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NonO Binds to the CpG Island of oct4 Promoter
and Functions as a Transcriptional Activator of

oct4 Gene Expression

Yoojin Park, Ja-Myong Lee, Min-Young Hwang, Gi-hoon Son‘, and Dongho Geum*

We investigated the relationship between oct4 gene ex-
pression patterns and CpG sites methylation profiles dur-
ing ES cell differentiation into neurons, and identified rele-
vant binding factor. The oct4 gene expression level gradu-
ally declined as ES cell differentiation progressed, and the
CpG sites in the oct4 proximal enhancer (PE) and pro-
moter regions were methylated in concert with ES cell
differentiation. An electro-mobility shift assay (EMSA) showed
that putative proteins bind to CpG sites in the oct4 PE/
promoter. We purified CpG binding proteins with DNA-
binding purification method, and NonO was identified by
liquid chromatography-mass spectrometry. EMSA with
specific competitors revealed that NonO specifically binds
to the conserved CCGGTGAC sequence in the oct4 pro-
moter. Methylation at a specific cytosine residue (CC*
GGTGAC) reduced the binding affinity of NonO for the
recognition sequence. Chromatin immunoprecipitation
analysis confirmed that NonO binds to the unmethylated
oct4 promoter. There were no changes in the NonO mRNA

and protein levels between ES cells and differentiated cells.

The transcriptional role of NonO in oct4 gene expression
was evaluated by luciferase assays and knockdown ex-
periments. The luciferase activity significantly increased
threefold when the NonO expression vector was co-
transfected with the NonO recognition sequence, indicat-
ing that NonO has a transcription activator effect on oct4
gene expression. In accordance with this effect, when
NonO expression was inhibited by siRNA treatment, oct4
expression was also significantly reduced. In summary,
we purified NonO, a novel protein that binds to the CpG
island of oct4 promoter, and positively regulates oct4 gene
expression in ES cells.

INTRODUCTION

ES cells are pluripotent cells that can self-renew indefinitely or
differentiate into various cell types (Magnuson et al., 1982;
Thomson et al., 1998). Oct4, sox2 and nanog are known to
maintain the stemness of ES cells by silencing the expression

of key transcription factors required for differentiation, and by
activating the expression of genes important for ES cell main-
tenance (Boyer et al., 2005; Young, 2011). Among these fac-
tors, oct4 has been well documented to maintain the self-
renewal and differentiation abilities of ES cells in an expression
level-dependent manner (Niwa et al., 2000; Velkey and O’Shea,
2003). A steady state critical amount of oct4 is required to sus-
tain the stemness of ES cells, and the transient up- and down-
regulation of oct4 induces divergent differentiation programs. In
this context, the evaluation of the up-stream regulatory mecha-
nism of oct4 expression is as important as assessing down-
stream target gene regulation for the maintenance of stemness
and the differentiation of ES cells. A great number of transcrip-
tion factors that activate or inhibit oct4 gene expression during
ES cell maintenance and differentiation have been identified.
Transcription factors such as zfp206, sall4, esrrb, -myb, SF1,
dax1 and Irh bind to the oct4 distal enhancer (DE)/PE/promoter
regions and activate oct4 gene expression (Gu et al., 2005a;
Kelly et al., 2010; Tarasov et al., 2008; Yang et al., 2007; Yu et
al., 2009; Zhang et al., 2006; 2008). Other transcription factors,
such as HIF, GCNF and Tcf3 bind to the oct4 DE/PE/pro-moter
regions and repress oct4 gene expression (Gu et al., 2005b;
Moreno-Manzano et al., 2010; Tam et al., 2008). Pmil-nuclear
body (NB) has dual effects; it activates oct4 expression with
transcription factors TR2, SF1 and SP1 in ES cells but is in-
volved in the silencing of oct4 during retinoic acid-induced ES
cell differentiation (Chuang et al., 2011). The transcriptional
activity of oct4 is closely related to CpG island methylation.
Oct4 expression is known to decrease and its CpG islands in
the DE/PE/promoter regions are known to be increasingly me-
thylated as differentiation progresses (Feldman et al., 2006;
Gidekel and Bergman, 2002; Hattori et al., 2004; Marikawa et
al., 2005). As mentioned above, numerous factors that regulate
oct4 gene expression have been identified; however, knowl-
edge of the regulatory mechanisms in relation to CpG island
methylation and CpG island binding factors is very limited (Gu
et al.,, 2011). Therefore, we tried to find a novel factor that binds
to the CpG island and regulates oct4 gene expression.

