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Oct1 Is a Switchable, Bipotential Stabilizer of Repressed and
Inducible Transcriptional States™
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Little is known regarding how the Oct1 transcription factor
regulates target gene expression. Using murine fibroblasts and
two target genes, Polr2a and Ahcy, we show that Oct1 recruits
the Jmjd1la/KDM3A lysine demethylase to catalyze the re-
moval of the inhibitory histone H3K9 dimethyl mark and
block repression. Using purified murine T cells and the 712 tar-
get locus, and a colon cancer cell line and the Cdx2 target lo-
cus, we show that Oct1 recruits the NuRD chromatin-remod-
eling complex to promote a repressed state, but in a regulated
manner can switch to a different capacity and mediate Jmjdla
recruitment to block repression. These findings indicate that
Oct1 maintains repression through a mechanism involving
NuRD and maintains poised gene expression states through an
antirepression mechanism involving Jmjd1la. We propose that,
rather than acting as a primary trigger of gene activation or
repression, Octl is a switchable stabilizer of repressed and in-
ducible states.

The POU? (Pit-1, Oct1/2, Unc-86) transcription factor
family includes ~13 mammalian paralogs as well as represen-
tatives from other metazoans (1). The best known example,
Oct4/POUSF], regulates embryonic stem (ES) cell identity
and is a key factor used to generate induced pluripotent stem
cells from somatic cells (2—-5). Oct1/POU2F1 is related to
Oct4 and possesses similar in vitro DNA binding specificity
(for reviewed, see Ref. 6). As with many transcription factors,
these proteins are known to regulate gene expression both
positively and negatively (e.g. 7, 8); however, their activity has
been thought to be determined by gene context and not sub-
ject to regulation.

Loss of Octl inhibits oncogenic transformation in mouse
embryonic fibroblasts (MEFs) and tumorigenicity in p53-defi-
cient mice and xenograft assays, while having little effect on
cell growth in culture or transformation by serial passage (9).
One study indicates that Oct1 levels are increased in some
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human gastric cancers (10). In contrast, multiple studies have
identified coordinate up-regulation of Oct1 target genes in
lung and breast adenocarcinomas, leukemias, and myeloid
leukemia stem cells, without concurrent up-regulation of
Octl itself (11-14), suggesting that Octl activity may be de-
regulated in malignancy. Recent findings showing post-trans-
lational regulation of Octl support this possibility (15). Al-
though Octl has been studied intensively, our current
understanding of how it regulates gene transcription is sur-
prisingly limited (see for example, Ref. 16).

Here, we show using three different systems (fibroblasts,
primary T cells, and a colon cancer cell line) that Oct1 is a
bipotential and switchable transcriptional regulator. In fibro-
blasts, Octl mediates recruitment of the Jmjd1la histone dem-
ethylase to target genes (Polr2a and Ahcy) following oxidative
stress exposure. In the absence of Oct1, Jmjdla fails to be re-
cruited, H3K9me?2 levels are elevated, and inappropriate re-
pression is observed. In contrast, Octl recruits the nucleo-
some remodeling and histone deacetylation (NuRD/Mi-2)
chromatin remodeling complex to the I/2 promoter in naive
CD4 T cells to mediate gene repression. The recruitment is
regulated because upon T cell activation Octl loses its capac-
ity to associate with NuRD and instead is required for recruit-
ment of Jmjdla. Phorbol 12-myristate 13-acetate (PMA)
treatment is sufficient to switch association from NuRD to
Jmjdla, despite the fact that PMA is insufficient to activate
I12. In resting but previously stimulated T cells, Oct1 is re-
quired to maintain Jmjdla at //2, remove histone H3K9me2
marks and protect DNA from methylation, promoting the
stronger expression associated with secondary stimulation. In
DLD-1 colon adenocarcinoma cells, Octl bound to the Cdx2
target locus is required for mutually exclusive NuRD and
Jmjdla association. PMA treatment of DLD-1 cells results in
reduced Jmjdla association and represses Cdx2 in a manner
requiring Octl. These results show that Octl is a bipotential
factor capable of acting through opposing mechanisms to re-
inforce repressed or inducible states, even at the same target
gene.

EXPERIMENTAL PROCEDURES

Cell Culture—Wild-type and Oct1-deficient MEFs were
cultured as described previously (17). For H,O, treatment,
fibroblasts were exposed to 4 mm H,O, for 1 h, then incu-
bated without H,O, for the indicated times. EL-4 T cells were
cultured as described (18). Purified primary naive splenic T
cells were isolated from wild-type C57BL/6 mice. T cells were
cultured in RPMI 1640 medium (Invitrogen) with 10% heat-
inactivated fetal bovine serum (FBS; Hyclone), 100 units/ml
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penicillin, 100 ng/ml streptomycin, and 2 mM L-glutamine
(Invitrogen). T cells were stimulated in culture by 10 ug/ml
plate-bound anti-CD3e€ and 2 ug/ml anti-CD28 antibodies
(eBioscience). The cells were washed and rested for 8 days
without antibody stimulation and restimulated for the indi-
cated time points with the same antibodies. PMA (Sigma) was
used at the indicated concentrations for 6 h. PD98059 (Cal-
biochem) and SP600125 (A.G. Scientific, Inc.) were used at
the indicated concentrations. T cells were preincubated with
the inhibitors for 2 h and were present throughout the entire
6-h PMA stimulation. DLD-1 cells were cultured in DMEM
(Invitrogen) supplemented with 10% 1:1 heat-inactivated FBS:
bovine calf serum, penicillin, streptomycin, L-glutamine, and
50 uM B-mercaptoethanol (Sigma). All cells were cultured at
37 °C and 5% CO, in a humidified atmosphere.

