Rosa26-CAGGS-dsRed cells
(75%), or one GFP-targeting and one off-target dsRed-
targeting sgRNA in single-positive Hist1h3a-GFP cells
(51% loss of GFP; Figure S1E). Dual targeting with GFP-
targeting sgRNAs led to deletion mutations as opposed to
indels induced by single-targeted scCRISPR (Figure S1F),
indicating that scCRISPR allows efficient site-specific
deletion.

To further assess the capability to multiplex sgRNAs
in scCRISPR, we targeted both GFP and dsRed simulta-
neously in Hist1h3a-GFP Rosa26-dsRed double-positive
mouse ESCs by co-electroporation of sgPall, Cas9, and two
separate sgRNA homology fragments targeting GFP and
dsRed. Simultaneous dual-site targeting with long-armed
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homology fragments induced 84% and 78% loss of GFP
and dsRed, respectively, in the double-positive mouse ESCs
with 75% double knockout (Figure 1F). Dual targeting with
standard homology arms induced 69% and 64% loss of
GFP and DsRed fluorescence, respectively, with both genes
knocked out in 59% of cells (Figure S1G). These rates of mu-
tation are similar to single-targeting rates, indicating that
scCRISPR maintains equivalent efficiency in a multiplexed
setting. Thus, scCRISPR is well suited to study the effects of
compound mutations by simultaneous genome editing at
multiple genomic loci in parallel.

One of the most transformative applications of CRISPR/
Cas9 is the generation of gene knockins through site-
specific HR to create fluorescent reporters of gene expres-
sion. Traditional knockin creation utilizing CRISPR/Cas9
requires the construction of a plasmid homology template
with 600 to 6,000 bp homology arms flanking the insert
sequence, a laborious undertaking requiring 1-2 weeks
of molecular cloning for each targeted site and, thus,
severely limiting the throughput of knockin generation.
In the traditional approach, a gene-specific sgRNA plasmid
(which also must be constructed), Cas9, and the plasmid
homology template are co-electroporated into target cells,
and screening is performed to purify the small percentage
of clones that have undergone successful knockin. Having
enabled cloning-free gene mutation, we asked whether we
could perform plasmid-free GFP knockin.

To conduct plasmid-free GFP knockin, we designed an
sgRNA targeting the C terminus of the Hist1h3a gene in
wild-type mouse ESCs, and we performed PCR to generate
a GFP homology template with a short Hist1h3a homol-
ogy sequence on either side of GFP that should produce
an in-frame C-terminal GFP fusion protein when recom-
bined into the genome. We found that adding 80 bp
of Hist1h3a homology sequence on either side of GFP al-
lowed for quick and robust homology template generation
in two PCR steps and under 2 hr total. To test PCR-based
GFP knockin, we co-electroporated Cas9, Histlh3a-tar-
geting sgRNA plasmid, and Hist1h3a-GFP homology
template fragment into mouse ESCs. One week after elec-
troporation, 1.5% of cells expressed strong nuclear GFP
and showed site-specific GFP integration by genomic
DNA PCR (Figure 2A; Figure S2A). We achieved similar
results constructing a Nanog-GFP knockin mouse ESC
line (1.1%; Figure S2B). To demonstrate the reproducibility
of mouse ESC knockin generation with PCR-based ho-
mology arms, we constructed nine additional site-specific
GFP knockin lines, including C-terminal GFP fusion
lines in the Esrrb, Fam25¢c, Gata6, Klf4, Nfya, Rpp25, and
Sox2 loci and GFP replacements in the Tdgf1 and Zfp42
loci (Figure S2C). We successfully derived clonal GFP
knockin lines in these 11 loci, demonstrating the dramat-
ically increased throughput in mouse ESC knockin made

possible by eliminating plasmid cloning from homology
arm generation.

