
Cell Death & Differentiation (2021) 28:685–699
https://doi.org/10.1038/s41418-020-00613-x

ARTICLE

Kap1 regulates the self-renewal of embryonic stem cells and cellular
reprogramming by modulating Oct4 protein stability

Eun Kyoung Do1,2
● Hye Ji Moon1,2

● Kyung Taek Kang1,2
● Jung Won Yoon1,2

● Ye Seul Kim1,2
● Jeong Kon Seo3

●

Jae Ho Kim 1,2,4

Received: 27 January 2020 / Revised: 15 August 2020 / Accepted: 25 August 2020 / Published online: 7 September 2020
© The Author(s), under exclusive licence to ADMC Associazione Differenziamento e Morte Cellulare 2020

Abstract
Oct4 plays a crucial role in the regulation of self-renewal of embryonic stem cells (ESCs) and reprogramming of somatic
cells to induced pluripotent stem cells. However, the molecular mechanisms underlying posttranslational regulation and
protein stability of Oct4 remain unclear. Using affinity purification and mass spectrometry analysis, we identified Kap1 as an
Oct4-binding protein. Silencing of Kap1 reduced the protein levels of Oct4 in ESCs, whereas the overexpression of
Kap1 stimulated the levels of Oct4. In addition, Kap1 overexpression stimulated the self-renewal of ESCs and attenuated the
spontaneous differentiation of ESCs in response to LIF withdrawal. Kap1 overexpression increased the stability of Oct4 by
inhibiting the Itch-mediated ubiquitination of Oct4. Silencing of Kap1 augmented Itch-mediated ubiquitination and inhibited
the stability of Oct4. We identified the lysine 133 (K133) residue in Oct4 as a ubiquitination site responsible for the Kap1-
Itch-dependent regulation of Oct4 stability. Preventing ubiquitination at the lysine residue by mutation to arginine
augmented the reprogramming of mouse embryonic fibroblasts to induced pluripotent stem cells. These results suggest that
Kap1 plays a crucial role in the regulation of the pluripotency of ESCs and somatic cell reprogramming by preventing Itch-
mediated ubiquitination and the subsequent degradation of Oct4.

Introduction

The self-renewal capacity and pluripotency of pluripotent
stem cells are regulated by an intricate network of core

stemness transcription factors, including Oct4, Sox2, and
Nanog [1–3]. Recent studies have extensively focused on
the transcriptional and epigenetic regulation of self-renewal
and pluripotency by the stemness factors [4–6]. However,
an increasing body of evidence suggests that posttransla-
tional modifications also play an essential role in the reg-
ulation of their protein stability involved in stemness
maintenance [7, 8]. Ubiquitination, one of the most critical
posttranslational modifications, is regulated by a specific
enzyme cascade in which ubiquitin binds to target sub-
strates, and thereby contributes to the regulation of ESC
pluripotency and cellular reprogramming by modulating
the protein stability of stemness factors [9]. However, the
molecular mechanisms implicated in the ubiquitination-
dependent regulation of the protein stability of stemness
factors are still elusive.

Of the stemness factors, Oct4 encoded by Pou5f1, also
known as OCT3/4, is essential for mammalian embryonic
development [10–12]. Oct4 plays a crucial role in the tran-
scriptional network responsible for the self-renewal and
pluripotency of ESCs and acts as a key reprogramming
factor to generate induced pluripotent stem cells (iPSCs)
[13, 14]. Oct4 belongs to the POU domain family containing
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a POU-specific domain (POUS) and a POU-homeodomain
(POUH), which play an essential role in the regulation of
Oct4 functions, such as interacting with DNA for biological
activity and facilitating somatic reprogramming [15, 16].
In addition, it has been reported that the ubiquitination and
proteasomal degradation of Oct4 play a vital role in the
regulation of the protein stability and transcriptional activity
of Oct4. However, the specific mechanisms involved in the
regulation of the protein stability of Oct4 have been mostly
unexplored.

