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ABSTRACT

LIM domain only 2 (Lmo2) is frequently deregulated in
sporadic and gene therapy-induced acute T-cell lympho-
blastic leukemia (T-ALL) where its overexpression is an
important initiating mutational event. In transgenic and
retroviral mouse models, Lmo2 expression can be enforced
in multiple hematopoietic lineages but leukemia only arises
from T cells. These data suggest that Lmo2 confers clonal
growth advantage in T-cell progenitors. We analyzed pro-
liferation, differentiation, and cell death in CD2-Lmo2
transgenic thymic progenitor cells to understand the cellu-
lar effects of enforced Lmo2 expression. Most impres-

sively, Lmo2 transgenic T-cell progenitor cells were
blocked in differentiation, quiescent, and immortalized in
vitro on OP9-DL1 stromal cells. These cellular effects
were concordant with a transcriptional signature in Lmo2
transgenic T-cell progenitor cells that is also present in he-
matopoietic stem cells (HSCs) and early T-cell precursor
ALL. These results are significant in light of the crucial
role of Lmo2 in the maintenance of the HSC. The cellular
effects and transcriptional effects have implications for
LMO2-dependent leukemogenesis and the treatment of
LMO2-induced T-ALL. STEmM CELLS 2013;31:882-894
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INTRODUCTION

LIM domain only 2 (LMO?2) is one of the most frequently
deregulated oncogenes in human acute T-cell lymphoblastic
leukemia (T-ALL) where it is monoallelically or biallelically
overexpressed by diverse chromosomal rearrangements and
other transcriptional mechanisms [1-5]. Despite elegant and
extensive studies on Lmo2s’ normal role in hematopoiesis, the
precise mechanism by which it transforms T-cells remains
unknown. LMO?2 overexpression is an early and important
mutational event in T-ALL since chromosomal rearrange-
ments are clonal in newly diagnosed patients and are main-
tained in relapsed disease [2, 6]. Our laboratory found that
Lmo2 is a frequent clonal retroviral integration in murine T-
ALLs [7]. One intriguing finding from our studies and other
transgenic mouse models is that Lmo2 expression can be
enforced ubiquitously yet leukemia only develops in the T-
cell lineage [2, 8]. This was impressively demonstrated in the
T-ALLs that developed as a result of gammaretroviral gene

therapy for severe combined immunodeficiency-X1 [9]. Four
out of 20 patients treated developed T-ALL due to integration
of the retroviral vector 5’ of the LMO2 gene thereby activat-
ing it [10]. Most remarkably, the LMO2 integrations could be
detected in the original hematopoietic stem and progenitor
cells (CD34+ HSPCs) that were transduced ex vivo prior to
their infusion back to the patients. The marked clones steadily
expanded only in the T-cell lineage until leukemia developed
2-3 years after retroviral transduction with the accumulation
of other oncogenic mutations. The gene therapy-induced leu-
kemias and the mouse models suggest that enforced expres-
sion of LMO?2 confers a clonal growth advantage over normal
thymic progenitor cells but the cellular effects behind this are
not clear.

Recently, McCormack et al. reported that Lmo2-overex-
pressing thymocytes were radio-resistant and had increased
self-renewal. These findings are consistent with a stem cell
function for Lmo2. Indeed, Lmo2 is required for the mainte-
nance of the embryonic and adult hematopoietic stem cell
(HSC). Lmo2™'~ mice die at E10.5 due to the lack of
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erythropoiesis [11]. Blastocyst complementation experiments
showed that Lmo2 ™'~ embryonic stem cells contributed to all
tissues except blood [12]. The molecular role of Lmo2 in the
HSC is unknown, but it is probably part of a large macromo-
lecular protein complex comprised of Tall or Lyll, E47,
Ldbl, Gata2, Ssbp2, and other proteins best characterized in
erythroid progenitor cells [13] [14]. Lmo2 has two Zn-coordi-
nated LIM domains that can bind Gata proteins and class Il
basic helix-loop-helix (bHLH) factors such as Tall and Lyll,
thereby bridging these transcription factors at regulatory
sequences to activate or repress target genes [15-18]. Most
importantly, many of these same proteins are coexpressed or
comutated in T-ALL suggesting that the functional role of
Lmo2 in HSCs may be recapitulated in T-ALL [19, 20].

In this study, we present data on the preleukemic effects
of Lmo2 overexpression in T-lineage progenitor cells. We an-
alyzed the developmental phenotype and cell cycling and
show that Lmo2 overexpression induced a differentiation
arrest and triggered a proliferative defect consistent with qui-
escence in vivo. Furthermore, Lmo2 overexpressing cells were
immortalized in in vitro assays and expressed a transcriptional
signature found in HSCs and a highly treatment-resistant form
of T-ALL. Our results imply that Lmo2 induces stem cell-like
features in T-cell progenitors.

