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Abstract

In this study, we present a remarkable clonal cell line, 32080, derived from a CD2-Lmo2
transgenic T-cell leukemia with differentiation arrest at the transition from the intermediate single
positive (ISP) to double positive (DP) stages of T-cell development. 32080 cells had a striking
variegated pattern in CD4 expression. There was cell-to-cell variability with some cells expressing
no CD4 and others expressing high CD4. The two populations were isogenic and yet differed in
their rates of apoptosis and sensitivity to glucocorticoid. We sorted the 32080 line for CD4
positive or negative cells and observed them in culture. After one week, both sorted populations
showed variegated CD4 expression like the parental line, showing that the two populations could
interconvert. We determined that cell replication was necessary to transit from CD4* to CD4" and
CD4 to CD4*. Lmo2 knockdown decreased CD4 expression, while inhibition of intracellular
Notchl or HDAC activity, induced CD4 expression. Enforced expression of Runx1 repressed CD4
expression. We analyzed the CD4 locus by H3 chromatin immunoprecipitation and found
silencing marks in the CD4" cells, and activating marks in the CD4* population. The 32080 cell
line is a striking model of ISP to DP T-cell plasticity and invokes a hovel mechanism for Lmo2's
oncogenic functions.
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Introduction

The LIM domain Only-2 (LMO2) oncogene is deregulated in the majority of human T-cell
acute lymphoblastic leukemias (T-ALL). LMO2 was also the target of frequent integration
by replication-defective gene therapy vectors used for treatment of X-linked severe
combined immunodeficiency and Wiskott-Aldrich syndrome (1-3). In these cases, the
integrations occurred in transduced hematopoietic stem and progenitor cells, but only T-cell
progenitors were clonally expanded (2). LMO2 induced T-ALL with cooperativity from
oncogenic events such as chromosomal rearrangements or the transgenes themselves (4, 5).

Multiple LMO paralogs have been causally implicated in human cancers (6) but Lmo2 is the
best characterized member that has been extensively studied in mouse models where it is a
master regulator of hematopoiesis. Lmo2 knockout mice die in utero at E9.5 due to absent
erythropoiesis(7) and Lmo27- ES cells do not contribute to hematopoietic tissues postnatally
in chimeric blastocysts(8). Additionally, Lmoz2 is not required for T-cell or B-cell
development (9). The Lmo2 protein has two Zinc-coordinating LIM domains that are
responsible for protein-protein interactions. These domains are responsible for binding to
class Il basic helix-loop-helix proteins, Tall or Lyl1, and to GATA factors 1-3, and to LIM
domain binding 1 (Ldb1) protein. Interestingly, the knockout mice for these factors have
remarkably similar phenotypes, affecting primitive and adult hematopoiesis (10-14). Thus,
Lmo2 and its associated macromolecular complex are critical for the specification of
primitive and adult hematopoietic stem cells.

Importantly, Lmo2's stem cell function may also play a role in the pathogenesis of T-ALL.
Recent studies on T-cell progenitors in two independently constructed CD2-Lmo2 transgenic
mouse models demonstrated differentiation arrest, increased self-renewal, and an HSC-like
transcriptional signature preceding overt leukemia(15, 16). Several groups have shown that
enforced expression of Lmo2 induces a specific block in the differentiation of T-cell
progenitors. Early T-cell differentiation is divided into 5 stages prior to the expression of
CD4 and CD8 co-receptors which occurs at the double positive (DP) stage. Cells newly
migrated from the bone marrow to the thymus are called Early T-cell progenitors (ETP)
which transit through the thymus from double negative stages, DN2-DN4, with an
intermediate single positive (CD8*, ISP) stage prior to the DP (CD4*CD8™) stage (17, 18).
Lmo2 is expressed at high levels in hematopoietic stem cells, multipotent progenitor cells,
and in ETPs, but is downregulated at the DN2 stage and not expressed in subsequent T-cell
progenitor cells or mature T cells (19, 20). Lmo2 overexpression causes a specific block at
the DN3 stage which is also the point of beta selection, where T-cell progenitors with
productively rearranged T-cell receptors proliferate and are blocked from apoptosis (15, 16).
Beta selection is not required for Lmo2 to induce leukemia since Lmo2 overexpression in
Rag1”" mice induces T-ALL with the same penetrance and latency as Rag1*/*(21).

Despite the DN3 differentiation block, T-ALLs caused by Lmo2 overexpression express
CD4 and CD8 suggesting that they can originate from various stages of T-cell differentiation
(4, 22, 23). Immunophenotypic heterogeneity was observed in primary human T-ALLs
engrafted in immunodeficient mice (24, 25). One major question in these studies was
whether genetic (clonal) heterogeneity could account for differences in immunophenotype,

Exp Hematol. Author manuscript; available in PMC 2015 July 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Cleveland et al.

Page 3

leukemia initiation, and even drug sensitivity (26). To address this and to explore the
relationship between T-cell differentiation and Lmo2 oncogene function, we established
clonal cell lines from four independent T-ALLSs derived from CD2-Lmo2 transgenic mice
representing various stages of T-cell differentiation, DN, DP, and ISP. We found at least 2
clonal lines with a remarkable variegated pattern in CD4 expression. In this study, we
present analyses on one of these lines, 32080, which models the ISP to DP transition. Most
remarkably, the CD4 and CD4™" populations of this line interconvert and these two
populations are biologically disparate in their rates of apoptosis and sensitivity to
glucocorticoid. The 32080 cell line is a striking model of ISP to DP T-cell plasticity in T-
ALL and invokes a novel mechanism for Lmo2's oncogenic function.