T Cell Purification—C57BL/6 Ragl '~ mice were irradi-
ated and transplanted with wild-type and Oct1 ™/~ fetal liver
cells using previously published methods (19). T cells were
isolated using a CD4™" T cell isolation kit (Miltenyi) with
modifications. A biotin-conjugated CD44 antibody (eBio-
science) was also included to eliminate CD44 cells. Purifica-
tion was confirmed by flow cytometry. All animal procedures
were approved by the institutional animal care and use
committee.

Latex Nanoparticle Purification/Liquid Chromatography-
Mass Spectrometry—OQOct1 purification using nanoparticles
was performed as described (15), except that the nanopar-
ticles were coupled to human I/2 promoter DNA containing
an Octl binding site (—262 to —222; CATACAGAAGGCGT-
TAATTGCATGAATTAGAGCTATCACC). Gel slab exci-
sion and preparation, and mass spectrometry were conducted
as described (15).

Chromatin Immunoprecipitation (ChIP)—OQOct1 ChIP assays
used described protocols (9) and two combined anti-Oct1 anti-
bodies (Bethyl). NuRD ChIP used antibodies against Mta2
(Abcam) or Mi-2 (Bethyl). Nuclear factor of activated T cells
(NFAT) (c1+c2) antibodies were obtained from Santa Cruz Bio-
technology. Antibodies against Jmjd1a and di-/trimethylated
histone H3K9 were obtained from Abcam. Olignucleotide
sequences were: I/2 forward, 5'-AGCATGGGAGGCAATT-
TATAC-3" and reverse, 5'-TGCTTTCTGCCACACAGG-
TAG-3’; mouse Polr2a forward, 5'-CCATCTTGCCTGCC-
TTATGCATATT and reverse, 5'-TAATGAAGGCGGGG-
CCCTTC; Cdx2 forward, 5'-CCAATGGTTGGAGACGT-
CGAG-3' and reverse, 5'-TTAGCTGTGTCAGGTCGC-
TGC-3'. For real-time quantification of ChIP enrichment,
crossover values for control samples were typically unobtain-
able. Therefore, mouse DNA enriched using the specific anti-
body or control (C/EBPf) antibody (Santa Cruz Biotechnol-
ogy) was amplified by PCR for both the specific target and a
control nonspecific (B-actin) target. Human DNA (from
DLD-1 cells) used a different nonspecific target upstream of
the Lmnb2 gene. For each plate, amplification curves were
compared with a standard of input controls ranging from
0.005% to 10% of input, allowing the percentage of immuno-
precipitation to be calculated. -Fold enrichments were calcu-
lated as the percentage of specific DNA enriched using the spe-
cific antibody minus the percentage enriched with the control

JANUARY 7, 2011 +-VOLUME 286°NUMBER 1

Oct1 Is a Bipotential Regulator

antibody, divided by the percentage of control DNA enriched
with the specific antibody minus the percentage of control DNA
enriched with the C/EBP antibody. The mouse genomic -ac-
tin primer sequences were identical to those used for quantifica-
tion of mitochondrial DNA in (9). The human control sequences
were: Lmnb2-forward, 5'-TTCTATGCCAAGCCCATTCTAG-
GTC-3' and reverse, 5'-GAGAGGCTCTGTCTGAGGTCACG-
3'. Each displayed value represents an average of three indepen-
dent experiments.

Sequential ChIP—Immune complexes were eluted at 37 °C
for 30 min in 10 mM DTT. The eluted DNA was diluted 10-
fold in ChIP dilution buffer followed by incubation with the
indicated re-ChIP antibody. Secondary immune complexes
were eluted in elution buffer. After reversal of cross-links,
DNA was precipitated and analyzed by PCR. Anti-C/EBPf3
antibody was used as isotype control.

qRT-PCR—RNA was isolated using TRIzol (Invitrogen),
followed by RNeasy purification (Qiagen) using the RNA
cleanup procedure. cDNA was synthesized using SuperScript
III and random hexamers (Invitrogen). For //2 RT-PCR, 50 ng
of cDNA was used for qRT-PCR with a LightCycler 480
(Roche Applied Science). Sequences of the primers and
Tagman probe for [I2 quantification were taken from Setogu-
chi et al. (20). ACt values were determined by subtracting in-
put DNA, and AACt was determined by subtracting the ACt
value for control primers. The AACt values were converted to
-fold change using the formula -fold change = 2*4“" and were
averaged. Sequences for Alicy qRT-PCR were: Ahcy forward,
5'-CGCATGCGCATCAATCCTG and Ahcy reverse, 5'-
CCAGCATGTCTGATAAACTGCC. Control B-actin prim-
ers for mouse qRT-PCR were taken from Ref. 15. Sequences
for Cdx2 and control Sdha qRT-PCR primers were taken
from Ref. 21.

