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The cAMP response element-binding pro-
tein (CREB) is a nuclear transcription factor
that is critical for normal and neoplastic
hematopoiesis. Previous studies have dem-
onstrated that CREB is a proto-oncogene
whose overexpression promotes cellular
proliferation in hematopoietic cells. Trans-
genic mice that overexpress CREB in my-
eloid cells develop a myeloproliferative dis-
ease with splenomegaly and aberrant
myelopoiesis. However, CREB overexpress-
ing mice do not spontaneously develop
acute myeloid leukemia. In this study, we

used retroviral insertional mutagenesis to
identify genes that accelerate leukemia in
CREB transgenic mice. Our mutagenesis
screen identified several integration sites,
including oncogenes Gfil, Myb, and Ras.
The Sox4 transcription factor was identified
by our screen as a gene that cooperates
with CREB in myeloid leukemogenesis. We
show that the transduction of CREB trans-
genic mouse bone marrow cells with a Sox4
retrovirus increases survival and self-
renewal of cells in vitro. Furthermore, leuke-
mic blasts from the majority of acute my-

eloid leukemia patients have higher CREB,
phosphorylated CREB, and Sox 4 protein
expression. Sox4 transduction of mouse
bone marrow cells results in increased ex-
pression of CREB target genes. We also
demonstrate that CREB is a direct target of
Sox4 by chromatin immunoprecipitation as-
says. These results indicate that Sox4 and
CREB cooperate and contribute to increased
proliferation of hematopoietic progenitor
cells. (Blood. 2012;120(1):155-165)

Introduction

Acute myeloid leukemia (AML) results from the accumulation of
several genetic alterations that confer a proliferative or survival
advantage to hematopoietic stem cells.! More than 5000 total
mutations with or without chromosomal aberrations in AML have
been reported (http://cgap.nci.nih.gov/chromosomes/).2 Recent stud-
ies suggest that specific chromosomal translocations are found in
less than 40% of AML patients.> Furthermore, many of these
genetic alterations are not sufficient to drive leukemogenesis.
Therefore, identifying novel oncogenic alterations that cause
leukemia and deciphering the signaling pathways that are affected
is key to improving our understanding of this disease and identify-
ing novel therapeutic targets.

The cAMP response element-binding protein (CREB) is a
43-kDa nuclear transcription factor that has been implicated in
severalcancers, including leukemias.*> The transcription factor
CREB is downstream of cell surface receptors and mitogens that
are critical for normal and neoplastic hematopoiesis.® We reported
previously that CREB is a proto-oncogene whose overexpression
promotes cellular transformation of hematopoietic cells. Trans-
genic mice overexpressing CREB in the myeloid lineage cells
develop a myeloproliferative/myelodysplastic syndrome (MPD/
MDS) after 1 year.® In addition, a majority of patients with AML
and acute lymphoid leukemia overexpress CREB in the bone
marrow (BM).%8

Previous reports demonstrated that 80% of patients with AML
overexpressed CREB by Western blot analysis and ELISA.® CREB

also was phosphorylated and actively bound to the cyclic AMP
response element consensus site at diagnosis but not in remission or
in nonleukemia control samples.

Retroviral insertional mutagenesis (RIM) or retroviral tagging
is a powerful tool that has been used for oncogene discovery.!%4 In
this study, RIM was used to accelerate myeloid leukemia in CREB
transgenic (TG) mice and to identify CREB-cooperating onco-
genes. We inoculated CREB TG mice with the MOL4070LTR
retrovirus. MOL4070LTR is a Moloney murine leukemia virus—
based retrovirus capable of inducing myeloid leukemia at a higher
frequency.’> In our mutagenesis screen, the sox4 transcription
factor was identified as a potential cooperating oncogene. Retrovi-
ral transduction studies demonstrated that aberrant expression of
sox4 synergizes with CREB to increase proliferation, self-renewal,
and survival of bone marrow cells in culture. Furthermore,
increased protein expression of Sox4, CREB, and phosphorylated
CREB was observed in the majority of blast cells from AML
patients. Taken together, our results suggest that sox4 and CREB
cooperate to enhance myeloid cell proliferation.

Methods

Plasmid constructs

Retroviral vectors pMIG (MSCV-IRES-GFP) and pMIG-Sox4 were kindly
provided by A. Perkins (University of Rochester). The pMIG-Sox4 vector
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was constructed by subcloning murine sox4 cDNA from pIRES-Sox4 into
the multiple cloning site of pMIG.!°

Cell culture

Human AML cell line HL60, ML-2, NB4, THP1, MV4;11, K562, and
NOMO (ATCC) were cultured in media supplemented with 10% FBS.

Retroviral infection

The MOL4070LTR retrovirus was propagated and harvested as described
previously.!” Newborn neonatal pups were inoculated with 1 X 10° infec-
tious particles of MOL4070LTR retrovirus in 0.1 mL of medium intraperi-
toneally, 1 to 3 days after birth. C57BL/6 wild-type (WT) or CREB TG
mice were housed and cared for in accordance with the recommendations of
the Guide for the Care and Use of Laboratory Animals.'® The human mrp8
promoter up-regulates CREB in macrophage and monocytic lineage cells in
CREB TG mice.®? Mice were under daily observation for signs and
symptoms of leukemia, including lethargy, labored breathing, lordokypho-
sis, and abdominal distention. Mice were euthanized when these symptoms
were observed. All murine studies were approved by the University of
California, Los Angels (UCLA) Institutional Animal Care and Use
Committee.

