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Abstract: Octamer-binding transcription factor 3/4 (OCT-3/4), which is involved in the tumorigenesis
of somatic cancers, has diverse functions during cancer development. Overexpression of OCT-3/4 has
been detected in various human somatic tumors, indicating that OCT-3/4 activation may contribute
to the development and progression of cancers. Stem cells can undergo self-renewal, pluripotency,
and reprogramming with the help of at least four transcription factors, OCT-3/4, SRY box-containing
gene 2 (SOX2), Kriippel-like factor 4 (KLF4), and ¢-MYC. Of these, OCT-3/4 plays a critical role in
maintenance of undifferentiated state of embryonic stem cells (ESCs) and in production of induced
pluripotent stem cells (iPSCs). Stem cells can undergo partitioning through mitosis and separate into
specific cell types, three embryonic germ layers: the endoderm, the mesoderm, and the trophectoderm.
It has been demonstrated that the stability of OCT-3/4 is mediated by the ubiquitin-proteasome
system (UPS), which is one of the key cellular mechanisms for cellular homeostasis. The framework
of the mechanism is simple, but the proteolytic machinery is complicated. Ubiquitination promotes
protein degradation, and ubiquitination of OCT-3/4 leads to regulation of cellular proliferation and
differentiation. Therefore, it is expected that OCT-3/4 may play a key role in proliferation and
differentiation of proliferating cells.

Keywords: OCT-3/4; deubiquitination; E3 ligase; post-translational modification; stem cell;
transcription factors; ubiquitination

1. Introduction

Since octamer-binding transcription factor 3/4 (OCT-3/4) was first identified about 30 years ago,
it has been extensively studied from many different aspects as an important transcription factor.
OCT-3/4 is a core transcription factor that maintains pluripotency and controls development of early
mammalian embryos [1]. Expression of OCT-3/4 is critical for the differentiation of the embryo into the
three germ layers; specifically, stem cells differentiate into the endoderm and the mesoderm when
OCT-3/4 is overexpressed, while downregulation of OCT-3/4 leads stem cells to differentiate into the
trophectoderm [2].

OCT-3/4 is an important regulatory gene that maintains the pluripotency and self-renewal
properties of embryonic stem cells (ESCs). In addition, there are several lines of evidence that OCT-3/4
can also act as an oncogene in several cancers. For example, upregulation of OCT-3/4 has been
detected in several cancers. Overexpression of OCT-3/4 in cervical cancer cells that developed and
progressed to cervical cancer activation was observed [3]. The testicular germ cell tumor (TGCT)
model revealed stem cell characteristics with the expression of OCT-3/4 [4]. OCT-3/4 was also found to
be upregulated in prostate cancer cell lines. In addition, OCT-3/4 upregulation is important for the
regulation of drug-resistant cells such as prostate cancer cells [5]. In undifferentiated tumor-initiating
cells (TICs), OCT-3/4 participates in regulation of TIC functions such as self-renewal, survival,
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epithelial-mesenchymal transition (EMT), metastasis, and drug resistance development [6]. Moreover,
OCT-3/4 was found to be upregulated in colon cancer, and regulated tumor differentiation [7], while its
overexpression in breast cancer increased survival rate [1].

Stem cells can undergo self-renewal and ESCs are not transformed; rather, they are pluripotent cells
derived from the inner cell mass (ICM) of the mammalian blastocyst [8]. Yamanaka transcription factors,
OCT-3/4 or POU5F1, SRY box-containing gene 2 (5OX2), Kriippel-like factor 4 (KLF4), and c-MYC
have been identified as regulators of pluripotency and self-renewal of stem cells [9]. Among these
transcription factors, OCT-3/4 is a key regulatory factor of the molecular network that controls
maintenance and induces pluripotency [10], and Kim et al. reported that OCT-3/4 alone can induce
pluripotency in neural stem cells [11].

Cellular functions of proteins such as activity, interaction, subcellular localization, and stability
can be controlled by posttranslational modifications (PTMs) [2]. More than 200 types of PTMs that
can influence cellular functions such as metabolism, signal transduction, and protein stability have
been identified, of which phosphorylation, glycosylation, methylation, acetylation, ubiquitination,
and SUMOylation have been heavily investigated [12]. Phosphorylation and glycosylation regulate
cellular processes and states [13]. The amino acid residues involved in acetylation, methylation,
and phosphorylation in non-histone proteins undergo acetylation that can directly determine protein
functions [14]. SUMOylation and ubiquitination are structurally related to each other, but not
functionally related.

The ubiquitin-proteasome system consists of proteolytic machinery that controls development,
survival, differentiation, lineage commitment, migration, and homing processes of key regulatory
proteins [15]. The balance of activity for ubiquitin ligases (E3s) and deubiquitinating enzymes (DUBs)
regulates the function, localization, and stability of target proteins [16]. Harmony between E3 ligases
and DUBs for transcription factors is important for the regulation of protein functions including
self-renewal, differentiation, proliferation, and pluripotency [17]. OCT-3/4 is not only important for
tumorigenesis and maintenance of cancer cells, but also for embryonic development. Herein, we review
and summarize the currently available information regarding OCT-3/4 as it relates to proliferating cells.

2. Harmony between Ubiquitination and Deubiquitination Regulates Cellular Functions

E3s, and DUBs, participate in reversible reactions (ubiquitination and deubiquitination) for
regulating the function and stability of target proteins [16]. Ubiquitination degrades proteins via the
26S proteasome, changes the cellular location of proteins, influences protein activity, and modulates
protein—protein interactions [16,18]. The 26S proteasome is a large multi-catalytic/multi-subunit
protease complex composed of one 20S core complex for proteolysis and one or two 195 regulatory
complexes (RP) for protein recognition and unfolding of ubiquitinated proteins translocated to the
20S core complex [2,19]. Ubiquitination involves three enzymatic steps via ubiquitin-activating
enzymes (E1), ubiquitin-conjugating enzymes (E2), and ubiquitin ligases (E3). E1 activates ubiquitin
via ATP-dependent activity, while E2 transfers El-activated ubiquitin to a target protein, and E3 ligase
catalyzes the ligation of ubiquitin to a lysine residue of the target protein [20]. The human genome
contains more than 600 E3 ligases [20]. These ligases are classified based on their catalytic domains,
which include the really interesting new gene (RING), homologous to E6-AP carboxyl terminus (HECT),
and RING-between RING-RING (RBR) domains [21]. A target protein with an attached ubiquitin can
undergo monoubiquitination, multiubiquitination, or polyubiquitination [22]. Monoubiquitination
is associated with chromatin regulation, protein sorting, and trafficking [23]. Ubiquitin can make
polyubiquitin chains with various lengths on any of seven lysine (K) residues or the N-terminal
methionine (M); M1, K6, K11, K27, K29, K33, K48, and K63 [24]. Each type of polyubiquitination
chain has different functions that regulate cellular proteins; however, only K48 and K63 have been
extensively investigated to date. Conversely, polyubiquitination is linked to protein signaling and
degradation through proteasomal or autophagic degradation [23,25]. Among the polyubiquitination
chains, the K48-linked polyubiquitination chain plays an essential role in proteasomal regulation of
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target proteins, while the K63-linked polyubiquitination chain regulates cellular processes such as
endocytosis, DNA repair, and signaling activation [26,27].

Deubiquitination occurs via DUBs, which play a role in detaching ubiquitin chains [28]. DUB
cysteine proteases have catalytic activity that leads to separation of the isopeptide bond between
the glycine site of ubiquitin and the lysine site of the target protein [29]. DUBs can be divided
into seven subfamilies: ubiquitin-specific protease (USP), ubiquitin-C-terminal hydrolases protease
(UCH), Machado-Joseph disease protein domain protease (MJD), ovarian tumor protease (OTU), motif
interacting with Ub-containning novel DUB family (MINDY), and zinc finger containing ubiquitin
peptidase 1 (ZUP1), as well as Jab1/Pabl/MPN metallo-enzyme motif protease (JAMM), which has
zinc metalloisopeptidase activity [30].