Bisulfite Sequencing—Bisulfite DNA modification was per-
formed using a kit (Zymo Research). Primers for bisulfite
sequencing were: /2 forward, 5-GGTAGTTTTTTAGTATGG-
GAGG and reverse, 5-TAATTTTAACAAAAAAAACATTT-
TCA. PCR fragments were ligated into the TOPO TA cloning
vector (Invitrogen) and sequenced.

RNAi—Oct1 and control siRNAs were obtained from Santa
Cruz Biotechnology. siRNA transfection of DLD-1 cells was
performed twice, 24 h apart, using Lipofectamine RNAIMAX
(Invitrogen) according to the manufacturer’s instructions.
Cells were assayed 24 h after the second transfection.

RESULTS

Octl-facilitated Recruitment of Jmjdla Mediates Polr2a
and Ahcy Antirepression in Fibroblasts—We demonstrated
previously that Octl possesses an antirepressive function at a
target gene to which it binds following stress treatment
(Polr2a): the locus is expressed in normal MEFs but is inap-
propriately repressed in Oct1-deficient MEFs. Transient
transfection of luciferase linked to the Polr2a promoter did
not recapitulate this effect, suggesting that chromosomal con-
text is important for this form of regulation (15). Octl bind-
ing to the Akcy promoter, which encodes an enzyme that reg-
ulates methionine catabolism and S-adenosylmethionine
levels, is also induced by treatment with H,O, (15). Similar
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FIGURE 1. Oct1 recruits Jmjd1a to housekeeping gene loci to maintain chromatin free of H3K9 dimethylation. A, Ahcy mRNA levels following H,0,
exposure in primary early-passage Oct1-deficient and matched littermate wild-type MEFs as measured by qRT-PCR. Measurements were made relative to
B-actin. Data for Polr2a (15) are superimposed for comparison (dashed lines). Each value represents an average of three independent experiments. Error bars
indicate S.D. B, ChIP-enriched enriched DNA from Oct1-deficient and matched littermate wild-type MEFs treated with H,O, quantified by real-time PCR. PCR
primers flanking the Oct1 binding site in Polr2a or Ahcy, and antibodies against histone H3K9me2 were used. Values are an average of three independent
experiments. Error bars represent S.D. For details of quantification, see “Experimental Procedures.” C, similar experiment conducted using H3K9me3 anti-

bodies. D, similar experiment using Jmjd1a antibodies.

inappropriate repression in Octl-deficient cells was observed
at Ahcy upon exposure to H,O,, whereas wild-type cells were
minimally affected (Fig. 1A4).

These results suggested that in fibroblasts lacking Octl,
negative regulatory marks inappropriately accumulate result-
ing in repression. We reasoned that the nature of these marks
would help identify the mechanism through which Oct1 func-
tions. We studied multiple different marks, including DNA
methylation. Despite significant gene repression, no DNA
methylation was observed following H,O, treatment in either
wild-type or Octl-deficient MEFs for either Akcy or Polr2a as
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assessed with bisulfite sequencing (supplemental Fig. S1).
These results are consistent with the housekeeping status of
Polr2a and Ahcy. We also performed ChIP assays using anti-
bodies directed against defined negative chromatin marks.
We used real-time PCR amplification to quantify specific
ChIP enrichment relative to a C/EBPf control antibody. Sur-
prisingly, at both Polr2a and Ahcy we identified a significant
accumulation of histone H3K9me2 in both wild-type and
Octl-deficient MEFs following oxidative stress exposure;
however, the mark was removed more rapidly in the wild-type
condition, suggesting that Oct1 recruits an activity that cata-

sV

VOLUME 286+NUMBER 1-JANUARY 7, 2011


http://www.jbc.org/cgi/content/full/M110.174045/DC1

Sia B
kDa| * < | DNA-PKes
; s | CHD-4 (Mi-2) kDa Mut WT
180 120 ([N
115 - - 15
" R || Oct1 (POU2F1) 82 o
i IR Al B
- I laminA/C (cleaved)
—— -
64| - — L btubuin
49 e (| cytokeratin 18
1 2
1 2
C -267 AGAAGAE@TTCATTGTATGAATTAAAACTGCCACCTAAGTGTGGGC
-221 TAACC@CCAAOGCZQQQQATTTQACCTAAATCCATTCAGTCAGTGTA
-175 TGGGGGTTTAAAGAAATNI‘FS?AGAGAGTCATCAGAAGICSSAAAAACA
-129 AAGGTAATGCTTTCTGCCACACAGGA;;GACTCTTTGA%&AATTATGTG
-83 TAATATGTAAAACATIE@TGACACCCCCATATTATTTTTCCAGCATT
-37 AACAGTAO’ISXAATTGCCTCCCATGCTGAAGAGCTGCCTATCStAagCCTT
D Naive Stimulated

nput
nput

Antibody — + £ - + £

o il == [ —
wT NuRD/MtaZ-. --
weor [ TS
worez [l T
neaorscz | . O -

E 0.016 1.2
2 Z1o
E o010 08 wr
% 0.008 £0.6 M oct1+
@‘.“.0.006 30_4
N 0.004 02
=0.002 =

Oct1”

0
Naive 0o Naive Stim 6hr

F Murine //2 CpG sites

8 7 4

§¢ ¢ ¢ ¢ Gb o

B i @ methylated
© unmethylated

Naive

o
=
S
[e
=~n
S

WT

0000000000000000W
0000000000@000eO0N
®000000000000000
00000000 e0000000W
000000000000 0000ON
00000000CeeeCE00e

