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Transcription factor Oct1 protec
ts against hematopoietic stress and

promotes acute myeloid leukemia
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A better understanding of the development and progression of acute myelogenous leu-

kemia (AML) is necessary to improve patient outcome. Here we define roles for the

transcription factor Oct1/Pou2f1 in AML and normal hematopoiesis. Inappropriate

reactivation of the CDX2 gene is widely observed in leukemia patients and in leukemia

mouse models. We show that Oct1 associates with the CDX2 promoter in both normal

and AML primary patient samples, but recruits the histone demethylase Jmjd1a/

Kdm3a to remove the repressive H3K9me2 mark only in malignant specimens. The

CpG DNA immediately adjacent to the Oct1 binding site within the CDX2 promoter

exhibits variable DNA methylation in healthy control blood and bone marrow samples,

but complete demethylation in AML samples. In MLL-AF9-driven mouse models, par-

tial loss of Oct1 protects from myeloid leukemia. Complete Oct1 loss completely sup-

presses leukemia but results in lethality from bone marrow failure. Loss of Oct1 in

normal hematopoietic transplants results in superficially normal long-term reconstitu-

tion; however, animals become acutely sensitive to 5-fluorouracil, indicating that Oct1

is dispensable for normal hematopoiesis but protects blood progenitor cells against

external chemotoxic stress. These findings elucidate a novel and important role for

Oct1 in AML. © 2019 ISEH – Society for Hematology and Stem Cells. Published by

Elsevier Inc. All rights reserved.
Acute myeloid leukemia (AML) is the most common

form of adult acute leukemia and is associated with

high mortality rates. In the United States there are

more than 10,000 AML deaths each year, with a sur-

vival rate of »50% in adults <65 and »20% in adults

>65 [1,2]. Despite great advances in our understanding

of the molecular basis of the disease and improvements

for Flt3-mutant AML [3−5], the standard of treatment

for most forms of AML remains a cyclophosphamide/

doxorubicin-based chemotherapeutic regimen [6]. New

targets and therapies are therefore needed that may

require different approaches to the study of AML.
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Historically, the genetic alterations in AML have been

the major area studied and the main approach used in

seeking to understand and to treat the disease. Genomic

investigations have cataloged multiple genetic lesions

associated with AML [7], including translocations that

generate abnormal fusion proteins such as MLL-AF9

and MLL-ENL in approximately 7% of adult AML

cases/10% of acute lymphocytic leukemia (ALL) cases,

and oncogenic mutations in key genes such as FLT3

and N-Ras in approximately 30% and 10% of AML

patients, respectively.

In addition to genetic lesions, studies have identified

unmutated factors in leukemia that contribute to the

malignant phenotype. These factors may or may not be

epigenitically up-regulated, and can be important thera-

peutic targets. An example of an unmutated factor whose

expression is unaltered in most leukemia samples is
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BRD4. BRD4 is important for leukemia maintenance, and

can be targeted by JQ1 and related compounds [8]. A

number of other genes and their products are commonly

mis- or overexpressed in AML, for example, Hoxa9 [9],

Meis1 [10], Pou2af1/Ocab/Bob1 [11], and Cdx2 [12−15].
The relatively high incidence of these changes makes

them targets in a larger fraction of AML patients com-

pared with genetic alterations, and the epigenetic nature

of the misexpression suggests that these alterations could

be more readily reversible.

Cdx2 encodes a developmentally essential homeodo-

main transcription factor critical for trophectoderm speci-

fication in the early mouse embryo [16]. Later in

development, Cdx2 plays a prominent role in the gastro-

intestinal tract [17−19] and in primitive hematopoiesis

[20]. In adults, Cdx2 expression is confined mostly to the

gastrointestinal tract, where it has a tumor-suppressive

role [18,21]. Human CDX2 expression is not observed in

normal blood cells, but inappropriate CDX2 expression is

observed in most cases of adult and pediatric AML and

ALL (including those with canonical translocations, com-

plex and normal karyotypes) and in murine leukemia

models [12−15]. Forced Cdx2 expression is sufficient to

initiate leukemia in mice [13,22]. CDX2 is rarely

involved in translocations associated with AML, though

the translocation did not appear to be the transforming

event [22]. The molecular pathways leading to abnormal

CDX2 de-repression and misexpression in leukemic cells

are not well understood, though it is known that CDX2

promotes self-renewal through the expression of down-

stream targets such as Hox genes and Meis1 [12,13,23].