Pathologic evaluation and phenotype analysis

Moribund mice were euthanized, and liver, spleen, and bone marrow were
harvested for analysis. Paraffin-embedded tissue sections were stained with
H&E, and cytospin slides were prepared from bone marrow cell suspen-
sions and stained with Wright-Giemsa. Flow cytometry was performed by
staining single-cell suspensions from bone marrow with fluorescein isothio-
cyanate (FITC)—conjugated anti-mouse Gr-1, phycoerythrin-conjugated
CDI11b (Mac), allophycocyanin-conjugated CD90, and phycoerythrin-Cy5
CD19, FITC-conjugated anti-mouse CD3, phycoerythrin-conjugated
B220, phycoerythrin-conjugated Ter119, FITC-conjugated Scal, and
allophycocyanin-conjugated CD117 (eBioscience).

Long-mediated PCR

Genomic DNA from affected mice was harvested from splenocytes,
restricted, ligated to adapters, and amplified using adapter and viral specific
primers. Retroviral integration sites were cloned using ligation-mediated
(LM)-PCR. Amplicons were purified (QIAGEN), cloned into pGEM-T
Easy (Promega), and transformed into DHSa Escherichia coli cells
(Invitrogen).'® Plasmid DNA was isolated and sequenced. These sequences
were mapped to the mouse genome to identify the chromosomal location
using the National Center for Biotechnology Information mouse genome
and Ensembl Genome Browser (http://www.ensembl.org/).2

Retroviral transduction

VSV-G pseudotyped retrovirus was produced by transient transfection of
293T cells. Vector supernatant was collected and concentrated by ultracen-
trifugation. Murine hematopoietic stem cells and progenitors were isolated
from 6- to 12-week-old C57BL6 mice treated with 150 mg/kg 5-fluorouracil.
Whole bone marrow cells were harvested 3 to 5 days after 5-fluorouracil
treatment, and the red blood cells were lysed using ammonium chloride
lysing solution. Whole bone marrow cells were maintained in culture for
48 hours in Iscove modified Dulbecco medium (IMDM) with 30% FCS,
10% BSA, 2.5 ng/mL murine stem cell factor (SCF), 10 ng/mL murine
IL-3, and 25 ng/mL human IL-6 and 100 p.L 2-mercaptoethanol. Cells were
plated into a well coated with Retronectin (Clonetech Laboratories),
incubated with viral supernatant in the presence of the same cytokines and
harvested after 24 to 48 hours. Viral supernatant was subsequently re-
moved, and fresh media were added to cultures. The transductants were
then allowed to recover and expand for 24 hours before sorting for the green
fluorescent protein (GFP)—selectable marker.

Hematopoietic progenitor assays

Methylcellulose-based culture (MC) of bone marrow cells (5-10 000 GFP-
positive cells/mL. MethoCult) was performed using MethoCult GF M3434
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(StemCell Technologies) containing mouse SCF, mouse IL-3, human IL-6, and
human erythropoietin. Colonies were counted after 7 to 14 days of culture. For
serial replating assays, cells were harvested from the MC1 after 7 to 14 days of
culture and replated in MC2 using GF M3434.

In vitro phenotype and survival analysis

For phenotype analysis, GFP-sorted cells (0.5 X 10°) were expanded in IMDM
supplemented with 30% FCS, 10% BSA, 2.5 ng/mL murine SCF, 10 ng/
mL murine IL-3, and 25 ng/mL human IL-6 and 100M 2-mercaptoethanol for
2 days. Cells were then harvested and phenotyped using CDI11b and Gr-1
(Ly-6G) markers. For survival assays, 1 X 109 cells were plated in the absence of
cytokines and limited serum (2% FBS). Cells were harvested at 16 to 18 hours
and stained for markers of apoptosis (annexin V and 7-aminoactinomycin D
[7-AAD]). For BrdU experiments, 0.5 X 10° cells were seeded at the proper
concentrations and labeled with BrdU using the BrdU Flow cytometry kit (BD
Biosciences). Cells were analyzed by flow cytometry and analyzed using the
FlowJo Version 9.4.1 software (TreeStar).

Cell sorting

Total murine bone marrow cells were harvested, and RBCs were lysed with
ammonium chloride lysing solution. Bone marrow cells were then preincu-
bated with anti-CD16/32 (FcyRII-1II; eBiosciences) or total mouse IgG (for
common lymphoid progenitor [CMP] and granulocyte macrophage progeni-
tor [GMP] populations only; Axell) to reduce nonspecific labeling. Stem
cells and progenitors were isolated by staining with a lineage depletion
cocktail that consisted of CD3e, CD8«, B220, Mac-1, Gr-1, TER-119,
TCRaf, TCRYS, IgM, and NKI.1 FITC-labeled antibodies and immunostain-
ing with fluorochrome-conjugated antibodies based on the following
phenotypes: CMPs (Lin"CD127~Scal ~CD117" CD16/32'° CD34"), GMPs
(Lin~CD127-Scal “CD117MCD16/32MCD34"), megakaryocyte erythroid
progenitors (Lin~CD127Scal ~"CD117"CD16/32'°CD34), common lym-
phoid progenitors (Lin-CD127*Scal*CD117'"), and hematopoietic stem
cells (LSK CD150 HSCs; Lin~CD150* Scal®CD 1174, short-term (ST)-HSCs;
LSK CD34"FIk2~CD150", long-term (LT)-HSCs: LSK CD34 FIk2-CD150",
multipotent progenitors [MPPs]; LSK CD34*FIk2*CD1507). All the listed
antibodies were purchased from eBioscience with the exception of CD150
(Biolegend). Antibody incubations were performed at 4°C for 30 minutes and
sorted on a FACSAria flow cytometer (BD Biosciences).