Oct1+

0000000000000
0000000000000
00®@0000000@00

0000000000000000
0000000000000000
00000000000000Ce0

FIGURE 2. Oct1 mediates /12 repression in naive T lymphocytes. A, Coo-
massie Blue-stained 10% polyacrylamide gel showing proteins from HelLa
cell nuclear extracts retained on latex nanoparticles coated with human /12
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lyzes its removal (Fig. 1B). Whereas H3K9me?2 is a marker of a
transiently repressed state, H3K9me3 is a marker of stably
repressed heterochromatin (22). In contrast to H3K9me2, we
detected only minimal H3K9me3 (Fig. 1C). The deposition of
H3K9me2 correlated with inappropriate prolonged repression
in the Oct1-deficient condition (Fig. 1A).

Jmjdla/JTHDM2A/KDM3A is a jumonji C domain-contain-
ing lysine demethylase that has been shown to demethylate
H3K9mel and me2 but not H3K9me3 (23). Jmjd1la was also
identified as a coactivator for the androgen receptor and
shown to demethylate H3K9 at androgen receptor target
genes (23). We therefore hypothesized that like androgen recep-
tor, Octl uses Jmjdla to prevent gene repression. ChIP assays
using Jmjdla antibodies indicated that it was recruited to both
Polr2a and Ahcy in wild-type but not Oct1-deficient fibroblasts
following oxidative stress exposure (Fig. 1D). These findings indi-
cate that one function of Octl is to enable Jmjdla recruitment to
catalyze the removal of newly deposited H3K9me?2.

Octl Promotes a Repressed State at 112 in Naive T
Lymphocytes—II2 expression is confined to activated T cells,
where it helps marshal the immune response (24, 25). When
stimulated, naive T cells rapidly demethylate specific CpGs in
the /12 promoter, and these sites remain demethylated after
1I2 expression has ceased (26, 27). The 112 promoter is a well
known Octl target (28), and Oct1 occupies multiple sites in
the human /2 promoter in vivo (26, 29). However, NFAT,
AP-1, and NF-«B are known to be the primary drivers of /2
gene expression (24, 30), whereas the role of Octl is unclear.
We previously used latex nanoparticle affinity purification to
capture DNA-bound Oct1 for analysis by mass spectroscopy
(15). To identify cofactors capable of associating with Oct1
bound to /I2 promoter DNA, we used nanoparticles coupled
to a region of the human //2 promoter containing a character-
ized Oct1 binding site (29) and HeLa nuclear extracts. Using
mass spectroscopy, Octl1 itself was identified associated spe-
cifically with wild-type /2 promoter DNA. Additionally, we
identified HSP70, lamin A/C, lamin B, RecQ, a- and B-tubu-
lin, and cytokeratin-8 as well as the DNA-dependent protein
kinase catalytic subunit and two subunits of the NuRD-Mi-2
corepressor complex, CHD4-Mi-2 and Mta2 (Fig. 24, lane 2).
None of these proteins was associated with nanoparticles cou-

promoter DNA containing an Oct1 binding site (—262 to —222, lane 2), or
an mutant octamer control (lane 7). Indicated bands showing differential
retention were excised and subjected to liquid chromatography-mass spec-
trometry (LC/MS). Annotated bands had MASCOT scores >20 and mass
errors <3 ppm. B, Western blot using Mta2 antibodies of a similar nanopar-
ticle purification using nuclear extracts from EL-4 T cells. C, sequence of the
murine /I2 proximal promoter region. CpG positions are boxed. Known tran-
scription factor binding sites and TATA box are underlined. The transcription
start site is depicted with an arrow. D, ChIP assays performed using primary
splenic naive T cells and two combined Oct1 antibodies, an antibody
against the NuRD subunit Mta2, or combined antibodies against NFAT
c1+c2. Amplification products using a region of the /2 promoter encompass-
ing Oct1 binding sites are shown. E, gqRT-PCR analysis of //2 mRNA expression
levels in naive and stimulated CD4 ™ splenic T cells. Error bars depict S.D. Panel
on right is the averaged result of three experimental replicates. Isolated naive
cell data in left panel include six additional replicates. F, bisulfite sequencing
analysis of the murine /12 proximal promoter region. A schematic is shown at
the top. Oct1 sites are shown with boxes. CpG methylation sites are numbered.
Data from sequencing of clones are depicted below. Filled circles indicate the
presence of a methylation event for a given clone.
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pled to octamer sequences containing point mutations (lane
1). DNA-PK and lamin B have been previously described to
associate with Octl (31-33), validating the method. NuRD
also associated with //2 promoter DNA in vitro using extracts
from murine EL-4 T cells as assessed by Western blotting
with anti-Mta2 antibodies (Fig. 2B, lane 2).