MATERIALS AND METHODS

Mouse Studies

B6.CD2-Lmo2 mice are transgenics created at NCI-Frederick and
maintained at Vanderbilt University under IACUC approval and
monitoring. The Lmo2 transgenic construction with the CD2 min-
igene will be described elsewhere but in brief the mice were cre-
ated by pronuclear injection into B6C3HF2 hybrid zygotes; one
founder was backcrossed to pure C57BL/6 for 11 generations and
maintained in that manner [21, 22]. For studies on T-cell progeni-
tors, transgenic (TG) and wild-type (WT) littermates were age-
matched and analyzed at 8—10 weeks. To analyze for the engraft-
ment of T-cell progenitors immortalized by Lmo2, termed LTO
cells, 15 NSG mice (an immunocompromised strain that supports
engraftment of diverse leukemias available from Jackson Labs
(Bar Harbor, Maine), NOD.Cg-Prkdc*““I12rg™""/Sz]) were tail
vein injected with 1 x 10°-2 x 10° LTO cells. Mice were bled
every 4 weeks and followed by fluorescence-activated cell sorting
(FACS) for CD25, CD44, CD4, and CDS expression. Cell profiles
were analyzed by Hemavet (Drew Scientific Inc., Dallas, Texas).
B6.CD45.1 congenic mice were injected with 4 x 10° LTO cells
retro-orbitally or intravenously after sublethal irradiation (550
Gy). Spleens, bone marrow, and thymi were harvested for sec-
ondary transplant.

Cell Culture and OP9 Assay

OP9-DL1 cells were maintained in culture as described [23].
Briefly, cells were cultured in «-MEM media with 20% fetal calf
serum (FCS) and 1% penicillin/streptomycin in 10 cm plates.
Stem cells from E15.5 fetal livers were harvested and Lin~ cells
were selected using Stem Cell Technologies (Vancouver, Canada)
mouse hematopoietic progenitor enrichment kit per manufac-
turer’s instructions (cat# 19756). Kit™Lin Sca-17 (KLS) cells
were enriched using Stem Cell Technologies’ mouse CDI117
selection cocktail (cat# 18757). KLS enriched cells were cultured
in 24-well plates containing 75% confluent, irradiated OP9-DL1
or OP9-green fluorescent protein (GFP) with 6 ng/ml IL-7 and
Flt-3. Cells were collected, washed, and plated on fresh OP9 cul-
tures every 7 days.
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Gene Expression Analysis

Total RNA was purified by TRIzol (Life Technologies, Grand
Island, New York) per manufacturer’s instructions. First strand
cDNA was synthesized using oligo-dT primer and Superscript II
transcriptase enzyme (Invitrogen, Life Technologies, Grand
Island, New York). Sybr green (Bio-Rad, Hercules, California)
and TagMan real-time analysis were performed as previously
described. Primers are available upon request. Transcriptome
analysis by RNA-seq is presented in supporting information
Methods.

Cell Cycle Analysis and Flow Cytometry

Bromodeoxyuridine (BrdU) incorporation was analyzed per man-
ufacturer’s instructions (BD Biosciences, San Jose, California).
Briefly, B6 and B6.Cd2-Lmo2 mice were injected IP with 100 ug
BrdU. Two hours postinjection, thymocytes were collected and
treated with erythrocyte lysis buffer (Qiagen, Germantown, Mary-
land). For analysis of double negative populations, cells express-
ing CD4 and/or CD8 were sorted using Dynal magnetic separa-
tion beads per manufacturer’s instructions (Invitrogen, Life
Technologies, Grand Island, New York). Antibodies for flow
analysis were purchased from BD Pharmingen. FACS assays
were performed on a BD FACSAria and analyzed with CellQuest
(BD Biosciences, San Jose, California). Pyronin Y (Sigma-
Aldrich, Saint Louis, Missouri) and Hoechst 33342 (Invitrogen,
Life Technologies, Grand Island, New York) staining were per-
formed per BD Bioscience protocols. Briefly, 2 x 10° cells per
milliliter were stained with 10 mg/ml Hoechst 33342 at 37°C for
45 minutes. After washing with phosphate-buffered saline (PBS),
cells were fixed with 5% paraformaldehyde (PFA) overnight at
4°C. Pyronin Y was then added at 1 pug/ml for 30 minutes on ice
in the dark. Cells were washed with PBS and analyzed by FACS.
Annexin V/propidium iodide (PI) staining was performed via
manufacturer’s instructions (BD Pharmingen, San Diego, Califor-
nia, cat# 556547).

PCR and Bisulfite Pyrosequencing

Bisulfite conversion was performed using the Zymo Research EZ
DNA Methylation kit per instructions (Irvine, California cat#
D5005). Bisulfite-converted gDNA was amplified with primers
listed in the supporting information data file. Amplicons were
subjected to pyrosequence to analyze p/6 promoter DNA methyl-
ation level as previously described [24].

RESULTS

Lmo2 Transgenic Thymocytes Have Increased DN3
Progenitor Cells

We hypothesized that Lmo2 confers a growth advantage on
T-lineage progenitor cells before the onset of leukemia. To
test this, we analyzed thymocytes from WT C57BL6 and
B6.CD2-Lmo2 TG. First, we analyzed the thymic cellularity
and T-cell progenitor subsets using FACS and antibodies
against CD4, CD8, CD44, and CD25. The total thymic cellu-
larity was not statistically different in TG and WT mice at 8—
10 weeks of age (Fig. 1A). Hence, for subsequent experi-
ments, we harvested and assayed the same number of cells
from TG and WT thymi and statistically compared the pro-
portions of subsets. The FACS profiles of CD4 and CDS8
expressing TG and WT thymocytes were similar (Fig. 1B) but
TG thymocytes consistently showed increased proportions of
double negative (DN, CD4 CDS87) cells, varying from 5% to
15%. We analyzed the DN1-4 subsets that are well-character-
ized differentiation stages preceding the coexpression of
CD4"CD8™" in double positive (DP) thymocytes and found a
statistically significant increase in the DN3 subset in TG



884
A

2.00E+08 - Total Thymocytes

1.50E+08

1.00E+08

5.00E+07

WT TG
DN1 DN2 DN3 DN4

Figure 1.

