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Growth and Differentiation Factor 3 Is Transcriptionally Regulated by
OCT4 in Human Embryonic Carcinoma Cells
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Growth and differentiation factor 3 (GDF3), a mammalian-specific transforming growth factor f ligand,
and OCT4, one of key stem cell transcription factors, are expressed in testicular germ cell tumors (TGCTs)
as well as pluripotent stem cells. To understand the molecular mechanism by which OCT4 and GDF3 func-
tion in tumorigenesis as well as stemness, we investigated the transcriptional regulation of GDF3 mediated
by OCT4 in human embryonic carcinoma (EC) NCCIT cells, which are pluripotent stem cells of TGCTs.
GDF3 and OCT4 was highly expressed in undifferentiated NCCIT cells and then significantly decreased
upon retinoic acid-induced differentiation in a time-dependent manner. Moreover, GDF3 expression was re-
duced by short hairpin RNA-mediated knockdown of OCT4 and increased by OCT4 overexpression, suggest-
ing that GDF3 and OCT4 have a functional relationship in pluripotent stem cells. A promoter-reporter assay
revealed that the GDF3 promoter (—1721-Luc) activity was significantly activated by OCT4 in a dose-depen-
dent manner. Moreover, the minimal promoter (—183-Luc) was sufficient for OCT4-mediated transcriptional
activation and provided a potential binding site for the direct interaction with OCT4. Collectively, this study
provides the evidence about the regulatory mechanism of GDF3 mediated by OCT4 in pluripotent EC cells.
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Human testicular germ cell tumors (TGC Ts) originate from
primordial germ cells, presumably due to some dysfunction
in their normal development, and are classified as either non-
seminomas, including teratocarcinomas with embryonic carci-
noma (EC) components, or seminomas, which resemble undif-
ferentiated primitive germ cells."” Among them, undifferenti-
ated EC and embryonic stem (ES) cells shares the high degree
of similarity in gene expression pattern. In particular, OCT4,
the major transcriptional regulator in stem cells, is highly ex-
pressed in EC and ES cells, reflecting its role as a functionally
important regulator in pluripotent cells.” OCT4 is a member
of the octamer-binding subgroup of the Pit-Oct-Unc (POU)
family of transcription factors, which bind to an octamer
motif (consensus sequence, ATGCAA AT) using a bipartite
POU DNA-binding domain.>” OCT4 is a master regulator of
the induction and maintenance of cellular pluripotency and
its expression must be tightly regulated since dysregulation of
OCT4 expression leads to a loss of pluripotency and induces
differentiation in ES cells.>” OCT4 is also expressed in his-
tologically heterogeneous TGCTs.*'? In recent studies, OCT4
enhances the migration and invasion of bladder cancer cells
and also promotes colony formation of glioma cells."*'¥ And
also, OCT4 increases the transmigration capacity of melanoma
cells, leading to increased invasiveness and aggressiveness.'”

Growth and differentiation factor 3 (GDF3), which is the
member of the transforming growth factor  superfamily and
a pluripotency-associated factor, is expressed in ES cells and
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the early embryo, and regulates both the pluripotency and
differentiation potentials of stem cells.'*™"® Moreover, GDF3
is suggested to be required during embryonic development
due to the developmental abnormality of GDF3-null mice.'”
Human GDF3 was first identified in EC cells and is also
expressed in several cancer types, including TGCTs, breast
carcinoma, and melanoma,'!'°?? suggesting it has a potential
role in tumorigenesis. Moreover, GDF3 maps to chromosome
12p, which is a hotspot for teratocarcinoma.'” In fact, amplifi-
cation of 12p is found in human neoplasms of esophageal and
ovarian carcinomas.”*> GDF3 seems to have contradictory
roles in a cellular context-dependent manner. For example,
GDF3 increases the proliferation of B16 myeloma, while it
inhibits the proliferation of breast carcinoma MCF7 cells and
promotes the neuronal differentiation of PCI12 cells.?!2229
Also, GDF3 induces differentiation-related genes, including
several potent tumor suppressors, without affecting the prolif-
eration capacity, and protects cancer stem cells from retinoic
acid (RA)-induced apoptosis, suggesting it is a potent thera-
peutic target along with RA treatment.?”

