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A NUP98-HOXD13 fusion gene impairs differentiation of B and T
lymphocytes and leads to expansion of thymocytes with partial
TCRB gene rearrangement
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Abstract

Expression of a NUP98-HOXD13 (NHD13) fusion gene leads to myelodysplastic syndrome in
mice. In addition to ineffective hematopoiesis, we observed that NHD13 mice were lymphopenic;
the lymphopenia was due to a decrease in both T and B lymphocytes. Although the pro-B cell
(B220+/CD43+) populations from the NHD13and wild-type (WT) mice were similar, the NHD13
mice showed decreased pre-B cells (B220+/CD43-), indicating impaired differentiation at the pro-
B to pre-B stage. Thymi from ANVHD13 mice were smaller and overexpressed Hoxa cluster genes,
including Hoxaz, Hoxa9, and Hoxal0. In addition, the NHD13thymi contained fewer thymocytes,
with an increased percentage of CD4-/CD8- (DN) cells and a decreased percentage of CD4+/
CD8+ (DP) cells; the DN1/DN2 population was increased and the DN3/DN4 population was
decreased, suggesting a partial block at the DN2 to DN3 transition. To determine clonality of the
thymocytes, we used degenerate RT-PCR to identify clonal 7crb gene rearrangements. 5 of 6
NHD13 thymi showed an unusual 7c¢rb gene rearrangement pattern with common, clonal DJ
rearrangements but distinct VV-D junctions, suggesting a marked clonal expansion of thymocytes
that had undergone a DJ rearrangement, but not completed a VVDJ rearrangement. Taken together,
these findings demonstrate that expression of the NHD13transgene inhibits lymphoid as well as
myeloid and erythroid differentiation, results in overexpression of Hoxa cluster genes, and leads to
a pre-T lymphoblastic leukemia/lymphoma (pre-T LBL).
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Introduction

The myelodysplastic syndromes (MDS) represent a heterogeneous group of clonal disorders
of hematopoiesis, characterized by peripheral blood cytopenias, hypercellular, dysplastic
bone marrow, and a predilection for transformation to acute myelogenous leukemia. The
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assertion that MDS is a clonal disease is supported by observations which demonstrate over
50% of patients with MDS have one or more clonal cytogenetic abnormalities,(1) as well as
studies demonstrating clonal X inactivation in informative female MDS patients.(2)

The involvement of the lymphoid compartment as a part of the MDS clone has been the
topic of some debate. Patients with MDS often have a mild degree of lymphopenia,
especially involving T-lymphocytes.(3) In addition, although rare, there are numerous case
reports of acute lymphoblastic leukemia evolving from MDS, (4) suggesting the potential for
the MDS clone to produce lymphoid cells. However, lymphocytes from patients with
trisomy 8 or monosomy 7, two common cytogenetic abnormalities associated with MDS,
typically do not contain the cytogenetic abnormality when analyzed by fluorescence in situ
hybridization (FISH),(5, 6) although xenotransplant experiments with trisomy 8 cells have
documented trisomy 8 in engrafted B-cells.(7) Using a 5q deletion (5g-) as a clonal marker,
only 1 of 9 cases showed clear evidence of peripheral B-lymphocyte involvement in the
MDS clone.(8) Intriguingly, the same authors found that almost all of the CD34+CD38-
cells, and a large fraction (25-90%) of pro-B cells contained the 5q aberration.(8) These
results demonstrate that the 5q aberration is present in the hematopoietic stem cell (HSC)
compartment, and suggest that impaired B cell differentiation might account for the
difficulty in detecting the 5q aberration in peripheral B lymphocytes.

Using a NUP98-HOXD13 (NHD13) fusion gene initially identified in patients with MDS,
(9) we developed a mouse model which recapitulates all of the critical features of MDS
including peripheral blood cytopenias, dysplasia, and transformation to acute leukemia. In
addition to anemia and neutropenia, we noted that these mice were consistently
lymphopenic, and that 10-30% of the NHD13 mice developed a precursor T-cell leukemia/
lymphoma (pre-T LBL) with clonal T cell receptor B gene rearrangements.(10) In order to
better understand the lymphopenia and T-cell malignancies in these mice, we characterized
lymphoid differentiation abnormalities and clonal evolution of T-cells in the NHD13 mice.