NonO was originally identified as a non-POU domain-con-
taining octamer binding protein (Yang et al., 1993). NonO is a
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multi-functional nuclear protein that functions through its two
tandem RNA recognition motifs (RRMs) and a helix-turn-helix
(HTH) DNA-binding domain (Dong et al., 1993; Shav-Tal and
Zipori, 2002; Yang et al., 1993). NonO associates with the 5
splice site and mediates contacts between RNA polymerase |l
and snRNPs during the coupled transcription/splicing process
(Kameoka et al., 2004; Rosonina et al., 2005). NonO is also
reported to be involved in the nuclear retention of edited RNA,
inhibiting the translation of mutated proteins by binding to the A-
to-1 edited RNA and forming a paraspeckle (Chen and Carmi-
chael, 2009; Zhang and Carmichael, 2001). In addition to RNA
processing functions, NonO has functions related to DNA repli-
cation and repair processes. NonO associates with topoisom-
erase | and stimulates the jumping of topoisomerase | between
separate DNA helices (Straub et al., 1998; 2000). NonO forms
a complex with polypyrimidine tract binding protein-associated
splicing factor (PSF) and functions as a DNA double-strand
break rejoining factor by binding to the DNA substrate in the
non-homologous end joining pathway (Bladen et al., 2005;
Salton et al., 2010). Finally, NonO is known to function as tran-
scription repressor or activator under many different cellular
conditions (Shav-Tal and Zipori, 2002).

In this study, we examined the methylation profile of oct4 pro-
moter CpG islands during ES cell differentiation. We tried to

identify novel factors that bind to the oct4 promoter CpG islands.

With a CpG island-specific DNA probe, we purified NonO and
investigated the transcriptional role of NonO in oct4 gene ex-
pression using NonO gain-of-function and loss-of-function ex-
periments.

MATERIALS AND METHODS

Maintenance and differentiation of ES cells

R1 ES cell maintenance and differentiation into neuronal cells
were performed as previously described without any modifica-
tions (Hwang et al., 2008).

Immunocytochemistry

Cells were fixed with 4% paraformaldehyde for 20 min and pro-
cessed for immunocytochemistry as previously described (Hwang
et al,, 2008). The following dilutions of antibodies were used:
rabbit anti-oct4 (Santa Cruz, 1:500), mouse anti-nestin (Chemi-
con, 1:500), and mouse anti-NonO (Upstate, 1:500).

Real-time RT-PCR

Total RNA was isolated by a ToTALLY RNA™ kit (Ambion,
USA) according to the manufacturer’s protocol, and Real-Time
RT-PCR was performed as previously described (Hwang et al.,
2008). The following primer sequences were used: Oct4-F, 5'-
GAGGACTCCCAGGACATG-3'; Oct4-R, 5'-CCTGGGAAAGG
TGTCCTGTA-3'; Nestin-F, 5-AACAGAGGTGGGAGGATGTG-
3’; Nestin-R, 5-CTGGCAGCCTCTAATCCAAG-3'; NonO-F, 5'-
ATTCGCTTGGAAACACGAAC-3’; NonO-R, 5-GAAGGAGCC
TTCACTGCATC-3.

Bisulfite sequencing

The bisulfite sequencing of genomic DNA isolated from ES
cells; from differentiated cells at day 3, day 6, day 9; and from a
mouse tail was performed as described previously (Kang et al.,
2001). The PCR primers used to amplify bisulfite-converted
DNA were as follows: Oct4(BSP)F1, 5-AAGTTGATGAAGTTG
AGGTAGG-3’; Oct4(BSP)R1, 5-CTCTCCTCAAAAACAAAAC
CTC-3; Oct4(BSP)F2, 5-GGGATTAGGATTGTTTAGTTAAGG-
3'; Oct4(BSP)R2, 5'-ACCTATTAACACTACACCCTCTC-3'; Oct4
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(BSP)F3, 5-GGTTTTTTAGAGGATGGTTGAGTG-3'; Oct4(BSP)
R3, 5-TCCAACCCTACTAACCCATCACC-3.