We carried out scCRISPR plasmid-free GFP knockin by
co-electroporating Cas9, sgPall, Hist1h3a-targeting sgRNA
homology fragment, and Hist1h3a-GFP homology tem-
plate fragment into mouse ESCs. One week after electropo-
ration, 0.6% of cells expressed strong nuclear GFP and
showed site-specific GFP integration by genomic DNA
PCR (Figures 2A and 2B; Figure S2A). We achieved similar
results constructing a Nanog-GFP knockin mouse ESC line
(0.6%; Figure S2B). To ensure that the linear GFP homology
fragment did not integrate promiscuously in the genome,
we ascertained the number of GFP integrations in the
genome in five scCRISPR-generated GFP knockin lines by
Tagman gPCR copy-number assessment. We found that
all five lines have one integration of GFP per cell (heterozy-
gous) (Figure S2D), which is supported by PCR spanning
the GFP integration site (Figure S2E). Thus, our plasmid-
free GFP knockin method facilitates site-specific genomic
integration of the transgene. Finally, we verified whether
GFP expression faithfully reports on gene function in
scCRISPR-generated Sox2-GFP mouse ESCs. After 96 hr in
serum-deprived differentiation media, we saw a significant
loss of Sox2-GFP fluorescence (Figure S2F). Additionally,
scCRISPR-based mutation of an endogenous Sox2 promoter
region resulted in loss of GFP expression (Figure S2G).
Together, these results indicate that GFP expression accu-
rately reflects endogenous gene expression.

We explored whether our approaches for fluorescent
reporter generation perform just as efficiently in human
ESCs, for which knockin line generation traditionally has
been prohibitively difficult. We co-electroporated HUES2
human ESCs with Cas9 and sgPall, this time in conjunc-
tion with an HIST1H2BJ-targeting homology fragment
and HIST1H2BJ-GFP homology template fragment to target
the C terminus of the human HIST1H2BJ locus in human
ESCs. Fourteen days after electroporation, 1.1% of cells
expressed GFP fluorescence, equivalent to targeting with
conventional plasmid CRISPR/Cas9 (1.4%; Figures 2C
and 2D). Thus, we present an approach that allows efficient
construction of human ESC knockin lines with a total of
2 hr preparation time, a finding that will allow for a sub-
stantial increase in the throughput of human ESC knockin
line generation.

It remains, however, that plasmid sgRNAs enable slightly
more efficient GFP knockin than scCRISPR. Therefore, we
devised a strategy to achieve high-efficiency gene insertion
with a wholly plasmid-free technique. We reasoned that
introducing only the sgRNA expression cassette without
the entirety of the sgRNA plasmid should allow efficient
sgRNA production from a minimally sized DNA sequence.
We thus PCR amplified 500 bp gBlock fragments composed
of a U6 promoter, GFP-targeting sgRNA sequence, and
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Figure 2. Efficient, Cloning-Free Knockin Transgenesis Using PCR-Amplified Homology Arms

(A) Flow cytometric analysis shows efficient generation of Hist1h3a-GFP knockin mouse ESCs (y axis) using a PCR-amplified GFP fragment
with 80 bp Hist1h3a homology arms and plasmid-based sgRNA (left) or scCRISPR sgRNA (right).

(B) Fluorescence microscopy shows Hist1h3a-GFP mouse ESCs generated through scCRISPR-based knockin.

(C) Flow cytometric analysis shows efficient generation of HIST1H2BJ-GFP knockin HUES2 human ESCs (y axis) with PCR-amplified ho-
mology arms and plasmid-based sgRNA (second from left) or scCRISPR-based sgRNA (right). Untargeted human ESC fluorescence is shown

for comparison (left).

(D) Fluorescence microscopy shows HIST1H2BJ-GFP human ESCs generated through plasmid-based (left) or scCRISPR-based (right)

knockin.

(Eand F) Flow cytometric analysis shows that a cloning-free approach introducing a gBlock sgRNA and a PCR-amplified homology fragment
leads to even more efficient generation of Hist1h3a-GFP knockin mouse ESCs (E) and HIST1H2BJ-GFP human ESCs (F).

See also Figure S2.

sgRNA hairpin sequence, which can be commercially
synthesized cost-effectively (Table S1). We co-electropo-
rated this GFP-targeting gBlock sgRNA into Hist1h3a-GFP
knockin mouse ESCs along with a Cas9 expression plasmid.
The GFP-targeting gBlock sgRNA knocked out GFP fluores-
cence in 93.5% of targeted cells (Figures S2H and S2I),
equivalent to the standard plasmid sgRNA CRISPR/Cas9
method.