Materials and Methods

Mice

Cell culture,

FISH

B6.CD2-Lmo2 transgenic mice develop T-ALL with 100% penetrance and have been
previously described (16, 27). NSG and nude mice were purchased from Jackson
Laboratories (Bar Harbor, Maine) and were bred and maintained at Vanderbilt in SPF
facilities in accordance with protocols approved by the Institutional Animal Care and Use
Committee.

plasmids and transfection

Single-cell suspensions of mononuclear cells were prepared from T-ALL lymph nodes or
thymi harvested from B6.CD2-Lmo2 mice according to standard protocols. Cells were
maintained in Iscove's Modified Dulbecco's Medium (Gibco Cat# 12200-028) at 37°C with
5% CO>, at high density until they could be serially passaged without loss of growth. Cell
lines were confirmed if they could be passaged serially for 1 year. pcDNA3.1-Runx1 was
kindly provided by Dr. Scott Hiebert. CD4 gene reporter plasmids have been previously
described and were kindly provided by Drs. Marc Ehlers (University of Libeck, Liibeck,
Germany) and Remy Bosselut (NIH, Bethesda, Maryland) (28). The GIPZ lentiviral
ShRNAMIr-GFP V2HS-62634 (LMO2 shRNA) showed the most consistent knockdown but
multiple ShRNAs were tested (see Figure S1), all purchased from Open Biosystems (Cat#
RHS1764-9099730). Cells were transfected with 6 pg CD4 reporter constructs and then
selected in G418-containing medium for 10-14 days followed by single cell cloning. For
knockdowns, 6 pg pGIPZ lentiviral ShRNAmir-GFP V2HS-62634 (LMO2 shRNA), was
transfected into 32080 cells with Lipofectamine 2000 per manufacturer's instructions
(Invitrogen). Cells transfected with knockdown constructs were selected in 1 pg/ml
puromycin-containing medium for 5 days prior to analysis. Dexamethasone (Sigma)
experiments were performed with ethanol as control. Cells with trypan blue exclusion were
counted by hemocytometer. Curve fitting and dose-response relationships were generated
with GraphPad Prism.

We probed the murine CD4 gene with BAC 121J20 and the Lmo2 transgene by labeled
plasmid pCD2-Lmo2 (27). We labeled these DNA by nick translation using the Vysis kit
(Cat # 32-801300). The hybridization procedure was done as previously described(27).
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Chromatin Immunoprecipitation

Cells were fixed with formaldehyde for 10 minutes at 37°C before the reaction was stopped
with 0.12M glycine and washed with PBS. Cells were resuspended and incubated on ice for
10 minutes in lysis buffer (50mM HEPES (pH 7.9), 140mM NaCl, 1ImM EDTA, 1% Triton-
X-100, 0.1% Na-deoxycholate) containing protease inhibitors. Lysates were then sonicated
to ~500bp and chromatin pre-cleared, followed by immunoprecipitation with antibodies and
50ul Protein A Agarose. The beads were washed as previsously described (29). DNA was
reverse cross-linked and cleaned with the Illustra GFX PCR columns and gel band
purification kit (GE Healthcare Cat# 28-9034-71). Samples were used for quantitative PCR
on the MyIQ thermocycler (Biorad).

Gene expression analysis

Total RNA was purified by TRIzol (Invitrogen Life sciences) per manufacturer's
instructions. First strand cDNA was synthesized using olgo-dT primer and Superscript 1
transcriptase enzyme (Invitrogen). Primers used for RT-PCR for CD4, CD8, Lmo2, and
other genes are listed in the supplemental data file. Cell lines 03027 and 32080 were also
analyzed by RNA-seq on the lllumina HiSeq as previously described(16). Quantitative ChIP
analysis was performed on Biorad's MylQ machines with Sybr green with primers listed in
the supplemental data file (Biorad). T-cell receptor JB2 rearrangements were detected by
PCR on genomic DNA using primers and conditions as previously described (29).

Cell Cycle Analysis

BrdU incorporation was analyzed per manufacturer's instructions (BD Biosciences). For
propidium iodide (PI) incorporation cells were fixed in 70% EtOH, pelleted and resuspended
in 50 pg/ml PI, 0.1mg/ml RNase A and 0.05% Triton X-100 and incubated for 40 minutes at
37C. Cells were then washed with 3mL PBS and analyzed by flow cytometry.

Flow cytometry and cell sorting

Results

Antibodies for staining and flow cytometry are listed in the supplemental data file. FACS
assays were performed by a BD FACSAria and analyzed with CellQuest (BD Biosciences)
and Flojo (Tree Star). Cells were sorted for CD4 expression by flow or by using Dynal
magnetic separation beads (Invitrogen) per manufacturer's instructions using unconjugated
anti-mouse CD4 (BD Pharmingen 560468 or 553727).