Quantitative real-time analysis and RT-PCR

Total RNA was extracted from mouse bone marrow or patient sample bone
marrow using TRIzol (Invitrogen), according to the manufacturer’s instruc-
tions). The cDNA was synthesized using the SuperScript III First Strand
Synthesis System (Invitrogen). To detect expression of Sox4 and CREB,
reverse transcription-polymerase chain reaction (RT-PCR) was performed
using oligo(dT) primers and PCR conditions according to the manufactur-
er’s instructions. Quantitative real-time PCR analysis was performed in
triplicate using the TagMan probe system with human and/or mouse Sox4-,
CREB-, bcl2-, cfos-, cndl-, and glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH)-specific probes and primers using the ABI StepOnePlus
detection system (Applied Biosystems) according to manufacturer’s instruc-
tions. Expression analysis was standardized to GAPDH expression.

Western blot analysis

Protein lysates were separated using SDS-PAGE. Immunoblotting was
performed with anti-CREB (UBI), antiactin (Sigma-Aldrich), and anti-sox4
antibodies (Santa Cruz Biotechnology), as described previously.?

Chromatin immunoprecipitation

Chromatin immunoprecipitation (ChIP) was performed according to
EZ-ChIP (Millipore) manual. Proteins in K562 or KG1 cells (2 X 107)
lysates were cross-linked, harvested, and sonicated. Chromatin was pre-
cleared with protein A/G beads and then was immunoprecipitated with 5 pug
of either anti-SOX4 antibody (Santa Cruz Biotechnology) or IgG control
antibody. After centrifugation, beads were washed and the protein-DNA

20z aunr 20 uo 3senb Aq Jpd 510002 | L208UZ/6S0SSE L/GS L/ L/0Z L /4Ppd-8jo11e/poojgeusuoledlgndyse//:diy woly papeojumoq



BLOOD, 5 JULY 2012 - VOLUME 120, NUMBER 1

VS
v
WT (n=14)

TG (n=34)

Percent Survival

p<0.001

L} L}
0 5 10
Time (months)

SOX4 COOPERATES WITHCREB 157

WT CREB

B Features of diseased mice infected with MOL4070LTR retrovirus

WT TG WT TG
Infected Infected
Median Latency (n) NA (14) NA (34) 14 (45) 9 (63)
WBC (10%/ul, Mean + SD) (n) 3.310.7 (6) 13.0£2.2(9) 72.0462 (17) 59.2+46.3 (30)
Spleen Weight (mgs, Mean + SD) (n)| 2817 (8) 1601164 (10) | 9624773 (29) = 11071743 (50)

Liver Weight (mgs, Mean + SD) (n)

11944254 (7) 1321+373 (8) 21714925 (32) 2619+1155 (48)

Figure 1. Induction of leukemia in CREB transgenic mice by RIM. (A) Kaplan-Meier survival curve of WT and TG mice inoculated with MOL4070LTR retrovirus. Survival
curve analysis showed significant difference between WT and TG MOL4070LTR-inoculated mice (P < .001 by log-rank test). (B) Characteristics of leukemia in mice infected
with MOL4070LTR retrovirus. Transgenic mice have a 5-month decrease in median latency for disease compared with WT mice inoculated with the MOL4070LTR retrovirus.
Both WT- (n = 21) and TG (n = 34)-infected mice that developed leukemia had greater hepatosplenomegaly and increased WBC compared with uninfected WT and TG mice
(P < .002). (C) Enlargement of hematologic organs in leukemic mice infected with the MOL4070LTR retrovirus. Leukemic mice typically exhibit enlarged spleens and liver.
(Left) Arrows point to enlarged liver (L) and spleen (S) of mouse with AML. (Right) Spleen from WT age-matched control (left side) and CREB TG mouse with AML (right side).
(D) Wright-Giemsa-stained slide of peripheral blood and bone marrow from CREB TG mice with AML. This is a representative mouse with myeloid leukemia.

complexes were eluted; cross-links were reversed to free DNA. The
immunoprecipitated DNA was then purified and PCR was performed. Input
DNA was purified from the precleared chromatin. PCR was performed
using normal PCR reaction program with primers against CREB promoter
region: forward, 5'-TTACCAAGTCTGGATGGAAC-3' and reverse,
5'-GGTGTGTCATTAACTGTTGAGAGC-3'".

Reverse phase protein arrays

Reverse phase protein array analysis was performed as described previ-
ously.?! In brief, patients and cell lines samples were lysed in an appropriate
lysis buffer and printed in 4-point dilution curves in duplicate on
nitrocellulose-coated slides (FAST slides; Whatman Schleicher & Schuell)
with the 2470 Arrayer (Aushon BioSystems). Slides were stained for total
protein content (Fast Green FCF; Sigma-Aldrich) and with 3 different
previously validated antibodies using the Catalyzed Signal Amplification
System kit (Dako North America). The images of stained slides were
analyzed using the Microvigene software (VigeneTech) to generate normal-
ized and background-subtracted single values for each protein in each
sample: CREB (Millipore), CREB S133 (Cell Signaling Technology), and
SOX4 (Abnova). Each antibody was previously subjected to extensive
validation for single band specificity by Western blot analysis.

Patient selection

BM samples of 66 patients at diagnosis of AML collected at the Laboratory
of Paediatric Hematology of the University Hospital in Padova, Italy, were
used with institutional board approval. The enrollment criteria of the study
followed the AIEOP-2002 AML pediatric protocol. Newly diagnosed AML,
age range from O to 18 years, and written informed consent of the parents.
Patients with granulocytic sarcoma, secondary AML, myelodysplastic
syndrome, or Down syndrome, as well as patients with pretreatment
duration longer than 14 days or patients with acute promyelocytic leukemia
have been excluded from the present analysis. The initial diagnosis of AML
was established according to the FAB-morphology classification and
evaluated by multiparameter flow cytometry.?> Healthy BM cells from

volunteers also were included as controls. Informed written consent was
obtained from all subjects before bone marrow samples were taken, in
compliance with the Declaration of Helsinki protocol.