Cellular Effects of Lmo2 Overexpression

WT TG

=~
sNEll

424

lae R mans: T
010? ln’ 10! 10° 010! 10° 10t 10%
<APC-CyT-A> <APC-CyT-A>

— "% cbD4

D WT WT WT Tgi+ Tg.f+
1009 Thy DN DP DN
<
=Z 1000
% =transgene
® 10 Total Lmo2
-‘é 10
LR . T
14 F *—['.
01
WT TG
DP DN DP DN +
B 3
20 kDa et ""’1:1 anti-Lmo2

Lmo?2 transgenic mice show increased T-cell progenitors at DN3 stage. (A): Bar graph shows counts from WT (n = 8) and CD2-Lmo2

transgenic (TG, n = 6) thymocytes with SD shown with error bars. (B): Shows representative contour plots of WT and TG thymi stained for CD4 and
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blot of whole protein lysate from TG or WT DN or DP thymocytes probed with anti-Lmo2 antibody; “+

” denotes 293T lysate transfected with an

Lmo?2 expression plasmid. Error bars show the SD. Abbreviations: DN, double negative; DP, double positive; TG, transgenic; WT, wild type.

compared to WT mice (Fig. 1C) [25]. The DN3 subset com-
prised an average of 48% of total TG DN cells and an aver-
age of 32% of total WT DN cells, a statistically significant
difference (Student’s ¢ test, p = .0005). A comparison of the
absolute number of DN3 cells also showed a statistically sig-
nificant difference (p = .04) between WT and TG. We ana-
lyzed the mRNA and protein of WT and TG DN and DP thy-
mocytes and confirmed that Lmo2 was overexpressed (Fig.
1D). Lmo2 mRNA and protein were not detectable in WT
thymocytes and, in TG thymi, showed no change from DN to
DP differentiation (Fig. 1D).

Thymic Progenitor Cells Expressing Lmo2 Have
Fewer Cycling Cells In Vivo

We thought that the increase in the DN3 subset population
could be due to increased proliferation induced by Lmo2 over-
expression. To analyze this, we performed in vivo BrdU label-
ing in age-matched TG and WT littermates. We analyzed T-
cell progenitors by anti-BrdU/7-AAD costaining to discern cell
cycle stages. On average, 11.7% of WT DN thymocytes was in
S-phase compared to 2.7% of TG DN cells, a statistically sig-
nificant difference (Fig. 2A; p = .003). There was no difference
between TG and WT DP thymocytes in S-phase. A representa-
tive FACS profile of BrdU/7-AAD staining is shown in Figure
2B. Next, we gated on the various DN subsets along with
BrdU/7-AAD. The TG thymocytes showed increased propor-
tions of cells in Go/G; at DN1 (86% vs. 75% in WT), DN3
91% vs. 80% in WT), and DN4 (83% vs. 60% WT) stages
(Fig. 2C). These same subsets showed comparatively lower
proportions of TG cells in S-phase: DN1 (2.7% vs. 6.3% in

WT), DN3 (4.5% vs. 12.1% in WT), and DN4 (3.4% vs. 22.8%
in WT). The pairwise comparisons of these cell cycle stages
were statistically significant (Fig. 2C). Despite a striking differ-
ence in proportions as shown in Figure 2C, WT and TG DN3
cells showed the same absolute number of cells in S-phase
(data not shown). This is interesting since it may explain the
lack of difference in overall thymic cellularity and peripheral
mature T cells between WT and TG mice.

Thymic Progenitor Cells Expressing Lmo2 Are
Predominantly in G

Our in vivo BrdU labeling showed that Lmo2-overexpressing
TG thymocytes had a marked defect in cell cycling in various
DN subsets compared to WT cells. Since BrdU and 7-AAD
could not discriminate between Gy and G;, we next stained
the DN populations of TG and WT thymocytes with Hoechst
33342 and pyronin Y. As noted, the total DN population
showed a statistically significant difference in cells in the S-
phase as measured by BrdU incorporation (Fig. 2A). DNA
content analysis using Hoechst 33342 demonstrated a similar
result with 8.5% of TG DN thymocytes in S/G,/M phases
compared with 12.6% of WT cells, a statistically significant
result (Fig. 3A, 3B; p = .0003). Combined staining with pyro-
nin Y and by applying the same gates on TG and WT DN
thymocytes, we observed that 88.4% of TG cells was in the
Gy phase compared to 82.7% of WT cells (p = .007). We did
not find G, arrest in TG thymocytes.