KRAB-associated protein 1 (Kap1, also known as Trim28)
has been mainly identified as a transcriptional corepressor that
can interact with KRAB domains [17–19]. Kap1 plays a
crucial role in epigenetic regulation through recruiting
chromatin-modification and remodeling factors [20]. Kap1
plays a key role in preservation of transcriptional dynamics in
ESCs by repressing retrotransposon-based enhancers [21].
Though Kap1 has been extensively studied as a transcription
regulator, an increasing body of evidence suggests that Kap1
plays several transcription-independent functions, such as
signaling scaffold protein in DNA damage responses, an
enzyme with SUMO E3 ligase activity, and ubiquitin
E3 ligase activity [22–24]. Moreover, Kap1 regulates the
pluripotency of ESCs through Oct4-dependent transcription in
a phosphorylation-dependent manner [25], and it is also
involved in the regulation of somatic cell reprogramming
[26]. However, it has not yet been studied whether Kap1 is
involved in the regulation of the ubiquitination and protein
stability of Oct4.

In this study, we identified Kap1 as a binding partner of
Oct4 and characterized the role of the interaction between
Kap1 and Oct4 in the regulation of pluripotency of ESCs
and the reprogramming of somatic cells to iPSCs.
We demonstrate for the first time that Kap1 regulates
Oct4 stability by inhibiting Itch-mediated ubiquitination and
proteasomal degradation of Oct4. These results show that
Kap1-mediated regulation of Oct4 stability may affect the
pluripotency of stem cells and enhance the reprogramming
efficiency of somatic cells.

Materials and methods

Materials

Dulbecco’s Modified Eagle Medium (DMEM), MEM
nonessential amino acids, Glutamax-1, β-mercaptoethanol,
Penicillin-Streptomycin, FBS, Trypsin, Lipofectamine-Plus,
G418 (Geneticin, 10131035), and Blasticidin (R21001)
were purchased from Thermo Fisher Scientific (Waltham,
MA). Peroxidase-labeled secondary antibodies and
Enhanced Chemiluminescence Western Blotting detection
reagents were purchased from Amersham Biosciences (GE

Healthcare Life Sciences, Pittsburgh, PA). pNTAP vector
(#240101) was purchased from Stratagene (La Jolla, CA).
The following antibodies were used in this study: anti-Kap1
(ab22553), anti-Sox2 (ab59776), and anti-Klf4 (ab75486),
which were purchased from Abcam (Cambridge, MA).
Anti-Nanog (#8822), anti-HA (#3724), anti-Myc-tag
(#2278), anti-Ubiquitin (#3933), anti-Vimentin (#5741),
anti-Cyclin D3 (#9932), and anti-GAPDH (#2118) were
purchased from Cell Signaling Technology, Inc. (Danvers,
MA). Anti-Itch (611199) and anti-N-cadherin (610920)
were purchased from BD Bioscience (Heidelberg, Ger-
many). Antibodies against Oct4 (sc-5279), c-Myc (sc-40),
Cyclin A (sc-751), Cyclin D1 (sc-246), and SSEA-1 (sc-
21702) were purchased from Santa Cruz Biotechnology,
Inc. (Santa Cruz, CA). Anti-Flag-tag (F9291) was pur-
chased from Sigma-Aldrich (St Louis, MO). Leukemia
inhibitory factor (LIF, ESG1107), doxycycline (Dox)
(D9891), cycloheximide (CHX) (01810), MG132 (474790),
protease inhibitor cocktail (P8340), alkaline phosphatase
detection kit (86R), and all other chemicals were purchased
from Sigma-Aldrich (St Louis, MO).

ESC culture and differentiation

All mouse ESC lines (D3 and Ainv15 ESCs) were seeded
on mitomycin-C-treated mouse embryonic fibroblasts
(MEFs) feeder and cultured in an ESC culture media con-
sisting of DMEM supplemented with 1× nonessential amino
acids, 1× Glutamax-1, 15% FBS, 1× penicillin-streptomy-
cin, 0.1-mM β-mercaptoethanol, and 1000-U/ml LIF. MEFs
were isolated from 12.5-day-old embryos in pregnant C3H
mice and maintained in MEF medium (DMEM with high
glucose, 1× Glutamax-1, 10% FBS, and 1× penicillin-
streptomycin), as described previously [2]. Naïve mouse
ESCs were maintained in feeder-cell free culture conditions,
including N2B27 media containing 2i inhibitors (1-μM
PD0325901 and 3-μM CHIR99021) and 1000-U/ml LIF
[27]. Cells were incubated in a humidified incubator at
37 °C under 5% CO2. Cells were tested for mycoplasma
contamination.