Materials and Methods

Evaluation of clinically healthy mice

NHD13 transgenic (line G2 (10)) and wild type (WT) littermate control mice were
maintained on a C57BL6 background and were 6 to 9 months old. In some experiments, an
independent line of NHD13 mice (line C1 (10)), generated on an FVB/N background, were
used to verify results obtained with the NHD13 line G2 mice. However, unless otherwise
stated, all experiments were performed with the NHD13 line G2 mice. Peripheral blood (PB)
was obtained from the tail vein using di-potassium EDTA (ethylenediaminetetraacetic acid)
salt as an anticoagulant. Complete blood counts (CBCs) were determined using a
HEMAVET Multispecies Hematology Analyzer (CDC Technologies, Oxford, CT). Serum
IgM and I1gG levels were evaluated by ELISA at Ani Lytics (Gaithersburg, MD). Bone
marrow nucleated cells were obtained by flushing the femur and tibia of euthanized mice.
All studies were approved by the NCI intramural animal care and use committee.

Flow cytometry and cell sorting

Single-cell suspensions from the thymus, spleen, PB and BM were stained with conjugated
antibodies purchased from either BD Pharmingen (BD) (BD Biosciences, CA) or
eBioscience (eB) (San Diego, CA). The cells were resuspended with Hank’s Balanced Salt
Solution (HBSS) (Ca2*, Mg?* free, Invitrogen, CA) containing 2% fetal bovine serum
(FBS) (HF2) and incubated for 30 min on ice with the following antibodies: CD4-PE (BD),
CD8-FITC (BD), B220-FITC (BD), IgM-PE (BD), CD25-PE (BD), CD44-FITC (BD),
B220-APC (eB), CD43-FITC (eB), CD24-PECy5 (eB), BP1-PE (eB), IgD-PE (eB), and
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IgM-PECYyS5 (eB). Cells were washed twice with phosphate buffered saline (PBS) and
resuspended with HF2 containing 1 pg/ml of propidium iodide (PI, [Sigma-Aldrich, MQ]).
Flow cytometry was performed using a dual laser FACScan (BD Biosciences) and data were
analyzed using the CellQuest Pro software (BD Biosciences). For cell sorting, the
FACSAria (BD Biosciences) was used.

Thymocyte viability and apoptosis assay

Thymocyte viability test was performed as described.(11) One million thymocytes were
resuspended in RPMI 1640 supplemented with 10% FBS, 25 mM HEPES, 2 mM glutamine,
penicillin (100 U/ml), streptomycin (100 pg/ml) and 50 M 2-mercaptoethanol and
incubated at 37°C in an atmosphere of 5% CO,. Aliquots were removed daily and viable cell
counts performed using trypan blue dye exclusion. For the apoptosis assay, fresh thymocytes
were stained with Annexin V-FITC (BD Biosciences) and PI (Sigma-Aldrich, MO) using
the manufacturer’s recommended protocol, and analyzed with a dual laser FACScan (BD
Biosciences). Thymocyte viable cell counts and apoptosis assays were performed in
triplicate.

In vivo proliferation assay using 5-bromo-2-deoxyuridine (Brdu)

NHD13 and WT mice were injected intraperitoneally with 1mg BrdU in a volume of 0.5 mL
(BrdU Flow kit; BD Biosciences-Pharmingen) and euthanized 24 hours later. A single cell
thymocyte suspension was prepared and 2 x 108 cells were stained for CD4, CD8, CD44,
CD25 and BrdU (anti-BrdU-APC) using the manufacturer’s reagents and recommended
protocols (BrdU Flow kit, BD Biosciences-Pharmingen).

Histologic analysis

Thymi were fixed in 10% neutral buffered formalin, embedded in paraffin, sectioned, and
stained with Hematoxylin-eosin (H&E) for histological examination. Photomicrographs
were taken with a Fuji FinePix 6800Z camera (Fuji, Tokyo, Japan) with a Carl Zeiss
Standard 25 ICS microscope and a custom eyepiece adaptor (Accuscope, Frederick, MD).
All original magnifications were either 100 x or 400 X.

T cell receptor (TCR) B gene rearrangements

TCRP gene rearrangements were amplified for sequence analysis using degenerate RT-PCR.
(12, 13) First strand cDNA was synthesized from 1 pg of total RNA using SuperScript™ 11
reverse transcriptase (Invitrogen) and the cDNA quality assessed by amplification of -
actin, (5-GTGGGCCGCTCTAGGCAACCAA-3 and 5-
CTCTTTGATGTCACGCACGATTTC-3) primers. TCRB mRNA was amplified using a
degenerate VP region primer (5 -TAAGCGGCCGCATGSLYTGGTAYWXXCAG-3'; S =
GorT,L=A,G,orT,Y=CorT,W=AorC,X=AorG)andaCp primer (5”-
CCCACCAGCTCAGCTCCACGTGG-3"). The cycling parameters were 94°C for 2 min,
and 3 cycles of 94°C for 1 min, 37°C for 1 min, and 72°C for 1 min, and 27 cycles of 94°C
for 30 sec, 55°C for 30 sec, and 72°C for 1 min, followed by a terminal extension of 10 min
at 72°C. The PCR products were gel purified and subcloned into pGEM-T Easy (Promega,
Madison, WI). Individual plasmid clones were isolated for sequence analysis. For analysis
of genomic DJ rearrangements, primers 5TCRBD1.2 (5’-
CTTATCTGGTGGTTTCTTCCAGC-3") and 3TCRBJ1S4.2 (5'-
TTTACATACCCAGGACAGACAGC-3") were used with genomic DNA templates.