Harmony between ubiquitination and deubiquitination of OCT-3/4 controls stem cell function,
including pluripotency, differentiation, and self-renewal [17], and cancer cell function, including
proliferation, survival, and metastasis [31]. Therefore, both E3 ligases and DUBs regulate cellular
homeostasis. Specifically, E3 ligases attach ubiquitin chains to OCT-3/4 proteins to regulate cellular
functions of proliferating cells, while DUBs deubiquitinate OCT-3/4 to inhibit cell differentiation in
cancer [32] (Figure 1).
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Figure 1. Interaction of target protein with ubiquitin ligases (E3s) and deubiquitinating
enzymes (DUBs). E3s and DUBs regulate target proteins including transcription factors such
as octamer-binding transcription factor 3/4 (OCT-3/4). DUBs regulate the stability of OCT-3/4.
Proliferation and differentiation in cancer cells and stem cells are regulated by ubiquitination and
deubiquitination systems.

3. OCT-3/4 Regulated by Several PTMs

OCT-3/4 is regulated by PTM processes that are involved in phosphorylation [33,34],
SUMOylation [35], ubiquitination [1,36,37], glycosylation [38], methylation [39-41], and acetylation [42]
(Figure 2).

In human embryonic stem cells (hESCs), 11,000 unique phosphopeptides have been identified, five
of which contain phosphorylation sites related to differentiation that are localized to OCT-3/4 [43,44].
Recently, Bae et al. reported that serine 347 phosphorylation by c-Jun-N-terminal kinases (JNKs)
negatively regulates OCT-3/4 protein stability in mouse embryonic stem cells (mESCs) [34]. Specifically,
they found JNKs directly regulate phosphorylation of OCT-3/4 at serine 347, which inhibits the
transcriptional activity of OCT-3/4. They also found that a phosphorylation mutant form, OCT-3/4
(S347A), enhanced the stability of OCT-3/4 in the mESCs and efficiency of generating iPSCs [34].



Cancers 2020, 12, 663 4 of 14

Liandteat 1ea1d Sesd a0 g 3al]

OCT-3/4 DNA

OCT-3/4 protein

138 213 230 290 347 360aa

1
-. POU (specific) l. POU (homeodomain) .I

SUMOylation K118 O-GIlcNAc T228 Phosphorylation S347
» transactivation » transactivation > differentiation

Figure 2. OCT-3/4 (PDM ID: 3L1P, https://www.ncbi.nlm.nih.gov/Structure/pdb/3L1P) is regulated
by different kinds of posttranslational modifications (PTMs). SUMOylation (K118), glycosylation
(T228), phosphorylation (5347), ubiquitination, methylation, and acetylation of OCT-3/4 regulate the
pluripotency, differentiation, and self-renewal of stem cells.

SUMOylation of OCT-3/4 occurs at lysine 118, which is located at the end of the N-terminal
transactivation domain and next to the POU DNA-binding domain [45]. SUMOylation of OCT-3/4
enhances NANOG protein expression and promotes NANOG transcription [46].

Glycosylation occurs in the ER and Golgi apparatus [14] and protein glycosylation influences
cellular pluripotency and somatic cell reprogramming. O-linked-N-acetylglucosamine (O-GlcNAc) of
OCT-3/4 at threonine 228 enhances the transcription activity of OCT-3/4 to maintain self-renewal of
mESCs and reprogramming of mouse embryonic fibroblasts (MEFs) [14].

DNA methylation is a key regulation process of pluripotency genes. Olariu el al. proposed
that combining three transcription factors, NANOG, OCT-3/4, and TET1, regulates DNA methylation
modification, which governs pluripotency through reprogramming [39]. Differentiation-induced de
novo DNA demethylation can repress pluripotency genes including OCT-3/4, whereas active DNA
demethylation reactivates pluripotency genes [41].

Acetylation of OCT-3/4 regulates induction of the pluripotency gene network [42], while Sirt-1, an
NAD-dependent deacetylase, deacetylates OCT-3/4, which may be linked to stem cell development [42].
OCT-3/4 not only regulates cellular reprogramming, but also plays a critical role in tumorigenesis [47].
Akt regulates the iPSC process through regulation of PTM, which facilitates the p300-mediated
acetylation of OCT-3/4 [47].

Ubiquitin-proteasome system (UPS) regulates protein levels via degradation of the protein and
polyubiquitination of the protein targets for the 26S proteasomal degradation [36]. There are several
E3 ligases that regulate OCT-3/4 stability. WW domain containing E3 ubiquitin protein ligase 2
(WWP2), a mouse HECT-type E3 ubiquitin ligase, is also an E3 ligase of OCT-3/4 that interacts with
OCT-3/4 and negatively regulates the protein level of OCT-3/4 in hESCs [48]. In human amniotic
epithelial stem cells (HUAECs), WWP2 is a target gene of microRNA (miR)-32. When miR-32
was overexpressed, endogenous expression of WWP2 was decreased whereas OCT-3/4 expression
was increased [48]. Therefore, WWP2 ubiquitinates OCT-3/4 and induces its degradation during
differentiation of embryonic carcinoma cells [49]. Itch, a C2-WW-HECT domain ubiquitin E3 ligase,
interacts with OCT-3/4, which induces transcriptional activity of OCT-3/4 and controls OCT-3/4 protein
stability [50]. E3 ligases of WWP2 and Itch primarily ubiquitinate OCT-3/4 through the Ub-K63
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linkage [49,50]. DPF2, which is also known as ubi-d4/requiem (REQU), contains a plant homeodomain
(PHD) finger protein that ubiquitinates OCT-3/4 and enhances degradation, mainly through the Ub-K48
linkage [36]. Cho et al. recently introduced a new E3 ligase, CHIP, which interacts with OCT-3/4 [1].
When CHIP is overexpressed, the stability of OCT-3/4 decreases through the proteasomal degradation.
Therefore, CHIP-induced OCT-3/4 ubiquitination is important in breast cancer stem cells (CSCs) used
for cancer therapy [1].

E3 ligases ubiquitinate transcription factors including OCT-3/4, while DUBs maintain transcription
factors to prevent differentiation by cleaving ubiquitin chains [32]. One of the functions of DUBs is
to cleave the attached ubiquitin chains on ubiquitinated target proteins; therefore, regulation of E3
ligases and DUBs can determine the cell fate. Ubiquitin-specific protease 7 (USP7), ubiquitin-specific
protease 34 (USP34), ubiquitin-specific protease 44 (USP44), and 265 proteasome non-ATPase regulatory
subunit 14 (Psmd14), which are the only DUBs related to OCT-3/4, are downregulated during ESC
differentiation. USP34 is a deubiquitinating enzyme that regulates Wnt/{3-catenin signaling. Recently,
Oh et al. investigated the role of USP34 in EMT induction and the effect of USP34 on mammary
epithelial stem cells [51]. OCT-3/4 is expressed in the nucleus of mesenchymal and epithelial cells in
mouse embryonic mammary placodes. When expression of USP34 was knocked down, the ability to
form a mammosphere concomitant was increased, which may be related to the increased expression
of OCT-3/4 mRNA [51]. In addition, knockdown of USP44 upregulated OCT-3/4 and promoted
stemness. It seems that OCT-3/4 is a direct target of USP44 that plays a role opposite to that of
USP34 [52]. RNF20 is an E3 ligase to promote mono-ubiquitination of histone H2B on lysine 120,
reducing OCT-3/4 expression. In the meantime, USP44 increases H2B deubiquitination, upregulating
OCT-3/4 expression [53]. Psmd14 is a key regulator of stem cell maintenance. Without Psmd14
expression, ES cells revealed significant loss of OCT-3/4 protein expression coupled to morphological
changes [17]. Finally, USP7 is also a DUB that maintains stem cell pluripotency and differentiation.
It has been reported that USP44 and USP7 bind to the OCT-3/4 promoter, but their roles in stem cell
differentiation and cellular reprogramming should be further investigated [54].

4. Expression of OCT-3/4 in Different Cancer Cells

OCT-3/4 is an important transcription factor that maintains the pluripotency and self-renewal of
ESCs. Wang et al. recently found that some stem cell-associated transcription factors, such as OCT-3/4,
SOX2, NANOG, and KLF4, are related to the tumorigenesis of somatic cancers [3]. Specifically, OCT-3/4
is a multifunctional factor during cancer development. Upregulation of OCT-3/4 has been found in
cervical cancer [3,55], TGCTs [5,56], and drug-resistant cells (prostate cancer) that showed significant
increases in tumorigenicity [57,58], TICs [59], colon cancer [7], lung adenocarcinoma [60], and breast
cancer [1,61] (Figure 3).