Nevertheless, there is no evidence to explain how OCT4
is involved in the transcriptional regulation of GDF3 expres-
sion, even though both OCT4 and GDF3, as ES cell genes, are
expressed in TGCTs as well as pluripotent stem cells.'!"?®
Germ cell-derived NCCIT cells are pluripotent stem cells of
TGCTs, which have a phenotype intermediate between semi-
noma and EC cells.?” Therefore, we investigate whether OCT4
regulates the expression of GDF3 gene in NCCIT cells and
provide the first evidence that OCT4 acts as a transcriptional
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activator for the oncogenic growth factor GDF3 expression in
pluripotent EC cells.

MATERIALS AND METHODS

Cell Culture and Differentiation NCCIT and HEK293T
cells (American Type Cell Collection, Manassas, VA, U.S.A.)
were cultured, as previously described.’® To induce differen-
tiation, NCCIT cells were treated with 10 um RA (Sigma, St.
Louis, MO, U.S.A)) solubilized in pure ethyl alcohol and har-
vested at different time points (0, 2, 4, 6, 8, 10d).

Plasmid Construction We used luciferase reporter con-
structs containing the upstream region of the human GDF3
promoters (—1721-Luc, —183-Luc, —183*-Luc), which were
previously reported by Park et al.*” We also used constructs
harboring human full-length OCT4 and deletion variants
[N-terminal domain (ND), ND to POU, and POU to C-
terminal domain (CD)], which were previously reported by
Lim et al.*” All cloned PCR products and reporter plasmids
were verified by sequencing. To prepare the short hairpin
RNA (shRNA) expression vector for RNA interference of
OCT4, two double-stranded oligonucleotides were gener-
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ated, based on a previous report’? for maximum silencing
efficiency by annealing 5'-GAT CCGCGATCAAGCAGCGAC
TATGAAGCTTGATAGTCGCTGCTTGATCGCTTT TTT
GGA AGC-3' (sense) and 5-GGCCGCTTCCAAAAAAGC
GATCAAGCAGCGACTATCAAGCTTCATAGTCGCTGC
TTGATCGCG-3' (antisense). The OCT4 sense and antisense
sequences are underlined. The hairpin loop structure contain-
ing the HindlIl sequence is italicized. The resultant double-
stranded oligos were inserted into the pGSHI-green fluores-
cent protein (pGSHI1-GFP) shRNA vector (Genlantis, San
Diego, CA, U.S.A)). The pGSHI-GFP-luciferase shRNA vec-
tor as a control was provided by the manufacturer (Genlantis).

Transient Transfection, RNA Preparation, and Quan-
titative Reverse Transcription (QRT)-PCR NCCIT cells
were transfected with pGSHI-GFP-OCT4 shRNA or a
FLAG-tagged OCT4 expression vector using the ViaFect™
transfection reagent (Promega, Madison, WI, U.S.A.). Total
RNA was isolated from naive, differentiated, or trans-
fected NCCIT cells with TRIzol reagent (Invitrogen, La
Jolla, CA, U.S.A). cDNA was amplified using qRT-PCR
mix (Bioneer, Daejeon, South Korea), as previously re-
ported*® The forward and reverse primers were as fol-
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Fig. 1. Expression Analyses of OCT4 and GDF3 in NCCIT Cells

(A) Upper and middle; GDF3 and OCT4 transcripts significantly decreased during RA-mediated differentiation in a time-dependent manner. Transcript levels were
normalized to f-actin expression. ***®p<0.05. Bottom; GDF3 and OCT4 protein expression was analyzed by Western blotting using anti-OCT4 and anti-GDF3 antibodies.
(B) shRNA-mediated down-regulation and exogenous overexpression of OCT4. Left and middle; the abundance of OCT4 and GDF3 mRNA transcripts was measured by
qRT-PCR and is shown relative to that in control transfectants. **p<0.01. Right; Western blot analysis of OCT4 and GDF3 protein expression upon shRNA-mediated
down-regulation and exogenous overexpression of OCT4 in NCCIT cells using anti-OCT4, anti-Flag, and anti-GDF3 antibodies. Ethyl alcohol (EtOH) is used for a nega-

tive control of RA-mediated differentiation of NCCIT cells.
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lows: GDF3, 5-AGACTTATGCTACGTAAAGGAGCT-3'
and 5-CTTTGATGGCAGACAGGTTAAAGTA-3"; OCT4,
5'-CCCCTGGTGCCGTGAA-3" and 5-GCAAATTGCTCG
AGTTCTTTCTG-3; p-actin, 5-GCGGGAAATCGTGCG
TGACATT-3" and 5-GATGGAGTTGAAGGTAGTTTC
GTG-3'. Relative quantification of the expression levels was
determined by the 224" method.*®