Real-time quantitative RT-PCR analysis of gene expression

RNA was isolated from thymus and/or thymic tumor tissue using Trizol (Invitogen) reagent
and the manufacturer’s recommended protocol. For some experiments, DN thymocytes were
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purified by the depletion of CD4+CD8+ double positive (DP), CD4 single positive (SP) and
CD8 SP using the “MACS” system (Miltenyi Biotech, Bergisch Gladbach, Germany).
Thymoctyes were stained for 15 minutes at 4°C with the micromagnetic bead conjugated
antibodies, anti-CD4 and anti-CD8. After washing, the cells were magnetically separated
using a MACS LS columns (Miltenyi Biotech). The purity was 94% to 99%. cDNA was
synthesized from 1ug of RNA template, again using the manufacturer’s recommended
protocol (Superscript 11, Invitrogen). TagMan probes for the following mouse genes were
purchased from Applied Biosystems: HoxA10 (Mm00433966_m1), HoxA9
(MmO00439364_m1), and HoxA7 (Mm00657963_m1). Relative expression levels of target
transcripts analyzed on an Applied Biosystems 7500 Fast real-time PCR system and
normalized to the 18S ribosomal RNA using relative cycle time (Ct) value. For Tcrbreal
time quantification (RQ) PCR was performed using SYBR green (Fast 7500 real-time PCR
system, Applied Biosystems). Relative quantification used the 7crband primers described
above and normalized to actin (also described above). Thermal cycling parameters were
50°C for 2 min, 95 °C for 10 min and cycle steps of [95 °C for 15 sec, 60°C for 1 min] for
40 cycles.

Statistical analysis

Results

Data are expressed as the mean + standard errors of the mean (SEM) or standard deviation
(SD) where applicable. Differences between groups were analyzed by student’s t-test. P-
values less than 0.05 were considered to be significant.

Both T and B lymphocyte numbers are decreased in peripheral blood from NHD13 mice

Similar to our prior observations, CBCs obtained from clinically healthy 6-9 month old
NHD13mice (line G2, generated on a C57BI6 background) showed macrocytic anemia and
leukopenia.(10) In this cohort of mice, the lymphopenia seen in the NHD13 mice was quite
marked (2.21 vs. 8.72 K/pL, p<0.01) compared with wild type (WT) littermate controls
(Supplemental Table S1). This lymphopenia was due to a decrease in both T and B cells.
FACS analysis of peripheral blood (PB) and splenocytes from ANVHD13 mice revealed
decreased numbers of CD4+ T-lymphocytes compared to WT controls (Figure 1A and B). In
both the PB and spleen, there was a trend toward decreased numbers of CD8+ cells as well;
however, this trend did not reach statistical significance (Figure 1A and B). Interestingly,
although the absolute numbers of PB and spleen B220+ cells were similar between the
NHD13mice and WT controls, close inspection of the FACS plots (Figure 1D)
demonstrated that the NHD13 B220+ cells were “dim”, suggesting that these were not
normal, mature B cells. Moreover, although many of the WT B220+ cells in the PB or
spleen were also positive for IgM, the NHD13 mice showed a dramatic decrease in the
number of mature B220+/IgM+ B cells (Figure 1A and B). As expected given the decreased
numbers of B220+/IgM+ cells, the NHD13 mice showed a significant decrease in
circulating levels of 1gG and IgM antibodies (Figure 1C). In addition, a small but detectable
population of immature CD4+/CD8+ cells could now be detected in the NHD13 spleen (not
shown).

To exclude the possibility that the decreased numbers of mature lymphocytes was due to the
integration site of the NHD13 transgene, we analyzed the lymphoid compartment in an
independent line of transgenic mice (line C1), that were generated on an FVB/N background
(10). As shown in supplemental figure S1, NHD13 mice generated on an FVB/N
background also showed decreased numbers of circulating B and T cells. Similar to results
obtained with the NHD13 line G2, the number of B220+/IgM+ cells in the spleen was
decreased, and the spleen contained an increased proportion of B220 “dim” cells (Figure
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S1). These findings demonstrate that the impaired lymphoid development was not dependent
on the integration site.