Western blot analysis revealed that OCT-3/4 was upregulated in cervical carcinoma-related
tissues, indicating that its reactivation in cervical cancer cells contributes to the development and
progression of cervical cancer through the miRNA-125b/BAK1 pathway. OCT-3/4 interacts with and
transactivates miRNA-125b-1 promoter, while miRNA-125b-1 is upregulated in cervical cancer and
teratocarcinoma cells, leading to inhibition of apoptosis. miRINA-125b is an oncogenic factor that
regulates proliferation, apoptosis, differentiation, drug resistance, and immunity. In the regulatory
cervical cancer pathway, OCT-3/4 directly upregulates miR-125b, which downregulates its direct
target BAK1; therefore, suppression of cervical cancer cell apoptosis occurs [3]. High risk human
papillomavirus (HR-HPV) promotes self-renewal by upregulating OCT-3/4, NANOG, and SOX2
expression to maintain the cervical cancer stem cell (CCSC) in the cervical cancer [62]. Expression of
OCT-3/4, NANOG, SOX2, and Notch receptor 3 (NOTCH3) were increased in the cancer stem cells to
promote drug resistance [62].

TGCTs, which are common cancers in young men in the United States and Europe [63], are the
solid cancers most responsive to conventional chemotherapy. A mouse TGCT model featuring germ
cell-specific Kirsten rat sarcoma (K-RAS) activation and Phosphatase and tensin homolog (PTEN)
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inactivation has been developed [4]. Lee et al. found that RAS activation promotes proliferation
and self-renewal of the cell [64]. Moreover, TGCT mouse models have developed teratoma and
embryonic carcinoma, and this mouse revealed stem cell characteristics such as expression of OCT-3/4.
Chemotherapy treatment of this mouse model reduced tumor size and OCT-3/4-positive CSCs [4].
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Figure 3. OCT-3/4 is also related to tumorigenesis of somatic cancers. Expression level of OCT-3/4 is
related to development of cancers such as cervical cancer, colon cancer, and breast cancer, as well as
testicular germ cell tumors, drug-resistant cells, and undifferentiated tumor-initiating cells; accordingly,
OCT-3/4 can be a novel therapeutic target for the treatment of cancers.

Patients who suffer from prostate cancer are usually resistant to cytotoxic agents in advanced
stages. To improve treatment efficacy, it is important to understand the drug resistance mechanism.
Linn et al. found that OCT-3/4 was upregulated in drug-resistant cell lines by microarray analysis,
RT-PCR, sequencing, and Western blotting [57], suggesting that upregulation of OCT-3/4 plays an
essential role in regulating growth and survival of drug resistant cancer cells such as prostate cancer
cells. Based on the results of ShRNA knock-down, cell growth and tumorigenicity decreased. Therefore,
OCT-3/4 is a target gene that is relevant to aggressive drug-resistant cancers [57].

OCT-3/4 was detected in undifferentiated TICs, which indicates that it also participates in TIC
functions such as self-renewal and survival, EMT, metastasis, and drug resistance development.
Overexpression of OCT-3/4 leads to a higher tendency to form tumorspheres, increased expression
of TIC markers, and greater tumorigenic potential in vivo. In lung adenocarcinoma (LAC),
expression of OCT-3/4 was found to be increased, resulting in increased sphere formation and
tumor initiating capability. However, knockdown of OCT-3/4 inhibited tumorigenic and metastatic
ability, and prolonged the survival time of tumor cell-transplanted nude mice. The prostate cancer cell
line 22RV1, which highly expresses OCT-3/4, is highly resistant to a chemotherapeutics such as cisplatin,
paclitaxel, adriamycin, and methotrexate. In OVCAR433 cells, which are ovarian cancer cells resistant to
cisplatin, OCT-3/4 is highly expressed following the activation of extracellular signal-regulated kinases
(ERK1/2). ERK2 signaling is important to cisplatin-induced EMT, and targeting ERK2 in the presence
of cisplatin can reduce recurrence of ovarian cancer. ERK1/2 phosphorylates OCT-3/4; therefore,
ERK1/2-mediated phosphorylation of OCT-3/4 may play a crucial role in chemoresistance [59].

There are two types of colon cancer, left-sided colon cancer (LCC) and right-sided colon cancer
(RCC), and Wang et al. confirmed the roles of OCT-3/4 in both types [7]. When OCT-3/4 was positively
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expressed in LCC, it was found to be related to differentiation, while in RCC, it was related to lymphatic
invasion. During lymphatic invasion, OCT-3/4 is upregulated, leading to increase of survival rates [7].

In the lung adenocarcinoma, the expression of OCT-3/4 was increased in the A549 cells treated with
5-fluorouracil (5-FU), and decreased the expression of S phase kinase associated protein-2 (Skp2) [60].
Skp as an E3 ligase degrades cyclin-dependent kinase inhibitor p27 to increase proliferation of lung
cancer cells [65,66]. It is interesting to observe that constitutive photomorphogenic 1 (COP1) as an E3
ligase also regulates p27, but it is not involved in the cancer progression of ovarian cancer [67].

For breast cancer, CSCs are commonly used as a model. Cho et al. produced mammospheres
from breast cancer cells and performed DNA microarray analysis to identify regulators of breast cancer
CSCs [1]. They found that expression of CHIP, an E3 ligase, was decreased in breast CSCs. Based
on their results, patients with breast cancer, who had low CHIP expression, had increased OCT-3/4
stability that increased survival during breast cancer progression [1]. Shen et al. investigated the
effects of OCT-3/4 on the metastasis of breast cancer cells and identified Rho Family GTPase 1 (Rnd1)
as a downstream target of OCT-3/4 by ribonucleic acid sequencing (RNA-seq) analysis [61]. When
OCT-3/4 was overexpressed, it suppressed transcriptional activity of Rnd1, rearranged the cytoskeleton,
and elevated E-cadherin expression [61]. Therefore, OCT-3/4 can be a novel therapeutic target for the
treatment of breast cancer metastasis.

5. Differentiation of ESCs Induced by Ubiquitination of OCT-3/4

OCT-3/4 is a transcription factor that plays a critical role in maintenance of the undifferentiated
state of ESCs and produces iPSCs. Maintenance of a pluripotent state is regulated by the expression
level of OCT-3/4, which, with other transcription factors such as SOX2, KLF4, and ¢-MYC, is important
to the conversion of somatic cells into pluripotent stem cells. However, Kim et al. reported that
overexpression of OCT-3/4 alone is sufficient to convert adult neural stem cells into iPSCs [11,68].
Gao et al. reported that using plasmids expressing OCT-3/4, SOX2, KLF4, LIN28, and 1-MYC, male
skin fibroblasts were successfully transformed into iPSCs [69]. Expression of OCT-3/4 is involved in
lineage commitment. It is of interest that increase in OCT-3/4 expression level enhances differentiation
of stem cells into the endoderm and the mesoderm, whereas decreased OCT-3/4 expression leads to the
trophectoderm differentiation [70]. Therefore, OCT-3/4 is a key factor that controls the maintenance and
induction of pluripotent stem cells. OCT-3/4 regulates the fate of ESCs and somatic cell reprogramming
efficiency [71].

It has been demonstrated that overexpression of Itch enhances OCT-3/4 transcriptional activity in
293T cells, while knockdown of Itch reduces OCT-3/4 transcriptional activity in ESCs. In addition, Itch
directly interacts with and ubiquitinates OCT-3/4 protein through K63-linked polyubiquitination to
promote OCT-4 degradation, and increased OCT-3/4 transcriptional activity is counterbalanced by
degradation of OCT-3/4 mediated by E3 ligase function of Itch [50].

Bae et al. reported that OCT-3/4 is negatively, but directly regulated by c-Jun-N-terminal kinases
(JNKs), which phosphorylates at serine 347 of OCT-3/4 [33,34]. Moreover, phosphorylation of OCT-3/4
has been shown to be involved in ubiquitination, which decreases protein stability and induces
proteasomal degradation. Moreover, phosphorylation at serine 347 of OCT-3/4 enhanced binding with
the F-box protein 8 (FBXWS), which is an E3 ligase that reduces OCT-3/4 protein stability and induces
ESC differentiation [34].