Results

CREB transgenic mice infected with retrovirus develop AML
with shorter latency

We showed previously that human mrp8-CREB TG mice that
overexpress CREB in macrophage and monocytic cells develop
MPD and MDS but not AML after 1 year.®° This suggests that the
transcription factor CREB is a relatively weak proto-oncogene and
insufficient to cause leukemia. To identify genes that cooperate
with CREB, we sought to investigate whether these mice would
have an increased incidence of AML after MOL4070LTR infection.
Inoculation of CREB TG or WT newborn mice with the
MOLA4070LTR retrovirus accelerated acute leukemias in both
groups. However, the latency for disease development was signifi-
cantly decreased in our CREB TG mice (Figure 1A-B). Infection of
CREB TG mice with the recombinant MOL4070LTR retrovirus
resulted in leukemia with a median latency of 9 months compared
with 14 months for WT mice (P < .001 by the log-rank test). These
results suggested that additional oncogenes accelerate the develop-
ment of leukemia in CREB TG mice.

Infected WT and TG mice with leukemia developed hepato-
splenomegaly with enlarged, pale spleens compared with unin-
fected WT mice (Figure 1B-C). Both infected WT and TG mice had
greater hepatosplenomegaly and increased white blood cells (WBCs)
compared with uninfected WT and TG mice (P < .002; Figure 1B).
We observed a statistically significant difference between unin-
fected WT and CREB TG mouse WBCs and spleens (P < .001) but
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Figure 2. Histologic and phenotypic analysis of leukemic mice. (A) H&E-stained histologic sections of liver and spleens infiltrated by leukemic cells in diseased mice.
Lower power magnifications, 40x. Higher power magnifications, X 100. Uninfected age-matched TG mouse tissues on the left, and TG MOL4070LTR infected mouse tissues
on the right. (B) Immunophenotypic characterization of leukemias in MOL4070LTR-infected WT and TG mouse bone marrow by flow cytometry using the Gr-1 and Mac-1
myeloid markers, CD19 and B220 B-lymphocyte markers, CD90 and CD3 T-lymphocyte markers, Ter119 erythroid marker, and Sca1 and CD117 immature cell markers. (Top)
Bone marrow from an uninfected TG mouse. Subsequent panels represent myeloid, lymphoid, and biphenotypic mouse leukemia cases. (C) Immunophenotypic percentages
of leukemia/lymphoma in mice infected with the MOL4070LTR retrovirus as determined by flow cytometry. Graphs show percentage of leukemia type as a result of retroviral
insertional mutagenesis (for WT n = 21, for TG n = 34). Biphenotypic denotes positive for both myeloid and lymphoid cell markers; and Other, denotesleukemia of immature

cell type (only 1 of 21 cases).

not livers (P = .5). Pathologic examination showed infiltration of
leukemic cells with increased nuclear-to-cytoplasmic ratio and
diffuse chromatin in the liver and spleen and myeloblasts in the
peripheral blood and bone marrow (Figure 1D). Tissues were
harvested for histologic and immunophenotypic analysis to classify
the type of leukemia (Figure 2 and supplemental Figure 1, available
on the Blood Web site; see the Supplemental Materials link at the
top of the online article). The leukemia phenotype was determined
using fluorescence-activated cell sorting and cell type—specific cell
surface markers in bone marrow, spleen, and thymus tissues
(Figure 2B-C and supplemental Figure 1). In total, bone marrow
cells from 34 TG mice were immunophenotyped and the majority
of leukemias were of myeloid origin (74% or 25/34 total mice
analyzed; Figure 2C). Infected WT mice had a decreased pen-
etrance for myeloid disease compared with TG (38% or 8/21 mice
analyzed; P = .01). These results indicate that the MOL4070LTR
retrovirus accelerates myeloid leukemia in CREB TG mice with
higher penetrance (P < .05 between myeloid and lymphoid inci-
dence in WT- and TG-infected mice), resulting in more rapid
disease progression compared with infected WT mice.

Identification of integration sites

To identify possible cooperating oncogenes, genomic DNA was
subjected to LM-PCR analysis to amplify genomic sequences

upstream of the virus.?> Genomic DNA from spleens was harvested
from mice with leukemia and subjected to Southern blot analysis to
verify retroviral integration (data not shown). These sequences
were mapped to the mouse genome to identify the chromosomal
location. Blast analysis of retroviral integration sites (RISs) was
performed on the publicly available Ensembl database and com-
pared with known common integration sites on the Retroviral
Tagged Cancer Gene Database (http:/rtcgd.nciferf.gov/).>*

We identified more than 100 RISs 100 kb from genes and
several common integration sites (in > 2 mice) in MOL4070LTR-
infected CREB TG mice that developed AML (Table 1). Sequenc-
ing of integration sites identified several previously known onco-
genes, such as Evil/Mds, Evi5/Gfil, Myb/Ahi, and Ras. Common
integration sites identified in multiple mice include Sox4, Evi5/
Gfil, Myb/Ahi, and Cbfa2t3. The highest incidence of integration
in the mutagenesis screen was found to be in the sox4 gene (Table
1). Thirty-two percent of the TG mice that were analyzed by
LM-PCR contained sox4 retroviral integration (8/25 CREB TG
mice with myeloid leukemia analyzed). Of 4 myeloid leukemia
cases screened in WT mice, none possessed retroviral integration in
or nearby the sox4 gene. Integration of the sox4 gene was identified
both upstream and downstream of the coding region, indicating that
retroviral integration at this site possibly acts to insertionally
activate sox4 expression. We confirmed overexpression of the sox4
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Table 1. CREB-associated CISs