We then performed a wholly plasmid-free GFP knockin
using a gBlock sgRNA and a PCR-based GFP homology frag-
ment. We achieved 3.6% GFP knockin at the Hist1h3alocus
and 2.5% Nanog-GFP knockin (Figure 2E; Figures S2A, S2B,
S2I, and S2J) in mouse ESCs. gBlock sgRNA also yielded
efficient (2.9%) HIST1H2BJ-GFP fusion in human ESCs
(Figure 2F; Figure S2J), over double the efficiency of con-
ventional plasmid-targeted cells. GFP insertion by gBlock
sgRNA also yielded highly efficient (12%) HIST1H2BJ-GFP
gene insertion in HEK293T cells (Figure S2K). Thus, we

show that genomic knockin can be performed without
any molecular cloning at enhanced efficiency to the tradi-
tional plasmid-based method. Our approaches of sgRNA
generation and construction of short homology sequences
for gene integration dramatically decrease the time, cost,
and labor involved in transgenesis.

As a proof of principle of the transformative capacity of
scCRISPR in enabling functional genomic screens that are
otherwise costly and time consuming, we asked whether
mutation of genes involved in non-homologous end
joining (NHE]) could improve mouse ESC HR efficiency.
Transient inhibition of NHE]J is known to improve HR
(Chuetal., 2015; Maruyama et al., 2015), but a comprehen-
sive screen to determine which genes are most important
in the NHEJ/HR decision in mouse ESCs has not been
carried out. We designed scCRISPR sgRNAs targeting 13
genes reported to regulate NHE]J in mouse ESCs and gener-
ated bulk mutant lines for each gene. We then tested
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Figure 3. An scCRISPR-Based NHEJ Gene Knockout Screen
Improves HR Efficiency 3-Fold

Hist1h3a-GFP knockin efficiency (y axis) is shown for 13 scCRISPR-
generated bulk knockout lines of genes reported to play a role in
NHEJ (x axis). Values and SDs are averaged from three independent
biological experiments. A clonal double knockout line for Prkdc and
Lig4 (red) exhibits 3-fold more efficient HR than wild-type mouse
ESCs (dotted line).

Hist1h3a-GFP knockin efficiency in all 13 lines as compared
to controls (Figure 3). Mutants in Prkdc, Lig4, and Xrcc4 led
to the most significant increases in GFP knockin efficiency,
a finding that meshes with the enhanced HR efficiency
after small molecule and shRNA-based Lig4 knockdown
(Bottcher et al., 2014; Chu et al., 2015; Maruyama et al.,
2015). We then generated dual knockouts for all combina-
tions of Prkdc, Lig4, and Xrcc4 using scCRISPR targeting,
finding that dual mutation of Prkdc and Lig4 elevated the
level of GFP integration by more than 3-fold as compared
to wild-type cells to over 10% of cells (Figure 3). This
NHEJ-impaired mouse ESC line capable of 3-fold more
efficient HR should facilitate high-throughput knockin
screens. More importantly, this experiment proves that
the ease of scCRISPR combined with its high-efficiency mu-
tation rate enables quick and cheap functional genomic
screening. Considering cost and effort of sgRNA cloning
compound for every targeted gene in an arrayed screen
such as this, sScCRISPR represents a transformative tool for
functional genomic screening of large gene sets.

DISCUSSION

We present scCRISPR as a unique tool for rapid (3 hr from
oligonucleotide arrival versus 6 days for conventional
CRISPR/Cas9), cost-effective (approximately one-sixth the
cost), and efficient (up to 88% mutation rate) application
of CRISPR/Cas9, optimally suited for high-throughput

comparison and multiplexing of sgRNA sequences. We
demonstrate that scCRISPR works efficiently in mouse
and human ESCs as well as in HEK293 cells, and we expect
it will show efficacy in any cell line or in vivo cell type
capable of efficient homologous recombination. We show
that 80 bp of homology is sufficient for efficient insertion
of DNA up to 1 kb with the help of CRISPR/Cas9-mediated
genome editing without the risk of off-target genome inte-
gration. These methodologies advance CRISPR/Cas9 tech-
nology by substantially reducing the effort and increasing
the throughput of CRISPR/Cas9-mediated genomic muta-
tion and gene knockin in mouse and human cell lines. By
eliminating molecular cloning, these methods lower the
bar for targeted genome editing, opening up opportunities
for novel high-throughput genome editing and knockin
screening applications.