Generation of the Kap1-inducible ES cell line

To establish the “Tet-on” Kap1-inducible ES cell line, the
Kap1 loxP-targeting vector (ploxKap1) was generated by
subcloning a Kap1-IRES-IL2Rα cassette into the plox
plasmid [28], and then co-transfecting along with pSalk-Cre
recombinase expression plasmid into Ainv15 ESCs,
resulting in the site-specific integration of the Kap1-IRES-
IL2Rα cassette downstream of a promoter integrated into
the hprt locus that is responsive to the tetracycline deriva-
tive Dox. The electroporated ESCs were co-cultured with
neomycin-resistant mouse embryonic fibroblasts (CF6Neo
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MEF Mitomycin-C-treated; GlobalStem, GSC-6005M) in
an ESC culture medium supplemented with 350-µg/ml
G418. Individual G418-resistant ESC colonies were picked,
expanded, and examined by PCR analysis for confirmation
of the successful integration of the ploxKap1 targeting
plasmid. The ESC lines with Dox-inducible Kap1 expres-
sion are denoted as Kap1-ESCs. The primers used for PCR
consist of sequences within the ploxKap1 targeting plasmid
(pgk promoter region) and within the neo gene in the par-
ental Ainv15 ESC line that generates a 450-bp product. To
induce Kap1 expression in ESCs, 0.5-μg/ml Dox was added
to the culture medium. Primers: LoxinF 5′-CTAGATCT
CGAAGGATCTGGAG-3′, LoxinR 5′-ATACTTTCTCGG
CAGGAGCA-3′. PCR conditions: 10 min at 95 °C; 40
cycles of 15 s at 95 °C, 40 s at 58 °C, 1 min at 72 °C, and
5 min at 72 °C.

Gene silencing using shRNA lentivirus

pLKO.1-puro lentiviral vectors expressing Kap1 shRNA
(TRCN0000071363) and non-target control shRNA
(SHC002) were purchased from Sigma-Aldrich. Functional
sequences in the shRNA vectors are as follows: Kap1,
“CCGGCCGCATGTTCAAACAGTTCAACTCGAGTTG
AACTGTTTGAACATGCGGTTTTTG.” For the genera-
tion of lentiviral particles, 293FT cells were co-transfected
with the shRNA lentiviral plasmid (pLKO.1-puro), and
ViraPower Lentiviral packaging mix (pLP1, pLP2, pLP-
VSV-G; Invitrogen) using Lipofectamine-Plus and culture
supernatants containing lentivirus were harvested at 48 h
after transfection. For lentiviral transduction, NIH3T3 cells
were treated with culture supernatants from 293FT cells
in the presence of 10-μg/ml Polybrene (Sigma-Aldrich),
and stable cell lines expressing shRNA were generated by
selection with Puromycin (5 μg/ml). To ensure the shRNA-
mediated silencing of Kap1 expression, protein levels of
Kap1 and GAPDH were determined by western blot
analysis.

Reverse transcription-polymerase chain (RT-PCR)
reaction and quantitative RT-PCR

Total cellular RNA was extracted using the TRIzol (T9424,
Sigma-Aldrich, St Louis, MO) method. For RT-PCR ana-
lysis, 2-μg aliquots of each RNA sample were subjected
to cDNA synthesis using 200 U of M-MLV reverse
transcriptase and 0.5 μg of oligo (dT) 15 primer (C-1101,
Promega, Madison, WI). The cDNA in 2 μL of the reaction
mixture was amplified using 0.5 U of GoTaq DNA poly-
merase (M8298, Promega, Madison, WI). The thermal cycle
was as follows: denaturation at 95 °C for 30 s, annealing at
52–58 °C for 30 s, depending on the primers used, and
extension at 72 °C for 30 s. Each PCR reaction was carried

out for 30 cycles, and the PCR products were size-
fractionated on a 1.2% agarose gel with ethidium bromide
and photographed under UV trans-illumination. Quantita-
tive RT-PCR was performed using an ABI 7500 (Applied
Biosystems, Foster City, CA) sequence detection system
using SYBR Green PCR MasterMix (ABS-4309155,
Applied Biosystems, Foster City, CA) according to the
manufacturer’s instructions. Experiments were performed in
duplicate, and the data were normalized to the expression of
Gapdh mRNA. Data were analyzed using the Δ (ΔCT)
method and normalized to Gapdh. The primer sequences for
quantitative RT-PCR are listed in Supplementary Table S1.