Impaired B-cell differentiation at the pro-B to pre-B stage

In order to better characterize the B-cell lymphopenia, we determined the developmental
stages (“Hardy fractions™) of bone marrow B cells.(14) The mean total numbers of bone
marrow cells were similar between WT and NHD13mice (n =5 each, median age = 6
months, 7.49 x 107 cells for WT and 6.39 x 107 cells for NHD13). Although the pro-B cell
(B220+/CD43+) populations showed no clear differences between the NHD13 and WT BM
(Figure 2), the NHD13 BM showed significantly decreased pre-B cell (B220+/CD43-)
populations, suggesting impaired differentiation at the pro-B to pre-B stage of differentiation
(Figure 2). A finer analysis showed an increase in the percentage of Hardy B fraction and a
decrease in the Hardy C and C” fractions, suggesting a partial block in differentiation at the
Hardy B to Hardy C fraction stage of differentiation. Also, although there was a 6-fold
reduction in the percentage of pre-B cells in the BM (3.22% vs. 0.55%, Figure 2B), the
proportion of Hardy fractions D—F were similar between the NHD13 and WT mice (Figure
2A), suggesting that the pro-B cells that “escaped” the differentiation block were then able
to mature normally.

NHD13 mice have small thymi, absent cortex, and decreased CD4+CD8+ thymocytes

We consistently observed a decrease in the size of the thymus from NHD13 mice compared
to WT mice; representative gross morphology of a NHD13 mouse (7 months old) is shown
in Figure 3A. As expected, the total number of thymocytes from NHD13 mice was also
decreased compared to the WT thymi (1.75x107 vs. 9.21x107, p<0.01) (Figure 3B).
Histologic examination showed that the NHD13 mice have no discernible medulla (Figure
3D), consistent with the observation that the NHD13 mice had decreased numbers of
circulating mature T-lymphocytes (Figure 1A and 1B). Analysis of cell surface markers
demonstrated a marked increase in the CD4-CD8- (DN) population (p<0.001) and a
marked decrease in the CD4+CD8+ (DP) population (p<0.001) in the NHD13 mice
compared to WT mice (Figure 3E). Further analysis of the DN population revealed a more
variable increase in the DN1 (which may include a small number of lineage positive cells)
and DN2 population, as well as a decrease in the DN3 and DN4 population in thymi from
the NHD13 thymus, suggesting a partial block at the DN1 to DN2 or DN2 to DN3 transition
(Figure 3F and G). Given that the absolute numbers of mature SP CD4 and CD8 cells were
reduced in the NHD13 thymi, it was not surprising that microscopic examination of the
NHD13 thymi revealed a markedly atretic medulla (Figure 3D). Again, to rule out a
transgene integration effect, we analyzed an independent line of NHD13 mice (line C1(10)).
As shown in Figure S1, the proportion of DP thymocytes was markedly reduced in the
NHD13 mice, and the proportion of DN thymocytes markedly increased.

We investigated the stage(s) of differentiation that are most prominently inhibited by the
NHD13 transgene, using /7 vivo proliferation assays with BrdU. As shown in Figure S2, the
majority of BrdU positive NHD13 thymocytes were in the DN population, more specifically
in the DN1 population. However, it should also be noted that a subset of thymocytes
“escape” this partial block, and continue to proliferate, as evidenced by residual BrdU
positive DN2, DN3, DN4 and DP thymocytes (Figure S2). These findings are most
consistent with a partial block at the DN1 to DN2 transition.

To determine if an increased rate of apoptosis could account for the decreased total
thymocyte number, we stained fresh thymocytes with Annexin V and propidium iodide (PI)
to identify apoptotic cells. Although thymocytes from the NHD13 mice showed an increased
Annexin V+/Pl+ population (late apoptosis(15, 16), p=0.05), this difference was only
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marginally significant (Figure 4A). Reasoning that many of the apoptotic thymocytes might
not be detected due to efficient clearance by tissue macrophages, we assayed thymocytes
cultured /n vitro for apoptosis. Thymocytes from the NHD13 mice died much more rapidly
than did WT thymocytes; after 3 days of culture, there were 100-fold fewer viable
thymocytes from the NHD13 mice (Figure 4B). The cells died due to an apoptotic process,
as evidenced by increased Annexin V and PI positivity (Figure 4C). As expected from the
cell survival curve (Figure 4B) there were dramatically more apoptotic thymocytes in the
NHD13 wells compared to the WT wells; and almost 100% of thymocytes had undergone
apoptosis by day 3 (Figure 4C and D).