To further confirm that TG cells were mostly in Gy, we
stained TG and WT thymocytes for Ki-67. This nuclear anti-
gen is present in actively cycling cells so TG cells in Go
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Figure 2. Lmo2 transgenic T-cell progenitors have decreased BrdU uptake. (A): Bar graphs show the percentage of cells staining with anti-BrdU
antibody after in vivo labeling of WT (n = 4) and TG (n = 5) mice. p value is a result of Student’s ¢ test; DN, double negative; DP, double positive
thymocytes were electronically gated. (B): Shows representative fluorescence-activated cell sorting contour plot of in vivo BrdU labeling of DN
(electronically gated) thymocytes from WT and TG mice; y-axis is anti-BrdU and x-axis shows 7-AAD staining. Box shows the proportion of cells
in S-phase in these WT and TG mice. (C): Bar graph shows the mean percentage of DN1-4 subsets in Go/G; (left panel) or in S-phase. Dark gray
denotes TG (n = 9) T-cell progenitors and light gray denotes WT (n = 8); error bars show the SD. Brackets and p values show two-tailed Student’s
t test analysis. Abbreviations: BrdU, bromodeoxyuridine; DN, double negative; DP, double positive; TG, transgenic; WT, wild type.

would be expected to have less staining than WT cells [26].
As shown in Figure 3C, 28% of TG DN cells stained for
Ki-67 compared with 45% of WT DN cells, a significant dif-
ference (p = .02). Although the DN3 population was more
quiescent, it was proportionately increased in number which
could be due to increased survival or decreased apoptosis.
Therefore, we stained the DN populations of TG and WT thy-
mocytes for Annexin V and PI to analyze for apoptosis and
death but found no significant difference, even when we gated
on the various DN1-4 subsets (Fig. 3E).

In Vitro T-Cell Differentiation Recapitulates the
Differentiation Block But Not the In Vivo
Proliferative Defect

To further explore the mechanism of the differentiation
block in TG thymocytes, we cocultured Lineage Sca-1"
c-Kit" (LSK)-enriched fetal liver HSPCs with OP9-DLI
stromal cells in the presence of FIt3L and IL-7 [23]. We
passaged cells on to fresh, irradiated OP9-DL1 cells weekly

www.StemCells.com

and observed differentiation to CD4*CD8" (DP) by passage
4 for both TG and WT LSK cells (top panel, Fig. 4B).
LSK cells from TG expanded in vitro to the same extent
as WT LSK cells as shown in the growth curve of cumula-
tive population doublings for a representative group of in
vitro cultures (Fig. 4A). We found no difference in BrdU
uptake or Annexin V/PI staining between TG and WT cul-
tures at early passages (P3-5, data not shown). This was in
marked contrast to the in vivo cell cycle analysis. We con-
sistently observed an accumulation of cells at the DN2
stage only in cultures of TG LSK cells. Some LSK TG
cultures were blocked at DNI1, but never at DN3, which
was the major subset of differentiation arrest observed
in vivo.

The DN2 block could be replicated in OP9-DL1 cocul-
tures of WT LSKs transduced with MSCV-Lmo2-ires-GFP
retrovirus (data not shown) and was not unique to the trans-
genic model. We performed /2 PCR on genomic DNA from
WT and TG cultures to further analyze the differentiation
state of the progenitor cells. The WT cultures completely
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Figure 3. Lmo?2 transgenic T-cell progenitors are quiescent. (A): Representative fluorescence-activated cell sorting (FACS) plots for double nega-
tive (DN) thymocytes isolated from TG or WT mice stained for pyronin Y (y-axis) or Hoechst are shown. Boxes denote cell cycle phases. (B): Bar
graph shows the mean of cell cycle phases for TG (n = 5) and WT (n = 5) DN thymocytes in Gy (left panel) or in combined S/G,/M phases (right
panel). Error bars show the SD. Brackets and p values are from two-tailed Student’s 7 test analysis. (C): A representative FACS plot shows the stain-
ing of TG and WT DN thymocytes with anti-Ki67 antibody. The bar shows positive staining. Red curve is isotype control; blue and green are specific
antibody. (D): Bar graph shows the mean percentage of DN thymocytes staining positive for Ki-67 antigen in TG (n = 10) and WT (n = 6) mice.
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t test analysis. Abbreviations: TG, transgenic; WT, wild type.

differentiated to DP cells by passage 5 with loss of the germ-
line JB2 (Fig. 4C) band but the TG cells showed some rear-
rangement at passage 4, the point at which there were the
most DP cells (Fig. 4B), but then showed a stronger signal
for the germline band. This germline band corresponded with
the accumulation of DN2 cells in culture. The DN2 stage is

the first stage at which T-cell commitment occurs prior to
beta selection in DN3. These cells expressed Sca-1 and
Thy1.2 verifying that we were observing T cells in culture;
but, interestingly, the cells were also positive for B220, an
antigen of the B-cell lineage, and 24% also expressed Gr-1, a
marker of the myeloid lineage (data not shown). These data
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Figure 4. 1In vitro T-cell differentiation recapitulates differentiation block and immortalizes Lmo2 expressing T-cell progenitors. (A): Graph
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umn numbers show the passage number. G denotes 2 kb germline band. (D): Line graph shows the cumulative population doublings versus pas-
sage number for WT and TG (LTO) T-cells growing on OP9-DL1. The graph is representative of four independent experiments where TG cells
immortalized. (E): Two Late passage LTOs (green and red lines) were plated on to OP9-GFP stromal line or OP9-DL1 cells in the presence of
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show that TG LSK cells in OP9-DL1 coculture become The discrepancy in the stages of block between in vivo
blocked at the DN2 stage at early T-cell commitment and OP9-DL1 culture was also observed in conditional knock-
preceding beta selection with expression of some markers of outs of Hesl and Bclllb [28, 29]. These blocks were attrib-
other lineages. Notably, B-cell and myeloid antigens are seen uted to the lower strength of the Notchl signal delivered by
in Lmo2-induced T-ALL in humans and mouse models [7, OP9-DL1 compared to the in vivo microenvironment. We
27]. decided to test this concept in our TG DN2 blocked
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progenitors by transducing them with the intracellular Notchl
fragment (MIG-ICNI). These cells proliferated after transduc-
tion enriching the culture for GFP" cells in comparison to
those transduced with MIG alone. Most remarkably, the TG
DN2 cells transduced with MIG-ICNI progressed to DP cells
leaving very few DN cells in culture (data not shown). Thus,
the Lmo2-induced differentiation block could be overcome by
ICN1 expression.