The transcription factor Oct1/Pou2f1 is known to regu-

late Cdx2 in colon cancer, pancreatic cells, intestinal endo-

crine cells, and trophoblast stem cells [24−27]. Oct1 is

related to the Oct4 pluripotency transcription factor.

Oct1 is widely expressed and promotes resistance to

genotoxic and oxidative stress, glycolytic metabolism.

and malignant transformation [28−31] (for review, see

[32−34]). Oct1 amplification and/or Oct1 overexpres-

sion correlate with tumor aggressiveness in esophageal,

gastric, prostate, lung, head and neck, cervical, and

colorectal cancer [35−44]. Oct1 also regulates stem

cell and immune memory phenotypes [45,46] and pro-

motes thymic lymphoma in mouse models [28]. Oct1

constitutively occupies binding sites in some target

genes [47−49], while binding to others after exposure

to exogenous stresses such as hydrogen peroxide [50].

Oct1 can both positively and negatively regulate tar-

get gene expression. In a repressive modality, the chro-

matin-modifying complex NuRD associates with Oct1

to repress target genes, whereas in a positive modality,

the histone lysine demethylase Jmjd1a/Kdm3a is

recruited. NuRD is a complex of proteins containing

nucleosome remodeling and histone deacetylase activ-

ity associated primarily with transcriptional repression
[51−53]. Jmjd1a (also known as KDM3A and Jhdm2a)

is a histone lysine demethylase with specificity toward

mono- and dimethyl H3K9 [54]. Switching from nega-

tive to positive modalities occurs in response to MAPK

signals [24] or expression of another Oct1 cofactor,

OCA-B/Bob.1 [46]. OCA-B is not strongly expressed

in myeloid cells, but OCA-B misexpression occurs in

»30% of primary AML tumor samples, where it is a

negative prognostic factor [11].

Here we report that Oct1 is constitutively bound to

CDX2 in both normal and malignant human primary

samples and that its cofactors change in the malignant

condition in a manner that correlates with CDX2 mis-

expression. Oct1 associates with NuRD in normal bone

marrow samples but switches cofactors to Jmjd1a in

AML samples. The association of Jmjd1a at the CDX2

promoter correlates with loss of the repressive mark it

removes, H3K9me2, and with a complete lack of DNA

methylation near a conserved CpG dinucleotide adja-

cent to the Oct1 binding site. Suppression of Oct1 pro-

tects animals from MLL-AF9-driven leukemia, though

complete loss results in hematopoietic failure in the

presence of this fusion oncoprotein. Similar bone mar-

row failure occurs in animals when Oct1 is deleted

from normally engrafted bone marrow and the mice are

treated with 5-fluorouracil (5-FU), suggesting that loss

of Oct1 sensitizes hematopoietic stem cells to prolifer-

ative stress from either the presence of oncoproteins or

exposure to chemotoxic stress. Cumulatively, the

results indicate that Oct1 is an important regulator of

leukemogenicity and hematopoietic stress.

Methods

Blood and bone marrow samples

Surplus peripheral blood and bone marrow aspirates from

AML patients were originally submitted for clinical flow

cytometric evaluation at ARUP Laboratories (Salt Lake City,

UT). Approval to utilize de-identified leftover patient sam-

ples was obtained from the University of Utah Institutional

Review Board (IRB No. 7275). All experiments were per-

formed in accordance with this approved protocol. Normal

controls were collected from individuals in whom no malig-

nancy or clonality was detected by flow cytometry. Normal

bone marrow samples were composed predominantly of mye-

loid cells and all demonstrated approximately normal (»1%)

myoblasts.

Quantitative real-time polymerase chain reaction

RNA was isolated using TRIzol (Invitrogen), and cDNA was

synthesized using the Maxima Kit (Invitrogen) and random

hexamers (Invitrogen). Sequences for quantification of human

CDX2 were taken from Shakya et al. [24].