Construction of Oct4 and Kap1 expression vectors

Oct4 deletion constructs containing residues ΔPOU,
ΔTAD2, N-half, TAD1, POU, and ΔTAD1 were generated
from p3×Flag-CMV-10-Oct4 using the QuickChange-
XLsite-directed mutagenesis kit (Stratagene, La Jolla,
CA). Kap1 deletion constructs containing residues 20-419,
619-835, 423-584, and 239-835 were generated from
pDEST-HA-Kap1 using the QuickChange-XLsite-directed
mutagenesis kit. pcDNA3.0-Flag-Oct4 mutants were gen-
erated by PCR-based site-directed mutagenesis on the
pcDNA3.0-Flag-Oct4 wild type (WT).

Western blotting

For the preparation of cell extracts, cells were treated with
appropriate conditions, washed with ice-cold PBS, then
lysed in lysis buffer B (20-mM Tris-HCl, 1-mM EGTA,
1-mM EDTA, 10-mM NaCl, 0.5-mM phenylmethylsulfonyl
fluoride, 1-mM Na3VO4, 30-mM sodium pyrophosphate,
25-mM β-glycerol phosphate, 1% Triton X-100, pH 7.4).
Lysates were resolved by SDS-PAGE, transferred onto a
nitrocellulose membrane, and stained with 0.1% Ponceau
S solution (P3504, Sigma-Aldrich, St Louis, MO).
After blocking with 5% nonfat milk, the membranes
were immunoblotted with various antibodies, and bound
antibodies were visualized with horseradish peroxidase-
conjugated secondary antibodies using the Enhanced Che-
miluminescence Western blotting kit (ECL, Amersham
Biosciences).

Immunoprecipitation

For the immunoprecipitation of endogenous Oct4 and
Kap1, cell lysates of D3 ESCs were prepared by lysis in
lysis buffer A (25 mM Tris-HCl, pH 8.0, 150 mM NaCl,
0.1% NP-40, 0.5M EDTA, 0.1 mM β-mercaptoethanol),
supplemented with a protease inhibitor cocktail and 0.5-mM
phenylmethylsulfonyl fluoride, and centrifuged at a speed of
12,000 rpm for 15 min at 4 °C. An aliquot (1 mg of protein)

Kap1 regulates the self-renewal of embryonic stem cells and cellular reprogramming by modulating Oct4. . . 687



of ESC lysates was incubated with protein G-Sepharose
beads (P3296) conjugated with 2 μg of the appropriate
antibodies, including anti-Oct4, anti-Kap1, or control anti-
bodies, for 2 h at 4 °C on a rotating wheel. The beads were
washed extensively with lysis buffer A. The bound proteins
were eluted by boiling in 2× SDS sample buffer, and
resolved on a 10% SDS-PAGE gel for western blot
analysis. For the immunoprecipitation of exogenously
transfected Oct4 and Kap1, Flag-tagged Oct4 (pcDNA3.0-
Flag-Oct4), HA-tagged Kap1 (pDEST-HA-Kap1), and their
deletion mutants were transfected into 293FT cells with
Lipofectamine-Plus reagent, and the cell lysates were pre-
pared by lysis in lysis buffer A. An aliquot of cell lysates
(0.5 mg) was incubated with anti-Flag or anti-HA antibodies
for 2 h at 4 °C on a rotating wheel (all from Sigma-Aldrich,
St Louis, MO), followed by incubation with protein G-
Sepharose for 1 h. The beads were spun down and washed
extensively with lysis buffer A. The bound proteins were
eluted by boiling in 2× SDS sample buffer, and resolved on
a 10% SDS-PAGE gel for western blot analysis.

Purification of recombinant Oct4 and Kap1 proteins
and in vitro protein–protein interactions

His-tagged Oct4 and GST fusion proteins of Kap1 were
expressed in Escherichia coli and lysed in lysis buffer B
(50-mM Tris-HCl, pH 8.0, 100-mM NaCl, 1-mM EDTA,
0.2% Triton X-100). Recombinant His-Oct4 and GST-
fused Kap1 proteins were purified by affinity chromato-
graphy on Ni-NTA agarose (Qiagen Inc., Valencia, CA) or
glutathione-sepharose beads (GE Healthcare, Pittsburg,
PA, USA) according to the manufacturer’s instructions.
Purified His-tagged Oct4 protein and GST-fused Kap1
were incubated with a pull-down buffer. After an addi-
tional 1-h incubation, bound protein complexes were
washed four times with binding buffer. The resulting
protein complexes were eluted by boiling the beads in a 2×
SDS sample buffer, resolved on an SDS-PAGE, followed
by western blotting with anti-Oct4 antibodies.