EXPERIMENTAL PROCEDURES

Cell Culture

Mouse embryonic stem cell culture was performed according to
previously published protocols (Sherwood et al., 2014). All experi-
ments were performed with 129P2/OlaHsd mouse ESCs except for
the DsRed targeting, which was performed using the IB10 mouse
ESC line. Mouse ESCs were maintained on gelatin-coated plates
feeder-free in mouse ESC media composed of Knockout DMEM
(Life Technologies) supplemented with 15% defined fetal bovine
serum (FBS, HyClone), 0.1 mM nonessential amino acids (NEAA,
Life Technologies), Glutamax (GM, Life Technologies), 0.55 mM
2-mercaptoethanol (b-ME, Sigma), 1X ESGRO LIF (Millipore),
5 nM GSK-3 inhibitor XV, and 500 nM UO126. Cells were regularly
tested for mycoplasma. Mouse ESC differentiation was performed
by switching to serum-deprived differentiation media consisting
of Advanced DMEM (Life Technologies) supplemented with 2%
FBS and GM for 96 hr.

Hist1h3a-GFP fusion mouse ESCs were created using the gBlock-
CRISPR method described in this work and cloned such that
>99.5% of cells expressed strong nuclear GFP. Rosa26-CAGGS-
DsRed IB10 mouse ESCs were created using plasmid-based knockin
and also cloned to enrich for DsRed-expressing cells.

HEK293FT cells were cultured using DMEM (Life Technologies)
supplemented with 10% FBS (HyClone).

Human ESC culture was performed according to previously pub-
lished protocols. All experiments were performed with HUES2
human ESCs. Human ESCs were maintained on gelatin-coated
plates on a feeder layer of irradiated murine embryonic fibro-
blasts (MEFs) in complete human ESC media composed of 1:1
DMEM:F12 (Life Technologies) supplemented with 15% KOSR,
0.1 mM NEAA (Life Technologies), GM (Life Technologies),
3.2 mM b-ME (Sigma), 20 ng/ml bFGF (R&D Systems), 5 nM
GSK-3 inhibitor XV, and 500 nM UO126. Cells were regularly
tested for mycoplasma.

Prior to electroporation, human ESCs were enzymatically
passaged using 0.05% trypsin and quenched with complete
human ESC media supplemented with 1% FBS (HyClone) and

Stem Cell Reports | Vol. 5 | 908-917 | November 10, 2015 | ©2015 The Authors 913




10 uM Y-27632 (Tocris). For depletion of the cell suspension of
feeders, the cells were plated onto a 15-cm dish in 7 ml quenching
media and incubated at 37°C for 30 min. The media were then
carefully transferred to a 15-ml tube and pelleted to remove excess
serum.

scCRISPR Off-Target Effect Analysis

For the CRISPR in genome editing, a site-specific sSgRNA sequence
must be designed by a set of rules that determines both the effi-
ciency and specificity of CRISPR targeting. sgRNAs are typically
20 bp long although 17- to 21 bp sgRNAs have been reported to
be functional (Cong et al., 2013; Mali et al., 2013; Fu et al., 2014;
Ran et al., 2013). Cas9 will recognize and cleave DNA only when
there is a PAM sequence (-NGG) in the genome that is directly 3’
of the sgRNA sequence (Cho et al., 2014; Gilbert et al., 2013; Fu
et al., 2013). Lastly, Cas9 can generate off-target DNA cleavage at
sites bearing close similarity to the sgRNA sequence, especially in
the 10 bp PAM-adjacent sequence (Fu et al., 2013; Wu et al.,
2014; Kuscu et al., 2014), so sgRNAs with high similarity to other
genomic sequences should be avoided.

To avoid unwanted off-target effects of sgPal in human and
mouse applications, we searched for 10 bp sequences largely
unique to the mouse and human genomes. CRISPR is highly spe-
cific but can tolerate up to five nucleotide mismatches between
the sgRNA and template DNA (Cho et al., 2014). Cas9 will cleave
at non-specific sites with a low efficiency so long as no more
than two nucleotide differences occur within the final 11 nt, and
crucially a PAM sequence must be present at the 3 bp directly
downstream of the complementary region (Kuscu et al., 2014;
Lin et al., 2014). sgPal sequence similarity to off-target genomic
loci was determined by BLAST comparison of the 10 bp mirrored
sequences to the mouse and human genomes. BLAST hits in cod-
ing regions for all palindromic sgRNAs used in this work are listed
in the Supplemental Experimental Procedures.