Chromatin immunoprecipitation

Oct1, Jmjd1a, H3K9me2, and NuRD/Mta2 chromatin immuno-

precipitation (ChIP) was performed as described previously, using
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a method that calculates enrichment relative to input DNA and

relative to isotype control antibody and an intergenic sequence

[24,55]. Antibodies used were as follows: Oct1—Bethyl A1301-

716A and A301-717A (used 1:1); Jmjd1a—Abcam ab91252;

Mta2—Abcam ab50209; H3K9me2—Abcam ab8898. The human

Cdx2 primer pair was described previously [24].

NanoString expression of Kdm3a, Mta2, Pou2f1

Expression of KDM3A, MTA2 and POU2F1 in frozen pri-

mary human samples was measured using NanoString and a

custom gene array built on the leukemia gene expression

panel. RNA was prepared from blood cells using an RNeasy

Micro kit (Qiagen) and an RNA clean and concentrator kit

(Zymo, Irvine, CA). Analysis and normalization of the raw

data were conducted with nSolver Analysis Software v4.0

(NanoString Technologies, Seattle, WA), with negative con-

trol subtraction and positive control normalization, and nor-

malization with housekeeping genes on the leukemia panel.

Bisulfite sequencing

Bisulfite DNA modification and analysis were performed as

published [24]. Primers for bisulfite-converted DNA were

CDX2 promoter forward, 50 ATGATAGATATTAATGGTTG-
GAGA, and CDX2 promoter reverse, 50 ACTCCTATCTC-

CAAACTCAAAT.

Mice

All mice used in the study were on the pure C57BL6/J back-

ground. The Oct1 (Pou2f1) conditional allele, along with the

genotyping protocol, was described previously [46]. Mx1-Cre

mice [56] were obtained from the Jackson Laboratory (Bar

Harbor, ME).

Virus production

The pMSCV-puro-MLL-AF9 plasmid was obtained from the

laboratory of Dr. Robert G. Roeder. The 293T cells were

transfected with 5 mg of plasmid DNA together with 5 mg of

pCL-Eco packaging plasmid using polyethyleneimine (PEI)-

mediated transfection. Viral supernatants were harvested 48

and 72 hours posttransfection, passed through a 0.45-mm fil-

ter, and sequentially transduced into bone marrow cells as

described below.

Transplantation and leukemia generation

Bone marrow transduction of MLL-AF9 and the subsequent

transplant into lethally irradiated mice were performed as

described previously [57]. Briefly, 5 days prior to bone mar-

row harvest, 6- to 9-week-old mice were injected with

200 mg/kg 5-FU (Sigma). Bone marrow was cultured in

RPMI medium (Sigma) supplemented with 20% fetal bovine

serum (Sigma), 100 U/mL penicillin (Thermo Fisher Scien-

tific), 100 mg/mL streptomycin (Thermo Fisher Scientific),

2 mmol/L L-glutamine (Thermo Fisher Scientific), 20 ng/mL

mouse interleukin-3 (mIL-3; Fitzgerald, North Acton, MA),

50 ng/mL mIL-6 (Fitzgerald), and 50 ng/mL mouse stem cell

factor (mSCF; Fitzgerald) for 4 days. Viral transduction was

performed at 3 and 4 days by spin infection at 1500g for

1.5 hours at 37˚C in the presence of 4 mg/mL polybrene

(Sigma). Transduced bone marrow cells were injected into
lethally irradiated (two split doses of 450 rad, 1 hour apart)

by retro-orbital (RO) injection. After transplant, sulfamethox-

azole/trimethoprim (STI Pharma LLC, Langhorne PA) was

provided to mice in the drinking water for 3 weeks. Mice

were monitored daily for any signs of sickness or disease.

Complete blood counts were conducted weekly and at end-

point using a Drew Scientific Hemavet 950FS with manufac-

turer mouse settings. Mice were euthanized when the WBC/

RBC ratio fell <100 or when the mice appeared moribund.

Spleens were taken from euthanized mice to confirm spleno-

megaly.

pIpC administration

Poly(deoxyinosinic-deoxycytidylic) acid (pIpC, Sigma P-

4929) was administered at 12.5 mg/g intraperitoneally, four

injections spaced 48 hours apart, for the Oct1 conditional

allele experiments.