Measurement of protein stability and ubiquitination
assay

Transfected cells with various combinations of DNA were
treated with MG132 (20 μM, 4 h) or CHX (60 μg/ml) or left
untreated, and then lysed with ubiquitination buffer (40-mM
HEPES, pH 7.5, 1-mM EDTA, 120-mM NaCl, 10-mM
sodium pyrophosphate, 10-mM glycerophosphate, 50-mM
sodium fluoride, 1.5-mM sodium orthovanadate, 1% Triton
X-100, 1-mM PMSF, protease inhibitor cocktail). Subse-
quently, Flag IP and western blot analyses were performed
as indicated.

Production of retroviruses

Retroviral plasmids carrying the reprogramming factors
(pMX-Oct4, pMX-Sox2, pMX-Klf4, and pMX-c-Myc) were
individually co-transfected with packaging plasmids (gag-pol
and VSV-G) into Plat-GP cells using the Lipofectamine-Plus
reagent. Plat-GP cells (RV-103, Cell Biolabs, Inc., San
Diego, CA) were maintained in DMEM with high glucose,
10% FBS, 10-μg/mL Blasticidin, and 1× Penicillin-
Streptomycin. Virus-containing supernatants were collected
2 days after transfection, passed through a 0.45-μm filter, and
stored at −80 °C.

iPSC generation

Oct4-green fluorescent protein (GFP) MEFs, which
were isolated from OG2/ROSA26 (Oct4-GFP) transgenic
mice, expressing Gfp under a transgenic Oct4 promoter,
were used to generate iPSCs. 1 × 105 Oct4-GFP MEFs
were seeded into individual wells of six-well plates 1 day
before infection with retroviruses harboring Oct4, Sox2,
Klf4, or c-Myc (1:1:1:1 ratio, 10-μg/ml polybrene). MEF
media were renewed on the next day of viral infection. On
day 2 after infection, Oct4-GFP MEFs were collected and
re-seeded onto Mitomycin-C-treated MEFs. Cells were
switched to ES medium from day 5 after infection with a
change of media every other day. The morphology of
the cells was monitored under the microscope every day.
After counting colonies on the indicated days, cells were
subjected to further analysis.

Alkaline phosphatase (AP) staining

AP staining was performed for 30 min at room temperature
in the dark using the Vector Red AP Substrate Kit I
according to the manufacturer’s protocol. The cells were
incubated with a substrate solution at room temperature
until the development of suitable staining and were photo-
graphed with a model DFC300FX mounted digital camera
(Leica, Solms, Germany).

Flow cytometry analysis

ESCs were dissociated into single cells and then incubated
with PE-conjugated anti-SSEA-1 (560142, BD Bios-
ciences) antibody for 20 min, followed by flow cytometry
analysis on a FACS CantoΙΙ (BD Biosciences, San Jose,
CA). Ten thousand events were acquired on a FACScan
flow cytometer (Becton Dickinson, San Jose, CA), and
data analysis was performed using CellQuest software
(Becton Dickinson, San Jose, CA). For quantification
of the reprogramming efficiency, the percentage of
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GFP-positive cell population of Oct4-GFP iPSCs was
measured by FACS analysis.

Cell proliferation assay and bromodeoxyuridine
(BrdU) incorporation assay

For the measurement of cell proliferation, ESCs were see-
ded at a density of 1 × 104 cells in six-well plates. At dif-
ferent time points (Days 3 and 6), ESCs were harvested, and
the number of cells was counted. The average value of the
three experiments performed in triplicate was determined.
For the measurement of BrdU incorporation, mouse ESCs
proliferation was measured by BrdU Flow kit (559619, BD
Biosciences) according to the manufacturer’s protocol.
The cells were incubated in ESC culture media containing
20-μM BrdU for 15 min and then stained with FITC-
conjugated anti-BrdU antibody and fluorescent DNA dye,
7-Aminoactinomycin D (7-AAD). Flow cytometry analysis
was performed using a FACS CantoΙΙ and CellQuest
software.