Clonality of NHD13 thymocytes

Functional 7crbtranscripts result from the rearrangement of germline variable (V), diversity
(D) and joining (J) region segments in the genomic DNA of the developing T-lymphocyte.
(17, 18) This physical reconfiguration of genomic DNA can then serve as a marker for
clonality of thymocytes that have undergone VVDJ recombination. Therefore, to determine
clonality of the NHD13 thymocyte population, we used degenerate RT-PCR to identify
clonal 7crbgene rearrangements (Supplemental Figure S3). As expected, the WT thymi
showed polyclonal 7crb gene rearrangements; of 40 clones analyzed, no two were identical
(Supplemental Table S2). Since SCL/LMOL double transgenic mice, which also showed a
partial differentiation block at the DN to DP stage and developed pre-T LBL, showed
evidence of oligoclonal thymocyte expansion prior to the onset of a frank malignancy,(11)
we anticipated that we might find evidence for clonal or oligoclonal VVDJ rearrangements in
the NHD13 thymocytes harvested from clinically healthy (non-leukemic) mice. However, in
the initial NHD13 thymus we analyzed (mouse 1079), only two out of 34 clones (79-1 and
79-113) had an identical VDJ rearrangement, suggesting that there was no significant clonal
expansion of thymocytes that had completed VVDJ rearrangement of the 7c¢rblocus (Table
1). Interestingly, close inspection of the VVDJ junctions revealed a novel, surprising finding.
Subclones 79-3, 79-15, 79-60, 79-109, 79-132, 79-137, and 79-138 had an identical D-J
junction, with precisely the same “N-region” nucleotide addition (TATCTCCAATA), but
distinct, non-clonal V-D junctions (Table 1). Moreover, a second group of 11 clones from
mouse 1079 (subclones 79-2, 5, 8, 65, 84, 24, 108, 123, 124, 125, and 134) demonstrated a
similar finding—identical D-J junctions, but distinct VV-D junctions (Table 1). The most
likely explanation for this “clonal DJ, distinct VD” pattern was that a thymocyte had
undergone a marked clonal expansion following DJ rearrangement, but before VV-D
rearrangement.

This novel and characteristic “clonal DJ, distinct VD” pattern was reproduced in 4 of 5
additional NHD13 mice (#1080, 1084, 5078, and 5091); one mouse (#5051) showed only a
clonal VDJ rearrangement (Table 1 and Supplemental Table S3). If the above hypothesis is
correct (a thymocyte with a clonal DJ rearrangement expanded and divided numerous time
before the subsequent V-D rearrangement), then it should be possible to detect a thymocyte
clone which had the unique, clonal DJ rearrangement, but had not yet undergone V-D
rearrangement, and therefore had a germline V-D configuration. To address this question,
we performed PCR analysis on genomic DNA from two NHD13 thymi that showed the
“clonal DJ, distinct VD” pattern (1079 and 1080), using primers 5" of D1 (and thus deleted
during V-D rearrangement) and 3" of J1S4, as shown in Figure 5A. Based on the 2
predominant DJ rearrangements recovered in the subclones from mouse 1079 (Table 1), we
would expect fragments of 648 bp, representing the D1-J1S3 fusion, and 1096 bp,
representing the D1-J1S1 fusion, depicted schematically in Figure 5B. Using a similar
analysis, we would expect a fragment of 146 bp (representing a D1-J1S4 fusion) in thymus
DNA from mouse 1080. We would not expect any clonal rearrangements in the WT control
thymus, but might recover polyclonal D1-J1S4 rearrangements. Clonal fragments as
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predicted were recovered from 1079 and 1080 thymic DNA (Figure 5C); these were
sequenced and shown to contain the clonal D-J junctions shown in Table 1. The ~145 bp
PCR product from the WT mouse (Figure 5C) was subcloned and 4 independent clones were
sequenced; all contained different D1-J1S4 junctions, with unique N regions, indicating that
these represented polyclonal D1-J1S4 Tcrb gene rearrangements (Supplemental Table S4).

To determine whether thymocytes with the “clonal DJ, distinct VD” rearrangements could
be detected in peripheral blood we studied spleens from mice # 1079, 1084 and 5051, all of
which displayed the “clonal DJ, distinct VD” pattern in the thymus. Surprisingly, out of 47
Tcrb clones analyzed, none were derived from the known “clonal DJ, distinct VD” classes
identified in the thymi of these mice (Supplemental Table S5), suggesting that the
thymocytes with clonal DJ rearrangements did not mature and migrate from the thymus.

To evaluate which thymocyte population (ie, DN, DP, CD4SP, CD8SP) contains the “clonal
DJ, distinct VD” thymocytes, we sorted thymocytes from NHD13 mouse (#5200) and
assayed 7crb gene rearrangements as described above (Supplemental Figure S2, Table 2).
13,12, 19 and 16 7crbclones from DN, DP, CD4SP, and CD8 SP populations respectively
(total 60) were sequenced. Of these 60 clones, 21 had unique VVDJ rearrangements and will
not be considered further. The remaining 39 clones could be placed into one of 10 classes.
There were five distinct classes of “clonal DJ, distinct VD” thymocytes identified (classes
1-5, Table 2), and 5 smaller clonal VDJ expansions (classes 6-10, Table 2) identified. All
four thymocyte subpopulations contained “clonal DJ, distinct VD” thymocytes. However,
similar to previous findings, we did not identify any of these clonal expansions in splenic T-
cells (34 clones analyzed, Supplemental Table S6).