T-Cell Precursors Overexpressing Lmo2 Become
Immortalized In Vitro

In serial replating of T-cell progenitor/OP9-DL1 cocultures,
we observed a growth plateau at P5 that continued through
P12 for WT cultures (Fig. 4D). In contrast, the TG thymo-
cytes showed some doublings during this same timeframe.
Most remarkably, we observed immortalization of thymocytes
derived from TG LSK cells in four independent experiments
(representative growth plot shown in Fig. 4D). We estimate
the transformation efficiency at 10%. We never observed con-
tinuous growth of WT thymocytes beyond P12. The four in-
dependent lines of TG thymocytes were serially passaged for
over 1 year. These TG cells, termed LTOs (i.e., Lmo2 trans-
genic OP9 cultures), were DN2 blocked (lower panel Fig.
4B), B220", and had germline Tcr JB2 configuration (Fig.
4C). The LTO cells continued to proliferate even when trans-
ferred at P20 to OP9-GFP cells which do not express the
Notchl ligand, DL1. Similarly, LTO cells on OP9-DL1
showed no growth inhibition when Notchl intramembranous
cleavage was inhibited by the gamma secretase inhibitor
DAPT [30].

Given the Notch-independent growth observed, we ampli-
fied and sequenced Notch! exons from LTO genomic DNA
but found no mutations. We isolated RNA from the LTOs
and analyzed the transcripts of well-defined Notchl targets by
qRT-PCR and RNA-seq. Notchl, Hesl, Dtxl, and c-Myc tran-
scripts were no different between WT and TG cultures (data
not shown). Additionally, the LTOs continued to require 1L-7
and FIt3L in culture and could not be passaged without OP9
cells. We injected the LTOs into immunodeficient and suble-
thally irradiated congenic CD45.1 mice but observed no
engraftment and no leukemia development.

Long-Term Cultures of Lmo2 Transgenic
Thymocytes Show Deregulation of Cdkn2a

Since we observed no difference in apoptosis or proliferation
between WT and TG OP9-DL1 cocultures, we considered
whether the Lmo2-overexpressing thymocytes became immor-
talized by suppressing or bypassing senescence. This was par-
ticularly relevant for the in vitro culture system since primary
cultures of murine cells are limited in their doubling capacity
but can bypass senescence by loss of p53 or pl9Arf [31].
Most WT T-cell progenitors did not proliferate beyond P5
and eventually died in culture. The TG progenitors behaved
like WT through PS5 (Fig. 4A), showed limited growth until
P15 (Fig. 4D), and were immortalized and stable by P40 (Fig.
4D). We analyzed the early and late passages of WT (P3 and
P4) and TG (P5, P15, and P40) (Fig. 4B shows FACS profiles
for these cells) thymocytes differentiated on OP9-DL1 stroma
by RNA-seq [32, 33]. In human T-ALL, the CDKN2A locus
is deleted in over 70% of cases suggesting that expression of
the two tumor suppressor genes (p/4 or pl9Arf in mouse and
pl6Ink4a) was induced during the development of leukemia
[34]. We analyzed Cdkn2a expression in RNA-seq shown as
fragments per kilobase pair of gene per million reads analyzed
or fragments per kilobase of transcript per million reads
(FPKM) (Fig. 5A). Normal DN and DP thymocytes showed
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few Cdkn2a transcripts (0.077 and 0.12 FPKMs, respectively),
but mRNA was detectable in WT progenitor cells that differ-
entiated in vitro on OP9-DL1 stroma at P3 (2.22 FPKM) and
P5 (5.9 FPKM). In the LTO cultures, there was a statistically
significant increase in Cdkn2a expression at P15 (20.2). By
P40 when the LTO cultures were immortalized, the Cdkn2a
transcripts (7.6) were higher than normal DN levels but were
not statistically different.

RNA-seq allowed us to visualize those mRNAs arising
from pl6Ink4a and those arising from pl/9Arf. In Figure 5C,
we show a snapshot of the integrated genome browser that
shows high-quality reads (encircled gray boxes) mapping to
exon la of pl6lnkd4a and exon 1 of pl9Arf. The pl6inkda
expression was only detectable at P15 in the LTO cultures and
not in WT cells (Fig. 5C). As noted, pl/6Ink4a was decreased
by P40. We isolated genomic DNA from the various passages
and could amplify Cdkn2a exons ruling out widespread dele-
tion of the locus (Fig. 5D); and, we did not find mutations in
Cdkn2a. We next analyzed the pl6Ink4a promoter by pyrose-
quencing of bisulfite-converted genomic DNA from a single
culture of LTO and WT progenitor cells. As shown in Figure
SE, late passage LTO cells showed hypermethylation of CpGs
at the p/6Ink4a promoter, whereas WT T-cell progenitor cells
under the same conditions did not. Thus, Cdkn2a transcription
was dynamic in LTO cells compared with the absolute repres-
sion observed in DN and DP thymocytes and the relative
repression in WT T-cell progenitors grown in vitro.