CD4 expression is variegated in Lmo2-induced T-cell leukemia

Transgenic B6.CD2-Lmo2 mice express Lmo2 cDNA from the T-cell specific CD2
promoter/enhancer and develop T-cell acute lymphoblastic leukemias (T-ALL) that
originate from T-cell progenitors at diverse developmental stages (16). We established 5
stable cell lines in vitro from transgenic T-ALLs and analyzed them for cell surface
expression of CD4 and CD8 antigens (Figure 1). All the lines overexpressed Lmo2 protein
and had clonal rearrangement of the T-cell receptor (Tcr) JA2 (Figure 1C). We observed cell
lines that correlated with normal developmental counterparts such as double negative cells
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(03027 line, CD4"CD8", DN), intermediate single positive cells (03007 line, CD8", ISP),
and double positive cells (03020 line, CD4*CD8*, DP). Two cell lines did not fit this pattern
and instead showed marked variability in cell surface expression of CD4 despite multiple
rounds of singe cell cloning and staining with various anti-CD4 antibodies. The 32080 line
was striking in that CD8 expression was uniform, however, CD4 expression ranged
continuously from high to negative expression (Figure S4). We screened 9 human LMO2-
overexpressing T-ALLs and observed 2 with a pattern of CD4 expression similar to the
32080 line (one shown in Figure 1B). The 32080 line's cell-to-cell variability in CD4
expression was reminiscent of variegated expression resulting from position effects of
transgene integrations (30). Thus, we analyzed the 32080 line by FISH using probes against
CD2-Lmo2 and the endogenous CD4 gene. As shown in Figure 1D, the probes did not co-
localize, ruling out position effect from the CD2-Lmo2 transgene. The 32080 cell line had a
clonal rearrangement of T-cell receptor JA2, expressed CD24* (heat stable antigen, HSA)
but not CD3" or CD5". Tcrf was expressed in low amounts (32% of total) but consistently
more in CD4* than CD4" cells (Figure 1E-F). Thus, the 32080 CD4" cells resembled the ISP
stage and the CD4™" population resembled the DP stage of normal T-cell development.

CD4* and CD4" populations differ in apoptosis rates but not replication or leukemia

initiation

Murine models of Lmo2-induced T-ALL and human T-ALL have demonstrated
immunophenotypic and biological heterogeneity, observations that support the presence of
leukemic stem cells in T-ALL (23, 25). We analyzed the 32080 line to see whether CD4"
and CD4™ cells were similar in their rate of apoptosis, growth, and leukemia initiation.
32080 cells were stained for Annexin V and propidium iodide (PI) and gated on CD4* or
CD4- cells under normal culture conditions without the addition of any drugs; we also
stained for CD8 which stained homogeneously positive. On average, 27% of CD4* cells
were undergoing cell death compared with 6.3% of the CD4" fraction, a statistically
significant difference (Figure 2B, P=.0009). The cell death was apoptotic as confirmed by
intracellular caspase 3 staining (data not shown). The 32080 cells were treated with various
concentrations of dexamethasone and stained for Annexin V, PI, CD4, and CD8. The CD4*
cells had a higher baseline rate of apoptosis compared to CD4- cells (30% v. 8%, Figure 2A)
and also showed increased sensitivity to dexamethasone (Figure 2C, IC50=7.2x10"° M for
CD4+ IC5=3.2x108 M for CD4-, P<.0001). We flow sorted the CD4* and CD4- cells into
separate cultures and observed similar cycling fractions and Sphase transit by
bromodeoxyuridine (BrdU) pulse-chase analysis (data not shown). To test leukemia-
initiating activity, sorted CD4* and CD4- were injected into nude or NSG mice at 10° cells/
mouse. Leukemias developed from both sorted CD4* and CD4 transplanted cells in 2
weeks (Figure S2). Most remarkably, the transplanted leukemias expressed CD4 in the same
variegated pattern that was present in the parental 32080 line (compare Figure S2 with
Figure 1A) and not the uniform pattern of expression of the CD4* or CD4" sorted
populations that were injected.
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CD4 antigen variegation is due to variegated mRNA abundance and cells show
interconversion between CD4* and CD4" cells

The transplantation experiment on sorted 32080 cells suggested that the CD4" cells could
interconvert with CD4- cells. To test this, we sorted the CD4* and CD4" cells into separate
in vitro cultures. After 7 days, CD4 expression was variegated just like the pre-sort FACS
(Figure 3A). Since it was easier to analyze the appearance of CD4 rather than its loss, we
next did a time course for CD4 expression by FACS and by RT-PCR for 8 days following
CD4- sorting. Flow analysis showed CD4 expression increased daily in the CD4 negative
population and returned to pre-sort levels by the final day of analysis (Figure 3B). Similarly,
CD4  cells increased in number when starting the in vitro culture with sorted CD4™ cells.
RT-PCR analysis showed consistent CD8 expression at these time points, while increases in
CD4 mRNA were concordant with CD4 protein expression, confirming mRNA abundance
as the source for CD4 protein variability (Figure 3C). These also showed the variegated
parental pattern after 8 days in culture. CD4 antigen appearance increased exponentially
over time (Figure 3D). This kinetic pattern suggested to us that the appearance of CD4* cells
from CD4" cells (or CD4" from CD4*) was related to replication rather than a stochastic
switch. To test this, we sorted CD4" cells from the 32080 line and pulsed them with BrdU.
We then gated on cells that acquired CD4 antigen expression over time to analyze whether
they were labeled with BrdU. As shown in Figure 3E, 48 hours after the BrdU pulse, 3.23%
of cells were CD4* and BrdU* compared with 0.456% that were CD4* and BrdU". Since the
cells were actively cycling and diluting out the BrdU, we performed a 48 hour BrdU pulse
and observed 17.2% of total cells were CD4*/BrdU* whereas only 0.92% were CD4"*/
BrdU-. Thus, cells that had newly acquired CD4 expression had incorporated BrdU,
suggesting that cells with newly expressed CD4 had gone through replication.