Another E3 ligase, DPF2, was found to increase OCT-3/4 expression during differentiation of
the human ESC line, H9, induced by retinoic acid. The interaction between OCT-3/4 and DPF2 was
evaluated by immunoprecipitation assay as well as GST pull-down assay [36]. Liu et al. concluded
that DPF2 mainly ubiquitinates OCT-3/4 through the K48-linked polyubiquitination chain based on a
ubiquitination assay [36]. Moreover, ubiquitination of OCT-3/4 through DPF2 downregulated OCT-3/4
expression during hESC differentiation. Conversely, knockdown of DPF2 induced expression of
OCT-3/4 and differentiation of human ESCs [36].
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RNF2, a RING finger E3 ligase, ubiquitinates OCT-3/4 and maintains stem cell pluripotency.
The polycomb group (PrG) proteins regulate heritable silencing of the developmental regulators,
polycomb repressive complexes 1 (PRC1) and 2 (PRC2). PRC2 shares target genes with components
of the core transcription network, such as OCT-3/4, to maintain the pluripotency of ESCs. The core
PRC1 components Ringl A/B are involved in repression of developmental regulators in mESCs and
maintenance of ESC characteristics. Engagement of PRC1 at target genes is OCT-3/4 dependent,
while engagement of OCT-3/4 is PRC1 independent. Therefore, Ringl A/B (Ringl/Rnf2)-mediated
polycomb silencing functions downstream of the core transcriptional regulatory circuitry to retain the
characteristics of ESCs. [72].

6. Conclusions

PTMs of OCT-3/4 regulate cellular pluripotency through several mechanisms including
phosphorylation [73], SUMOylation [74], ubiquitination [49], glycosylation [38], methylation [40],
and acetylation [42], which are important for OCT-3/4 functions. OCT-3/4, which is known to be an
ESC-specific protein, is frequently used as a marker of germ cell tumors such as teratomas. Therefore,
OCT-3/4 positive cells are CSCs in germ cell carcinomas [56,75]. OCT-3/4 is used as a marker to
identify CSC subpopulations in several cancers [76]. In this review, we summarize interesting findings
regarding ubiquitination of OCT-3/4, which is related to differentiation and proliferation in proliferating
cells. OCT-3/4 is active in many somatic tumors, and several studies have proposed its functional
importance in cervical cancer [3], TGCTs [5], prostate cancer [57], TICs [59], colon cancer [7], and
breast cancer [1,61]. Overexpression of OCT-3/4 in cervical cancer induces overexpression of miR-125b,
which suppresses apoptosis and expression of BAK1 protein. Therefore, OCT-3/4 directly upregulates
miR-125b, which inhibits BAK1 function, leading to the suppression of cervical cancer apoptosis [3]. In
a TGCTs mouse model, OCT-3/4 was overexpressed in germ cell-specific K-RAS activation and PTEN
inactivation. This mouse model contained teratoma and exhibited upregulation of OCT-3/4 [4]. Kosaka
etal. demonstrated the significance of OCT-3/4 expression as a predictive marker of prostate cancer [77].
Specifically, they found that 250 prostate cancer patients who underwent radical prostatectomy showed
the overexpression of OCT-3/4. Therefore, OCT-3/4 upregulation is a clinically relevant predictor of
prostate cancer [1].

OCT-3/4 helps various cellular processes of TIC, including self-renewal [78,79], survival [80,81],
EMT [82,83], metastasis [84,85], and drug resistance [57,59,86]. Colon cancer consists of malignant
tumors and OCT-3/4 is overexpressed in colon cancer tissues, demonstrating a correlation between
OCT-3/4 and the development of colon cancer [87].

OCT-3/4 is ubiquitinated by several E3 ligases including WWP2 [49], Itch [50], CHIP [1], DPF2 [36],
RNEF2 [72], and FBXW8 [34]. These E3 ligases positively regulate protein degradation, catalyze OCT-3/4
for ubiquitination, and lead to differentiation of proliferating cells. In contrast to E3 ligases, DUBs
deubiquitinate target proteins, inhibiting differentiation. One of the E3 ligases for OCT-3/4, CHIP,
interacts directly with OCT-3/4 to decrease its stability as well as its breast cancer cell properties.
Downregulation of CHIP induced increased OCT-3/4 stability in breast cancer cells through PTMs [1].
Moreover, a recent study showed that the OCT-3/4-mediated signal transducer and activator of
transcription 3 (STAT3) and nuclear factor kappa-light-chain-enhancer of activated B cells (NF-«B)
signaling pathways play important roles in resistance to irradiation (IR) by suppressing IR-induced
premature senescence in breast cancer cells [88]. Therefore, these signaling pathways maintain cell
survival during breast cancer progression and will be an ideal approach for breast cancer-related
therapy. OCT-3/4 upregulated in these cancer cell lines may contribute to the development and
progression of these cancers.

Here, we define the difference between cancer cells and stem cells regulated by OCT-3/4. Specifically,
OCT-3/4 induces differentiation and proliferation in proliferating cells. This review focuses on currently
known E3 ligases and DUBs within the scope of the ubiquitination and deubiquitination of OCT-3/4,
as well as cancer cell lines related to OCT-3/4 expression (Table 1). Interactions between those E3
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ligases and DUBs have important implications for the future development of targeted therapies for
application in OCT-3/4-related diseases. Overall, this review provides valuable insight into various
potential candidates for OCT-3/4-related therapeutics.

Table 1. PTMs of OCT-3/4, and E3 ligases and DUBs regulating OCT-3/4.

References
Cervical cancer [3,56]
Testicular germ cell tumor (TGCTs) [4,5,57,66]
Cancer cells Cell line Dru.g—resist.ant cells (pr(?s’the .Cancer) [5,7,58,59,83]
Undifferentiated tumor-initiating cells [7,57,79-87]
(TICs) Y
Colon cancer [7,61,89]
Breast cancer [1,63,89]
Kinases Phosphorylation: Serine 347 [34]
Modified 1. Phosphorylation: Serine 347 [34]
residues of 2. SUMOylation: Lysine 118 [46,47]
OCT-3/4 3. O-linked-N-acetylglucosamine [14]
(O-GIcNAC): Threonine 228
WW domain-containing protein 2 [49-51]
OCT-3/4 (WWP2)
Itchy E3 ubiquitin protein ligase (Itch) [50,51]
Carboxy terminus of [1]
E3 ligases HSP-70-interacting protein (CHIP)
PTMs Double PHD fingers 2 (DPF2) [36]
Ring finger protein 2 (RNF2) [73]
F-box and WD repeat domain [34]
containing 8 (FBXWS)
Ubiquitin specific peptidase 44
(USP44) [17,54,55]
Ubiquitin specific peptidase 34 [52]
DUBs (UsP34)
Ubiquitin specific peptidase 7 (USP7) [55]
265 proteasome non-ATPase [17]

regulatory subunit 14 (PSMD14)

Author Contributions: K.-H.B.: manuscript writing, final approval of manuscript; J.C.: manuscript writing;
C.-Z.P: manuscript writing. All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by Basic Science Research Program through the National Research
Foundation of Korea (NRF) funded by the Ministry of Education (No. NRF-2019R1A6A1A03032888).

Acknowledgments: We would like to thank members of Baek’s laboratory for their critical comments on

the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Cho, Y;; Kang, H.G.; Kim, S.J.; Lee, S.; Jee, S.; Ahn, S.G.; Kang, M.J.; Song, ].S.; Chung, J.Y; Yi, E.C,; et al.
Post-translational modification of oct4 in breast cancer tumorigenesis. Cell Death Differ. 2018, 25, 1781-1795.

[CrossRef]

2. Choi, J.; Baek, K.H. Cellular functions of stem cell factors mediated by the ubiquitin-proteasome system.
Cell. Mol. Life Sci. 2018, 75, 1947-1957. [CrossRef]
3.  Wang, Y.D,; Cai, N.; Wu, X.L.; Cao, H.Z,; Xie, L.L.; Zheng, P.S. Oct4 promotes tumorigenesis and inhibits
apoptosis of cervical cancer cells by mir-125b/bakl pathway. Cell Death Dis. 2013, 4, €760. [CrossRef]

[PubMed]


http://dx.doi.org/10.1038/s41418-018-0079-6
http://dx.doi.org/10.1007/s00018-018-2770-7
http://dx.doi.org/10.1038/cddis.2013.272
http://www.ncbi.nlm.nih.gov/pubmed/23928699

Cancers 2020, 12, 663 10 of 14

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.
23.