Peripheral blood smears

Two microliters of blood was placed on a microscope slide,

smeared, methanol fixed, and stained using Wright staining

according to the manufacturer’s instructions. De-identified

peripheral blood smears were imaged and evaluated at

500£ by a hematopathologist.

Results

Oct1 cofactor switching and DNA demethylation are

associated with abnormal Cdx2 expression in primary

human AML

Using real-time reverse transcription quantitative polymer-

ase chain reaction (RT-qPCR), we observed elevated

CDX2 expression in malignant high-blast-count human

AML patient samples (Figure 1A), as previously reported

[13]. CDX2 expression also correlates with increased his-

tone H4 acetylation at the CDX2 promoter in ChIP assays,

as expected (not shown). The CDX2 upstream promoter

region contains a conserved canonical Oct1-binding

“octamer” sequence and proximal CpG motif 51 bp

upstream of the transcription start site (Figure 1B). We

performed ChIP at this region using Oct1 antibodies in pri-

mary human samples. There was considerable sample-to-

sample variance among samples from different patients

with different disease etiologies, blast counts, and so on.

Nevertheless, we found that Oct1 binding to the CDX2

promoter could be detected in both tumor and healthy con-

trol samples (Figure 1C). Oct1 recruits two chromatin-

modifying activities, NuRD/Mta2 and Jmjd1a, in a mutu-

ally exclusive fashion either to negatively regulate or to

positively regulate gene expression [24]. Jmjd1a (also

known as KDM3A) is a histone lysine demethylase with

specificity toward mono- and dimethyl H3K9 [54]. We

therefore also performed ChIP for Mta2, Jmjd1a, and

H3K9me2 at the Oct1 binding site in the CDX2 promoter.

In contrast to Oct1, NuRD components were only enriched

in the normal samples, while Jmjd1a was enriched in

AML samples (Figure 1D,E). Consistent with the activity

https://doi.org/10.1016/j.exphem.2019.07.002


igure 1. Oct1 coactivator switching and local demethylation at CDX2 in human AML. (A) CDX2 qRT-PCR in normal and leukemic patient bone marrow

mples. Expression was normalized using b-actin. Averages of triplicate experiments are shown §standard deviations. (B) Species comparison of the CDX2

romoter region. Oct protein binding sites are underlined. CG sites are boxed. (C) Oct1 ChIP enrichment at the CDX2 promoter using human AML isolates

nd normal bone marrow controls. Enrichment is shown relative to isotype control antibodies and an intergenic region. Average ChIP enrichment is shown

standard deviation. (D) ChIP enrichment using Mta2 (NuRD) antibodies at the same region. (E) ChIP enrichment using Jmjd1a antibodies. (F) H3K9me2 anti-

odies. (G) Expression of JMJD1A (KDM3A), MTA2, and OCT1 (POU2F1) genes was measured in primary human AML and normal samples using Nano-

tring. n = 5 for AML samples, including samples B22 and A29 from (A−F), and n = 3 for normal bone marrow samples. (H) Methylation status of CpGs
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adjacent to the Oct1 binding site in the CDX2 upstream promoter region was assessed using bisulfite sequencing in normal blood and bone marrow controls

(left) or in primary AML samples (right). Dark circles indicate the presence of DNA methylation in a particular sequencing read (reads denoted by rows).
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of Jmjd1a, strong H3K9me2 enrichment was identified

near the CDX2 Oct1 binding site in normal but not AML

specimens (Figure 1F). These findings indicate that Oct1

recruits different cofactors depending on cellular context,

switching from NuRD components to Jmjd1a in AML,

which corresponds to higher CDX2 expression and reduced

H3K9me2 enrichment. Expression of JMJD1A (KDM3A),

MTA2, and OCT1 (POU2F1) was broadly similar compar-

ing normal and malignant samples (Figure 1G), indicating

that the differences observed in ChIP were due to differen-

tial recruitment rather than differential expression. The reg-

ulation of Oct1 at the level of coactivator switching is

consistent with TCGA data indicating no survival differen-

ces in patients with high or low levels of Oct1 (Supple-

mentary Figure E1, online only, available at www.exphem.

org).