SOX4 COOPERATES WITHCREB 159

Mouse Human No.
CIS gene Protein family chromosome chromosome hits Accession Mouse identification
Sox4 HMG-box related 13 6p22.3 8 NP_033264.1 1,7,11,18,23,121,123,145
Evi5/Gfil zinc finger, Kruppel 5 1p22 6 NP_034408.1 2,3,32,121,123,140
Myb/Ahi1 myb related 10 6022-923 8 NP_034978.3 6,32,124
Cbfa2t3h ETO-related 8 16q24 3 NP_033954.1 3,18,143

CIS denotes common integration site.

gene by performing real-time PCR analysis on bone marrow from
CREB TG mice that developed AML and possessed sox4 retroviral
integration (Figure 3). These data suggest the possibility that sox4
deregulation cooperates with CREB to accelerate myeloid cell
transformation.

Sox4 and CREB increase proliferation and self-renewal in vitro

The goal of our RIM screen was to identify genes that potentially
cooperate with CREB to accelerate myeloid leukemia. Because the
CREB transgene is expressed under the control of the hMRP8
promoter in the monocytic and macrophage lineage, we analyzed
only myeloid leukemias that developed in our mice. To study
potential cooperation between CREB and Sox4, we analyzed the in
vitro effects of Sox4 overexpression in mouse bone marrow cells
from CREB TG or WT mice. Retroviral constructs that overex-
pressed Sox4 (kindly provided by Dr A. Perkins) were used to
infect mouse bone marrow progenitor cells. The GFP-selectable
marker cloned into these constructs allowed us to sort for positive
cells by flow cytometry (20%-40% transduction efficiency; data
not shown). In vitro colony assays demonstrated that Sox4
overexpression alone does not significantly increase colony forma-
tion in WT bone marrow progenitor cells (Figure 4A). However,
Sox4 overexpression does enhance the self-renewal capabilities of
WT bone marrow cells by ~ 2-fold on serial replating. Both
secondary and tertiary MethoCult cultures showed that Sox4-
transduced cells have increased replating ability compared with
vector control transduced bone marrow progenitors (Figure 4A). In
addition, bone marrow cells from CREB TG mice transduced with
Sox4 had a 2-fold increase in colony numbers compared with WT
sox4 bone marrow transductants (P < .05). These data suggest that
CREB and Sox4 enhance proliferation of progenitors in vitro.

16
141
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6- *
: ' l
2_
TG 18 23 121 123

WT

Relative Expression of Sox4
fe")

BM from infected
CREB TG mice

Figure 3. MOL4070LTR proviral integration. Real-time PCR analysis of Sox4
expression in the bone marrow of 4 representative CREB TG mice with leukemia. WT
and TG control samples on graph represent Sox4 expression in bone marrow from
normal WT and TG mice (ANOVA test P < .0001, Tukey *P < .05, **P < .01
***P < .001). Real-time PCR experiments were performed in triplicate.

Serial replating assays in methylcellulose demonstrated that TG
sox4-transduced cells also have increased self-renewal capacity
compared with WT sox4-transduced cells.

To evaluate whether CREB and Sox4 overexpression have an
effect on myeloid cell growth, we analyzed the immunophenotypic
characteristics of sorted bone marrow cells grown in liquid culture
in the presence of IL-3, IL-6, and SCF cytokines. The cytokine
combination and growth media conditions that were used support
short-term growth of all bone marrow progenitor types. After a
72-hour expansion period, bone marrow cells were stained with the
Gr-1 and Mac-1 myeloid cell-specific markers. Phenotypic analy-
sis showed that there was no significant difference between the
frequency of myeloid cells in WT progenitors transduced with the
empty vector and WT progenitors transduced with Sox4 (Figure
4B-C), suggesting that Sox4 alone does not affect or increase
myeloid cell growth. As expected, we observed a significant
increase in Gr-1*Mac-1* (Tukey, after ANOVA P < .05) cells with
TG mouse bone marrow progenitors transduced with vector
compared with WT bone marrow. The frequency of Gr-1"Mac-1*
cells was higher with CREB TG bone marrow progenitor cells
transduced with Sox4, compared with vector control-transduced
cells (Tukey, after ANOVA P < .01). However, there were no clear
lymphoid markers expressed. These results suggest that Sox4 alone
does not affect myeloid cell proliferation and differentiation.
However, CREB and Sox4 together enhance myeloid cell growth
under these culture conditions.

Sox4 and CREB increase cell survival of bone marrow cells

To determine whether Sox4 enhances the survival of mouse bone
marrow cells in vitro, we plated cells in the absence of cytokines
and low serum (2% FBS) overnight and performed fluorescence-
activated cell sorting analysis the next day using the annexin and
7-AAD (markers of apoptosis). Flow cytometric analysis showed
that Sox4 overexpression conferred resistance to cell death in bone
marrow cells by increasing the frequency of live cells and
decreasing the percentage of annexin and 7-AAD double-positive
cells (Figures 5A-B). Our results indicate that Sox4 overexpression
provides a survival advantage in WT mouse bone marrow cells
infected with the Sox4 retrovirus (ANOVA P < .0001, Tukey after
ANOVA P = .05, between WT vector and WT Sox4 live and
annexin*7AAD™ populations; Figure 5A). Moreover, CREB and
Sox4 overexpression cells had a greater increase in cell survival
(and fewer apoptotic cells) compared with WT mouse Sox4-
transduced cells (ANOVA P < .0001, Tukey after ANOVA P = .05,
between TG vector and TG Sox4 live and annexin*7AAD™*
populations; Figure 5B). These results demonstrate that the CREB
and Sox4 act to inhibit apoptosis in primary mouse bone marrow
progenitor cells.