NuRD is associated with transcriptional repression through
DNA methylation, nucleosome remodeling, and histone
deacetylation mechanisms (34 —36), and NuRD associates
with the Oct1 paralog Oct4 in ES cells (37-39). Mice deficient
in Mta2 display normal T cell development but hyperprolifer-
ate upon activation and show increased 112, I/4, and Ifng gene
expression and lupus-like autoimmunity (40). These findings
led us to test whether NuRD subunits are associated with /2
promoter-bound Octl in naive T cells, resulting in transcrip-
tional repression. We have shown that Oct1 deficiency leads
to embryonic lethality but that T cell development is grossly
normal (19). A more thorough analysis of T cell subsets con-
firmed the prior results, although significant increases in acti-
vated (CD44"™) and decreases in memory (CD62L™) T cell
subsets were noted (supplemental Fig. S2).

We analyzed splenic T cells from Rag-1-deficient mice re-
populated with Octl-deficient or wild-type littermate control
embryonic day (E) 12.5 fetal liver hematopoietic progenitors.
We focused on purified naive CD4 helper T cells (CD8a"¢®,
CD11b"°¢, CD45R"°¢, DX5"°¢, Ter-119"°¢, CD44'°%), allowing
us to work with uniform cell populations. Cells were stimu-
lated with anti-CD3e and anti-CD28 antibodies for 6 h.

The murine //2 promoter contains two described Oct1
binding sites, at —75 and —250 bp relative to the transcrip-
tion initiation site (Fig. 2C). The two sites are too close to ac-
curately resolve by conventional ChIP. We confirmed Oct1
binding to this region in wild-type cells (Fig. 2D, top panel).
Octl was constitutively associated with //2 promoter DNA, as
a significant ChIP signal was detected in naive and stimulated
cells. The results are consistent with the idea that Octl is not
a predominant trigger of I/2 expression. These results differ
from a report using primary T cells in which Oct1 binding is
observed only following stimulation (26). However, that study
used human cord blood T cells purified using anti-CD4 anti-
bodies, which contain populations other than naive cells. An
earlier report using a murine cell line also described constitu-
tive Octl binding (29).

ChIP of the same promoter region using antibodies against
the NuRD subunit Mta2 showed association in naive but not
stimulated wild-type cells. In contrast and as expected, NFAT
(c1+c2), a primary target of T cell receptor stimulation, only
associated in stimulated T cells. To determine whether Oct1
recruits Mta2 to /2 in naive but not stimulated T cells, we
tested Octl-deficient cells (Fig. 2D). NuRD failed to associate
with /12 in either naive or stimulated Oct1-deficient cells,
whereas NFAT association was unaffected. These results are
consistent with a regulated recruitment mechanism in which
Oct1 associates with NuRD in naive cells to help mediate
transcriptional repression and loses this capacity upon T cell
activation. We tested this model using qRT-PCR to assess /2
mRNA levels. /2 expression was completely absent in wild-
type purified naive cells (Fig. 2E). In contrast, a very low, but
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statistically significant (p < 0.05) amount of I/2 mRNA ex-
pression was observed in Octl-deficient naive T cells. The
weak expression is consistent with a lack of transcription fac-
tors such as NFAT to drive //2 transcription, but a loss of re-
pressive mechanisms. Following stimulation, strong mRNA
expression was noted regardless of Oct1 status.

NuRD components have been associated with CpG DNA
methylation (e.g. 34). We used bisulfite sequencing to assess
DNA methylation status in naive and stimulated T cells. Rela-
tive to the transcription start site, the three most proximal
upstream CpGs in murine //2 are located at positions —69
(no. 1), —217 (no. 2), and —262 (no. 3, Fig. 2F). The distal
CpG is immediately adjacent to an Oct1 site and is demethyl-
ated in wild-type cells. The proximal CpG site in wild-type
cells is heavily methylated but becomes partially demethylated
at short time points after T cell activation (Fig. 2F). This find-
ing differs from an earlier report using lymph node T cells
(27), but is consistent with another more recent report using
spleen and lymph node T cells (41). Our splenic T cells were
also harvested from Rag-1-deficient hematopoietic transfer
recipients, although this difference is unlikely to underlie the
different observations because cells purified from wild-type
C57BL/6 mice show similar patterns (supplemental Fig. S3).

In contrast to wild-type cells, we observed inappropriate
and nearly complete //2 promoter demethylation at site 1 in
Octl-deficient naive cells (Fig. 2F). The unmethylated state
was maintained following T cell stimulation. We performed
similar experiments using total splenic CD4" T cells, which
include populations of naive, regulatory, preactivated, and
memory T cells. Promoter demethylation was again observed
in the Oct1-deficient condition; however, this time at site 3
(supplemental Fig. S4). Site 3 is adjacent to another Octl
binding site. Unlike CpG no. 1 and 2, CpG no. 3 is conserved
to humans. These results indicate that in unstimulated T cells,
Octl is not required for the initial process of /2 gene expres-
sion, but rather helps maintain a repressed state.

Octl Blocks Repression at 112 in Previously Activated T
Cells—It remained to be determined whether Oct1 plays a
role following T cell stimulation. Previous work has shown
that T lymphocytes harbor an “epigenetic memory” at 1/2
such that resting but previously stimulated cells display faster
induction kinetics and higher expression levels upon second-
ary stimulation (26). We stimulated naive T cells purified as
before for 2 days, removed the stimulus, and rested the cells
for 8 additional days, repeating the ChIP experiments before
and after a second 6-h stimulation. Octl binding was again
constitutive, showing identical characteristics in resting and
restimulated cells (Fig. 3A4). In contrast to naive cells, Mta2
was not detected, suggesting that the change(s) blocking the
ability of Octl to associate with NuRD following stimulation
of naive cells are maintained over an extended period. As ex-
pected, NFAT associated only in restimulated cells.