Transient Transfection and Reporter Assays NCCIT
and HEK293T cells were transfected with a plasmid DNA
mixture using the ViaFect™ transfection reagent (Promega)
and harvested 48h later. Reporter assays were performed, as
described in previous reports.>*3

Western Blot Analysis NCCIT cells were treated with
RA for different amounts of time (0, 2, 4, 6, 8, 10d) and
harvested, or transfected with OCT4-targeting shRNA or
the Flag-tagged OCT4 expression vector using the ViaFect™
transfection reagent (Promega) and harvested 48h later.
Western blotting was performed as previously described*®”
with a minor modification. Membranes were blocked in 1%
bovine serum albumin and incubated with anti-OCT4 poly-
clonal (1:2000, Cell Signaling Technology, Inc., Beverly, MA,
U.S.A)), anti-GDF3 polyclonal (1:2000, Abcam, Cambridge,
MA, U.S.A), anti-Flag (1:10000, Medical & Biological Labo-
ratories, Nagoya, Japan), and anti-f-actin monoclonal (1:2000,
Santa Cruz Biotechnology, Dallas, TX, U.S.A.) antibodies.
Each primary antibody-complexed membrane was further
incubated with a horseradish peroxidase-conjugated secondary
antibody (1:5000, Santa Cruz Biotechnology). Immunoreac-
tive proteins were visualized by the West-Q Chemilumines-

A.
GDEF3 promoter (-1721 ~-1)
-1721-Luc Luc
B.
7 . NCCIT
6 F e
d
5 }
= c
'O
£4 }
=
R
=3 |
= b
2 ¢
a
l j
0 s s s s
-1721-Luc = - + + + +

S, 1

Biol. Pharm. Bull.

Vol. 39, No. 11 (2016)

cent Substrate Kit, Plus (GenDEPOT, CA, U.S.A) and the
LAS 4000 system (FUJIFILM, Tokyo, Japan).

Electrophoretic Mobility Shift Assay (EMSA) OCT4
was in vitro synthesized using the TNT Quick Coupled
Transcription/Translation System (Promega) according to
the manufacturer’s protocols. For the EMSA, complemen-
tary oligonucleotides were labeled using the Biotin 3" End
DNA Labeling Kit (Pierce Biotechnology, Inc., Rockford, IL,
U.S.A)). For DNA-binding reactions, 8 ug of in vitro translated
product was added to a 20uL reaction containing 20fmol
of Dbiotin-labeled oligonucleotide and 1ug of poly(d/-dC)
in binding buffer (10mm Tris—HCI, pH 7.5, 500mwm NacCl,
Imm ethylenediaminetetraacetic acid (EDTA), 10% glycerol,
ImmM dithiothreitol, and 1nm phenylmethylsulfonyl fluoride).
For competition experiments, reactions were incubated with
excess amounts of an unlabeled double-stranded oligonucle-
otide probe. DNA—protein complexes were separated from
the free probe on 6% non-denaturing polyacrylamide gels.
The gels were transferred to a positive nylon membrane (GE
Healthcare Life Sciences, United Kingdom) and signals were
detected using a streptavidin-horseradish peroxidase conjugate
(Thermo Scientific, Rockford, IL, U.S.A.). The oligonucleotide
probe sequences used for the EMSA were as follows: WT,
5'-"""GAG CAA TTC ACACTTGATTATCTTACA TCA GAT
A3 Mut, 5-7""GAGCAATTC ACcaTgGAggATCETACA
TCAGATA 3", The putative binding site is underlined, and
the mutated sequences are shown in lower case.