Statistical analysis

No statistical method was used to predetermine sample size.
The experiments were not randomized. The investigators
were not blinded to allocation during experiments and
outcome assessment. Results of multiple observations are
presented as mean ± S.D. n values represent the number of
independent experiments performed. For each in vitro
independent experiment, technical replicates were used to
ensure adequate statistical power. Statistical differences
between the experimental groups were assessed using an
unpaired Student’s t-test. For the analysis of multivariate
data, group differences were assessed using a one-way or
two-way ANOVA, followed by Scheffé’s post hoc test.

Results

Identification of Kap1 as an Oct4-binding protein

By using affinity purification and LC-MS/MS, we pre-
viously identified several Oct4-binding proteins, including
not only Reptin but also Kap1 in HEK293 cells [29]. To
clarify whether Kap1 interacts with Oct4 in ESCs, we
performed co-immunoprecipitation experiments in ESCs.
Immunoprecipitation of endogenous Oct4 led to the co-
precipitation of Kap1, and immunoprecipitation of endo-
genous Kap1 co-precipitated Oct4 in ESCs (Fig. 1a). In
addition, the protein levels of Oct4 co-precipitated with
GST-fused Kap1 were higher than that of Oct4 precipitated
with GST (Fig. 1b), suggesting that Kap1 directly interacts
with Oct4.

To identify the Kap1-binding regions within the Oct4,
293FT cells were transfected with Flag-tagged full-length or
deletion mutants of Oct4. Kap1 co-precipitated with full-
length, ΔTAD2, POU, and ΔTAD1 of Oct4 deletion
mutants, which contain both POUS and POUH domains
(Fig. 1c), whereas ΔPOU, N-half, and TAD1 constructs,
which lack both POUS and POUH domains, did not interact
with Kap1. These results suggest that both POUS and POUH

domains are essential for the interaction of Kap1 and Oct4.
Kap1 contains RING finger, B-box 1 and 2, and a coiled-

coil (CC) region at the N-terminus and HP1 binding domain
(HP1BD), a plant homeodomain finger, and a Bromodo-
main at the C-terminus. To identify the region of Kap1 that
is involved in the interaction with Oct4, we constructed a
series of Kap1 deletion mutants (Fig. 1d, upper panel). The
N-terminal domain (aa 20-419) and C-terminal domain
(aa 239-835) of Kap1 co-precipitated with Flag-tagged Oct4
(Fig. 1d); however, the middle region containing the
HP1BD domain (aa 423-584) and C-terminal domain
(aa 619-835) was not precipitated with Oct4. These results
suggest that the CC domain of Kap1 is responsible for the
interaction with Oct4.

Kap1 regulates the proliferation of mouse ESCs

To investigate the role of Kap1 in ESCs, Dox-inducible
Kap1-overexpressing ESCs (Kap1-ESCs) was generated by
utilizing the Cre/loxP system [28]. Treatment of the Kap1-
ESCs with Dox led to an increase in Kap1 protein levels
compared to those in the untreated control (Fig. 2a). The
Dox-treated Kap1-ESCs exhibited a larger colony size than
the control ESCs (Fig. 2b). The flow cytometry analysis
showed no significant difference in the percentage of ESC
marker, SSEA-1, upon the Dox-inducible expression of
Kap1 (Fig. 2c), suggesting that Kap1 overexpression did
not affect the ESC phenotype. Dox-treated Kap1-ESCs
exhibited larger AP-positive colonies than the control Kap1-
ESCs, and the number of ESCs was increased by Dox
treatment (Fig. 2d), suggesting Kap1-stimulated prolifera-
tion of ESCs. To confirm the stimulatory effect of Kap1
overexpression on ES cell proliferation, a BrdU incorpora-
tion assay was performed in the absence or presence of
Dox. Upon the induction of Kap1 expression, the percen-
tage of the S-phase cell population increased from 64% of
control ESCs to 82.2% of Kap1-overexpressed ESCs,
whereas the G1 and G2/M phase populations decreased in
Kap1-overexpressed ESCs compared to those in control
ESCs (G1: from 20.8 to 10.2%, G2/M: from 9.9 to 5.31%)
(Fig. 2e). To ascertain the role of Kap1 in the regulation of
cell cycle, we measured the expression of cyclins implicated
in the G1/S-phase transition in response to Kap1 over-
expression. G1 cyclins including D-type cyclins have
been reported to regulate proliferation, pluripotency, and
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differentiation of ESCs [30], while murine ESCs typically
express low levels of D-type cyclins and triple knockout
of cyclins D1, D2, and D3 has no effect on the ESC plur-
ipotency [31]. Interestingly, the induction of Kap1 expres-
sion led to increases of cyclin D1 and D3, which are key
regulators for G1/S-phase transition [32], followed by
an increase in cyclin A promoting S-phase entry [33]
(Fig. 2f). Taken together, these results suggest that the
overexpression of Kap1 promotes cell proliferation and
leads to an increase in the proliferation of ESCs.