Following restimulation of rested cells with anti-CD3e and
anti-CD28 antibodies, strong and rapid 7/2 induction was ob-
served (Fig. 3B). Relative to the initial stimulation, restimulated
wild-type cells displayed >10-fold stronger I/2 expression (com-
pare scale in Fig. 3B with Fig. 2E). In contrast to the primary 6-h
simulation in which little difference in /2 expression was noted
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FIGURE 3. Oct1 promotes expression and inhibits DNA methylation at
112 following T cell stimulation. A, cells stimulated for 2 days and cultured
for 8 additional days in the absence of stimulus. ChIP assays were per-
formed on these rested cells or following 6-h stimulation as in Fig. 2D.

B, real-time RT-PCR analysis of //2 mRNA expression levels in resting and
restimulated splenic T cells. Analysis was performed identically to Fig. 2E.
G, bisulfite sequencing analysis of the murine //2 proximal promoter region in
resting and restimulated T cells. Analysis was performed similarly to Fig. 2F.

between Octl-deficient and wild-type naive cells, significant de-
fects were observed upon restimulation of resting Oct1-deficient
cells (Fig. 3B). Octl-deficient T cells appeared microscopically
normal with no evidence of cell death; however, they did not
expand to the same degree as wild-type, consistent with the poor
112 expression (data not shown). These results suggest that in
rested cells, Octl no longer mediates repression but instead
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helps maintain functional memory of the previous stimulation by
blocking repression.

To determine whether the loss of functional memory in
Octl-deficient resting but previously stimulated T cells is me-
diated by loss of epigenetic memory, we measured DNA
methylation using bisulfite sequencing. Rested wild-type cells
remained largely demethylated at position 1 (Fig. 3C). In con-
trast, this site was largely methylated in rested Oct1-deficient
T cells (86% methylation in Octl-deficient versus 25% in wild-
type). Because naive and initially stimulated Oct1-deficient
naive cells are demethylated at this position, these data indi-
cate that in the absence of Octl, I/2 becomes inappropriately
remethylated at position 1 during the 8-day period following
naive T cell stimulation. After 6-h restimulation of rested T
cells, the methylation patterns did not substantially change.
Similar remethylation at site 1 was observed using total CD4™
T cells (supplemental Fig. S4). These results indicate that in
addition to maintaining a repressed transcriptional state in
naive cells, Octl also maintains a poised state in resting but
previously stimulated cells.

Because we had identified an Octl mediated anti-repres-
sion mechanism that utilized Jmjd1la in fibroblasts, we hy-
pothesized that Octl antirepression in resting but previously
stimulated T cells occurs through a similar mechanism. We
used ChIP with antibodies directed against dimethyl and tri-
methyl H3K9, and Jmjd1a in naive and rested T cells. As ex-
pected, Jmjdla was not present at //2 in naive wild-type T
cells but was recruited following stimulation. Jmjdla was not
recruited in Octl-deficient T cells (Fig. 44). As in fibroblasts,
we identified a significant increase in histone H3K9me?2 levels
in both resting Oct1-deficient T cells and their wild-type
counterparts (Fig. 4B). Following restimulation, H3K9me2 is
rapidly removed (<6 h) from wild-type cells, presumably due
to the action of Jmjd1la. However, the mark is inappropriately
retained in Octl-deficient T cells. No enrichment for
H3K9me3, the more stably repressing mark, was observed
(Fig. 4B). We infer that the function of Oct1 at the I/2 locus in
rested but previously stimulated T cells is to oppose
H3K9me?2 (and subsequent DNA methylation at CpG posi-
tion 1) through a mechanism involving Jmjd1a.

The signals emanating from the T cell receptor and CD28
are well defined and include NFAT and MAPK cascades (42).
Some of these pathways can be selectively activated using spe-
cific reagents such as ionomycin to activate NFAT via Ca>"
flux, or PMA to activate MAPK signaling via PKC6 (42). We
found that PMA treatment of naive cells in isolation, although
not sufficient to activate //2 gene expression, was sufficient to
induce the loss of NuRD and the association of Jmjd1la as
measured by ChIP (Fig. 4C). In T cells, PMA activates PKC6
and further downstream, NF-kB and MAPK signaling. Two
kinase components of the MAPK pathway are ERK1/2 and
JNK. PD98059, an inhibitor of ERK1/2, but not SP600125, an
inhibitor of JNK, blocked switching by PMA (Fig. 4C). These
data suggest that MAPK signals impinge on Oct1 to mediate
switching from repression to antirepression through a mecha-
nism requiring ERK1/2.

Octl Mediates Mutually Exclusive NuRD and Jmjdla Asso-
ciation with the Cdx2 Promoter in DLD-1 cells and Mediates
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FIGURE 4. Recruitment of Jmjd1a to //2 by Oct1 in stimulated T cells.