Chromatin Immunoprecipitation (ChIP) The ChIP
assay was performed as previously described®® with a minor
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Fig. 2. The GDF3 Promoter Is Activated by OCT4 in a Dose-Dependent Manner

(A) Schematic diagram of the GDF3 promoter reporter (—1721-Luc) and OCT4 expression vector. OCT4 functional domains are indicated as ND, POU, and CD. (B)
Transcriptional activity of the GDF3 promoter mediated by OCT4 in NCCIT and HEK293T cells. The activity was calculated relative to expression of the pGL3-basic vec-
tor as a negative control. ***%»<0.05.
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modification. Precleared naive NCCIT chromatin was incu-
bated with a rabbit monoclonal anti-OCT4 antibody (Cell
Signaling) or normal rabbit immunoglobulin G (IgG) (Cell
Signaling) or without an antibody for more than 12h. Im-
munoprecipitated DNA was then used as the template for
real-time PCR using the GDF3 promoter-specific primers. The
primer sequences were as follows: GDF3 promoter [desig-
nated as a, —624 to —422], 5-GTCTAATCCAGGGGTGTC
CAA-3’ (forward) and 5'-GTC ACATGA GGC TCA CGATGG-
3" (reverse); GDF3 promoter [b, —254 to —163], 5'-ACTGCT
GACAACCTCACATTG-3" (forward) and 5-CTCTTGCTC
TACTCTTCCAGG-3' (reverse); GDF3 promoter [c, —144 to
—47], 5-CTCTTCACATCCAATGGCCTT-3' (forward) and
5'-TGCCCA ACAATTCAGAGGCTG-3' (reverse); and GDF3
promoter [d, +685 to +819], 5'-CTTCATGCT TCCCTGCTG
GTG-3' (forward) and 5'-GAA TAGCTGGTG ACG GTG GCA-
3’ (reverse).

Statistical Analysis The data were analyzed by the #-test
and Duncan’s multiple range procedure for multiple compari-
sons using the SigmaPlot 11.2 program (Systat Software, Inc.,
San Jose, CA, U.S.A)). In all experiments, p<<0.05 was consid-
ered statistically significant.

RESULTS AND DISCUSSION

Both OCT4 and GDF3, as ES cell markers, are expressed in
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seminomas, which morphologically resemble transformed pri-
mordial germ cells, and in breast cancer cells, suggesting they
are valuable markers of tumorigenesis.”” In addition, shRNA-
mediated OCT4 repression results in the down-regulation of
GDF3 gene expression in human EC cells.*® We also previ-
ously reported that OCT4 and GDF3 are highly expressed in
pluripotent human EC NCCIT cells and that this expression
is reduced upon RA treatment in a time-dependent man-
ner.33¢373%40 However, there is no report concerning the in-
teraction between OCT4 and GDF3 at the transcriptional level.
Therefore, to investigate their transcriptional relationship in
pluripotent germ cell-derived EC cells, we first examined
the expression of GDF3 and OCT4 in NCCIT cells during
RA-mediated differentiation. NCCIT cells were treated with
10um RA for different amounts of time (0, 2, 4, 6, 8, 10d)
and subjected to qRT-PCR and Western blot analyses (Fig.
1A). Both mRNA and protein levels of GDF3 and OCT4 sig-
nificantly decreased during RA-mediated differentiation in a
time-dependent manner. RA plays important roles in a variety
of cellular processes such as differentiation, embryogenesis,
and homeostasis.*’ In particular, treatment of EC cells with
RA represses the expression of several oncogenic factors and
suppresses tumorigenesis, suggesting a link between enforced
pluripotency and transformation.*” To further verify the direct
relationship between GDF3 and OCT4 expression, shRNA-
mediated knockdown and exogenous overexpression of OCT4
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The GDF3 Minimal Promoter Region Is Sufficient for OCT4-Mediated Transcriptional Activation