Electromobility shift assay (EMSA)

EMSA was performed as previously described (Son et al.,
2005). Nuclear extracts from ES cells at day 0 and from differ-
entiated cells at day 6 were used in the EMSA. The sequences
of the probes and competitors are listed in Table 1. Four pico-
moles of annealed oligonucleotides was labeled with 20 uCi [o-
®P1dCTP (Amersham, Sweden) using the Klenow fragment
(Promega, Madison, WI). Labeled probe at a concentration of
40 fM was incubated with 10 pg of nuclear extract in 1x EMSA
buffer (20 mM Hepes, pH 7.6, 0.1 Mm KCI, 10% glycerol, 0.1%
Nonidet P-40, and 1 mM DTT) containing 2.5 pg poly(didC) in a
20 pl reaction mixture. The binding reaction was performed on
ice for 20 min and then at room temperature for further 30 min.
Protein-DNA complexes were resolved on a 5% native poly-
acrylamide (29:1) gel. For competition experiments, a 100-fold
molar excess of competitor DNA was added along with the P%-
labeled probes.

Purification of DNA-binding proteins

The proteins that bind to the oct4 promoter CpG island were
purified with the DNA-binding Protein Purification Kit (Roche
Applied Science) according to the manufacturer’s protocol. Brie-
fly, dsDNA containing EMSA probe F (Table 1) was ligated in
tandem and attached to magnetic beads. Day 0 and day 6 cell
nuclear extracts were incubated the reaction mixture at 4°C for
1 h. The bound protein was extracted with extraction buffer,
separated with SDS/PAGE, and silver-stained. Individual bands
were excised, digested with trypsin, and analyzed by 2D-
LC/MS/MS (Thermo Electron, US/LRQ, LC/MS/MS).

ChIP-PCR

ES cells at day 0 and differentiated cells at day 6 were cross-
linked with 1% formaldehyde (Sigma). The soluble chromatin
was extracted and sonicated following a protocol provided by
Upstate Biotechnology. The sonicated lysates were immuno-
precipitated with 2 pg of anti-NonO antibody. The cell lysate not
incubated with the antibody was used as a positive input control.
Immune complexes were collected by incubation with protein A
Sepharose beads and sheared salmon sperm DNA. The bound
DNA was eluted with SDS-proteinase K solution and extracted
with phenol/CHCls. The primer set used for ChIP-PCR was as
follows: NonO-ChlP forward primer, 5-TCTCCAGAGGATGG
CTGAGT-3, and NonO-ChlP reverse primer, 5-AGCGCTATC
TGCCTGTGTCT-3' (amplified a 234 bp-fragment).

Luciferase assay

The NonO coding sequence was amplified by PCR and cloned
into the PCNA vector (Invitrogen) for NonO over-expression
(PCNA-NonO). NonO recognition sequence F was cloned into
the pGL3-Basic vector (Promega) for use in a luciferase assay
(pGL3-F). One microgram of PCNA-NonO and/or pGL3-F was
transfected into 293T cells with Lipofectamine 2000 (Invitrogen),
and the luciferase activity was quantified with a Multilabel
Counter (PerkinElmer) 24 h after transfection.

siRNA treatment

The siRNA targeting mouse NonO and a non-targeting control
siRNA were constructed based on a previous report with minor
modifications (Song et al., 2008). The siRNAs were transfected
into ES cells, and the NonO and Oct4 levels were examined 24
h after transfection by qRT-PCR and immunocytochemistry.

http://molcells.org



Table 1. EMSA probes containing CpG sites in the oct4 promoter
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EMSA probe symbols Position Sequences for EMSA probes
A -1226~-1209 5-CCTCCTAATCCCGTCTCC-3
B -1184~-1162 5-AATGGGGGAGGGGTGGGTGACGA-3
C -771~-747 5-ATCTTGAGGAAAGAGGCCCCGGCCT-3'
D -369~-345 5'-AAGGACAGGCCGAGAGGGTGCAGTG-3
E -324~-303 5-ATGGGGCATCCGAGCAACTGGT-3
F -297~-273 5-GAGGTGTCCGGTGACCCAAGGCAGG-3
G -213~-195 5-CCTGTCCAGACGTCCCCAA-3
H -174~-159 5-GGCAGATAGCGCTCGC-3
| -41~-14 5'-TCTTTCCACCAGGCCCCCGGCTCGGGGT-3
mt1-F -297~-273 5-GAGGTGTCCGAATTTCCAAGGCAGG-3
mt2-F -297~-273 5-GAGGTGTCCGGTGTTCCAAGGCAGG-3
met-F -297~-273 5-GAGGTGTCC*GGTGACCCAAGGCAGG-3