To assess the cell-cycle status of sorted bone marrow cells, we
also pulsed bone marrow cells with BrdU and stained them with
anti-BrdU and 7-AAD markers. Flow cytometric analysis showed
that Sox4 alone does not significantly increase the percentage of
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Figure 4. Sox4 overexpression enhances proliferation and self-renewal of myeloid cells. (A) WT and TG mouse bone marrow was transduced with the pMIG-Sox4
overexpressing vector or pMIG retroviral vector, sorted for GFP positivity, and seeded into semisolid MethoCult media. Colony scoring was performed 7 to 14 days after
seeding or replating. Sox4 expression enhances self-renewal of cells in in vitro semisolid cultures. Sox4 expression in combination with overexpression of the proto-oncogene
CREB enhances both proliferation and replating of mouse bone marrow transductants (ANOVA test P = .001, Tukey analysis P values comparing groups/columns is
represented above the data bars; *P < .05, **P < .01, ***P < .001) in 3 separate experiments. (Inset) Immunoblot detecting the expression of sox4, CREB, and actin-loading
control of colonies grown on MethoCult. (B) Immunophenotypic characterization of WT and TG mouse bone marrow cells transduced with Sox4 retroviral construct or empty
vector, sorted, and grown in liquid media supplemented with cytokines. CREB and sox4 synergize to enhance the proliferation or survival of Gr*Mac™ myeloid cells.
(C) Graphical representation of panel B (1-way ANOVA test (P < .001). Tukey analysis shows a significant difference (P = .05) in Gr-1*Mac-1* percentages between WT
vector vs TG vector, TG vector vs TG sox4, and WT sox4 vs TG sox4. Analysis was based on 3 independent experiments performed in triplicate.

cells in S or Gy/M (Figure 5C-D). In contrast, CREB overexpres-
sion increases the percentage of both S and Go/M phase cells
compared with vector control-transduced WT bone marrow cells.
Furthermore, CREB TG bone marrow cells transduced with Sox4
retrovirus had increased percentage of cells in S phase compared
with vector control-transduced cells (Figure 5C-D). We performed
transplantation experiments with CREB TG bone marrow trans-
duced with Sox4 retrovirus into lethally irradiated recipient mice;
however, these cells did not engraft (data not shown).

Expression of CREB and its target genes

To investigate the underlying molecular mechanism by which the
Sox4 and CREB work cooperatively to enhance the proliferation of
myeloid cells, we extracted RNA from WT and TG bone marrow
transductants and performed quantitative real-time PCR analysis to

examine of CREB and its known target genes. Our results
demonstrated that retroviral transduction of Sox4 into WT bone
marrow cells resulted in increased CREB expression by 2.3-fold
(Figure 6A). This difference in CREB expression between WT
vector and WT sox4 was significant (by ¢ test, P < .001). When
both CREB and Sox4 were overexpressed in normal mouse bone
marrow progenitors (CREB transgenic + vector vs CREB trans-
genic + sox4), we observed an 11-fold increase in CREB expres-
sion (Figure 6A). Sox4 expression was 6- to 7-fold higher in
Sox4-transduced cells compared with vector control-transduced
cells (Figure 6B). These data suggest that overexpression of Sox4
in CREB TG mouse bone marrow progenitor cells further increases
CREB expression.

To determine whether Sox4 increases expression of CREB
target genes, we performed quantitative real-time PCR analysis
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Figure 5. Sox4 overexpression enhances survival and cell-cycle progression of mouse bone marrow cells in vitro. (A) Flow cytometry analysis of retrovirally
transduced and sorted WT and TG bone marrow cells grown in the absence of cytokines and limited serum overnight. Sox4 transduction decreases apoptosis and enhances
survival of bone marrow cells. (B) Graphical representation of panel A (ANOVA test, ***P < .0001). Tukey test shows a significant difference (P = .05) between all the groups in
live and annexin*7AAD™" double-positive populations. These data represent 3 separate experiments. (C) Cell-cycle analysis by BrdU incorporation. (Top) Percentage of cells in
S phase. (Bottom right) Percentage of cells in Go/M. (Bottom left) Percentage of cells in Go phase. (D) Graphical representation of 2 independent BrdU cell-cycle experiments
(ANOVA test, ***P < .01). Tukey after ANOVA, P values are represented above the data bars (*P < .05, **P < .01). These results are representative of 2 independent

experiments.

using primers against known CREB target genes cyclin D1, bcl-2,
and c-fos. We found that the expression of cyclin D1, a regulator of
G to S transition, followed a similar pattern as CREB expression
and coincided with our results demonstrating increased percentage
of cells in S phase.®!” Cyclin D1 expression is slightly increased in
WT sox4 transductants (4.6-fold), further increased in the TG
mock—transduced bone marrow cells (15.5-fold) and was high-
est in CREB and Sox4-overexpressing cells (45.5-fold; Figure
6C). We also observed a similar increase in the expression of
bel2 in Sox4-transduced CREB TG bone marrow cells compared
with WT or vector contro—transduced bone marrow cells (Figure
6D). Similarly, we observed an increase in the expression of
c-fos in sox4-transduced CREB TG bone marrow cells com-
pared with vector-transduced cells, although not as dramatic
(Tukey after ANOVA P < .05; Figure 6E). Increase in c-fos
expression in WT bone marrow progenitors transduced with

Sox4 was minimal and not significant. Therefore, increased
proliferation in the presence of sox4 and CREB overexpression
may be because of the effects of known CREB downstream
target genes.