At the Il2 gene locus in mouse T cells, Oct1 associates

with Jmjd1a, which mediates local H3K9me2 demethyla-

tion and promotes DNA hypomethylation [24]. DNA

methylation has been studied at CDX2 in the context of

ALL and AML [15]; however, only the body of the gene

and proximal promoter region were analyzed. Moreover,

methylation at these sites was averaged. The upstream dis-

tal promoter containing the octamer motif that binds Oct1

has therefore not been studied. Bisulfite sequencing analy-

sis of the Oct1 binding region revealed a strikingly com-

plete absence of CpG methylation in all AML samples at

this position (Figure 1H). In contrast, healthy human

peripheral blood and bone marrow controls exhibited sub-

stantial DNA methylation in the same region. As a control,

we also analyzed the body of the CDX2 gene downstream

of the promoter. Consistent with prior findings [15], we

observed little difference between these same AML and

control samples (Supplementary Figure E2, online only,

available at www.exphem.org). Thus, the epigenetic state

of the CDX2 promoter, specifically sites surrounding the

Oct1 site, is unique to the transformed state.

Conditional Oct1 deletion protects against leukemia

To determine the role of Oct1 in a mouse model of

high-risk AML, we utilized retroviral MLL-AF9 trans-

duction of primary murine hematopoietic progenitors

[58,59] and the transplantation of these cells into

lethally irradiated recipient mice. In this model, signs

of leukemia such as splenomegaly, lymphocytosis, and

presence of AML blasts in the peripheral blood can be

monitored in recipient mice, which typically develop

an oligoclonal AML (Figure 2A) and succumb within

about 10 weeks [57]. As Oct1 homozygous germline

deletion is embryonic lethal [27,60], we utilized an

Oct1 conditional allele (previously described in [46])

onto Mx1-Cre [56] to generate Oct1+/fl;Mx1-Cre and

Oct1fl/D;Mx1-Cre donor bone marrow for MLL-AF9

transduction and subsequent transplant into C57BL/6J

recipient mice. Although there are potential caveats to
using Mx1-Cre [61], we found that Oct1 is present

before pIpC is administered and that Oct1 is effectively

deleted in the blood of transplanted mice when pIpC is

administered 5 weeks posttransplant (Figure 2B).

We observed significantly increased survival with the

loss of even a single Oct1 allele, either by germline dele-

tion (Oct1fl/D;Mx1-Cre PBS treated: p = 0.0198, hazard

ratio [HR] = 3.279) or pIpC-induced deletion (Oct1+/fl;Mx1-

Cre pIpC treated: p = 0.0211, HR = 3.062) (Figure 2C).

Loss of both Oct1 alleles, using Oct1fl/D;Mx1-Cre mice

administered pIpC, resulted in even longer survival

(Figure 2C; p = 0.0017, HR=4.472). Ultimately however,

these mice became anemic and were euthanized. The

lethality associated with total Oct1 loss was not due to leu-

kemia as WBC counts were not elevated and leukemic

blasts were not observed in the peripheral blood of these

mice (Figure 2D, E) or bone marrow (not shown), and

mice did not exhibit splenomegaly (not shown). Rather,

lethality was associated with hematopoietic failure without

leukemia. RBC and WBC counts in these animals dropped

precipitously in all endpoint mice compared with normal

and leukemic controls (Figure 2F, G). These data suggest

that loss of Oct1 protects mice against MLL-AF9-driven

AML; however, mice also suffer from hematopoietic failure

with the loss of Oct1 in the presence of MLL-AF9.