The sequences of the siRNAs were as follows: NonO-siRNA,
5-GUCGAACGAACUGCUGGAA(JTAT)-3', and control-siRNA,
5-CCUACGCCACCAAUUUCGU(dTdT)-3.

RESULTS

Expression pattern of oct4 and methylation profile of oct4
PE/promoter CpG sites during ES cell differentiation

In the first step, we examined the regulatory mechanism of oct4
gene expression during ES cell differentiation. We differentiated
ES cells into neurons and monitored the genetic and epigenetic
changes related to the oct4 gene. Mouse ES cells were differ-
entiated into neurons with the monolayer culture method (Ying
et al., 2003), and the oct4 and nestin expression patterns were
examined by immunocytochemistry and quantitative RT-PCR.
The immunocytochemistry results showed that oct4 was ex-
pressed in undifferentiated ES cells at day 0 and that this level
of expression decreased gradually and disappeared at day 9 of
differentiation, whereas nestin, a type VI intermediate filament
that is specific for neural cells, appeared on day 3 and gradually
increased to day 9 (Fig. 1A). The quantitative RT-PCR results
were consistent with the expression profile of immunocyto-
chemistry (Fig. 1B).

We next examined the methylation profile of the oct4 PE/
promoter CpG sites during ES cell differentiation with bisulfite
sequencing. We monitored 1.2 kb upstream of the oct4 pro-
moter CpG sites and found that the methylation profile exhibited
an inverse correlation with the oct4 gene expression pattern. In
day 0 undifferentiated ES cells, most CpG sites were unmethy-
lated, but they were gradually methylated as differentiation
progressed, as demounted by the results for day 3 and day 6 of
differentiation (Fig. 1C). Fully differentiated adult mouse-tail
DNA exhibited complete methylation. Of interest, we found 9
CpG sites that were vulnerable to methylation even in the early
stage of differentiation (marked A to | in Fig. 1C). We assumed
that the affinity of DNA-binding proteins for these CpG sites is
altered depending on the methylation status, and this altered
DNA binding regulates oct4 gene expression during ES cell
differentiation. Therefore, we performed experiments to identify
DNA-binding proteins that recognize these methylation-
sensitive CpG sites.

http://molcells.org

Purification of NonO, a protein that binds to the CpG island
of oct4 promoter

To find oct4 promoter binding proteins, we designed dsDNA
probes containing CpG sites (probes A to |, Table 1) and per-
formed Electro-mobility shift assays (EMSAs) with nuclear ex-
tracts from undifferentiated ES cells (day 0) and differentiated
cells (day 6). There were many shifted bands in the day 0 nu-
clear extracts (Fig. 2A, arrows). However, there were no shift
bands in the day 6 nuclear extracts, as confirmed by the ab-
sence of shifted band in control lanes (no nuclear extracts).
These results indicate that putative DNA-binding proteins bind
to the CpG sites of the oct4 PE/promoter in undifferentiated ES
cells. Therefore, we purified the DNA-binding proteins using a
DNA-binding purification kit (Roche). Each dsDNA probe (A-l)
was elongated and ligated to magnetic beads, which were then
mixed with nuclear extracts. The reaction mixtures were sepa-
rated by SDS-PAGE and silver-stained. Among these probes,
dsDNA probe F detected a specific DNA-binding protein in the
day 0 nuclear extract (Figs. 2A and 2B, arrow). This protein was
determined to be NonO by Liquid Chromatography-Mass Spec-
trophotometry (LC-MS) analysis. Subsequent sequence analy-
sis revealed that Probe F contains a previously reported NonO
recognition sequence (GTGAC) that is located 283-287 bp
upstream of the oct4 promoter and is followed by a CpG site
(Basu et al., 1997). The DNA binding specificity of NonO was
examined with unlabeled probe (cold-F) and the mutated
probes mt1-F and mt2-F. The unlabeled cold-F efficiently com-
peted with the labeled probe F for NonO binding (Fig. 2C, lane
3). The mt1-F probe, which contains a 5 bp mutation in the
recognition sequence (AATTT), and the mt2-F probe, which
has a 2-bp mutation within the recognition sequence (GTGTT),
failed to compete with probe F for NonO binding (Fig. 2C, lanes
4 and 5). These results indicate that NonO specifically binds to
the GTGAC motif located between -287 and -283 in the oct4
promoter.