24.

25.

26.

27.

Pierpont, TM.; ALyndaker, M.; Anderson, C.M.; Jin, Q.; Moore, E.S.; Roden, J.L.; Braxton, A.; Bagepalli, L.;
Kataria, N.; Hu, H.Z,; et al. Chemotherapy-induced depletion of oct4-positive cancer stem cells in a mouse
model of malignant testicular cancer. Cell Rep. 2017, 21, 1896-1909. [CrossRef] [PubMed]

Villodre, E.S.; Kipper, EC.; Pereira, M.B.; Lenz, G. Roles of oct4 in tumorigenesis, cancer therapy resistance
and prognosis. Cancer Treat. Rev. 2016, 51, 1-9. [CrossRef] [PubMed]

Wang, H.; Maitra, A.; Wang, H. The emerging roles of f-box proteins in pancreatic tumorigenesis. In Seminars
in Cancer Biology; Academic Press: Cambridge, MA, USA, 2016; Volume 36, pp. 88-94.

Wang, Q.H.; Zhang, M.; Shi, C.T.; Xie, ].].; Chen, E; Shi, Q.F; Cheng, J.; Wang, H.N. High oct4 predicted worse
prognosis of right-sided colon cancer patients. Future Oncol. 2018, 14, 2279-2291. [CrossRef] [PubMed]
Smith, A.G. Embryo-derived stem cells: Of mice and men. Annu. Rev. Cell Dev. Biol. 2001, 17, 435-462.
[CrossRef]

Radzisheuskaya, A.; Silva, J.C. Do all roads lead to oct4? The emerging concepts of induced pluripotency.
Trends Cell Biol. 2014, 24, 275-284. [CrossRef]

Hsu, Y.C.; Wu, Y.T.; Tsai, C.L.; Wei, Y.H. Current understanding and future perspectives of the roles of sirtuins
in the reprogramming and differentiation of pluripotent stem cells. Exp. Biol. Med. 2018, 243, 563-575.
[CrossRef]

Kim, J.B.; Sebastiano, V.; Wu, G.; Arauzo-Bravo, M.].; Sasse, P; Gentile, L.; Ko, K.; Ruau, D.; Ehrich, M.; van
den Boom, D.; et al. Oct4-induced pluripotency in adult neural stem cells. Cell 2009, 136, 411-419. [CrossRef]
Duan, G.; Walther, D. The roles of post-translational modifications in the context of protein interaction
networks. PLoS Comput. Biol. 2015, 11, €1004049. [CrossRef] [PubMed]

Kakade, PS.; Budnar, S.; Kalraiya, R.D.; Vaidya, M.M. Functional implications of o-glcnacylation-dependent
phosphorylation at a proximal site on keratin 18. J. Biol. Chem. 2016, 291, 12003-12013. [CrossRef] [PubMed]
Wang, Y.C.; Peterson, S.E.; Loring, ].F. Protein post-translational modifications and regulation of pluripotency
in human stem cells. Cell Res. 2014, 24, 143-160. [CrossRef] [PubMed]

Naujokat, C.; Saric, T. Concise review: Role and function of the ubiquitin-proteasome system in mammalian
stem and progenitor cells. Sterm Cells 2007, 25, 2408-2418. [CrossRef] [PubMed]

Kowalski, J.R; Juo, P. The role of deubiquitinating enzymes in synaptic function and nervous system diseases.
Neural Plast. 2012, 2012, 892749. [CrossRef] [PubMed]

Buckley, S.M.; Aranda-Orgilles, B.; Strikoudis, A.; Apostolou, E.; Loizou, E.; Moran-Crusio, K.;
Farnsworth, C.L.; Koller, A.A.; Dasgupta, R; Silva, J.C.; et al. Regulation of pluripotency and cellular
reprogramming by the ubiquitin-proteasome system. Cell Stem Cell 2012, 11, 783-798. [CrossRef]

Huang, X.; Dixit, V.M. Drugging the undruggables: Exploring the ubiquitin system for drug development.
Cell Res. 2016, 26, 484-498. [CrossRef]

Leestemaker, Y.; Ovaa, H. Tools to investigate the ubiquitin proteasome system. Drug Discov. Today Technol.
2017, 26, 25-31. [CrossRef]

Mennerich, D.; Kubaichuk, K.; Kietzmann, T. Dubs, hypoxia, and cancer. Trends Cancer 2019, 5, 632—-653.
[CrossRef]

Lin, H.; Li, S.; Shu, H.B. The membrane-associated march e3 ligase family: Emerging roles in immune
regulation. Front. Immunol. 2019, 10, 1751. [CrossRef] [PubMed]

Nakamura, N. Ubiquitin system. Int. J. Mol. Sci. 2018, 19, 1080. [CrossRef]

Ronai, Z.A. Monoubiquitination in proteasomal degradation. Proc. Natl. Acad. Sci. USA 2016, 113, 8894-8896.
[CrossRef]

Saeki, Y. Ubiquitin recognition by the proteasome. J. Biochem. 2017, 161, 113-124. [CrossRef] [PubMed]
Martinez-Fonts, K.; Davis, C.; Tomita, T.; Elsasser, S.; Nager, A.R.; Shi, Y.; Finley, D.; Matouschek, A. The
proteasome 19s cap and its ubiquitin receptors provide a versatile recognition platform for substrates.
Nat. Commun. 2020, 11,477. [CrossRef]

Sadowski, M.; Sarcevic, B. Mechanisms of mono- and poly-ubiquitination: Ubiquitination specificity depends
on compatibility between the e2 catalytic core and amino acid residues proximal to the lysine. Cell Div. 2010,
5,19. [CrossRef]

Kwon, S.K; Kim, E.H.; Baek, K.H. Rnpsl is modulated by ubiquitin-specific protease 4. FEBS Lett. 2017, 591,
369-381. [CrossRef]


http://dx.doi.org/10.1016/j.celrep.2017.10.078
http://www.ncbi.nlm.nih.gov/pubmed/29141221
http://dx.doi.org/10.1016/j.ctrv.2016.10.003
http://www.ncbi.nlm.nih.gov/pubmed/27788386
http://dx.doi.org/10.2217/fon-2018-0046
http://www.ncbi.nlm.nih.gov/pubmed/29656661
http://dx.doi.org/10.1146/annurev.cellbio.17.1.435
http://dx.doi.org/10.1016/j.tcb.2013.11.010
http://dx.doi.org/10.1177/1535370218759636
http://dx.doi.org/10.1016/j.cell.2009.01.023
http://dx.doi.org/10.1371/journal.pcbi.1004049
http://www.ncbi.nlm.nih.gov/pubmed/25692714
http://dx.doi.org/10.1074/jbc.M116.728717
http://www.ncbi.nlm.nih.gov/pubmed/27059955
http://dx.doi.org/10.1038/cr.2013.151
http://www.ncbi.nlm.nih.gov/pubmed/24217768
http://dx.doi.org/10.1634/stemcells.2007-0255
http://www.ncbi.nlm.nih.gov/pubmed/17641241
http://dx.doi.org/10.1155/2012/892749
http://www.ncbi.nlm.nih.gov/pubmed/23316392
http://dx.doi.org/10.1016/j.stem.2012.09.011
http://dx.doi.org/10.1038/cr.2016.31
http://dx.doi.org/10.1016/j.ddtec.2017.11.006
http://dx.doi.org/10.1016/j.trecan.2019.08.005
http://dx.doi.org/10.3389/fimmu.2019.01751
http://www.ncbi.nlm.nih.gov/pubmed/31404274
http://dx.doi.org/10.3390/ijms19041080
http://dx.doi.org/10.1073/pnas.1610186113
http://dx.doi.org/10.1093/jb/mvw091
http://www.ncbi.nlm.nih.gov/pubmed/28069863
http://dx.doi.org/10.1038/s41467-019-13906-8
http://dx.doi.org/10.1186/1747-1028-5-19
http://dx.doi.org/10.1002/1873-3468.12531