CD4 expression depends on Lmo2 and Notchl oncogenes

The 32080 line was established from a T-ALL in CD2-Lmo2 transgenic mice and
overexpressed Lmo2. We analyzed the effect of Lmo2 knockdown in the 32080 line. We
transduced the cells with a lentivirus expressing a non-silencing or specific ShRNA directed
against Lmo2 (after screening several ShRNA constructs for efficacy in knockdown, see
Figure S1). RT-PCR and Western blot analysis showed effective knockdown of Lmo2
mRNA and protein (Figure 4A). However, the knockdown was transient since after 7 days,
the 32080 cells expressed Lmo2 protein at pre-knockdown levels even with stable
integration of lentivirus and drug selection. Analysis of 32080 in the time window where
Lmo2 protein was knocked down (days 5-7) showed no change in cell cycle entry by BrdU
analysis, no change in cell death (data not shown), but decreased transcription of CD4
(Figure 4B). We analyzed these cells for CD4 expression by FACS and observed an increase
in the proportion of CD4" cells (Figure 4C). Thus, Lmo2 may directly or indirectly regulate
the transcription of the CD4 gene and shifts the 32080 population towards CD4- cells.

We found activating Notchl mutations were frequent in CD2-Lmo2 transgenic T-ALLs. We
sequenced Notchl exons 26, 27, and 34 from 32080 genomic DNA. We discovered a
hemizygous 68 base pair duplication in exon 34 which added 4 additional amino acid
residues and a stop codon after residue 2427 (Figure 5A), which predicted an intracellular
Notchl protein (ICN1) that was smaller than wild type due to truncation of the PEST
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degradation domain. Western blot analysis of 32080 whole cell lysate with antibody directed
against Notch1's NH,-terminal Val1644 showed the constitutive presence of truncated ICN1
(Figure 5B, lane 1). We treated the cells with gamma secretase inhibitor, (DAPT) and
probed for ICN1 by Western blot. ICN1 was not detectable after treatment with 1 and 5 uM
DAPT (Figure 5B, lanes 5-6). Western blot analysis suggested that Lmo2 protein was
increased with increasing concentrations of DAPT. This increase in protein was due to
statistically significant upregulation of Lmo2 transcripts as confirmed by gRT-PCR (Figure
5D). At steady state, ICN1 was still detectable at 0.1-0.5 uM DAPT, however, these cells
were shifted toward CD4* (Figure 5C) due to significantly increased CD4 mRNA (Figure
5D). Thus, the downregulation of ICN1 in 32080 cells promoted CD4 expression. 32080
cells were less sensitive to DAPT than other cell lines (i.e. 03020 and 03007) but the loss of
ICN1 eventually caused growth arrest and death (data not shown).

Analysis of cis and trans regulators of CD4 gene expression in 32080 cells

We screened the 32080 cells by RT-PCR for the presence of known epigenetic regulators of
the CD4 gene and analyzed their mMRNA quantitatively by RNA-seq (see Figure S3). Gene
knockouts of some of these regulators have shown variegated CD4 expression in T-cell
progenitor cells. Smarcel (Baf57), Cbx5 (HP1a), Cbfb, Chd4 (Mi-2f), Hesl, and Smarcad
(Brgl) transcripts were present in both CD4" and CD4  fractions of 32080 cells whereas
Zbtb7b (ThPOK) and Runx3, which are active in T-cell development after the DP stage,
were not expressed (28, 31). We compared the abundance of these mRNAs between 32080
cells and 03027 cells, which are DN (Figure 1) and have the CD4 gene repressed. RNA-seq
analysis showed that the CD4, CD8a, and CD8b1 mRNAs were differentially expressed at a
statistically significant levels between 03027 and 32080 cells (Figure S3, 03027 v. 32080,
P=1.26x108 for CD4, 1.92x1013 for CD8a, and .0024 for CD8b1) but the other genes were
expressed at comparable levels between the cell lines (Figure S1). We got low read counts
for Runx1 mRNA transcripts in 32080 cells compared to the other factors (Figure S1). We
analyzed the genomic Runx1 coding sequences and found no mutations in 32080 cells.
Because of Runx1's central role in CD4 repression, we enforced stable expression of Runx1
in 32080 cells and analyzed the effects on CD4 expression (Figure 6A). 32080 cells
overexpressing Runx1 showed decreased expression of CD4 (Figure 6B). Runx1 binds to a
silencer element within the first intron of the CD4 gene and deletion of this silencer element
induces variegated CD4 expression in vivo (31). The silencer is one of several cis elements
that regulate CD4 expression. The proximal promoter and a 5’ enhancer also play a role in
CD4 gene regulation. We predicted that these cis elements would recapitulate the regulation
of CD4 in 32080 cells. To test this, we used three previously described reporter constructs
(Figure 6C): CD4E, where GFP was driven by the CD4 promoter and enhancer; CD4ES,
where GFP was regulated by the CD4 promoter, enhancer, and silencer; and CD4ESAR,
which is the same as CD4ES except the silencer's Runx1 binding sites have been deleted
(28). We stably transfected these constructs into 03007 cells, which resemble the ISP stage
of T-cell development where Runx1 binding to the silencer represses CD4 gene expression.
As expected, the CD4E construct expressed a strong GFP signal which was markedly
attenuated in the CD4ES construct (Figure 6D). The GFP signal was restored in CD4ESAR-
expressing cells. We compared the GFP expression of multiple independent stable clones of
03007 with CD4E, CD4ES, and CD4ESAR and found statistically significant decreases in
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GFP expression in the construct with the silencer element (Figure 6E, P=.026 for CD4ES v.
CDA4E). These results suggest that the silencer element and its Runx1 binding sites are active
in the 03007 line just like they are in ISP cells. CD4E transfected into 32080 cells showed
strong GFP expression which was significantly attenuated in stable lines with the CD4ES
reporter (Figure 6F, unpaired t test, P<.001, CD4ES v. CD4E). Hence, the silencer markedly
decreased expression of GFP but in both CD4™ and CD4* populations (unpaired t test, P=.
82, CD4ES in CD4+ v. CD4-). CD4ESAR did not restore GFP expression as observed in the
03007 line (CD4" cells, unpaired t test P=.35; CD4" cells, unpaired t test, P=.50, CD4ESAR
v. CD4ES). Thus, although overexpression of Runx1 repressed CD4, the promoter, enhancer
and silencer regulatory elements in reporter constructs did not recapitulate the pattern
observed in 32080.