Lmo2 Expressing Progenitor Cells Express a
Transcriptional Program Similar to that Seen in
HSPCs

We analyzed the RNA-seq data for differential gene expres-
sion between WT and LTO cells grown on OP9-DL1. We
performed pairwise comparisons and also class comparisons
by grouping the LTO samples and WT samples to lend more
power to the statistical analysis. We suspected that the LTOs
may model the cell of origin of early T-cell precursor (ETP)-
ALL because both show DN block and express markers of
myeloid or B-cell lineages. To test this, we compared those
genes that were differentially expressed in the mouse studies
shown here (RNA-seq, LTO vs. WT, p < .05) with the tran-
scriptome of ETP-ALL (Affymetrix gene expression array,
ETP vs. non-ETP-ALL, p < .05) and found 302 genes that
were present in both datasets (Fig. 6B), a remarkably signifi-
cant result (Fisher exact test, p = 4.56 x 107%). Most strik-
ingly, the ETP-ALL cases overexpressed a group of transcrip-
tion factor/cofactor genes, Lmo2, Lyll, Hhex, Gfilb, Nfe2,
Gata2, and Ldbl that have specific regulatory regions occu-
pied by Ldbl in chromatin immunoprecipitation (ChIP)-seq
analysis in HSPCs (supporting information Fig. S1). Impor-
tantly, these genes were significantly upregulated only in the
LTOs and not in WT cells cultured under the same condi-
tions. We analyzed the 302-gene dataset by gene set enrich-
ment analysis. As expected, the significant pathways were
related to T-cells and T-cell signaling (supporting information
Table S1). The fourth most significant pathway was KEG-
G_Hematopoietic_Cell_Lineage (false discovery rate (FDR)
= 895 x 107%. The upregulation of this HSC/ETP-ALL
transcriptional signature was maintained in T-ALLs that
developed in Lmo2 transgenic mice (manuscript in prepara-
tion, U.P. Davé).

We examined cell cycle genes that may be differentially
expressed or mutated between LTO and WT cultures. We did
not find mutation or differential expression for Trp53, RbI, or
Rbl1 (supporting information Fig. S2). We found upregulation
of Ccndl, Ccnd2, and Cdknla in both WT and LTO
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Figure 5. Lmo2 expressing T-cell progenitors deregulate Cdkn2a expression concordant with immortalization. (A): Bar graphs show the nor-
malized quantification of total Cdkn2a transcripts in FPKM for DN and DP thymocytes from WT mice; passage 3 and 5 of WT T-cells in OP9-
DLI1 culture; and, passages 5, 15, and 40 of TG T-cell progenitors. p values are from comparisons of bracketed values and are corrected for mul-
tiple hypothesis testing. (B): Bar graphs show FPKMs for pl/6Ink4a and pl9Arf for the same samples. p values were not statistically significant
and are not shown. (C): This schematic is a snapshot of the Integrated Genome Viewer that shows WT P5 and TG (LTO) P15 RNA-seq reads.

The red circles show the exon 1/ of p19 and exon lo of pl6. The latter

was only found in the LTO samples. (D): Agarose gel shows PCR of

gDNA for exon 1f, exon 2 of Cdkn2a, and of exon 27 of Notchl. Numbers denote passage number for WT and TG cells. (E): Schematic shows
analysis of CpGs in the promoter of pl6 analyzed by PCR of bisulfite-converted gDNA from WT or TG T-cells from various passages. Dark
gray circles show greater than 10% methylation, whereas open circles show less than 10% methylation as analyzed by pyrosequencing. Abbrevia-
tions: DN, double negative; DP, double positive; FPKM, fragments per kilobase of transcript per million reads; TG, transgenic; WT, wild type.

compared to DN and DP thymocytes. Interestingly, E2f2 was
significantly (p = 8 x 10~°) downregulated in the LTO cul-
tures but not in WT; Cdk6 was significantly upregulated in
the LTO but not in WT (p = .03). Cytokines and their cog-
nate receptors were deregulated in several instances; I[7r (p =
49 x 107'%) was significantly downregulated in the LTOs
but Kitl (p = .02), Ig2 (p = 3.3 x 1079, Fgf3 (4.1 x
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107", and Igflr (p = 5.1 x 107%) were upregulated; other
cytokines were upregulated in both the WT and LTO (sup-
porting information Fig. S3). Also, LTOs showed significant
downregulation of several death receptor genes (Tnfrsf8,
Tnfrsf4, and Tnfrsfl8) and the Fas! gene compared to WT
(supporting information Fig. S4). These were upregulated in
WT cultures with Fas/ strikingly increased in late passage
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type.

WT cells. Apoptotic regulators such as Bcl2 and Bcl2ll (Bcl-
xL) were not differentially expressed in LTO and WT cells
(supporting information Fig. S4).