We then tested whether methylation at the 5’ of the end rec-
ognition sequence interferes with NonO binding. Interestingly,
met-F, which contains a methylated cytosine at the 5’ end of the
recognition sequence (CC*GGTGAC), failed to compete with
probe F for NonO binding, a result that supports the hypothesis
that methylation at the CpG site affects the binding of NonO to
its binding site (Fig. 2C, lane 6). To confirm this hypothesis, we
performed ChIP-PCR analysis using a NonO antibody, and we

Mol. Cells 63



NonO Binding to the CpG Site of oct4 Promoter
Yoojin Park et al.

A

Day 0 Day 3 Day 6

o]

120
oeld

100 W neain
40
20

60

mRNA levels (A.U.)

80

Day 0 Day3 Day6 Dayy

Fig. 1. Expression pattern of oct4 and DNA methy-
lation profile of CpG sites in the oct4 promoter.
Mouse ES cells were differentiated into neurons in
adherent monolayer cultures, and the oct4 and
nestin expression patterns were detected by immu-
nocytochemistry (A) and quantitative RT-PCR (B).
Green and red colors represent oct4 and nestin,
Day 9 respectively. (C). The DNA methylation profile of
i 24 CpG sites located in the oct4 promoter from -
1200 to the ATG start codon was determined by
bisulfite sequencing at 0, 3, and 6 days after the
start of ES cell differentiation. Mouse tail DNA was
used as a positive control. The open circles repre-
sent unmethylated CpG sites, and the black closed
circles represent methylated CpG sites. Capital
letters A to | represent CpG sites that are methy-
lated at day 6.
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detected the specific binding of NonO only in undifferentiated
day O ES cells (Fig. 2D). Given that undifferentiated ES cells
contain unmethylated CCGGTGAC, whereas differentiated day
6 cells contain methylated CC*GGTGAC (Fig. 1A), the results
from the CHIP-PCR analysis support the conclusion that NonO
binds to its recognition site in a methylation-dependent manner.

Functional role of NonO in the regulation of oct4 gene
expression

We examined the NonO mRNA and protein levels in ES cells
and differentiated cells. Quantitative RT-PCR analysis showed
no differences in the expression of NonO between day 0 ES
cells and day 6 differentiated cells (Fig. 3A). Western blot ana-
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lysis confirmed that there were no quantitative differences in the
NonO protein levels (Fig. 3B). Immunocytochemistry with an
anti-NonO antibody revealed that NonO was specifically ex-
pressed in the nucleus of both day 0 ES cells and differentiated
day 6 cells (Fig. 3C).

The transcriptional role of NonO on oct4 gene expression
was evaluated in vitro using a luciferase assay. A NonO ex-
pression vector (PCNA-NonO) and a pGL3 luciferase vector
containing recognition sequence F (pGL3-F) were constructed
and transfected into the 293T cells, and the luciferase activity
was quantified to determine the NonO transcriptional activity.
Mock-transfected cells (PCNA with no NonO + pGL3 with no F)
were used as a control and showed basal luciferase activity.

http://molcells.org
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Fig. 2. Purification and characterization of NonO, a novel oct4 promoter binding protein. (A) EMSA was performed using DNA probes contain-
ing CpG sites (A to ), and day 0 or day 6 cell nuclear extracts (NE). (-), no NE; DO, day 0 cell NE; D6, day 6 cell NE. The arrows at DO indicate
shifted bands. The shifted band for probe F (arrows) was selected for purification. (B) The protein biding to probe F was purified with the DNA-
binding Protein Purification Kit (Roche), separated by SDS-PAGE, and silver-stained. The specific band for day 0 (arrow) was analyzed by
liquid chromatography-mass spectrophotometry (LC-MS) and was determined to be NonO. (C) EMSA with various competitors; lane 1, no NE;
lane 2, day 0 NE; lane 3, day 0 NE + cold (100X); lane 4, day 0 NE + mt1 (100X); lane 5, day 0 NE + mt2 (100X); lane 6, day O NE + methylated
(100X). (D) ChIP PCR analysis was performed using an anti-NonO antibody with day O and day 6 cells. Genomic DNA left over before the

ChlIP analysis was used as a positive control.