Conditional Oct1 deletion in nonleukemic mice results

in stable hematopoietic engraftment but hypersensitivity

to 5-FU treatment

To determine if acute Oct1 deletion impairs normal

hematopoiesis in the non-leukemic setting, we trans-

planted bone marrow from mice with the Oct1 condi-

tional allele into lethally irradiated recipients as

illustrated in Figure 2 (but without addition of the

MLL-AF9 oncoprotein) and used pIpC to delete one or

both alleles of Oct1 in the adult bone marrow. Oct1+/fl;

Mx1-Cre and Oct1fl/D;Mx1-Cre mice were injected

intraperitoneally with pIpC to delete Oct1 at 5 weeks

(Figure 3A) and 12 weeks (Supplementary Figure E3,

online only, available at www.exphem.org) posttrans-

plant. After pIpC injection, mice with and without

Oct1 deletion appeared normal and healthy by exami-

nation and by blood counts (not shown). At 25 weeks,

all mice were injected intraperitoneally with 5-FU,

which depletes rapidly dividing intermediate progenitor

cells, leading to mobilization of the stem cell pool

[62]. Oct1fl/D;Mx1-Cre mice injected with pIpC died

within 2 weeks of 5-FU treatment. The decreased blood

counts, particularly red blood cell count (Figure 3D)

and decrease in peripheral blood cellularity (Figure 3C,

D) are all consistent with hematopoietic failure. Put

together, our data suggest that Oct1 is dispensable for

normal hematopoiesis, but is necessary for the hemato-

poietic proliferative stress response caused by an onco-

gene or 5-FU treatment.
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Figure 2. Oct1 conditional deletion protects mice from leukemia. (A) Experimental design outlining bone marrow transplant protocol and a rep-

resentative picture of the splenomegaly induced in this AML model. (B) Oct1 conditional flox allele deletion measured by semiquantitative PCR

with genomic DNA from peripheral blood pre- and post-pIpC injection. (C) Kaplan−Meier plot revealing survival (%) of mice in time (days)

posttransplant, n = 5 per group. Significance was determined by using the log-rank (Mantel−Cox) test and hazard ratio (log rank) test to compare

against +/+;Mx1-Cre survival. Oct1fl/D;Mx1-Cre (pIpC): p = 0.0017, HR = 4.472; Oct1flD/;Mx1-Cre (PBS): p = 0.0198, HR = 3.279; Oct1+/fl;Mx1-

Cre (pIpC): p = 0.0211, HR=3.062. (D) Peripheral blood smears, Wright stained, made at 10 weeks or the endpoint (E) of the experiment. (F)

RBC and WBC counts at experimental endpoint. Compared with +/+;Mx1-Cre counts made using Student’s t test: WBC Oct1fl/D;Mx1-Cre

(pIpC), p = 0.0359; RBC Oct1+/fl;Mx1-Cre (pIpC), p = 0.0144; Oct1fl/D;Mx1-Cre (pIpC), p = 0.017 (other conditions not significant).
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Discussion

Here we report that the transcription factor Oct1, a

known promoter of stem cell phenotypes and malignant

transformation [28,45], is essential to sustain AML in
an MLL-AF9-driven murine model. By combining this

mouse AML model system with a conditional Oct1

knockout allele [46], we found that loss of even a sin-

gle Oct1 allele significantly delayed leukemogenesis.

https://doi.org/10.1016/j.exphem.2019.07.002


Figure 3. Oct1 is dispensable for homeostatic hematopoiesis but protects mice from hematopoietic stress. (A) Kaplan−Meier plot revealing sur-

vival (%) over time (days) posttransplant. Significance was determined using the log-rank (Mantel−Cox) test to compare each condition with

Oct1+/fl;Mx1-Cre uninjected. Oct1+/fl;Mx1-Cre uninjected, n = 4; Oct1fl/D;Mx1-Cre uninjected, n = 3, p > 0.99; Oct1+/fl;Mx1-Cre pIpC injected,

n = 5, p > 0.99; Oct1fl/D;Mx1-Cre pIpC injected, n = 6, p = 0.0051. (B) Peripheral blood smears, Wright stained, made at 10 weeks or endpoint

(C) of the experiment. (D) RBC and WBC counts at experimental endpoint. Compared with Oct1+/fl;Mx1-Cre uninjected counts using Student’s

t test: WBC Oct1fl/D;Mx1-Cre (pIpC), p = 0.0041; RBC Oct1fl/D;Mx1-Cre (pIpC), p < 0.0001.
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Interestingly, conditional deletion of both Oct1 alleles

completely protected mice from leukemia, but also

resulted in bone marrow failure, evidenced by
pancytopenia and lethality. This phenotype was not

observed in nontransformed, transplanted hematopoietic

progenitors. The underlying mechanism of how Oct1

https://doi.org/10.1016/j.exphem.2019.07.002


J.L. Jafek et al. / Experimental Hematology 2019;76:38−48 45
deletion protects from leukemia, be it grow arrest, cell

death, or differentiation, or some combination of these,

remains to be determined.