Lmo2 Expressing Progenitors Require Ldbl
for Differentiation Arrest
The transcription factor genes with specific Ldb1l occupancy

suggested to us that the differentially expressed genes and the
resultant phenotype were induced by Lmo2/Ldbl complexes.

Indeed, we and others have data that HHEX is a direct target
of an LMO2/LDB1 protein complex in human T-ALL (manu-
script in preparation, U.P. Davé) [35].

To directly test whether Lmo2 requires Ldb/ to induce T-
cell progenitor phenotypes, we bred the B6.CD2-Lmo2 trans-
genic mice on to floxed Ldbl strain to generate TG/+;
Ldb1'"°* mice so that we could control the induction of
knockout by transduction with retrovirus expressing Cre
recombinase. We isolated DN thymocytes from these mice
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Figure 7. Lmo2 requires Ldbl to induce and maintain double negative (DN) progenitors. (A): DN thymocytes were sorted from transgenic (TG/
+); LdbI™"°* mice and transduced with MIG or MIG-Cre retroviruses and plated on OP9-DL1 and passaged weekly; fluorescence-activated cell
sorting (FACS) plots in the top panel show the proportion of cells positive for GFP emission in the three groups. Bottom panel shows FACS contour
plots of CD4 and CD8 staining. Red numbers show the proportion of cells in the DN quadrant. (B): Agarose gel of gDNA PCR from the same
experiment shown in (A) shows floxed and deleted amplicons. (C): Shows a line graph of cumulative population doublings (y-axis) of GFP™ cells in
culture versus passage number (x-axis). Blue shows untransduced TG thymocytes; green line shows MIG transduced; and red line shows MIG-Cre
transduced cells. The FACS plots are representative of three independent transductions. Abbreviation: GFP, green fluorescent protein.

and transduced them with MIG or MIG-Cre retroviruses. We
plated the cells on OP9-DL1 after transduction and observed
proliferation and differentiation into DP cells. One week after
transduction, gating on GFP" cells, we observed both DN and
DP cells in culture. The TG cells were blocked at DN stages
and this population was comparable between untransduced and
those transduced with MIG. Most remarkably, on P2, the cells
transduced with MIG-Cre showed loss of the DN cells. Thus,
DN cells from TG/+; Ldb1'**'°* differentiated in culture to DP
cells but the DN cells were not maintained and were lost by the
second passage. We plotted the absolute number of GFP™ cells
on serial passages of DN thymocytes. Untransduced T-cell pro-
genitors and those transduced with empty MIG differentiated
and proliferated on OP9-DL1 cells (Fig. 7C). In striking con-
trast, T-cell progenitor cells transduced with MIG-Cre differen-
tiated into DP cells but did not expand. These MIG-Cre trans-
duced cells underwent growth arrest and died in culture as
shown by the plot of absolute number of GFP-positive cells.
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Ldb1'™°* thymocytes showed minimal DN differentiation
arrest that did not change with MIG-Cre transduction; however,
MIG-Cre transduced cells were not maintained in culture (sup-
porting information Fig. S5).

DiscussioN

In this study, we show that CD2-Lmo2 transgenic T-cell pro-
genitor cells are arrested in differentiation and quiescent, have
increased self-renewal in vitro, and express a transcriptional
signature found in HSPCs and ETP-ALL. First, we consider
mechanistic interpretations for these cellular features and how
our in vivo and in vitro data suggest an order by which cellular
events are acquired in T-cell leukemogenesis. Then, we discuss
how the cellular features are HSC-like and offer insight into the
clinical presentation and management of T-ALL.



892

CD2-Lmo?2 transgenic progenitor cells are blocked at the
DN3 stage in vivo although the total thymic cellularity and DP
differentiation were similar to WT. DN block is a defining trait
of enforced Lmo2 expression that has been attributed to func-
tional deficiency of E2a [2, 36-38]. Most notably, E2a '~ thy-
mocytes have DN arrest at the same stages as Lmo2 overex-
pression and spontaneously develop T-ALL [39]. Lmo2 protein
does not bind E2A proteins directly but does bind class II
bHLH proteins such as Tall and Lyl1 that heterodimerize with
E2A [40]. Lmo2/bHLH complexes may redirect E2A proteins
away from their normal targets or recruit corepressors in place
of coactivators [36]. In TALI/LMOI and Tall/Lmo2 double
transgenic mice, DN3 arrest is more pronounced and the thy-
mic cellularity markedly reduced compared to CD2-Lmo2
transgenic thymi [39, 41]. The total thymic cellularity in CD2-
Lmo?2 transgenics may be preserved because the absolute num-
ber of DN3 S-phase cells was the same in TG and WT. The
phenotype of Lmo2 overexpression we describe cannot be com-
pletely attributed to E2A deficiency. Most importantly, E2a
knockout T-cell progenitors show increased proportions of
cells in S-phase in contrast to relative quiescence observed in
the Lmo2 transgenic progenitors [42].