scCRISPR
We ordered sets of oligonucleotides to clone palindromic sgRNA
sequences for use in scCRISPR (all sequences are listed in the
Supplemental Experimental Procedures). scCRISPR palindromic
sgRNAs have an initial G nucleotide followed by an 18 or
20 bp palindromic sequence. We used a published cloning pro-
tocol (Ran et al.,, 2013) to clone these sequences into a BbslI-
digested plasmid subcloned from the pX330 sgRNA expression
cassette into a plasmid with a pT2AL200R175 backbone (Urasaki
et al., 2006), Hygromycin resistance, and a modified hairpin
structure to incorporate the FE alterations shown to improve
sgRNA hairpin stability (Chen et al., 2013). Because the 2 nt at
the end of the U6 promoter immediately upstream of the sgRNA
sequence are CC, the cloned palindromic sgRNA is of the form
CCG(18 to 20 bp palindromic sgRNA sequence). The reverse
complement of this sequence is (18 to 20 bp palindromic sgRNA
sequence)CGG, so palindromic sgRNAs of this form are capable
of self-cleaving once they are transcribed in target cells and com-
plex with Cas9.

We also subcloned the CBh Cas9 expression cassette from pX330
(Ran et al., 2013) into a plasmid with a pT2AL200R175 backbone
(Urasaki et al., 2006) and Blasticidin resistance.

To prepare site-specific sgRNA homology fragments, we designed
atwo-step PCRamplification protocol. First, we ordered an oligonu-
cleotide from Integrated DNA Technologies (IDT) that contains the
sgRNA sequence and ~20 bp of homology to the upstream and
downstream regions of the sgRNA expression cassette. Homology
arm lengths used in this paper varied from short (60 bp of homol-
ogy on either side), to standard (150 and 122 bp of homology on
the left and right, respectively), to long (210 and 148 bp of homol-
ogy on the left and right, respectively). All specific oligonucleotides
are listed in the Supplemental Experimental Procedures and are
of the following form: for 20 bp sgRNA, TGGAAAGGACGAAA
CACCGN19GTTTAAGAGCTATGCTGGAAAC; for 21 bp sgRNA,
GGAAAGGACGAAACACCGNZ20GTTTAAGAGCTATGCTGGAAACG;
and for 19 bp sgRNA, TGGAAAGGACGAAACACCGNISGTTTA
AGAGCTATGCTGGAAACA.

To create standard-length homology fragments, we performed
35 cycles of Onetaq PCR using a three-step protocol (94°C for
15 s followed by 60°C for 30 s followed by 68°C for 30 s) using
the following reaction mix that contains two primer sets that
combine to add standard homology arms to the sgRNA oligonucle-
otide: 2X Onetaq master mix with standard buffer (New England
Biolabs), 50% of reaction volume; 20 pM sg[LocusX], 2.5% of reac-
tion volume; 20 M scCRISPR_homology_fw, 2.5% of reaction vol-
ume; 20 pM scCRISPR_homology_rv, 2.5% of reaction volume;
20 uM scCRISPR_homology_extension_fw, 2.5% of reaction vol-
ume; 20 pM scCRISPR_homology_extension_rv, 2.5% of reaction
volume; and dH20, 37.5% of reaction volume.

We used a reaction volume of 100 pl per electroporation to be
performed. A 2 pl aliquot of this second PCR product was run on
2% agarose to test for the expected ~292 bp product.

To create long homology fragments, we performed the first PCR
but for only ten cycles, using at least 15 pl reaction volume for this
first PCR.

We then performed a second PCR using the first PCR reaction as
the template without purification. For this PCR, we performed 35 cy-
cles of Onetaq PCR using a three-step protocol (94°C for 15 s fol-
lowed by 60°C for 30 s followed by 68°C for 30 5) using the following
reaction mix: 2X Onetaq master mix with standard buffer, 50% of
reaction volume; unpurified first PCR product, 5% of reaction vol-
ume; 20 pM scCRISPR_homology_double extension_fw, 2.5% of re-
action volume; 20 pM scCRISPR_homology_double extension_rv,
2.5% of reaction volume; and dH20, 40% of reaction volume.

We used a reaction volume of 100 pl per electroporation to be
performed. A 2 pl aliquot of this second PCR product was run on
2% agarose to test for the expected ~378 bp product. The products
of standard and long homology fragment PCRs with different
formatting to denote the initial oligonucleotide (bold), standard
homology primers (underline), and long homology primers (italic)
are as follows: CGATACAAGGCTGTTAGAGAGATAATTGGAATTA
ATTTGACTGTAAACACAAAGATATTAGTACAAAATACGTGACGTA
GAAAGTAATAATTTCTTGGGTAGTTTGCAGTTTTAAAATTATGTTT
TAAAATGGACTATCATATGCTTACCGTAACTTGAAAGTATTTCG
ATTTCTTGGCTTTATATATCTTGTGGAAAGGACGAAACACCG
[N18-20] GTTTAAGAGCTATGCTGGAAACAGCATAGCAAGTT
TAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAG
TCGGTGCTTTTTTGTTTTAGAGCTAGAAATAGCAAGTTAAAATCG
AGCAGACATGATAAGATACATTGA.
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Once verified, we performed minElute PCR purification (QIA-
GEN) on the product, loading a maximum of 200 ul of PCR product
into a single minElute column.