Malignant transformation caused by deregulation of

oncogenes and tumor suppressors can result in

increased cellular stress, for example, oxidative, meta-

bolic or DNA damage-associated [63]. Cancer cells

must adapt to these stresses, resulting in changes that

can make cancer cells dependent on activities that are

not transforming themselves but are nevertheless

needed to promote the cancer phenotype. Because these

activities provide less vital functions in nontumor cells,

these pathways may be targetable in a therapeutic con-

text. Oct1 is associated with stress resistance, and its

loss confers hypersensitivity to oxidative and genotoxic

stress [29]. Because Oct1 deletion in leukemia was pro-

tective but caused bone marrow failure, likely as a

result of oncogenic stress, we wanted to further investi-

gate the role of Oct1 in hematopoietic stress. To test

Oct1’s role in hematopoietic stress resistance in adult

animals, we treated mice that had been engrafted with

Oct1 conditional bone marrow and subsequently treated

with pIpC to delete Oct1 with 5-FU, a cytotoxic DNA

base analog that in a wild-type context kills proliferat-

ing cells in the bone marrow. Mice with no Oct1 died

within 2 weeks of 5-FU injection from bone marrow

failure. This result is consistent with prior observations

in the hematopoietic system with Oct1, specifically that

Oct1-deficient cells fail to compete with wild-type cells

in competitive fetal liver transplants and fail in second-

ary fetal liver transplants [45]. Other transcription fac-

tors including Bmi1 and HLF exhibit similar stress-

dependent phenotypes [64−66].

Using human specimens, we found that Oct1 associ-

ated with the CDX2 gene promoter changes from

cofactors that are repressive to activating cofactors in

normal progenitors versus AML, respectively. Cdx2 is

critical for development of the early embryo [67] and

in endoderm, where it acts as a tumor suppressor in

gut epithelial cells [18]. In the blood system, Cdx2 is

important for fetal hematopoiesis [20], but is not nor-

mally expressed in adult progenitors or differentiated

cells. CDX2 is only rarely mutated or translocated in

leukemia, but is almost universally reactivated and

highly expressed in AML and ALL and in murine leu-

kemia models, regardless of karyotype [12−15,22,23].

In leukemic cells, Cdx2 activates Meis1 and Hoxa9,

genes essential for leukemia progression [12,13,23].

The pathways and mechanisms that inappropriately

activate Cdx2 have remained obscure. ChIP-qPCR

reveals that Oct1 is bound to the CDX2 promoter in

human cells, and that Oct1 occupancy at the CDX2

promoter does not change in AML. Instead, the cofac-

tors known to associate with Oct1 change in the malig-

nant versus normal states. In normal cells the negative
cofactor NuRD/Mta2 associates with the Oct1-bound

region, while in malignant cells the activating cofactor

Jmjd1a instead localizes with Oct1. Furthermore,

Jmjd1a association corresponds to reduced H3K9me2

enrichment at the CDX2 promoter.

The precise upstream mechanisms that control Oct1

cofactor switching have not been determined but could

be due to MAP kinase signaling or expression of the

Oct1 cofactor OCA-B, as we have reported that either

can drive Jmjd1a association with Oct1 [24,46]. MAPK

activity is frequently augmented in leukemia because

of, for example, Flt3 internal tandem duplication or N-

Ras mutation. ERK, for example, is active in 50%−
80% of AML samples [68,69] and in >30% of ALL

[70]. Oct1 cofactor switching is known to be regulated

by MAPK signals, specifically MEK-ERK signaling

[24,36,71]. In primary CD4+ T cells, MAP kinase sig-

naling causes Oct1 bound at the interleukin-2 promoter

to switch from a repressive to an activating mode char-

acterized by Jmjd1a association [24]. A study focused

on melanoma and leukemia identified Oct1 at the cen-

ter of a pathway linking mutant BRAF and oncogenic

MAPK signaling to lipid metabolism, through the

direct Oct1 target Hmgcl [71]. Interestingly, in the gut

where Cdx2 is tumor suppressive, the Cdx2 gene is

downmodulated by MEK-ERK signaling [21,24]. Simi-

larly, OCA-B expression is associated with higher

AML relapse rates and poor prognosis [11]. Also

untested is the role of the Oct1 paralog protein Oct2 in

this process. Oct2 binds the same DNA sequences as

Oct1 [72], and also associates with OCA-B [73].