To examine the contribution of known Sox4 target genes, we
performed real-time quantitative PCR for PU.1, 3-catenin, TGF-£3,
p53, and notch. Gli-1 also was examined but was not expressed in
progenitor cells transduced with vector or Sox4 retrovirus (data not
shown). The results demonstrated a lesser yet statistically signifi-
cant increase in Sox4 target gene expression but not as dramatic as
the increase in CREB expression (supplemental Figure 4). There-
fore, although known Sox4 target genes are elevated, a greater
effect was observed on CREB expression and known CREB target
genes, suggesting that pathways downstream of CREB, more than
other Sox4 target genes, play an important role in myeloid cell
proliferation, cell-cycle progression, and survival.
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Figure 6. Real-time PCR analysis of sox4 expression in mouse bone marrow transductants and adult hematopoiesis. Real-time PCR analysis of creb (A), sox4 (B),
cyclin d1 (C), bcl2 (D), and c-fos (E) genes in mouse bone marrow cells, transduced with pMIG-R1 vector or the pMIGR1-sox4 construct. WV = WT + vector,
WS = WT + sox4, TV = CREB transgenic + vector, TS = CREB transgenic + sox4 (Tukey *P < .05, **P < .01 ***P < .001). (F) QRT-PCR expression analysis of SOX4 in
LSK HSCs, LSK CD150 HSCs, CMPs, GMPs, megakaryocyte erythroid progenitors (MEPs), and differentiated cells. Relative fold is in comparison to Gr-1Mac-1
double-positive myeloid cells. These data are representative of 3 experiments. (G) Sox4 expression in LT-HSCs, ST-HSCs, and MPPs and LSK HSCs and LSK CD150 HSCs
for comparison. Relative fold shown is in relation to LSKCD150 HSC. Tukey after ANOVA, P values are represented above the data bars (*P < .05, **P < .01, ***P < .001).
These results are from 2 independent experiments. (H) Sox4 binds to the CREB promoter. K562 cells (left) and KG1 cells (right) were cross-linked, harvested, and sonicated,
and then chromatin was immunoprecipitated with either anti-Sox4 antibody or IgG control antibody. PCR was performed with primers against CREB promoter region. Input

DNA purified from precleared chromatin was used as PCR positive control.

CREB is a direct target of Sox4

To test the possibility that Sox4 increases CREB expression and
hematopoietic progenitor cells proliferation through a direct inter-
action, we investigated whether CREB could be a downstream
target of Sox4. We identified 5 putative Sox4 binding sites
(AACAA A/T G) in the CREB 5’ upstream regulatory region and
performed ChIP assays with K562 and KG-1 human myeloid

leukemia cell lines. ChIP experiments demonstrated that Sox4
directly binds to the CREB promoter region ~ 9 kb upstream of the
start site but not other sites in the promoter containing a Sox4
binding site AACAATG (Figure 6H and supplemental Figure 5).
Therefore, our results suggest that through direct binding to the
CREB promoter, Sox4 induces CREB expression and up-
regulation of CREB target genes.
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Characterization of sox4 expression in hematopoiesis

Our functional studies demonstrated that overexpression of Sox4
canenhance the self-renewal and survival properties of mouse bone
marrow cells in culture. We hypothesized that Sox4 could perhaps
play a role in progenitor or stem cell maintenance and function.
Quantitative real-time PCR analysis was performed on distinct
bone marrow cell populations (Figure 6F-G and supplemental
Figure 3). Gene expression analysis showed that Sox4 was
expressed at low levels in the majority of mature lineage-positive
cells, including Gr-1, Mac-1, Gr-1Mac-1, and Ter-119—positive
cells (Figure 6F). B220-positive cells, however, express very high
levels of Sox4, as do the common lymphoid progenitors. This was
expected, because previous reports have shown that sox4 plays a
role in lymphopoiesis.>>?® Sox4 gene expression is increased in
CMPs compared with Gr-1 (4-fold), Mac-1 (1.8-fold), and Gr-
1Mac-1 (160-fold) populations. It is also increased in the commit-
ted myeloid progenitor population, GMPs (P < .05) compared
with mature myeloid cells, Gr-1, Mac-1, Gr-1Mac-1 (t test between
groups).

To further characterize Sox4 expression in hematopoiesis, we
fractionated the HSCs into LSK HSCs, LSK CDI150" HSCs,
MPPs, and LT- and ST-HSCs (Figure 6G and supplemental Figure
3). Quantitative real-time PCR analysis of Sox4 expression in these
stem cell populations showed that LSK CD150* HSCs, ST-HSCs,
and LT-HSCs do not express high levels of the sox4 gene compared
with LSKs. However, the LSK HSC (Tukey after ANOVA, P < .05
compared with mature myeloid cells) and MPP (Tukey after
ANOVA, P < .01 compared with LSK HSCs) progenitor popula-
tions highly express sox4. Although these data do not establish the
Sox4 as a stem cell gene, they do suggest that it is a gene expressed
in immature progenitors and may play a role in early hematopoiesis.

Elevated CREB and Sox4 expression in AML patients

To examine Sox4 expression in primary AML patient bone marrow
samples at diagnosis and AML cell lines, we performed Western
blot analysis with CREB, phospho-CREB, and Sox4 antisera.
Almost all AML cell lines and patient samples expressed CREB,
phospho-CREB, and Sox4 protein (Figure 7A-C). Quantitative
real-time PCR expression analysis also was performed with RNA
extracted from newly diagnosed AML patient bone marrow samples.
There was a weak correlation among 39 AML patients between
relative expression of CREB and Sox4 mRNA (Spearman correla-
tion 0.30, P = .07; data not shown). To determine whether Sox4,
CREB, and phospho-CREB proteins were overexpressed in human
AML, the reverse phase protein array was performed to measure
the relative protein expression of CREB, phospho-CREB, and
Sox4 in bone marrow samples from 66 pediatric AML patients
(ages 0-18 years; Figure 7D). Expression for each protein is
represented as fold change relative to normal bone marrow and
displayed on a logarithmic scale. The difference in the variation of
CREB and Sox4 expression by Western blot analysis is most likely
because of different sample groups; 1 group from Italy (reverse
phase protein assay) and the other group from the United States
(Western blot analysis), and also may reflect differences in
processing of bone marrow samples between the 2 groups. Our
results demonstrate a strong correlation between protein expression
of Sox4, CREB, and phospho-CREB in pediatric AML patients
(P <.0001).
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Discussion