Overexpression of Hoxa cluster genes in thymus and pre-T LBL from NHD13 mice

Because overexpression of HOXA cluster genes, particularly HOXAJ has been linked to
pre-T LBL in humans (19), and impaired lymphocyte differentiation in mice (20-22), we
used RQ-PCR to assay expression of Hoxaz, 9, and Z20in NHD13 thymus. As shown in
Figures 6 and S4, expression of Hoxaz, 9, and 10 was markedly increased in thymus from
clinically healthy NHD13 mice, and was even higher in pre-T LBL that arose in NHD13
mice, consistent with the hypothesis that the NHD13 fusion may exert its oncogenic effect,
at least in part, through Hoxa cluster genes including Hoxaz, 9, and 10. To rule out the
possibility that the overexpression of Hoxa cluster genes was due to a transgene integration
effect, we also showed a 30-100 fold increase in expression of the same Hoxa cluster genes
in an independent transgenic line (C1), that was generated on a different mouse background
(FVB/N) (Figure S4). To determine if the increase in Hoxa cluster genes was restricted to
the more immature DN thymocyte population, we purified DN thymocytes from NHD13
and WT mice. RQ-PCR analysis demonstrated that expression of Hoxa7, 9, and Z0was 10—
100 fold higher in NHD13 DN thymocytes compared to WT DN thymocytes (Figure S5).
Furthermore, although levels of Hoxaz, 9, and 10fell by 3-10 fold as WT DN thymocytes
matured to DP and SP cells, elevated levels of Hoxaz, 9, and 10 persisted as the NHD13 DN
thymocytes matured (Figure S5). There was no direct correlation between Hoxaz, 9, and 10
expression and 7c¢rb expression. Figure S6 shows that 7crb expression in DN thymocytes
from NHD13 mice was ~30 fold less than DN thymocytes from WT mice, consistent with
the observation of a partial differentiation block at the DN1 to DN2 transition (Figures 3 and
S2). However, thymocytes that “escape” this block are able to express CD4, CD8, and
normal levels of 7crb, despite ongoing overexpression of Hoxaz, 9, and 10 (Figure S5)

Discussion

The results presented here demonstrate that a NUP98-HOXD13 (NHD13) fusion gene
dramatically impairs differentiation of both B and T lymphocytes. Although the number of
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B220+/IgM- cells was similar between the NHD13 and WT mice, these B220+/IgM~- cells
were not normal B-cell precursors, as analysis of the FACS plot (Figure 1D) demonstrates
that the B220+/IlgM- population in the NHD13 mice consisted primarily of an abnormal
B2209Im population of cells. Although B220 (CD45R) is typically considered to be a B cell
marker, B220 expression, often “dim”, has been detected on myeloid, macrophage, and
natural killer precursors(23-26); therefore, it is conceivable that the B2209™ cells detected
in the NHD13 mice are not committed to the B-cell lineage. FACS analysis of NHD13 BM
cells demonstrated a relative block in B-lymphocyte differentiation at the pro-B to pre-B cell
transition.

In addition to impaired B-lymphocyte differentiation, the NHD13 mice also displayed small
thymi and a decreased number of thymocytes. During normal T-lymphocyte differentiation,
T-cells mature from DN1 to DN4 cells, and subsequently to DP cells in the thymic cortex
and cortico-medullary junction. Final maturation of T-lymphocytes to SP CD4 or CD8 cells
occurs in the medulla; upon final maturation the T-lymphocytes exit the thymus and seed
peripheral lymphoid organs such as lymph nodes and spleen.(27) Microscopic examination
of the NHD13 thymi demonstrated a markedly atretic medulla. Consistent with this finding,
the number of DP and SP thymocytes were markedly reduced in the NHD13 thymi, whereas
the number of immature DN cells, particularly the most immature DN1 and DN2 cells, were
markedly increased in the NHD13 thymi, suggesting a partial block to differentiation at the
DN1 to DN2 transition.