Higher Oct2 expression is also associated with poor

prognosis in AML [11].

Although CpG methylation is often analyzed on a

region-, locus-, or genome-wide scale, methylation changes

at one or a small number of CpG methylation sites can

strongly influence gene expression [24,74−78]. We and

others previously reported findings of local DNA methyla-

tion control by Oct1 [24,79]. These changes can be linked

to changes in Oct1 cofactor status [24], most likely

because de novo DNA methyltransferases are known to

dock with nucleosomes containing H3K9me2 to methylate

nearby CpGs [77,80,81]. We therefore studied DNA meth-

ylation in the region surrounding the Oct1 binding site

upstream of the human CDX2 promoter. Prior work

revealed few differences in DNA methylation at the down-

stream CDX2 core promoter and transcription initiation

region [15]. Consistent with the switch in Oct1 cofactors,

we found that the CpG dinucleotide near the Oct1 binding

site, Just upstream of the CDX2 core promoter, is

completely demethylated specifically in malignant cells.

DNA methyltransferases associate with complexes that rec-

ognize H3K9 methylation in nucleosomes [80,82], provid-

ing a potential mechanistic link between association of the

Jmjd1a cofactor and the observed local DNA
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demethylation. Oct1 binding sites are associated with

dynamic changes in local DNA methylation during hema-

topoiesis [83]. These findings support the hypothesis that

Oct1 becomes activated posttranslationally to regulate

CDX2, and potentially other target genes, as part of a

malignant program in AML.

The POU2F1 (OCT1) locus is located at position

1q24.2 in humans. Chromosomal gain in this region

is associated with both solid and hematological

malignancy. Chromosome 1q amplification is observed in

AML generation, during clonal evolution, and in cases of

Fanconi-associated AML [84−90]. These cases are rare,

however, and elevated OCT1 (POU2F1) message levels

do not broadly correlate with worse outcome in AML.

The finding that changes in Oct1 activity, through

altered cofactor associations but not mutation or ele-

vated expression, drive a malignant leukemic program

is consistent with the observation that Oct1 target sites,

including CDX2, are highly enriched in the promoters

of significantly upregulated genes in lung and breast

adenocarcinoma, leukemia, and myeloid leukemia stem

cells, without concomitant increases in Oct1 mRNA

levels [38,91−94]. In some of these cases Oct1 sites

are more enriched than are sites for other transcription

factors. For example, an embryonic stem cell gene

expression signature was identified in myeloid leuke-

mia stem cells associated with MLL-transformed leuke-

mia-initiating cells, although this signature lacked Oct4

[91]. We speculate that Oct1 association with cofactors

that enhance transcriptional activation potential may

fulfill this role.

Together, our data reveal a role for Oct1 in resis-

tance to chemotoxic stress and support of AML, and

identify the known AML oncogene, CDX2, as an Oct1

target in AML cells.
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Supplemental Figure E1. Kaplan-Meier survival curves were downloaded and modified using OncoLnc (Anaya et al., OncoLnc: linking TCGA survival

data to mRNAs, miRNAs, and IncRNAs. PeerJ Computer Science 2:e67) and gene symbol POU2F1. Survival in days of patients in which their AML cell’s

OCT1 (POU2F1) mRNA expression fell in the bottom (’’Low’’) or top (’’High’’) quartiles of the group as a whole is shown.

Supplemental Figure E2. Cdx2 proximal promoter and 50 region DNA methylation status in human leukemia and normal control samples. Posi-

tion is shown relative to the transcription initiation site.
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Supplemental Figure E3. Oct1 is dispensable for homeostatic hematopoiesis but protects mice from hematopoietic stress. Similar to Figure 3A

except that plpC was administered at 12 weeks instead of at week 5.
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