For targeting of mouse ESCs, we then electroporated a mixture of
5 pug CBh Cas9-BlastR plasmid, 5 pg sgPal plasmid, and minElute
purified product of 100 ul sg(LocusX) homology fragment into
~10° mouse ESCs. For control experiments using sgRNA plasmid,
a mixture of 5 ng CBh Cas9-BlastR plasmid and 5 pg sglLocusX
plasmid was used. We vacuum centrifuged the DNA mixture to a
final volume of <20 ul and added 120 pl EmbryoMax Electropora-
tion Buffer (ES-003-D, Millipore) to the mouse ESCs. DNA mixture
and mouse ESC suspension were mixed and electroporated in a
0.4-cm electroporation cuvette using a BioRad electroporator at
230V, 0.500 pF, and maximum resistance.

Electroporated cells were plated onto a single well of a 12-well
tissue culture plate (BD Falcon) in >2 ml mouse ESC media sup-
plemented with 7.5 uM Y-27632 (Tocris). From 24 to 72 hr after
electroporation, media were refreshed daily with mouse ESC me-
dia supplemented with 10 pg/ml Blasticidin (Life Technologies)
and 66 pg/ml (1:666) Hygromycin (Cellgro). After selection,
media were refreshed every day and cells were trypsinized and
replated when confluent. Testing of CRISPR mutation or ho-
mologous recombination efficiency was performed 7 days after
electroporation.

We found that transfection using Lipofectamine 3000 (Life Tech-
nologies) using the standard protocol was slightly less effective
(~80%-90% as efficient) than electroporation at scCRISPR and
gBlock-CRISPR in mouse ESCs. For 293FT experiments, we used
Lipofectamine transfection, as this cell line is known to be partic-
ularly amenable to transfection.

For targeting of human ESCs, we electroporated a mixture of 5 pg
CBh Cas9-BlastR plasmid, S pg sgPal plasmid, and minElute
purified product of 100 ul sg(LocusX) homology fragment into
~10° human ESCs depleted of feeder cells. For control experiments
using sgRNA plasmid, a mixture of 5 pg CBh Cas9-BlastR plasmid
and 5 pg sglocusX plasmid was used. We vacuum centrifuged
the DNA mixture to a final volume of <20 pl and added 100 pl elec-
troporation buffer from the Amaxa Human Stem Cell Nucleofector
kit 1 to the human ESCs. DNA mixture and human ESC suspension
were mixed and electroporated in an Amaxa Nucleofector II with
program B-16.

Electroporated cells were plated onto a single well of a six-well
tissue culture plate (BD Falcon) previously coated with gelatin
and irradiated MEFs in >2 ml complete human ESC media supple-
mented with 10 uM Y-27632 (Tocris). From 24 to 72 hr after electro-
poration, media were refreshed daily with complete human ESC
media supplemented with 2 pg/ml Blasticidin (Life Technologies)
and 66 pg/ml (1:666) Hygromycin (Cellgro). After selection, media
were refreshed every day and cells were trypsinized and replated
when confluent. Testing of CRISPR mutation or homologous
recombination efficiency was performed at the first and second
passages, circa 10 and 14 days after electroporation.

gBlock-Mediated CRISPR
The gBlock sequences containing the full U6 promoter, locus-spe-
cific sgRNA, and FE-modified sgRNA hairpin were ordered from

IDT as gBlocks using the following template: AGTATTACGGCATGT
GAGGGCCTATTTCCCATGATTCCTTCATATTTGCATATACGATAC
AAGGCTGTTAGAGAGATAATTGGAATTAATTTGACTGTAAACAC
AAAGATATTAGTACAAAATACGTGACGTAGAAAGTAATAATTTCT
TGGGTAGTTTGCAGTTTTAAAATTATGTTTTAAAATGGACTATCA
TATGCTTACCGTAACTTGAAAGTATTTCGATTTCTTGGCTTTATAT
ATCTTGTGGAAAGGACGAAACACC G[N18-20] GTTTAAGAGCT
ATGCTGGAAACAGCATAGCAAGTTTAAATAAGGCTAGTCCGTTA
TCAACTTGAAAAAGTGGCACCGAGTCGGTGCTITTITTGTITTAG
AGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTTTTAGCG
CGTGCGCCAATTCTGCAGACAAATGGCTCTAGAGGTACGGCC
GCTTCGAGCAGACATGATAAGATACATTGA.