Chromatin marks at the CD4 gene are dynamic in 32080 cells and reflect on and off states
of transcription

We treated 32080 cells with 15 nM of trichostatin A, an inhibitor of class I and Il histone
deacetylases (HDAC) enzymes, which increased the number of CD4" cells (Figure 7A).
Next, we enforced expression of HP1a, a component of heterochromatin and repressed
genes that may be recruited by Runx1 to the CD4 locus (31, 32). HP1a stable expression in
32080 induced a shift toward CD4 cells (Figure 7B). These results suggested that chromatin
modification at the CD4 locus may correlate with CD4 transcription. To further test this, we
analyzed the CD4 gene promoter (P), 5’enhancer (two separate amplicons, E1 and E2), and
silencer (S) for chromatin marks associated with active and repressed transcription (33). We
performed multiple independent chromatin immunoprecipitations (ChlP) followed by
quantitative PCR for E, P, and S regulatory elements as well as for exons 2 and 10 (ex.2, ex.
10). The ChlIPs showed multiple marks that were differentially present on CD4" versus
CD4" populations. H3K9 dimethylation (i.e. H3K9me2) was present at higher levels at the
promoter in CD4 versus CD4" cells (P=.04 with one tailed t test and P=.07 with two-tailed t
test) consistent with its putative role as a silencing mark. Trimethylation at the same residue
(i.e. H3K9me3), a mark associated with heterochromatin, was not significantly different
between the CD4- and CD4* populations. Acetylation of H3 at both K9 and K4 was
significantly increased at the promoter (P=.02), 5’enhancer (P=.03 for E1), silencer (P=.05,
one tailed), and exon 10 (P=.0013). Trimethylation of H3K27 was increased at the silencer
in CD4 cells compared with CD4* (P=.037, one tail; P=.07, two tailed) cells. Interestingly,
RNA Polll occupancy at the promoter was no different between CD4 and CD4™ cells but its
occupancy at the silencer was increased in CD4" cells (P=.03, two tailed). This result was
strikingly similar to data by Jiang and Peterlin where they observed occupancy of RNA
Polll at the promoter in murine cell lines with a CD4 SP phenotype (i.e. 3A9) and with an
ISP phenotype (i.e. CD4°1200M) (34). The results here suggest that the CD4 gene
undergoes a dynamic shift in histone marks that are known to correlate with active versus
repressed transcriptional states. A shift toward H3 acetylation was the major trend in CD4*
versus CD4- cells, which has also been observed in normal DP cells(35).
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Discussion

In this study, we describe an Lmo2-induced T-cell leukemia line, 32080, that is clonal and
yet shows marked immunophenotypic and biological heterogeneity. Most remarkably, the
32080 line has cell-to cell variation in CD4 expression that resembles epigenetic variegation
(36). The CD4 gene is known to be epigenetically regulated during normal T-cell ontogeny
and the 32080 line provides a remarkable model for the developmental switch between two
T-cell progenitor stages, the intermediate CD8 single positive (ISP) stage and the double
positive (DP) stage (33). Unlike normal development, however, the 32080 CD4" and CD4*
populations interconvert (Figure 7D). Most strikingly, cells that resemble a more mature
stage of development (i.e. DP) can revert to an earlier stage (i.e. ISP) by losing CD4
expression. From sorted pure populations, we show that cells that acquired CD4 antigen
expression were also labeled with BrdU suggesting that the transition between on/off
transcriptional states requires replication. This makes sense, since replication forks would
require chromatin remodeling and erasure of existing marks. In our study, chromatin marks
associated with active and repressed transcription were correlated with CD4 mRNA
expression. The variation in CD4 antigen expression is most likely a transcriptional effect
since the CD4 mRNA varied with perturbations in known transcription factors and co-
factors such as Runx1, Lmo2 and Notch1 as well as with trichostatin A; and, the variable
pattern in CD4 expression may reflect stochastic silencing of the CD4 gene by spreading
heterochromatin. This variegated CD4 expression pattern is observed in the thymocytes of
mice with germline deletions of Runx motifs within the CD4 silencer or in thymocytes with
conditional deletion of the Runx1 gene itself or other regulators of CD4 gene expression (31,
37-39). If the chromatin marks dictate transcriptional state and if the transcriptional state is
heritable then the same marks would need to be re-established in daughter cells. It is likely
that, in 32080 cells, the process by which this transcriptional memory is transmitted is
deregulated. Thus, the 32080 cells provide an interesting model to study gene silencing and
developmental stage transition for T cells.