A, ChIP was performed on freshly isolated CD4 ™" naive T cells (Naive) and
cells stimulated for 6 h (Stimulated) using antibodies specific to histone
H3K9me2, K9me3, and Jmjd1a. Degree of enrichment for each indicated
antibody is shown relative to control (C/EBP) antibodies using semiquanti-
tative PCR. B, similar ChIP experiment performed using cell stimulated for 2
days and cultured for 8 additional days in the absence of stimulus (Rested)
or the same cells stimulated for 6 h (Re-stimulated). C, PMA signaling alone
sufficient to replace NuRD association with //2 to Jmjd1a association. ChIP
was performed on freshly isolated CD4™ naive T cells treated with dimethyl
sulfoxide (DMSO) carrier control or PMA for 6 h using antibodies specific to
Mta2 and Jmjd1a. PMA was used at 20 ng/ml. PD98059 was used at 10 um.
SP600125 was used at 25 uMm. Cells were exposed to the inhibitors for 2 h
before exposure to PMA. Degree of enrichment for each indicated antibody
is shown relative to isotype control (C/EBP) antibodies using semiquantita-
tive PCR.
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Repression by PMA—Cdx2 is a homeodomain transcription
factor critical for mammalian development (43) and a known
Octl regulatory target (44, 45). Cdx2 expression is mostly
confined to the gastrointestinal tract in adults, where it acts as
a tumor suppressor (46), but inappropriate expression of
Cdx2 is observed in murine leukemia models and in most
cases of pediatric acute myeloid leukemia and adult lymphoid
leukemia (47-50), where it promotes self-renewal (49). Using
DLD-1 colon adenocarcinoma cells and ChIP, we detected
Octl, NuRD, and Jmjd1a all bound to the conserved octamer
site in the Cdx2 promoter (Fig. 54). Association required
Octl, because Octl knockdown depleted Jmjdla and NuRD
as well as Octl ChIP signal (Fig. 54). Sequential ChIP assays
failed to detect any NuRD-associated DNA simultaneously
associated with Jmjdla and vice versa (Fig. 5B), suggesting
that DLD-1 cells contain a heterogeneous population of Oct1
with positive and negative functionality. Consistent with this
model, Oct1 siRNA knockdown produced little effect on
Cdx?2 gene expression (Fig. 5C).

Cdx2 is repressed in colon cancer cell lines by ERK signal-
ing (21). These findings are consistent with frequent ERK hy-
peractivity due to K-Ras mutation in colon cancer and the
role of Cdx2 as a tumor suppressor in this tissue. However,
the mechanism was not defined. 6-h PMA treatment of
DLD-1 colon cancer cells silenced Cdx2 in a manner that can
be blocked by inhibition of ERK activity, as expected (Fig. 5D).
Octl1 but not control RNAI eliminated silencing by PMA (Fig.
5E), indicating that the ability of PMA to modulate Cdx2 in
DLD-1 cells requires Octl. We tested the ability of NuRD and
Jmjdla to interact with Cdx2 following 6-h PMA treatment.
PMA substantially reduced Jmjdla association with Cdx2, but
did not significantly alter association of the NuRD subunit
MTAZ2 (Fig. 5F). Similar results were obtained with antibodies
against Mi-2, a different NuRD subunit (data not shown).

DISCUSSION

Here, we show that Oct1 is a bipotential transcription fac-
tor capable of regulated switching between repressive and
antirepressive modes. Our data are consistent with the model
shown in Fig. 6. Octl mediates antirepression at two house-
keeping targets (Polr2a and Ahcy) by enabling the recruitment
of Jmjdla and maintaining chromatin free of histone
H3K9me2. At the regulated /2 target locus promoter region,
Octl mediates recruitment of the NuRD corepressor complex
in naive T cells and recruitment of Jmjdla in previously acti-
vated, resting T cells. When naive cells are stimulated, Oct1
becomes modified through mechanisms involving MAPK and
ERK signaling such that it no longer recruits NuRD and in-
stead, directly or indirectly recruits Jmjdla. We detected a
biochemical interaction between Octl and NuRD, but have
thus far failed to detect Jmjd1la. Therefore we cannot elimi-
nate the possibility that the association with Jmjdla is indi-
rect. MAPK signaling is attenuated after the T cell stimulus is
removed; however, the antirepressive state is retained even
after 8 days in culture without stimulation. Therefore, the
modification(s) induced by MAPK signals are either stable, or
some other activity (e.g. the induction of Oct1 cofactors) main-
tains the switched state over longer times. This state allows faster
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FIGURE 5. Oct1 mediates NuRD and Jmjd1a recruitment at Cdx2 in
DLD-1 cells and mediates cofactor switching and Cdx2 repression in
response to PMA. A, ChIP enrichment quantified for Oct1, Jmjd1a, and
Mta2 (NuRD) relative to C/EBP control antibodies in DLD-1 cells trans-
fected with control or Oct1-specfic siRNAs. Western blot showing effect of
siRNA transfection on Oct1 expression levels is shown at left. B, Jmjd1a and
NuRD enrichment in sequential ChIP assays. Agarose gel images are shown
from semiquantitative PCR amplification of initial ChIP material. The ChIP
material was diluted, and a second sequential ChIP was performed with the
indicated antibody (see “Experimental Procedures”). Amplification of the
re-ChIP DNA material is shown beneath each primary ChiP. C, effect of Oct1
siRNA transfection on Cdx2 expression levels. Cdx2 mRNA was measured
using qRT-PCR. Averages of three replicate experiments are shown. Error
bars depict S.D. D, DLD-1 cells treated with PMA for 6 h and Cdx2 expression
measured. PMA was used at 2.5 um. Cells were also treated simultaneously
with PMA and PD98059 (10 um) to determine the effect of ERK1/2 inhibition
on Cdx2 expression. Cdx2 mRNA expression was measured as in C. DMSO,
dimethyl sulfoxide. E, effect of Oct1 knockdown on PMA-mediated Cdx2
repression. Cells were transfected with control and Oct1-specific siRNAs as
before. 24 h after the second transfection, cells were treated with PMA and
Cdx2 expression measured as before. F, effect of PMA treatment on Jmjd1a
and NuRD Cdx2 promoter occupancy. Quantification of ChIP enrichment
relative to C/EBP control antibodies is shown. PMA treatment and ChIP
assays were conducted as above.