For 21 bp sgRNAs, the final A was omitted, and for 19 bp
sgRNAs, a T was added at the beginning. We then performed
35 cycles of Onetaq PCR amplification on the gBlock using a
three-step protocol (94°C for 15 s followed by 60°C for 30 s fol-
lowed by 68°C for 30 s) using the following reaction mix: 2X
Onetaq master mix with standard buffer, 50% of reaction vol-
ume; gBlock resuspended at 1 ng/ul, 0.25% of reaction volume;
20 puM gBlock-CRISPR_fw, 2.5% of reaction volume; 20 uM
gBlock-CRISPR_rv, 2.5% of reaction volume; and dH20, 44.75%
of reaction volume.

We used a reaction volume of 100 pl per electroporation to be
performed. A 2 pl aliquot of this PCR product was run on 2%
agarose to test for the expected 500 bp product. Once verified,
we performed minElute PCR purification (QIAGEN) on the prod-
uct, loading a maximum of 200 pl PCR product into a single
minElute column. Alternatively, we achieved equivalent results
when we PCR amplified existing sgRNA plasmids with the same
gBlock-CRISPR fw and rv primers, which also occur in our sgRNA
plasmid.

For targeting of mouse ESCs, we electroporated a mixture of 5 pug
CBh Cas9-BlastR plasmid and minElute purified product of 100 pl
sg(LocusX) gBlock fragment into ~10° mouse ESCs using the same
protocol as above. Electroporated cells were plated onto a single
well of a 12-well tissue culture plate (BD Falcon) in >2 ml mouse
ESC media supplemented with 7.5 pM Y-27632 (Tocris). From
24 to 72 hr after electroporation, media were refreshed daily with
mouse ESC media supplemented with 10 pg/ml Blasticidin (Life
Technologies) only since no Hygromycin plasmid was added. After
selection, media were refreshed every day and cells were trypsi-
nized and replated when confluent. Testing of CRISPR mutation
or homologous recombination efficiency was performed 7 days af-
ter electroporation.

For targeting of human ESCs, we electroporated a mixture of
5 ug CBh Cas9-BlastR plasmid and minElute purified product of
100 ul sg(LocusX) gBlock fragment into ~10° human ESCs
depleted of feeder cells using the same protocol as above. Electro-
porated cells were plated onto a single well of a six-well tissue
culture plate (BD Falcon) previously coated with gelatin and irra-
diated MEFs in >2 ml complete human ESC media supplemented
with 10 uM Y-27632 (Tocris). From 24 to 72 hr after electropora-
tion, media were refreshed daily with complete human ESC me-
dia supplemented with 2 pg/ml Blasticidin (Life Technologies).
After selection, media were refreshed every day and cells were
trypsinized and replated when confluent. Testing of CRISPR mu-
tation or homologous recombination efficiency was performed
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at the first and second passages, circa 10 and 14 days after
electroporation.

Homologous Recombination

GFP was amplified using two successive PCR reactions to add
~70 to 80 bp homology arms to each side. Homology arms
were designed to encode GFP in frame immediately upstream
of the stop codon of the Histlh3a and Nanog genes and to
include a stop codon after the GFP open reading frame (ORF).
The sgRNA sequences were designed to cleave DNA as close as
possible to the endogenous stop codon of the gene to be tar-
geted. Homology arms were designed so as not to overlap with
the sgRNA sequence by more than the 10 bp on the side oppo-
site the PAM sequence, and no overlap was ever allowed on the
PAM side to avoid CRISPR cleavage of the GFP homology tem-
plate. The first homology primer pair is of the following format:
LocusX_GFPhomologyarm_fw (LocusX pre-stop40bp)GTGAGC
AAGGGCGAGGAGCT, and LocusX_GFPhomologyarm_rv (Lo-
cusX post-stop reverse complement40bp)TGAGGAGTGAATTG
CGGCCG.