Runx1 protein appears to be limiting in 32080 cells since its enforced expression represses
CD4 gene expression. Runxl mRNA and the mRNAs of other known CD4 transcriptional
regulators were at similar levels in 32080 cells and in 03027 cells, which are DN-like and
have repressed CD4, suggesting that the factors are not regulated at the transcriptional level.
Runx1 functions by binding to the silencer element within intron 1 of the CD4 gene and
recruiting chromatin modifying enzymes to repress transcription (40). Runx1 knockout
shows derepression of CD4 expression at DN and ISP stages (31, 41). Interestingly, a
reporter with the CD4 promoter, enhancer, and silencer showed strong silencing that did not
depend upon Runx1 since it silenced GFP in 32080 cells and deletion of the silencer's
Runx1 binding sites did not restore expression. If Runx1 was the only transcriptional
regulator of CD4 expression in 32080 cells, then the silencer should not have been
functional suggesting that other regulators responsible for binding to the silencer are active.
Tfap4 is one such candidate that binds to an E box site within the CD4 silencer and can
cooperate with Runx1 to induce repression (42). Even so, the GFP expression of the reporter
construct did not track with the expression of CD4 and may be missing other regulatory
elements (43).
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Lmo2 and Notchl also induced epigenetic deregulation of CD4. They are both oncogenic
drivers of the T-cell leukemia but have opposite effects on CD4 transcription. Intracellular
Notchl protein is constitutively present in 32080 but its levels can be markedly decreased by
inhibition of gamma secretase enzyme which induces increased CD4 mRNA. This is
consistent with Notch1l's proposed function in normal ISP cells, where its downregulation is
required for progression to the DP stage (44-46). Notchl activation may cooperate with
Lmoz2 to induce transformation of ISP and DP progenitors. For example, in the OP9-DL1
stromal cell assay, we observed a DN block in CD2-Lmo2 transgenic T-cell progenitors
which was removed by enforced expression of ICN1(16). Presently, we do not know the
mechanisms by which Lmo2 may induce CD4 variegation. Notably, we screened 9 human
T-cell leukemias that overexpressed LMO2 and observed similar CD4 variegation in at least
one leukemia showing a human T-ALL that resembles 32080. Lmo2 knockdown caused
decreased CD4 expression and increased Lmo2 (induced by Notchl inhibition) increased
CD4 expression. These results suggest that Lmo2 promotes CD4 expression which is quite
different from observations of Lmo2-induced DN block before leukemia onset (16, 21, 46).
Furthermore, we have observed that forced dimerization of an E47/estrogen receptor fusion
protein induces CD4 mRNA and protein expression and shifts the 32080 line entirely
towards 100% CD4+ cells (see accompanying paper). Hence, Lmo2 knockdown and
enforced E47 expression have opposite effects. One hypothesis for Lmo2's oncogenic
function proposes that Lmo2 causes a functional deficiency of E47 but the findings in this
paper may suggest a novel mechanism for Lmo2's action (6). For example, the results could
be explained by Lmo2 directly binding and limiting the function of Runx1 or some other
chromatin modifying complex that regulates CD4 gene expression (37, 47). Thus, Runx1's
ability to repress CD4 would be compromised by Lmo2, either by direct binding and
redirection in the nucleus or indirectly by binding co-repressors required by Runx1 (48-50).
RUNXZ1 ChIP-seq analysis in CCRF-CEM cells did not show specific occupancy at the
silencer region which could account for this cell line's expression of CD4 (51). RUNX1 loss
of function has been described in Early T-cell Precursor ALLs which do not express CD4 or
CD8 (52). However, RUNX1 was required in Jurkat T-ALL cells, which express both CD4
and CD8, and where it was found to directly regulate the transcription of TAL1 and GATA3
(51). Similarly, Runx1 may have multiple transcriptional targets in 32080 cells and the
repressive function at the CD4 locus may be compromised if the protein was redirected to
other locations within the genome. Thus far, we have not been able to co-immunoprecipitate
endogenous Lmo2 and Runx1 proteins in 32080 cells but the proteins have been co-purified
from erythroid cells where they appear to be part of a larger multi-subunit complex and they
may be binding partners in leukemia as well (53, 54).

Our ChlIP experiments showed that the most substantial change was at H3K9 at the
promoter, which was dimethylated in CD4- cells but acetylated in CD4* cells. Acetylation at
other elements in the CD4 locus was also increased in CD4* cells. Similar increased
acetylation was observed in normal DP thymocytes in comparison to DN progenitors. Most
strikingly, RNA Pol Il occupancy at the promoter was the same in CD4" and CD4" cells but
was increased at the silencer only in CD4 cells. Our findings suggest that RNA Pol Il is
paused at the promoter which has also been described in 1200M murine T-cell leukemia
cells that do not express CD4 and resemble ISPs. Runx1 has been proposed to regulate CD4
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silencing by potentiating transcriptional elongation (34, 55). Our results would be consistent
with this model. In fact, Lmo2's involvement in transcriptional elongation is also suggested
by the co-purification of multiple Lmo2 binding partners with TIF1y, Cdk9 and components
of the FACT complex (54, 56). An unbiased purification of the Lmo2-associated complex in
32080 is ongoing and may reveal similar protein partners.