Functional 7crbtranscripts result from the rearrangement of germline variable (V), diversity
(D) and joining (J) region genes in the genomic DNA of the T-lymphocyte, a process that
also permits the generation of immense TCR diversity.(17, 18) Rearrangement of the TCRp-
chain begins with a DJ rearrangement at the DN2 stage, followed by a V-DJ rearrangement,
which is required for progression to the DP stage of thymocyte development. Although we
expected to detect evidence for clonal or oligoclonal 7crb gene rearrangements in the thymi
from NHD13 mice, we were surprised to find little evidence for clonal expansion of
thymocytes with complete VVDJ rearrangements. Instead, a novel pattern of VDJ
rearrangements was identified, which consisted of an identical, clonal DJ rearrangement,
and distinct VV-DJ junction. This finding suggested that there was a marked clonal expansion
of DN2 thymocytes that had “escaped” the partial DN1 to DN2 block, and had generated a
DJ rearrangement, but not completed a VVDJ rearrangement. Although this “clonal DJ,
distinct VD” pattern has not previously been recognized in murine T-cells, a similar
phenomenon has recently been reported to occur in human B lymphocytes.(28) In that study,
leukemic B-lymphocytes from a twin with TEL-AMLZ1 gene rearrangement and leukemia
showed expansion of a clone with a complete VDJ recombination event, whereas B-
lymphocytes from a clinically healthy twin showed the TEL-AMLL1 fusion and expansion of
a clone that had an identical DJ fusion as the leukemic twin, without a complete V-DJ
recombination event. These observations led to the hypothesis that the TEL-AMLL1 fusion
exerted its oncogenic effect in a B-lymphocyte that had undergone D-J recombination, but
not V-DJ recombination. Although none of the mice in this study developed T-ALL, several
mice had evidence for clonal VDJ rearrangements in addition to the “clonal DJ, distinct VD"
rearrangements, raising the possibility that these cells with a clonal VVDJ rearrangement,
might have expanded to become a clinically evident T-cell malignancy. In at least one case
(mouse 5200, Table 2, class #1) a clonal VDJ expansion was derived from a parental clone
with a “clonal DJ, distinct VD” pattern.

It is not clear why thymocytes with the “clonal DJ, distinct VD" pattern are abundant in the
thymus, but undetected in the peripheral circulation. The 7crb rearrangements for the vast
majority of the “clonal DJ, distinct VD” thymocytes are in frame (Tables 1, 2, and S3). It is
conceivable that the same event which leads to an increased clonal proliferation at the DJ
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rearrangement stage might inhibit or interfere with further maturation of the developing
thymocyte, or might lead to a requirement for interaction with the thymic stroma.

We and others have previously shown that several Hoxa cluster genes, including Hoxa7z, 9,
10, are overexpressed in NHD13 bone marrow(29, 30). Of these genes, overexpression of
Hoxa9has previously been linked to impaired B-lymphocyte (but not T-lymphocyte)
differentiation,(20) and overexpression of Hoxal0has been associated with impaired B and
T lymphocyte differentiation in mice.(21, 22) In addition, overexpression of HOXA9by
several different mechanisms has been associated with pre-T LBL in clinical studies (19).
We detected markedly increased expression of Hoxaz, 9, and 10in thymus from clinically
healthy NHD13 mice that was further increased in pre-T LBL that arose in the NHD13
mice, suggesting a role for Hoxa cluster gene overexpression in these malignancies.
Although it is difficult to directly compare the aforementioned animal models of Hoxa
overexpression, as only one of the mouse studies used a Hoxa transgene targeted specifically
to the hematopoietic compartment,(20) it seems that the degree of B and T lymphocyte
inhibition was more severe in the NHD13 mice than in mice that overexpress only Hoxa9 or
Hoxal0(20-22). This may be due to an additive effect caused by NHD13-induced
overexpression of several Hoxa cluster genes simultaneously.

Although it is not clear why the NHD13 mice have a more dramatic decrease in T and B
lymphocytes than is typically seen in patients with MDS, one plausible explanation is
outlined below. Spontaneously occurring MDS is thought to be largely due to acquired, not
inherited mutations. Thus patients with MDS generally have some level of residual, normal
lympho-hematopoiesis, including long-lived T and B memory cells, which does not involve
the MDS clone. However, since the NHD13 mice are generated by insertion of a transgene
in the germline, they have no residual normal cells to provide normal lympho-
hematopoiesis, and the only lymphoid cells that develop are relatively rare cells which
“escape” the differentiation inhibition caused by the NHD13transgene.