There were no significant differences between the PCNA-NonO-
transfected cells and the pGL3-F-transfected cells. However,
the luciferase activity was significantly increased by 3.5-fold in
the PCNA-NonO and pGL3-F co-transfected cells (Fig. 4A).
These results suggest that NonO acts as a transcriptional acti-
vator of oct4 gene expression. The transcriptional role of NonO
in oct4 gene expression was further evaluated with a knock-
down experiment. The siRNA targeting NonO and a non-
targeting control siRNA were constructed based on a previous
report with minor modifications (Song et al., 2008). These

http://molcells.org

siRNAs were transfected into ES cells, and the expression
levels of oct4 were determined by qRT-PCR and immunocyto-
chemistry. As previously shown in Figs. 1B and 3, both oct4
and NonO were expressed at high levels in ES cells. Quantita-
tive RT-PCR showed that NonO expression was inhibited by
50% by siRNA treatment (Fig. 4B). Surprisingly, the oct4 ex-
pression was reduced by 50%, a significant change, in parallel
with NonO inhibition (Fig. 4B). The immunocytochemistry re-
sults confirmed the above results at the single-cell level. Oct4
was co-expressed with NonO in ES cells (Fig. 4C, control and
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Fig. 3. Expression of NonO showed no significant differences between ES cells and differentiated cells. Mouse ES cells were differentiated
into neurons by adherent monolayer cultures, and NonO mRNA and protein levels were examined with RT-PCR, Western blot analysis and
immunocytochemistry. (A) Relative mRNA levels of NonO in ES cells (Day0) and differentiated cells (Day6) were determined by quantitative
RT-PCR analysis, normalized with GAPDH and expressed as mean + SEM (n = 6). (B) Arbitrary levels of NonO protein at Day0 and Day6 of
differentiation were determined by Western blot analysis, normalized with B-actin and expressed as mean = SEM (n = 6). (C) NonO expres-
sion at Day0 and Day6 cells was detected with immunocytochemistry. Red color represents NonO protein and blue color represents DAPI
staining of nucleus. Lower panels show higher magnification of NonO staining in the nucleus.

red arrows). However, the oct4 expression was dramatically
reduced when NonO expression was inhibited by siRNA treat-
ment (Fig. 4C, white arrows). These results, along with the
luciferase activity data, strongly support the conclusion that
NonO positively regulates oct4 gene expression in ES cells.

DISCUSSION

In this study, we investigated the relationships among oct4
promoter CpG site methylation, NonO binding to the CpG site
and oct4 gene expression during the course of ES cell differen-
tiation. First, we analyzed 24 CpG sites in the PE/promoter
regions of the oct4 gene and found 9 CpG sites (5 in the PE
and 4 in the promoter) which were vulnerable to methylation
even at day 6 of differentiation (Fig. 1C). Taking the develop-
mental stage and tissue-specific methylation profiles of each
CpG site of the oct4 PE/promoter regions into account (Gidekel
and Bergman, 2002; Hattori et al., 2004; Marikawa et al., 2005),
there is a possibility that temporal differences in the methylation
of each CpG site results in the recruitment of different of tran-
scription factors and regulate quantitative oct4 expression dur-
ing ES cell differentiation. Many factors that regulate oct4 gene
expression have been identified; however, the sequential and
quantitative regulation of oct4 gene expression during ES cell
differentiation is largely unknown. The EMSA results in Fig. 2A
imply the existence of novel factors that bind to methylation-
vulnerable CpG sites and regulate the temporal expression of
oct4 during ES cell differentiation. Therefore, we tried to identify
novel factors with probes containing CpG sites, and we purified
NonO, a novel oct4 promoter binding protein. NonO binds to
probe F, which contains a CpG site located 288-289 bp up-
stream of the oct4 promoter. EMSA with mutated and methy-
lated competitors showed that NonO binds to its recognition
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sequence ‘CCGGTGAC’ only when the CpG is not methylated
in ES cells. The results from the CHIP analysis with DNA from
ES cells and differentiated cells (Fig. 2C) support these EMSA
results.