Cancers 2020, 12, 663 11 of 14

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Lim, K.H.; Suresh, B.; Park, J.H.; Kim, Y.S.; Ramakrishna, S.; Baek, K.H. Ubiquitin-specific protease 11
functions as a tumor suppressor by modulating mgl-1 protein to regulate cancer cell growth. Oncotarget
2016, 7, 14441-14457. [CrossRef]

Heride, C.; Urbe, S.; Clague, M.]. Ubiquitin code assembly and disassembly. Curr. Biol. 2014, 24, R215-R220.
[CrossRef]

Clague, M.J.; Urbe, S.; Komander, D. Breaking the chains: Deubiquitylating enzyme specificity begets
function. Nat. Rev. Mol. Cell Biol. 2019, 20, 338-352. [CrossRef]

Gallo, L.H.; Ko, J.; Donoghue, D.]J. The importance of regulatory ubiquitination in cancer and metastasis.
Cell Cycle 2017, 16, 634-648. [CrossRef]

Ramakrishna, S.; Kim, K.S.; Baek, K.H. Posttranslational modifications of defined embryonic reprogramming
transcription factors. Cell Reprogram. 2014, 16, 108-120. [CrossRef] [PubMed]

Lippok, B.; Song, S.; Driever, W. Pou5f1 protein expression and posttranslational modification during early
zebrafish development. Dev. Dyn. 2014, 243, 468-477. [CrossRef]

Bae, K.B.; Yu, D.H,; Lee, K.Y,; Yao, K; Ryu, J.; Lim, D.Y.,; Zykova, T.A.; Kim, M.O.; Bode, A.M.; Dong, Z.
Serine 347 phosphorylation by jnks negatively regulates oct4 protein stability in mouse embryonic stem cells.
Stem Cell Rep. 2017, 9, 2050-2064. [CrossRef] [PubMed]

Tahmasebi, S.; Ghorbani, M.; Savage, P.; Gocevski, G.; Yang, X.J. The sumo conjugating enzyme ubc9 is
required for inducing and maintaining stem cell pluripotency. Stem Cells 2014, 32, 1012-1020. [CrossRef]
[PubMed]

Liu, C.; Zhang, D.; Shen, Y,; Tao, X.; Liu, L.; Zhong, Y.; Fang, S. Dpf2 regulates oct4 protein level and nuclear
distribution. Biochim. Biophys. Acta 2015, 1853, 3279-3293. [CrossRef] [PubMed]

Li, H.; Zhang, P; Zhang, Q.; Li, C.; Zou, W.; Chang, Z.; Cui, C.P; Zhang, L. Wwp?2 is a physiological ubiquitin
ligase for phosphatase and tensin homolog (pten) in mice. J. Biol. Chem. 2018, 293, 8886-8899. [CrossRef]
Jin, W.; Wang, L.; Zhu, E; Tan, W,; Lin, W.; Chen, D.; Sun, Q.; Xia, Z. Critical pou domain residues confer oct4
uniqueness in somatic cell reprogramming. Sci. Rep. 2016, 6, 20818. [CrossRef]

Olariu, V,; Lovkvist, C.; Sneppen, K. NANOG, oct4 and tetl interplay in establishing pluripotency. Sci. Rep.
2016, 6, 25438. [CrossRef]

Shakya, A.; Callister, C.; Goren, A.; Yosef, N.; Garg, N.; Khoddami, V.; Nix, D.; Regev, A.; Tantin, D.
Pluripotency transcription factor oct4 mediates stepwise nucleosome demethylation and depletion.
Mol. Cell Biol. 2015, 35, 1014-1025. [CrossRef]

Hu, J.; Zhao, Q.; Feng, Y.; Li, N.; Gu, Y;; Sun, R,;; Duan, L.; Wu, Y,; Shan, Z; Lei, L. Embryonic germ cell
extracts erase imprinted genes and improve the efficiency of induced pluripotent stem cells. Sci. Rep. 2018, 8,
10955. [CrossRef]

Williams, E.O.; Taylor, A.K,; Bell, E.L.; Lim, R.; Kim, D.M.; Guarente, L. Sirtuin 1 promotes deacetylation of
oct4 and maintenance of naive pluripotency. Cell Rep. 2016, 17, 809-820. [CrossRef] [PubMed]

Swaney, D.L.; Wenger, C.D.; Thomson, J.A.; Coon, ]J.J. Human embryonic stem cell phosphoproteome
revealed by electron transfer dissociation tandem mass spectrometry. Proc. Natl. Acad. Sci. USA 2009, 106,
995-1000. [CrossRef] [PubMed]

Van Hoof, D.; Munoz, J.; Braam, S.R.; Pinkse, M.W,; Linding, R.; Heck, A.J.; Mummery, C.L.; Krijgsveld, J.
Phosphorylation dynamics during early differentiation of human embryonic stem cells. Cell Stem Cell 2009,
5,214-226. [CrossRef] [PubMed]

Cai, N.; Li, M; Qu, J.; Liu, G.H.; Belmonte, J.C.I. Post-translational modulation of pluripotency. J. Mol.
Cell Biol. 2012, 4, 262-265. [CrossRef]

Wu, Y.; Guo, Z.; Wu, H.; Wang, X.; Yang, L.; Shi, X;; Du, ].; Tang, B.; Li, W.; Yang, L.; et al. Sumoylation
represses NANOG expression via modulating transcription factors oct4 and sox2. PLoS ONE 2012, 7, e39606.
[CrossRef]

Dai, X.; Liu, P; Lau, A.W,; Liu, Y.; Inuzuka, H. Acetylation-dependent regulation of essential ips-inducing
factors: A regulatory crossroad for pluripotency and tumorigenesis. Cancer Med. 2014, 3, 1211-1224.
[CrossRef]

Zou, G,; Liu, T.; Guo, L.; Huang, Y.; Feng, Y.; Duan, T. Microrna32 silences wwp2 expression to maintain the
pluripotency of human amniotic epithelial stem cells and beta isletlike cell differentiation. Int. J. Mol. Med.
2018, 41, 1983-1991. [CrossRef]


http://dx.doi.org/10.18632/oncotarget.7581
http://dx.doi.org/10.1016/j.cub.2014.02.002
http://dx.doi.org/10.1038/s41580-019-0099-1
http://dx.doi.org/10.1080/15384101.2017.1288326
http://dx.doi.org/10.1089/cell.2013.0077
http://www.ncbi.nlm.nih.gov/pubmed/24568610
http://dx.doi.org/10.1002/dvdy.24079
http://dx.doi.org/10.1016/j.stemcr.2017.10.017
http://www.ncbi.nlm.nih.gov/pubmed/29153991
http://dx.doi.org/10.1002/stem.1600
http://www.ncbi.nlm.nih.gov/pubmed/24706591
http://dx.doi.org/10.1016/j.bbamcr.2015.09.029
http://www.ncbi.nlm.nih.gov/pubmed/26417682
http://dx.doi.org/10.1074/jbc.RA117.001060
http://dx.doi.org/10.1038/srep20818
http://dx.doi.org/10.1038/srep25438
http://dx.doi.org/10.1128/MCB.01105-14
http://dx.doi.org/10.1038/s41598-018-29339-0
http://dx.doi.org/10.1016/j.celrep.2016.09.046
http://www.ncbi.nlm.nih.gov/pubmed/27732856
http://dx.doi.org/10.1073/pnas.0811964106
http://www.ncbi.nlm.nih.gov/pubmed/19144917
http://dx.doi.org/10.1016/j.stem.2009.05.021
http://www.ncbi.nlm.nih.gov/pubmed/19664995
http://dx.doi.org/10.1093/jmcb/mjs031
http://dx.doi.org/10.1371/journal.pone.0039606
http://dx.doi.org/10.1002/cam4.298
http://dx.doi.org/10.3892/ijmm.2018.3436

Cancers 2020, 12, 663 12 of 14

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Liao, B.; Jin, Y. Wwp2 mediates oct4 ubiquitination and its own auto-ubiquitination in a dosage-dependent
manner. Cell Res. 2010, 20, 332-344. [CrossRef]

Liao, B.; Zhong, X.; Xu, H.; Xiao, F; Fang, Z.; Gu, J.; Chen, Y.; Zhao, Y,; Jin, Y. Itch, an e3 ligase of oct4,
is required for embryonic stem cell self-renewal and pluripotency induction. J. Cell. Physiol. 2013, 228,
1443-1451. [CrossRef]