In addition to mechanistic insight into Lmo2's function, our results also have implications
for the treatment T-ALL. The interconversion between more differentiated DP-like cells into
ISP-like cells argues against targeting one specific immunophenotype within leukemia.
However, we may be able to exploit unique biological features of one population subset. For
example, in 32080, the CD4~ and CD4™" populations differ in their rates of apoptosis and in
their sensitivity to dexamethasone. Presently, we do not understand the basis for this
differential sensitivity but in normal physiology DP progenitors are more sensitive than
DN/ISP cells to glucocorticoid-induced apoptosis (57, 58). Further gene expression analysis
and protein signaling data on these two populations is ongoing to probe apoptosis and other
mechanisms. Lastly, our results could provide rationale for the use of differentiation agents
such as histone deacetylase inhibitors in combination therapy that could shift leukemias
toward drug-sensitive states.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Lmo2 induces T-cell leukemia with diverse patterns of CD4 and CD8 expression and
variegation in CD4
Single cell suspensions of T-ALLs from CD2-Lmo2 transgenic mice were cultured in vitro

and single cell cloned by two rounds of limiting dilution. A, shows FACS analysis of CD4
and CD8 antigen expression on cell lines 32080, 03027, 03007, and 03020. B, shows FACS
plot of a human T-ALL sample that overexpresses LMO?2. Left panel shows analysis of CD8
and CD1 and right panel shows CD2 and CD4. C, shows SDS-PAGE followed by Western
blot analysis for Lmo2 protein and Akt protein as a loading control for the murine cell lines
shown in A with equivalent protein from whole cell lysates loaded. D, shows a
representative 32080 interphase cell analyzed by FISH for the murine CD4 gene (red) and
the CD2-Lmo2 transgene (green). E, FACS plots of 32080 cells stained for CD4 and CD3,
Terp, and CD24 (HSA). F, agarose gel of PCR products on genomic DNA from the cell
lines using primers flanking D and JB2. M designates a 100 bp marker; top intense band is
2 kb. Lane 1, H20; lane 2, thymic genomic DNA from WT B6 mouse; lane 3, tail genomic
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DNA showing the 2 kb germline band (asterisk) with some rearranged J32 probably from
blood contamination; lane 4, line 03007; lane 5, line 03020; and lane 6, line 32080. Bracket
designates products with rearranged JB2.
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Figure 2. CD4™ and CD4* populations of 32080 cells have differential levels of apoptosis and
glucocorticoid sensitivity

A, 32080 cell line was stained for CD4, Annexin V, and for uptake of propidium iodide (PI).
Left panel shows Pl and Annexin V staining of the whole population. Middle panel shows
gating only on the CD4* population of 32080 cells; right panel shows gating on the
CD4population. Numbers shown are the percentage of total gated cells positive for both PI
and Annexin V. B, graph shows the mean percentage of cells positive for Pl and Annexin V
at baseline without any drug treatment from 4 independent staining experiments; error bars
are the SEM; P value was generated by Student t-test. C, graph shows percentage of cells
positive for Pl and Annexin V for increasing concentrations of dexamethasone (shown as
log values of molarity, M). The black line shows the curve that fit the CD4* population; and,
gray line shows the curve fit for CD4" population. These curves were used to generate 1C50
values for CD4* and CD4- cells explained in the text.
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Figure 3. CD4 or CD4* populations of 32080 cells interconvert through replication
A, shows FACS plots of 32080 cells in the left panel with boxes showing the sorted cells.

32080 cells were sorted into CD4* (yellow gate) and CD4 (green gate) populations and
placed in separate cultures. The FACS plot in the middle shows CD4 and CD8 expression 7
days after sorting for CD4-. The FACS plot on the right shows CD4 and CD8 expression 7
days after sorting for CD4*. B, shows FACS plots of CD4 and CD8 expression of cells from
32080 followed for 4, 5, and 7 days after sorting for CD4-. C, agarose gel shows RT-PCR
for CD8 and CD4 mRNAs for the same cells in the experiment shown in B. D, graph shows
the expression of CD4 antigen in culture over time for the same experiment shown in B. The
exponential curve that fit with its equation and R2 value are shown. E, CD4" cells were
sorted from 32080, placed in culture, and pulsed with BrdU for 45 minutes and analyzed
immediately (FACS plot on left), or after 48 hours (FACS plot in middle); right panel shows
FACS plot of CD4" cells incubated with BrdU for 48 hours. Cells were stained for CD4,
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CD8, BrdU and 7-AAD. Plots show CD4 at y-axis and BrdU at x-axis. Numbers above the
plots are the percentage of cells in the BrdU- and BrdU* gates (boxes).
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Figure 4. Lmo2 knockdown downregulates CD4
A, SDS-PAGE and Western blot analysis of 32080 cells transduced with an Lmo2 shRNA-