According to the luciferase assays and the NonO-siRNA
treatment studies (Fig. 4), NonO functions as a transcriptional
activator of oct4 gene expression. NonO has been reported to
regulate transcription in many different ways. NonO directly
binds to the CYP17 promoter with the Sin3A and HDAC tran-
scriptional repressor complex and inhibits the expression of
CYP17, which participates in steroid hormone biosynthesis
(Sewer et al., 2002). In addition to direct binding to target DNA,
NonO binds to transcription factors and modulates their tran-
scriptional activity. For example, NonO binds to the DNA-bin-
ding domain of steroid hormone receptors and suppresses
transcriptional activity in the absence of hormone ligand. (Dong
et al., 2009). In contrast to the many reported repressive effects,
NonO has a transcriptional coactivator function in androgen
receptor-mediated transcription (Ishitani et al., 2003; Kuwahara
et al., 2006). NonO also activates transcription by enhancing
the association of many transcription factors, such as E47, OTF-1
and OTF-2, with their target DNAs (Yang et al., 1997). Our
manuscript is the first report that NonO binds to the CpG island
of the oct4 promoter region and that this binding is modulated
by DNA methylation. Another novel finding from our study is
that NonO regulates oct4 gene expression. It is uncertain
whether NonO regulates oct4 expression by modulating epige-
netic processes. There are some examples of transcription
factors that regulate oct4 expression by modulating epigenetic
processes. The Lsh/Dnmt3 complex induces DNA methylation,
and the cdx2/brg1 complex induces chromosome remodeling
and suppresses oct4 expression during ES cell differentiation
and trophectoderm formation, respectively (Wang et al., 2010;

http://molcells.org
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Xi et al., 2009). In contrast, CARM1 enhances oct4 gene ex-
pression by binding to the PE of oct4 and modulating histone
H3 R17/26 methylation (Wu et al., 2009). Considering these
facts and a previous report that NonO can bind to Sin3A and
HDAC, it is possible that NonO modulates the epigenetic re-
modeling of the oct4 promoter and regulates oct4 expression
during ES cell differentiation. The explanation for the epigenetic
regulation of oct4 gene expression by NonO remains to be
determined in further experiments. Most studies concerning the
upstream regulation of oct4 gene expression have been per-
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Fig. 4. NonO functions as a transcriptional activator of
oct4 gene expression. (A) Transcriptional effect of NonO
on the oct4 promoter was determined with a luciferase
assay. A NonO expression vector (PCNA-NonO) and a
pGL3-F luciferase vector containing the NonO recogni-
tion sequence were constructed and transfected into
293T cells in various combinations (NonO-:F-, NonO+:
F-, NonO-:F+ and NonO+:F+). Student’s +test was used
for the statistical analysis. **p < 0.01 vs. F-:NonO- (n =
6). (B, C) Positive regulation of oct4 gene expression by
NonO. An siRNA against NonO and a control siRNA
were constructed and transfected into ES cells, and oct4
expression was determined 24 h after siRNA treatment.
(B) Quantitative RT-PCR analysis of the NonO and oct4
mRNA levels in the control and NonO-siRNA treated
cells. Student’s ttest was used for the statistical analy-
sis. **p < 0.01 vs. ConSiRNA (n = 6). (C) Immunocyto-
chemical analysis of NonO and oct4 (green color: NonO,
red color: oct4, blue color: DAPI). Red arrows show the
co-expression of NonO and oct4 in the same cells, and
white arrows show the inhibition of oct4 in the NonO-
siRNA treated cells.

NonO-siRNA

formed using ChIP analyses, and therefore, there is no detailed
information available about the binding sites of these transcrip-
tion factors. Our study helps to explain the regulation of oct4
expression in terms of CpG island methylation profiles and CpG
binding partners in ES cells.
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