Oh, E.; Kim, ].Y;; Sung, D.; Cho, Y.; Lee, N.; An, H.; Kim, Y.J.; Cho, T.M.; Seo, ].H. Inhibition of ubiquitin-specific
protease 34 (usp34) induces epithelial-mesenchymal transition and promotes stemness in mammary epithelial
cells. Cell. Signal. 2017, 36, 230-239. [CrossRef]

Boyer, L.A.; Lee, T.I,; Cole, M.E; Johnstone, S.E.; Levine, S.S.; Zucker, ].P.; Guenther, M.G.; Kumar, R.M.;
Murray, H.L.; Jenner, R.G.; et al. Core transcriptional regulatory circuitry in human embryonic stem cells.
Cell 2005, 122, 947-956. [CrossRef] [PubMed]

Jung, M.; Peterson, H.; Chavez, L.; Kahlem, P; Lehrach, H.; Vilo, J.; Adjaye, J. A data integration approach to
mapping oct4 gene regulatory networks operative in embryonic stem cells and embryonal carcinoma cells.
PLoS ONE 2010, 5, €10709. [CrossRef] [PubMed]

Suresh, B.; Lee, ].; Kim, H.; Ramakrishna, S. Regulation of pluripotency and differentiation by deubiquitinating
enzymes. Cell Death Differ. 2016, 23, 1257-1264. [CrossRef]

Li, SW.; Wu, X.L.; Dong, C.L.; Xie, X.Y.; Wu, ].E; Zhang, X. The differential expression of oct4 isoforms in
cervical carcinoma. PLoS ONE 2015, 10, e0118033. [CrossRef] [PubMed]

Richie, J.P. Oct4 staining in testicular tumors. A sensitive and specific marker for seminoma and embryonal
carcinoma. J. Urol. 2005, 174, 569-570. [CrossRef]

Linn, D.E,; Yang, X,; Sun, E; Xie, Y.; Chen, H.; Jiang, R.; Chen, H.; Chumsri, S.; Burger, A.M.; Qiu, Y. A role for
oct4 in tumor initiation of drug-resistant prostate cancer cells. Genes Cancer 2010, 1, 908-916. [CrossRef]
[PubMed]

de Resende, M.F; Chinen, L.T.; Vieira, S.; Jampietro, J.; da Fonseca, EP.; Vassallo, J.; Campos, L.C.;
Guimaraes, G.C.; Soares, F.A.; Rocha, R.M. Prognostication of oct4 isoform expression in prostate cancer.
Tumour Biol. 2013, 34, 2665-2673. [CrossRef]

Wang, Y.J.; Herlyn, M. The emerging roles of oct4 in tumor-initiating cells. Am. J. Physiol. Cell Physiol. 2015,
309, C709-C718. [CrossRef]

You, L.; Guo, X.; Huang, Y. Correlation of cancer stem-cell markers oct4, sox2, and NANOG with
clinicopathological features and prognosis in operative patients with rectal cancer. Yonsei Med. J. 2018, 59,
35-42. [CrossRef]

Zhang, W.; Ren, Z,; Jia, L.; Li, X,; Jia, X.; Han, Y. Fbxw?7 and skp2 regulate stem cell switch between quiescence
and mitotic division in lung adenocarcinoma. BioMed Res. Int. 2019, 2019, 9648269. [CrossRef]

Shen, L.; Qin, K,; Wang, D.; Zhang, Y.; Bai, N.; Yang, S.; Luo, Y.; Xiang, R.; Tan, X. Overexpression of oct4
suppresses the metastatic potential of breast cancer cells via rnd1 downregulation. Biochim. Biophys. Acta
2014, 1842, 2087-2095. [CrossRef] [PubMed]

Organista-Nava, J.; Gomez-Gomez, Y.; Garibay-Cerdenares, O.L.; Leyva-Vazquez, M.A ; lllades-Aguiar, B.
Cervical cancer stem cell-associated genes: Prognostic implications in cervical cancer. Oncol. Lett. 2019, 18,
7-14. [CrossRef] [PubMed]

Nigam, M.; Aschebrook-Kilfoy, B.; Shikanov, S.; Eggener, S. Increasing incidence of testicular cancer in the
united states and europe between 1992 and 2009. World ]. Urol. 2015, 33, 623—-631. [CrossRef]

Lee, J.; Kanatsu-Shinohara, M.; Morimoto, H.; Kazuki, Y.; Takashima, S.; Oshimura, M.; Toyokuni, S.;
Shinohara, T. Genetic reconstruction of mouse spermatogonial stem cell self-renewal in vitro by ras-cyclin
d2 activation. Cell Stem Cell 2009, 5, 76—86. [CrossRef] [PubMed]

Hao, B.; Zheng, N.; Schulman, B.A.; Wu, G.; Miller, ].J.; Pagano, M.; Pavletich, N.P. Structural basis of the
cksl-dependent recognition of p27(kip1) by the scf(skp2) ubiquitin ligase. Mol. Cell 2005, 20, 9-19. [CrossRef]
[PubMed]

Carrano, A.C.; Eytan, E.; Hershko, A.; Pagano, M. Skp2 is required for ubiquitin-mediated degradation of
the cdk inhibitor p27. Nat. Cell Biol. 1999, 1, 193-199. [CrossRef]

Ko, E.J.; Oh, Y.L.; Kim, H.Y.; Eo, WK.; Kim, H.; Kim, K.H.; Koh, S.B.; Ock, M.S.; Choi, Y.H.; Kim, A.; et al.
Correlation of constitutive photomorphogenic 1 (cop1) and p27 tumor suppressor protein expression in
ovarian cancer. Genes Genom. 2019, 41, 879-884. [CrossRef]


http://dx.doi.org/10.1038/cr.2009.136
http://dx.doi.org/10.1002/jcp.24297
http://dx.doi.org/10.1016/j.cellsig.2017.05.009
http://dx.doi.org/10.1016/j.cell.2005.08.020
http://www.ncbi.nlm.nih.gov/pubmed/16153702
http://dx.doi.org/10.1371/journal.pone.0010709
http://www.ncbi.nlm.nih.gov/pubmed/20505756
http://dx.doi.org/10.1038/cdd.2016.53
http://dx.doi.org/10.1371/journal.pone.0118033
http://www.ncbi.nlm.nih.gov/pubmed/25816351
http://dx.doi.org/10.1016/S0022-5347(01)68313-7
http://dx.doi.org/10.1177/1947601910388271
http://www.ncbi.nlm.nih.gov/pubmed/21779471
http://dx.doi.org/10.1007/s13277-013-0817-9
http://dx.doi.org/10.1152/ajpcell.00212.2015
http://dx.doi.org/10.3349/ymj.2018.59.1.35
http://dx.doi.org/10.1155/2019/9648269
http://dx.doi.org/10.1016/j.bbadis.2014.07.015
http://www.ncbi.nlm.nih.gov/pubmed/25068817
http://dx.doi.org/10.3892/ol.2019.10307
http://www.ncbi.nlm.nih.gov/pubmed/31289465
http://dx.doi.org/10.1007/s00345-014-1361-y
http://dx.doi.org/10.1016/j.stem.2009.04.020
http://www.ncbi.nlm.nih.gov/pubmed/19570516
http://dx.doi.org/10.1016/j.molcel.2005.09.003
http://www.ncbi.nlm.nih.gov/pubmed/16209941
http://dx.doi.org/10.1038/12013
http://dx.doi.org/10.1007/s13258-019-00818-6

Cancers 2020, 12, 663 13 of 14

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Kim, ].B.; Greber, B.; Arauzo-Bravo, M.].; Meyer, J.; Park, K.I.; Zaehres, H.; Scholer, H.R. Direct reprogramming
of human neural stem cells by oct4. Nature 2009, 461, 649-653. [CrossRef]

Gao, Y,; Wang, Y.; Wang, Z.; Sun, H.; Zhang, R; Yang, J.; Liu, Y.; Liu, H.; Zhang, Q.; Zhang, S.; et al. Generation
of induced pluripotent stem cell line (zzui0016-a) from dermal fibroblasts of a normal human. Stem Cell Res.
2020, 43, 101717. [CrossRef]