(A) Upper: Schematic diagram of the GDF3 promoter reporters (—183-Luc WT and —183*-Luc) and OCT4 expression vector. Bottom: The GDF3 minimal promoter
(—183-Luc) is activated by OCT4 in a dose-dependent manner in NCCIT and HEK293T cells. By contrast, the mutant GDF3 promoter (—183*-Luc) is not activated even in
the presence of exogenous OCT4. **p<<0.01, * p<<0.05. (B) Upper: Schematic representation of the GDF3 minimal promoter (—183-Luc), and wild type OCT4 and OCT4
deletion mutants tagged with the Flag epitope. Bottom: Transcriptional activity of the indicated constructs in HEK293T cells was calculated relative to expression of the

pGL3-basic control vector. ***%p<0.05.
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were performed using NCCIT cells, and relative expression
was examined by qRT-PCR and Western blot analyses (Fig.
1B and Supplementary Fig. 1). The pGSHI1-GFP-luciferase
shRNA and Flag-tagged expression vectors were used as
negative controls. At transcriptional levels, the expression of
endogenous OCT4 and GDF3 mRNAs was significantly re-
duced by shRNA-mediated knockdown of OCT4 up to 80%,
respectively, compared with control, whereas overexpression
of exogenous OCT4 induced the expression of OCT4 and
GDF3 (more than 8 and 2 folds, respectively). In addition,
we also examined the protein levels by Western blotting and
semi-quantitation using image J program (https:/imagej.nih.
gov/ij/). The OCT4 shRNA-mediated knockdown significantly
reduced the expression of OCT4 and GDF3 to 70 and 50%,
whereas exogenous OCT4 expression slightly increased the
expression of OCT4 and GDF3 up to 3.6 and 2.2 folds, re-
spectively, compared with control. It was also reported that
RNA interference-mediated silencing of OCT4 reduces GDF3
expression in NCCIT cells.*” Therefore, these data suggest
that OCT4 is involved in the regulation of GDF3 expression in
NCCIT cells.

Three stem cell master regulators, OCT4, NANOG, and
SRY (sex determining region Y)-box 2, have been reported
to share target genes in ES and EC cells.”®** Moreover, our
previous study reported that the NANOG induces GDF3 ex-
pression.’” Based on the expression analysis data and previous
studies, we examined whether OCT4 acts as a transcriptional
activator of GDF3 expression. The GDF3 promoter-reporter
vector (—1721-Luc) was co-transfected with the OCT4 ex-
pression vector in a dose-dependent manner into NCCIT and
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HEK293T cells (Fig. 2A). Promoter assays revealed that the
GDF3 promoter (—1721-Luc) was significantly activated by
dose-dependent OCT4 overexpression in both cell lines (Fig.
2B), suggesting that OCT4 acts as a transcriptional activator
of GDF3 gene expression.

In our previous study,’” we found that the GDF3 minimal
promoter region (—183 to —1 from the translation site) con-
tains two NANOG-binding sites. A computational database
(http://alggen.lIsi.upc.es) revealed that one putative OCT4-
binding site within the human GDF3 minimal promoter is
located within the minimal promoter upstream region (—97
to —84, CACTTGATTATCTTA), which, interestingly,
overlaps with one of the NANOG-binding sites, despite the
lack of octamer consensus sequences. Therefore, to examine
whether OCT4 can interact with the putative binding site,
wild type and mutant GDF3 minimal promoter constructs
(—183-Luc and —183*-Luc, respectively) were co-transfected
with the OCT4 expression vector into NCCIT and HEK293T
cells (Fig. 3A). Transcriptional activity of the GDF3 minimal
promoter (—183-Luc) was significantly activated by increasing
amounts of the OCT4 gene expression vector in both NCCIT
and HEK293T cells. By contrast, the mutant GDF3 promoter
(—183*-Luc) with disruption of the putative OCT4-binding
site that overlapped with the second NANOG-binding site
was not activated even in the presence of exogenous OCT4.
Taken together, the GDF3 minimal promoter region may con-
tain the shared binding site for NANOG and OCT4, which
is required for transcriptional activation of GDF3. In our
previous study, we found two NANOG-binding sites, both of
which are required for completing the activation of the GDF3
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Fig. 4. OCT4 Interacts with the GDF3 Minimal Promoter Sequences in Vivo as well as in Vitro