AML results from the accumulation of several oncogenic hits.!?
Many of the reported TG mouse models of leukemia with single
genetic lesions do not develop leukemia but instead, myeloprolifera-
tive disease.?’3% In our experiments, neonatal CREB TG or WT
mice were inoculated with a slow-transforming retrovirus that
accelerated the development of leukemia over a period of
months. Previous work from our laboratory demonstrated that
CREB TG mice that overexpress CREB in myeloid cells
develop a myeloproliferative disorder (MPD/MDS) but not
AML. Despite several lines of evidence suggesting that CREB
overexpression contributes to transformation, it is not sufficient
to induce myeloid leukemia. Similar observations have been
described with other mouse models of leukemia, including
AMLI1-ETO, PML-RAR«, and FLT3-internal tandem duplica-
tion transgenic mice, resulting in myeloproliferative disorders
but not full transformation to AML.?’-30 These findings are
consistent with the fact that myeloid leukemias result from the
accumulation of multiple genetic alterations.

In this study, we sought to use RIM to accelerate leukemogen-
esis in our CREB TG mice and to identify known or novel
oncogenes that enhance transformation with CREB. Our RIM
screen successfully accelerated leukemogenesis in our CREB TG
mice with decreased latency compared with WT mice. We identi-
fied greater than 100 RISs, some of which potentially cooperate
with CREB in the development of human AML. Many of the
integration sites identified in this study are well-characterized
oncogenes in myeloid leukemia, including Gfil, Myb Cbfa2t3h,
and Ras, that encode members of signaling pathways that play a
role in proliferation, survival, differentiation, and cell-cycle
regulation.31-36

The leukemias generated by this study contained more than
1 retroviral integration site (3-8 RISs per tumor). Our mutagenesis
screen also identified genes whose functions are not fully known in
myeloid cells. We found recurrent integration of virus in proximity
to the sox4-coding region in our CREB TG mice that developed
myeloid disease. The role of this gene in myelopoiesis and myeloid
leukemia is not well understood. Sox4-deficient mice are embry-
onic lethal and die because of cardiac failure and impaired
lymphocyte development.’’-3* In adult mice, the sox4 gene is
expressed in the gonads, thymus, lymphocytes, and heart, and it is
thought to regulate cell fate and development. In humans, Sox4
overexpression or amplification has been associated with various
solid tumors, including prostate, lung, breast cancer, and bladder
carcinoma.?26:40-43 Sox4 inhibition by small interfering RNA
induces apoptosis of prostate cancer cells.?® Sox4 also has been
shown to be overexpressed in breast cancer cell lines and is thought
to potentiate transformation by regulating the expression of breast
cancer oncogene ErbB2.4 Given that Sox4 plays a key role in
development and cell fate, one can hypothesize that re-expression
of this gene in differentiated cells could result in the dedifferentia-
tion of mature cells with increased self-renewal and antiapoptotic
properties.

In other RIM studies, Sox4 has been identified as a site of
retroviral integration.?**4” Boyd et al demonstrated that the Sox4
cooperates with Evil in the AKXD-23 mouse model of myeloid
leukemia.'® Recently, Bies et al identified Sox4 in their RIM screen
as a potential oncogene that collaborates with the p15Ink4b tumor
suppressor to accelerate myeloid leukemogenesis.?> They reported
that Sox4 overexpression synergizes with p15Ink4b inactivation to
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CREB

Figure 7. Sox4 and CREB are overexpressed in human AML. (A-C) Western blots with lysates from AML cell lines and pediatric AML bone marrow samples at diagnosis
probed with CREB, phospho-CREB, and Sox4 antisera. Sample PZ2 is normal BM control. (D) Sox4 and CREB protein expressions are highly correlated in human AML.
Protein expression of Sox4, CREB, and phospho-CREB was quantitated using reverse phase protein array using bone marrow samples from 66 patients with newly diagnosed
childhood AML (age range, 0-18 years). Expression is represented as fold change relative to normal bone marrow and displayed on a logarithmic scale. Pearson correlations (r)
for log protein expression are significantly different from zero (P < .0001). The first principal component (straight line) accounts for 89% of the total variation.

increase bone marrow colony formation. More recently, Sox4 was
demonstrated to cooperate with decreased sfpil(PU.1) expression
in transduction-transplantation experiments resulting in AML.*
Therefore, deregulation of Sox4 has been show to be an important
step in myeloid transformation. We are the first to demonstrate that
Sox4 and CREB are cooperating oncogenes.

Despite studies that demonstrated that Sox4 overexpression is
associated with tumorigenesis, the role of Sox4 in transformation is
poorly understood. Very few studies have examined the biologic
effects of Sox4 overexpression in tumors. Our studies suggest that
Sox4 and CREB cooperate to increase myeloid proliferation and
cell-cycle progression. Future studies will focus on cooperation
between CREB and the other oncogenes, that is, Gfil, Myb, and
Cbfa2t3h, which were identified in this study. In conclusion, our
results provide evidence that Sox4 is a potential oncogene that
cooperates with CREB to enhance transformation of hematopoietic
progenitor cells thereby contributing to AML.
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