112 induction in rested T cells relative to naive cells and may be
constitutive at Polr2a and Ahcy, allowing gene expression to re-
cover more rapidly in wild-type fibroblasts relative to Oct1-defi-
cient fibroblasts following stress exposure.

Octl also mediates recruitment of NuRD and Jmjdla and is
important for PMA-mediated gene regulation at the Cdx2
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FIGURE 6. Model Oct1 transcription factor mechanism. At repressed genes,
Oct1 recruits NuRD and helps maintain a repressed state. At genes that are ac-
tive (due in part to transcription factors labeled TF), the status of Oct1 changes
such that it can no longer recruit NuRD. Instead, through either intrinsic activi-
ties and/or the recruitment of cofactors, or through indirect activities, it recruits
Jmjd1a and catalyzes the removal of HOK9me2. The presence of this mark can
lead to inappropriate DNA methylation in a subset of cases.

Octl target locus in DLD-1 cells. Also as with T cells, loss of
Octl superficially appears to affect Cdx2 expression mini-
mally; however, upon more careful examination Oct1 is criti-
cal for correct regulation. Several differences were also noted
between the DLD-1 and T cell system. First, PMA mediates
transcriptional silencing rather than transcriptional activa-
tion. Second, Octl is required for regulation by PMA. Third,
both NuRD and Jmjdla were detected in normally cultured
cells as measured by ChIP. Sequential ChIP assays failed to
detect any co-binding of the two activities, suggesting that
DLD-1 cells are composed of a heterogeneous mixture of
Oct1 associated with the different activities. Cumulatively,
these findings suggest that Oct1 stabilizes both repressed and
inducible transcriptional states. This bipotential form of tran-
scription factor regulation has been associated with other
transcription factor classes. For example, thyroid hormone
receptor can switch from an activator to a repressor of the
same targets in a ligand-regulated manner. This switch is me-
diated by exchange of coactivators and corepressors, includ-
ing remodeling enzymes such as NuRD (35, 51).
Chromatin-modifying complexes are central regulators of
gene expression (22, 52, 53), but the mechanisms of targeting
are poorly understood. Transcription factors that maintain
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chromatin with the appropriate epigenetic marks through
recruitment of these factors are certain to play important bio-
logical functions, for example by maintaining a silent state or
priming target genes for later expression in stem/progenitor
and memory cells. Our data suggest that Oct1 regulates the
expression of its targets, at least in part, through spatial con-
trol of chromatin-modifying factors.

The absence of Octl is associated with abnormal DNA hy-
pomethylation at a CG site proximal to the //2 transcription
start site in naive T cells, but is also associated with abnormal
hypermethylation at that site in previously stimulated, resting
T cells. These changes in DNA methylation are likely an indi-
rect readout of Oct1 regulation through NuRD and Jmjdla.
Surprisingly, both in fibroblasts following stress and in resting
but previously stimulated T cells Jmjd1a was simultaneously
present with H3K9me?2 in wild-type cells. These results sug-
gest that Jmjd1a is either not active in these situations (for
example due to lack of cofactors) or that an opposing histone
methyltransferase activity such as G9a (54) continually depos-
its this mark as it is being removed. We favor the latter mech-
anism because in wild-type T cells, the mark is present but
does not accumulate or become expanded such that DNA
methylation takes place, but in the absence of Octl it does,
suggesting a finely regulated balance of activities.

The absence of Octl1 in resting T cells leads to poor activa-
tion upon restimulation relative to wild-type T cells. These
findings have implications for the generation of T cell mem-
ory responses and, by extension, the ability to resist infection
by certain pathogens. Octl is associated with the expression
of multiple cytokines, including I1-3, 1I-5, 11-8, 11-12/23 (55—
60), and more recently I1-4 and I1-13 (61, 62). Octl is also as-
sociated with other loci of immunological interest (e.g. 63—
65). In light of these findings, a reexamination of the role of
Octl at these targets may shed light on their regulation. For
example, a negative activity has been associated with the octa-
mer site in the immunoglobulin heavy chain enhancer in B/T
cell hybrids (66). It was postulated that a transcriptional re-
pressor occupies this site in non-B cells. Our data suggest that
the positive activity in B cells and the negative activity in
non-B cells may be one and the same, and involve differential
Octl cofactor recruitment. Rather than directly promoting
expression of the aforementioned target genes, the principal
role of Octl may be, in one mode, maintenance of repression,
and in the opposite mode, prevention of transcriptional re-
pression, i.e. poising for later expression.
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