Niwa, H.; Miyazaki, J.; Smith, A.G. Quantitative expression of oct-3/4 defines differentiation, dedifferentiation
or self-renewal of es cells. Nat. Genet. 2000, 24, 372-376. [CrossRef]

Carey, B.W.; Markoulaki, S.; Hanna, ]. H.; Faddah, D.A.; Buganim, Y.; Kim, ].; Ganz, K; Steine, E.].; Cassady, ].P;
Creyghton, M.P; et al. Reprogramming factor stoichiometry influences the epigenetic state and biological
properties of induced pluripotent stem cells. Cell Stem Cell 2011, 9, 588-598. [CrossRef] [PubMed]

Endoh, M.; Endo, T.A.; Endoh, T.; Fujimura, Y.; Ohara, O.; Toyoda, T.; Otte, A.P.; Okano, M.; Brockdorff, N.;
Vidal, M.; et al. Polycomb group proteins ringla/b are functionally linked to the core transcriptional
regulatory circuitry to maintain es cell identity. Development 2008, 135, 1513-1524. [CrossRef] [PubMed]
Brumbaugh, J.; Hou, Z.; Russell, ].D.; Howden, S.E.; Yu, P; Ledvina, A.R.; Coon, ]J.J.; Thomson, J.A.
Phosphorylation regulates human oct4. Proc. Natl. Acad. Sci. USA 2012, 109, 7162-7168. [CrossRef]
[PubMed]

Wei, E; Scholer, HR.; Atchison, M.L. Sumoylation of oct4 enhances its stability, DNA binding, and
transactivation. J. Biol. Chem. 2007, 282, 21551-21560. [CrossRef]

Looijenga, L.H.; Stoop, H.; de Leeuw, H.P.; de Gouveia Brazao, C.A.; Gillis, A.].; van Roozendaal, K.E.; van
Zoelen, E.J.; Weber, R.F,; Wolffenbuttel, K.P;; van Dekken, H.; et al. Pou5f1 (oct3/4) identifies cells with
pluripotent potential in human germ cell tumors. Cancer Res. 2003, 63, 2244-2250.

van Schaijik, B.; Davis, PF,; Wickremesekera, A.C.; Tan, S.T.; Itinteang, T. Subcellular localisation of the
stem cell markers oct4, sox2, NANOG, klf4 and c-myc in cancer: A review. |. Clin. Pathol. 2018, 71, 88-91.
[CrossRef]

Kosaka, T.; Mikami, S.; Yoshimine, S.; Miyazaki, Y.; Daimon, T.; Kikuchi, E.; Miyajima, A.; Oya, M. The
prognostic significance of oct4 expression in patients with prostate cancer. Hum. Pathol. 2016, 51, 1-8.
[CrossRef]

He, R.; Xhabija, B.; Al-Qanber, B.; Kidder, B.L. Oct4 supports extended lif-independent self-renewal and
maintenance of transcriptional and epigenetic networks in embryonic stem cells. Sci. Rep. 2017, 7, 16360.
[CrossRef]

Kallas, A.; Pook, M.; Trei, A.; Maimets, T. Sox2 is regulated differently from NANOG and oct4 in human
embryonic stem cells during early differentiation initiated with sodium butyrate. Stem Cells Int. 2014, 2014,
298163. [CrossRef]

Kotkamp, K.; Kur, E.; Wendik, B.; Polok, B.K.; Ben-Dor, S.; Onichtchouk, D.; Driever, W. Pou5f1/oct4 promotes
cell survival via direct activation of mych expression during zebrafish gastrulation. PLoS ONE 2014, 9,
€92356. [CrossRef]

Zhang, S.; Zhao, L.; Wang, J.; Chen, N.; Yan, J.; Pan, X. Hif-2alpha and oct4 have synergistic effects on
survival and myocardial repair of very small embryonic-like mesenchymal stem cells in infarcted hearts.
Cell Death Dis. 2017, 8, €2548. [CrossRef] [PubMed]

Sun, L.; Liu, T; Zhang, S.; Guo, K; Liu, Y. Oct4 induces emt through lefl/beta-catenin dependent wnt
signaling pathway in hepatocellular carcinoma. Oncol. Lett. 2017, 13, 2599-2606. [CrossRef]

Dai, X.; Ge, J.; Wang, X; Qian, X.; Zhang, C.; Li, X. Oct4 regulates epithelial-mesenchymal transition and its
knockdown inhibits colorectal cancer cell migration and invasion. Oncol. Rep. 2013, 29, 155-160. [CrossRef]
[PubMed]

Li, C.; Zhu, M,; Lou, X; Liu, C.; Chen, H.; Lin, X; Ji, W.; Li, Z.; Su, C. Transcriptional factor oct4 promotes
esophageal cancer metastasis by inducing epithelial-mesenchymal transition through vegf-c/vegfr-3 signaling
pathway. Oncotarget 2017, 8, 71933-71945. [CrossRef] [PubMed]

Cai, S.; Geng, S.; Jin, E; Liu, J.; Qu, C.; Chen, B. Pou5f1/oct-4 expression in breast cancer tissue is significantly
associated with non-sentinel lymph node metastasis. BMIC Cancer 2016, 16, 175. [CrossRef] [PubMed]

Lu, C.S; Shieh, G.S.; Wang, C.T,; Su, B.H.; Su, Y.C,; Chen, Y.C.; Su, W.C.; Wu, P,; Yang, WH.; Shiau, A.L,; et al.
Chemotherapeutics-induced oct4 expression contributes to drug resistance and tumor recurrence in bladder
cancer. Oncotarget 2017, 8, 30844-30858. [CrossRef] [PubMed]


http://dx.doi.org/10.1038/nature08436
http://dx.doi.org/10.1016/j.scr.2020.101717
http://dx.doi.org/10.1038/74199
http://dx.doi.org/10.1016/j.stem.2011.11.003
http://www.ncbi.nlm.nih.gov/pubmed/22136932
http://dx.doi.org/10.1242/dev.014340
http://www.ncbi.nlm.nih.gov/pubmed/18339675
http://dx.doi.org/10.1073/pnas.1203874109
http://www.ncbi.nlm.nih.gov/pubmed/22474382
http://dx.doi.org/10.1074/jbc.M611041200
http://dx.doi.org/10.1136/jclinpath-2017-204815
http://dx.doi.org/10.1016/j.humpath.2015.12.008
http://dx.doi.org/10.1038/s41598-017-16611-y
http://dx.doi.org/10.1155/2014/298163
http://dx.doi.org/10.1371/journal.pone.0092356
http://dx.doi.org/10.1038/cddis.2016.480
http://www.ncbi.nlm.nih.gov/pubmed/28079892
http://dx.doi.org/10.3892/ol.2017.5788
http://dx.doi.org/10.3892/or.2012.2086
http://www.ncbi.nlm.nih.gov/pubmed/23076549
http://dx.doi.org/10.18632/oncotarget.18035
http://www.ncbi.nlm.nih.gov/pubmed/29069758
http://dx.doi.org/10.1186/s12885-015-1966-6
http://www.ncbi.nlm.nih.gov/pubmed/26931354
http://dx.doi.org/10.18632/oncotarget.9602
http://www.ncbi.nlm.nih.gov/pubmed/27244887

Cancers 2020, 12, 663 14 of 14

88. Zhou, H.; Hu, Y.U.; Wang, W.; Mao, Y.; Zhu, J.; Zhou, B.; Sun, ].; Zhang, X. Expression of oct-4 is significantly
associated with the development and prognosis of colorectal cancer. Oncol. Lett. 2015, 10, 691-696. [CrossRef]

89. Kim,].Y,; Kim, J.C,; Lee, ].Y.; Park, M.]. Oct4 suppresses irinduced premature senescence in breast cancer
cells through stat3- and nfkappab-mediated il24 production. Int. J. Oncol. 2018, 53, 47-58. [CrossRef]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.3892/ol.2015.3269
http://dx.doi.org/10.3892/ijo.2018.4391
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Harmony between Ubiquitination and Deubiquitination Regulates Cellular Functions 
	OCT-3/4 Regulated by Several PTMs 
	Expression of OCT-3/4 in Different Cancer Cells 
	Differentiation of ESCs Induced by Ubiquitination of OCT-3/4 
	Conclusions 
	References