(A) OCT4 binds to the putative binding site in the GDF3 minimal promoter in vitro. Biotin-labeled oligonucleotides were incubated with in vitro synthesized OCT4.
Protein—-DNA complexes are indicated by the arrow. Protein—-DNA complexes were observed (lane 1), not with the mutant probe and weak in the presence of an unlabeled
competitor (lanes 2, 3). (B) Chromatin was prepared from undifferentiated NCCIT cells and subjected to the ChIP assay using an anti-OCT4 antibody, normal rabbit IgG
antibody, and protein G beads. The enrichment of OCT4-bound chromatin was analyzed by real-time PCR using GDF3 promoter-specific primers (a, b, ¢, d) and the GDF3

promoter target region (—144 to —47) was visualized by gel electrophoresis. *p<<0.05.
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minimal promoter activity.’” To validate the data indicating
OCT4-mediated induction of the GDF3 transcriptional activ-
ity through an interaction with the binding site that is shared
with NANOG, we performed the promoter-reporter assay and
confirmed that the mutant GDF3 promoter with disruption
of the first NANOG-binding site was significantly activated
when exogenous OCT4 was overexpressed (data not shown),
supporting the idea that the putative OCT4-binding site within
the GDF3 minimal promoter is effective for an interaction
with OCT4 as well as NANOG. Further, we found that GDF3
minimal promoter has no significant effect on synergistic
activation by co-transfection of OCT4 and NANOG (Supple-
mentary Fig. 2). However, further studies may be required
to determine the relationship between OCT4 and NANOG in
their interaction with the same binding site within the GDF3
minimal promoter.

Next, we examined whether the forced transcriptional ac-
tivation of the GDF3 minimal promoter is specific to OCT4.
OCT4 contains two proline-rich domains within the N- and
C-termini based on the POU DNA-binding domain, and both
ND and CD play a transactivational role as transactivation
domains.’” To examine the functional effect of OCT4 trans-
activation domains, constructs harboring full-length OCT4
and ND to POU, POU, and POU to CD of OCT4 were co-
transfected with the GDF3 minimal promoter-reporter vector
(—183-Luc) into HEK293T cells (Fig. 3B). OCT4 ND and CD
were both independently capable of mediating the transcrip-
tional activity of the GDF3 minimal promoter, supporting our
previous finding and further indicating that both ND and CD
mediate transcriptional activation of the GDF3 promoter.

To examine whether OCT4 can directly bind to the putative
regulatory element in the GDF3 minimal promoter, an oligo-
nucleotide spanning the binding site sequence was synthesized
to perform an EMSA (Fig. 4A). In vitro synthesized OCT4
protein was added to the biotin-labeled probe, and protein—
DNA complexes were observed (lane 1). By contrast, protein-
DNA complexes were not observed with the mutant probe and
were weak in the presence of an unlabeled competitor (lanes
2 and 3). These results strongly indicate that OCT4 directly
binds to the putative binding site within the GDF3 minimal
promoter region and upregulates GDF3 transcriptional activ-
ity. Therefore, we further verified whether OCT4 can bind to
the region containing the putative binding element in native
chromatin of undifferentiated NCCIT cells (Fig. 4B). Chro-
matin was prepared from undifferentiated NCCIT cells and
subjected to the ChIP assay using an anti-OCT4 antibody. The
enrichment of OCT4-bound chromatin was analyzed by real-
time PCR using GDF3 promoter-specific primers to amplify
the region (—144 to —47 depicted as c) spanning the putative
binding site, and three other sites (—624 to —422 depicted as
a; —254 to —163 depicted as b; and +685 to +819 depicted as
d) as upstream and downstream negative controls. Region ¢
(—144 to —47) of chromatin was significantly enriched, sup-
porting that OCT4 can interact with the putative binding site
within the GDF3 minimal promoter. It was reported that re-
pression of OCT4 in ES cells results in marked loss of GDF3
transcripts as well as NANOG transcripts, both of which
are located on the NANOG locus, and chromatin occupancy
analysis revealed that OCT4 expression may be required to
maintain chromatin structure within this locus.*"

Investigating the molecular regulatory mechanisms of stem
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cell transcription factors and their target gene(s) is crucial
for identifying diagnostic biomarkers in tumorigenesis and
molecular markers in stem cell pluripotency, which is medi-
ated by coordinated transcription factor networks and multiple
signaling molecules. Aberrant functioning of these stem cell
regulators may influence malignant transformation and tumor-
igenesis.” Therefore, this study demonstrates that OCT4 plays
a role as a transcriptional activator for GDF3 transcription in
pluripotent NCCIT cells and contributes the understanding of
the molecular networks of stem cell regulators in germ cell-
derived pluripotency and tumorigenesis.
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