Lmo?2 transgenic and WT progenitors cycled alike in OP9-
DL1 coculture but only Lmo2 transgenic thymocytes showed
DN2 arrest similar to thymocytes transduced with Lmo2 retro-
virus [43]. Lmo2-overexpressing progenitors are blocked at
the DN2 stage which is prior to beta selection (DN3) where
pre-T-cell receptor assembly with Ptcra and signaling occur
[39]. The pattern of DN2 block on OP9-DL1 cultures and
DN3 in vivo occurs in thymocytes from conditional knockout
of Hesl and Bclllb genes but not in Prcra™’~ which are
blocked at DN3 in vitro and in vivo [28, 29, 44]. In these
reports, this discrepancy (DN2 vs. DN3) was attributed to
attenuated Notchl signaling in in vitro culture. This idea is
consistent with our finding that the Lmo2-induced DN block
was alleviated by the enforced expression of ICN1 (support-
ing information Fig. S2). Both Hes!/ and Bclllb were
repressed in Lmo2 transgenic T-cell progenitor cells (Fig. 6
and supporting information S2B) and may be direct or indi-
rect targets of Lmo2. Attenuated Notchl signaling may be im-
portant for Lmo2-induced DN block. ICN1 expression acceler-
ates differentiation toward DP cells which are resistant to
Lmo2 transformation [45]. Of note, Lmo2 transgenic progeni-
tors resemble ETP-ALL, a leukemia where NOTCHI mutation
is uncommon compared to other T-ALL subtypes [46, 47].

We noted marked proliferative defects at multiple DN
stages in the TG T-cell progenitor cells in vivo. Apoptosis
was not a prominent process in these thymocytes. Pyronin
Y staining with Hoechst 33342 staining and Ki-67 antigen
analysis showed that the Lmo2-overexpressing T-cell pro-
genitor cells were more quiescent than their wild-type
counterparts. This quiescent phenotype explains the radio-re-
sistance observed in Lmo2-overexpressing DN cells [48].
Interestingly, quiescence was not preserved in the OP9-DL1
coculture which could be due to cell cycle entry promoted
by serum or cytokines in vitro. Alternatively, the thymic
microenvironment may play a role in maintaining progeni-
tors in Gy E2f2 was markedly repressed in LTOs compared
to WT progenitors maintained in the same culture condi-
tions. This may explain the increased proliferation in vitro
since E2f27/7 thymocytes show increased S-phase entry
[49, 50]. E2F2 is significantly downregulated in ETP-ALL
cases i6n comparison to non-ETP-ALL cases (FDR = 6.65
x 1077).

Most remarkably, the DN2-blocked progenitors cocultured
with OP9-DL1 became immortalized in vitro. They remained
cytokine-dependent and no longer required Notchl signaling
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but they could not engraft into sublethally irradiated B6 mice
or immunosuppressed strains. Transcriptional profiling of
Lmo2-overexpressing T-cell progenitors revealed early estab-
lishment of a signature seen in ETP-ALL and HSPCs and
deregulation of Cdkn2a in late passage LTOs. These data sug-
gest a specific order in which cellular and molecular effects
accumulate in Lmo2-induced T-ALL. In this model, quies-
cence without differentiation and the HSC transcriptional sig-
nature are established early by LMO2/LDB1 complexes and
proliferative mutations are secondary events. Proliferation in
the setting of Lmo2 expression induces a senescence check-
point with upregulation of both p/6 Ink4a and pl9Arf, which
must be bypassed by deletion or transcriptional repression.
Cdkn2a promoter hypermethylation was found in the LTOs
and may be present in human ETP-ALLs cases where
CDKNZ2A deletion is not as common as other forms of T-ALL
[47]. Recently, whole genome sequencing of ETP-ALL cases
revealed common recurrent mutations in genes that drive pro-
liferation (i.e., IL7R, JAKI, JAK3, NRAS, and IGFIR) [47].

Finally, Lmo2 overexpression induces cellular effects
that are hallmarks of HSCs: quiescence without differentia-
tion, self-renewal, and expression of Lmo2, Nmyc, Hhex,
Lyll, and Ldbl. The resemblance is even more significant
in that definitive hematopoiesis and the maintenance of
HSPCs require most of these same genes: Lmo2, Ldbl, and
either Tall or Lyll [12, 51, 52]. We show that Lmo2
required Ldbl to induce and maintain differentiation
blocked T-cell progenitors (Fig. 7). Most importantly, many
of the genes in the ETP-ALL signature are regulated by
Ldbl in HSPCs and we are testing whether this same
cohort of genes is regulated in T-cell progenitors. We
hypothesize that Ldbl is required for Lmo2 to induce T-
ALL and the genetic experiments to test this are ongoing.
Important questions remain as to how stem cell-like fea-
tures confer competitive growth advantage or predispose to
leukemia. Addressing these questions will provide insights
into the function of Lmo2 and the physiology of leukemia-
initiating cells.

CONCLUSION

Lmo2 is frequently deregulated in acute T-cell lymphoblastic
leukemia. One can enforce expression of Lmo2 in hematopoi-
etic stem and progenitor cells but only T-cells develop into
leukemia. In this study, we show that Lmo2 overexpression
induces differentiation block, quiescence, and increased self-
renewal in T-cell progenitors prior to their transformation.
These cellular features occur concordantly with upregulation
of a transcriptional program that is also present in hematopoi-
etic stem cells and Early T-cell Precursor-ALL. Our results
imply that Lmo2 and its binding partner Ldb!/, both of which
are required for HSC maintenance, recapitulate stem cell like
features and transcription in T-cell progenitors. These findings
have important implications for the treatment of T-ALLs
driven by Lmo?2.
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