In summary, we demonstrated that NHD13transgene inhibits lymphoid as well as myeloid
and erythroid differentiation. In the B cell lineage, this inhibition results from a block at the
pro-B to pre-B stage, and leads to a >5-fold decrease in circulating B cells and
immunoglobulin levels. In the T-cell lineage, the inhibition occurs at the DN2-DN3
transition, and is associated with a marked overexpression of Hoxa7, Hoxa9and Hoxal0.
Similar to the situation seen in patients with pre-T LBL, overexpression of Hoxa7, Hoxa9,
and Hoxal0is associated with impaired thymocyte differentiation and leads to pre-T LBL.
Finally, detailed analysis of NHD13 thymocytes revealed a marked expansion of thymocytes
that had a D-J rearrangement, and generation of a large population of thymocytes with a
common clonal D-J rearrangement, but distinct VV-D rearrangements.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. NHD13 mice show decreased B and T lymphocytesin peripheral blood

(A) FACS analysis of CD4/CD8 and IgM/B220 positive cells in peripheral blood (PB) from
NHD13 mice (n=5) and wild type (WT) littermate controls (n=6). PB from NHD13 mice
revealed a marked decrease in CD4 single positive (SP) and B220+/IgM+ cells compared to
WT controls (** p<0.01). The decrease in CD8 SP cells was not statistically significant
(p>0.05) (B) FACS analysis of CD4/CD8 and IgM/B220 positive splenocytes. Splenocytes
from NHD13 mice (n=5) showed a marked decrease in CD4 SP and B220+/IgM+ cells
compared to WT controls (n=6) (** p<0.01). The decrease in CD8 SP cells was not
statistically significant (p>0.05) (C) NHD13 mice showed markedly decreased serum IgM
and IgG (n=4, median age = 7 mo, *p<0.05, ** p<0.01). (D) Representative FACS plots of
B220/IgM expression from WT and NHD13 mice (upper panel: PB, lower panel: spleen).
NHD13 mice showed increased numbers of B220 “dim” (solid box) cells and decreased
numbers of B220 “bright” (dotted box) cells compared to WT controls.
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Figure 2. Decreased number of pre-B cellsin NHD13 BM
(A) Representative FACS plots of pro-B and pre-B cells from NHD13 mice and WT
controls. The percentage of pro-B cells (B220+/CD43+) are similar in the NHD13 and WT
BM. NHD13 BM showed a decreased proportion of pre-B cells (B220+/CD43-). Hardy
fractions A, B, C, C’, D, E, and F are indicated. (B) Statistical analysis of pooled data (n=5
NHD13 and 5 WT mice); pre-B cells (B220+/CD43-) were significantly decreased in

NHD13 BM (**p<0.01).
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Figure 3. Impaired differentiation and decreased thymocyte number in NHD13 mice

(A) Gross morphology of thymi from WT and NHD13 mice (age 7 months). (B) Decreased
total number of thymocytes in NHD13 thymus (n=7 NHD13 and 7 WT mice, median age =
7 mo old, **p<0.01). (C) WT thymus (upper panel, original x 50; lower panel, original x
400) (D) NHD13 thymus (upper panel, original x 50; lower panel, original x 400) Note
absent absent medulla in NHD13 thymus. (E) Representative FACS plots of thymocytes
from WT and NHD13 mice stained with CD4, CD8, CD44, and CD25. The upper panel
shows CD4 and CD8 distribution, and the lower panel shows CD44 and CD25 staining of
DN cells. DN1, DN2, DN3, and DN4 populations are indicated. (F) Increased DN and
decreased DP thymocytes from NHD13 mice (n=7) compared to WT (n=9) mice aged 7-9
months, **p<0.01. (G) Analysis of DN subpopulations. Note the variable increase in the
DN1 and DN2 population, as well as a decrease in the DN3 and DN4 population in thymi
from the NHD13 thymi (n=7) compared to WT thymi (n=9), *p<0.05.
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Figure 4. Increased apoptosis of NHD13 thymocytes

(A) Apoptosis assay of fresh thymocytes using Annexin V and propidium iodide (PI); late
apoptotic (AnnexinVV+/PI+) cells were increased in NHD13 thymi (n=5 NHD13 and 5 WT
mice, *p=0.05). (B) /n vitro culture of thymocytes demonstrates rapid death of NHD13
thymocytes (**p<0.01). (C) Percent apoptotic cells following /n vitro culture. (**p<0.01).
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(A) Germline configuration of Terblocus; locations of V, D, and J segments are indicated.

The location of primers 5TCRBD1.2 and 3TCRBJ1S4.2, 5 of D1 and 3" of J1S4

respectively, are depicted with horizontal arrows. (B) Configuration of predicted clonal DJ
rearrangements for mice 1079 and 1080 based on sequence of VV-DJ junctions. (C) PCR

products corresponding to a 146 bp fragment from mouse 1080, and 648 and 1096 bp

fragments from mouse 1079. The PCR products of ~145 bp from the WT control mouse

represent polyclonal D1-J1S4 rearrangements (see text).
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Relative expression is presented on a logarithmic scale. *indicates p<0.01. p value was
unobtainable for Hoxa10as only 1 of 3 WT thymus control samples expressed a detectable
level of Hoxal0 mRNA.
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