The common 20 bp sequences allow amplification of the entire
GFP ORF and include the stop codon. These primers produce an
819 bp product. We PCR amplified GFP using 25 cycles of Phusion
(NEB) PCR amplification using a two-step protocol (98°C for 10 s
followed by 72°C for 45 s) using the following reaction mix: 2X
Phusion master mix with standard buffer, 50% of reaction volume;
GFP plasmid at 100 ng/pl, 0.5% of reaction volume; 20 uM
LocusX_GFPhomologyarm_fw, 2.5% of reaction volume; 20 pM
LocusX_GFPhomologyarm_rv, 2.5% of reaction volume; DMSO,
3% of reaction volume; and dH20, 41.5% of reaction volume.
For each electroporation to be performed, we used at least 10 pl re-
action volume for this first PCR.

We then performed a second PCR using the first PCR reaction
as the template without purification. For this PCR, we ordered
60 bp primers that extend the locus-specific homology by 30-
40 bp on each end. To do so, we designed a set of PCR primers
that overlapped with the first homology arm by 20-30 bp. We
chose the minimal overlap such that the overlapping region
was estimated to have a Tm >65°C using the NEB Tm calculator
(http://tmcalculator.neb.com/#!/). We then PCR amplified the
unpurified product of the previous reaction using 35 cycles of
Phusion PCR amplification using a two-step protocol (98° for
10 s followed by 72° for 45 s) using the following reaction mix:
2X Phusion master mix with standard buffer, 50% of reaction
volume; unpurified product of PCR1, 5% of reaction volume;
20 uM LocusX_homologyarmextension_fw, 2.5% of reaction vol-
ume; 20 uM LocusX_homologyarmextension_rv, 2.5% of reac-
tion volume; DMSO, 3% of reaction volume; and dH20, 37%
of reaction volume.

For each electroporation to be performed, we used at least 100 pl
reaction volume for this second PCR. A 2 ul aliquot of this PCR
product was run on 2% agarose to test for the expected ~900 bp
product. Once verified, we performed minElute PCR purification
(QIAGEN) on the product, loading a maximum of 200 ul PCR prod-
uct into a single minElute column.

For targeting mouse ESCs, we then electroporated a mixture
of 5 ng CBh Cas9-BlastR plasmid, minFlute purified product of

100 pl GFP LocusX homology arm fragment, and either gBlock or
sgPal and homology fragment at the same amounts as mentioned
above into ~10° mouse ESCs using the same protocol as above.
Electroporated cells were plated onto a single well of a 12-well tissue
culture plate (BD Falcon) in >2 ml mouse ESC media supplemented
with 7.5 uM Y-27632 (Tocris). From 24 to 72 hr after electropora-
tion, media were refreshed daily with mouse ESC media supple-
mented with 10 pg/ml Blasticidin and 66 pg/ml (1:666) Hygromy-
cin (only with sgPal, not with gBlock). After selection, media were
refreshed every day and cells were trypsinized and replated when
confluent. Testing of homologous recombination efficiency was
performed 7 days after electroporation.

For human ESCs, we electroporated a mixture of 5 pg CBh
Cas9-BlastR plasmid, minElute purified product of 100 pl GFP
LocusX homology arm fragment, and either gBlock or sgPal and
homology fragment at the same amounts as mentioned above
into ~10° human ESCs depleted of feeder cells using the same
protocol as above. Electroporated cells were plated onto a single
well of a six-well tissue culture plate (BD Falcon) previously
coated with gelatin and irradiated MEFs in >2 ml complete hu-
man ESC media supplemented with 10 uM Y-27632 (Tocris).
From 24 to 72 hr after electroporation, media were refreshed daily
with complete human ESC media supplemented with 2 pg/ml
Blasticidin and 66 pg/ml (1:666) Hygromycin (only with sgPal,
not with gBlock). After selection, media were refreshed every
day and cells were trypsinized and replated when confluent.
Testing of CRISPR mutation or homologous recombination effi-
ciency was performed at the first and second passages, circa 10
and 14 days after electroporation.

Flow Cytometry

Cells to be analyzed by flow cytometry were trypsinized,
quenched, and fluorescence of 2 x 10* cells was measured using
a BD Accuri C6 flow cytometer and accompanying software (BD
Biosciences).

Fluorescence Imaging

Live-cell imaging was performed using a DMI 6000b inverted fluo-
rescence microscope (Leica), and image analysis was performed
with the Leica AF6000 software package.
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