expressing lentivirus and selected with 1 pg/ml puromycin for five days. Whole cell lysate is
shown. Lower panel shows bar graph with relative expression of Lmo2 mRNA. Whole RNA
was prepared from 32080 cells, 5 and 7 days after Lmo2 knockdown for analysis of Lmo2
mRNA by quantitative RT-PCR. Lmo2 expression was 2.5 and 17 times below control
(nonsilencing NS shRNA) levels at days 5 and 7, respectively. B, agarose gel of RT-PCR for
CD4 and CD8 mRNAs at days 5 and 7 after Lmo2 knockdown. Triangles indicate increasing
c¢DNA concentrations: 100, 200 and 300 ng. C, shows FACS plots of 32080 cells analyzed
for CD4 and CD8 expression at days 5 and 7 after Lmo2 knockdown. 32080 cells transduced
with non-silencing shRNA were concomitantly selected in puromycin and were analyzed by
FACS as shown on days 6 and 7. The plots shown are representative of three independent

experiments.
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Figure 5. 32080 cells have constitutive intracellular Notchl protein that can be inhibited by
gamma secretase inhibition and increase CD4 expression

A, exon 34 of Notchl cDNA was cloned from 32080 cells; wild type sequence is shown in
black. Sequence in blue and gray shows a 68 base pair region that was duplicated inducing 4
new residues (AGAS) followed by a premature stop codon (shown at asterisk). B, Western
blot analysis of 32080 cells treated with increasing concentrations of DAPT (in uM). Top
panel shows blot with anti-Val1744 of Notch1, followed by anti-Lmo2, followed by anti-
tubulin as loading control. C, shows FACS plots of CD4 and CD8 expression of 32080 cells
treated with increasing concentrations of DAPT. Numbers under the histograms show DAPT
concentration in uM. Numbers above the histograms show the percentage of cells in CD4"
and CD4* quadrants. D, graph shows qRT-PCR for CD4 mRNA in the left panel and Lmo2
MRNA in the right panel. Bars represent the mean of triplicate values with SEM. Statistical
comparisons were made between the mock treated cells by unpaired t-test. The double
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asterisks denote P<.001; single asterisks denote P<.006. The graphs represent three
independent experiments.
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Figure 6. Runx1 deregulation in 32080 cells
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A, shows agarose gels of RT-PCR of 32080 cells (lanes 1, 2) or 32080 cells transfected with
empty pCDNA-3.1 (lanes 3, 4) or pcDNA3.1-Runx1 (lanes 4, 5). Lmo2, Runx1 mRNAs
were analyzed by RT-PCR using 50 ng (lanes 1, 3, 5) or 100ng (lanes 2, 4, 6) cDNA.
Bottom panels show Western blot analysis for Runx1 and tubulin for 32080 and stable lines
with empty pcDNA-3.1, or with pcDNA3.1-Runx1. B, stable 32080 cell lines with empty
pcDNA-3.1 or with pcDNA-3,1-Runx1 were analyzed by flow cytometry for CD4 and CD8
expression. Bar graph shows 3 independent experiments; y-axis shows the percentage of live
cells CD4" or CD4*; dark gray bars are CD4" and light gray bars are CD4". C, schematic
shows 3 reporter constructs stably transfected into 32080 cells. E, CD4 proximal enhancer;
P, CD4 promoter; EGFP, reporter gene d2EGFP; sil, CD4 silencer element; silAR, CD4
silencer element with mutated Runx1 motifs; blue vertical bar, chicken B-globin insulator
element; SV, SV40 enhancer/promoter; R, neo resistance gene. D, the 03007 cell line was
stably transfected with one of three reporter constructs, CD4-E, CD4-ES, CD4ESAR, and
analyzed for GFP. E, scatter plot of log of mean fluorescence intensity (log [MFI]) of GFP
in 03007 cells stably expressing CD4 reporter constructs. Each point represents an
independently single cell cloned stable line expressing the GFP reporters. F, 32080 cells
were similarly selected in G418 and single cell cloned and analyzed for GFP expression.
Clones were stained for CD4 and CD8 and GFP expression was measured by FACS in a
minimum of 13 independent clonal lines per reporter construct. Comparisons between the
mean expression values were done by Student t-test generating the P values shown.
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Figure 7. Chromatin marks at the CD4 locus correlate with CD4 expression or repression
A, shows FACS analysis of 32080 cells treated with 15 nM TSA for 48 hours. Numbers

above histograms show percentage of cells in CD4* quadrant. The plot shown is
representative of three independent experiments. B, shows mean values of CD4-expressing
cells in percentage in stably lines expressing empty plasmid or HP1a. Dark gray bars show
CD4 cells whereas light gray bars show CD4" cells. C, bar graphs show gPCR analysis of
chromatin immunoprecipitations (ChlP) of histone H3 or modified H3 from CD4" (dark gray
bars) or CD4* (light gray bars) cells sorted from 32080 cells. QPCR was done with primers
specific for the proximal enhancer (in two amplicons, E1 and E2), promoter (P), silencer (S),
exon 2 (ex.2), and exon 10 (ex.10) of the CD4 locus. Arrows show statistical comparisons of
mean enrichment using Student t-test. Single asterisk denotes P<.05 for one-tailed test,
whereas, double asterisk denotes P<.05 for two-tailed test. D, schematic shows a model of
our observations in 32080 cells. This isogenic cell line shuttles between CD4" and CD4*
stages. Lmo2 promotes CD4* stage whereas Notchl and Runx1 promote the CD4- stage.
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The CD4* stage is prone to apoptosis and is more sensitive to dexamethasone-induced
apoptosis as well.
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