Kap1 overexpression attenuates the differentiation
of ESCs

In vitro, mouse ESCs require LIF to maintain their plur-
ipotent state, and, in the absence of LIF, they spontaneously
differentiate [34]. To explore the effect of Kap1 over-
expression in the differentiation induced by LIF depriva-
tion, Kap1-ESCs were treated with or without Dox under
the LIF-depleted culture conditions. Upon LIF withdrawal
in the absence of Dox, Kap1-ESCs exhibited spontaneous

Fig. 1 Identification of Kap1 as an Oct4-binding protein. a Co-
immunoprecipitation of Kap1 and Oct4 in mESCs. D3 mESCs extracts
were incubated with control IgG, anti-Oct4, or anti-Kap1 antibodies, and
the protein levels of Oct4 and Kap1 in the immunocomplexes were
probed by western blot analysis. b Direct interaction of Kap1 and Oct4
in vitro. GST and GST-Kap1 proteins were incubated with His-Oct4
protein, followed by a pull-down with GSH agarose. The protein levels
of GST and GST-Kap1 were confirmed by SDS-PAGE and Ponceau S
staining. The His-Oct4 protein levels in the immunocomplexes and input
were determined by western blot analysis. c Mapping the Kap1-binding

domain in Oct4 protein. Schematic diagrams of full-length (FL) and
deletion forms of Oct4 protein (upper panels). The Flag-tagged Oct4
constructs were overexpressed in 293FT cells and immunoprecipitated
by anti-Flag antibody. d Mapping of Oct4-binding domain in Kap1
protein. Schematic representation of the HA-Kap1 FL and deletion
mutants (upper panel). Flag-Oct4 was co-transfected with HA-Kap1 FL
or its deletion mutants into 293FT cells, followed by immunoprecipita-
tion with the anti-Flag antibody. The protein levels of Flag-Oct4 and
Kap1 in immunocomplexes and lysates (input) were analyzed by western
blotting. Arrows indicate the Kap1 FL and deletion mutants.

690 E. K. Do et al.



differentiation and formed smaller colonies, whereas Dox-
treated Kap1-ESCs maintained the typical morphology of
ESC colonies (Fig. 3a). The ESC colonies were scored as
AP-positive undifferentiated, AP-negative differentiated,
and partially differentiated populations based on AP stain-
ing. Kap1-ESCs rapidly progressed to partial or total
differentiation upon LIF withdrawal for 5 days, while
Dox-treated Kap1-ESCs exhibited more AP-positive
undifferentiated colonies after LIF withdrawal than control
ESCs (Fig. 3b). Consistently, in the absence of Dox treat-
ment, the percentage of SSEA-1+ cells decreased to 7.3%
after LIF withdrawal, whereas Dox-treated Kap1-ESCs
exhibited higher percentage of SSEA-1+ cells of 33.8%
than Dox-untreated cells (Fig. 3c). These results suggest
that Kap1 overexpression prevents the spontaneous ESC
differentiation induced by LIF withdrawal. The Dox-
induced expression of Kap1 increased protein levels of
Oct4 in the presence of LIF, and the Dox-induced Kap1

overexpression sustained the protein levels of Oct4
despite LIF withdrawal (Fig. 3d). The protein levels of not
only Oct4 but also the other core stemness factors, such as
Sox2, NONOG, and c-Myc, were maintained in a LIF-
deprived culture condition. Mouse ESCs were derived
and established into a naïve pluripotent state using
two small-molecule inhibitors (2i, CHIR99021, and
PD0325901) [27, 35]. The combination of 2i and LIF (2i/
LIF) conditions can replace serum/LIF conditions and
maintain the pluripotency in the naïve state. Dox treatment
of the Kap1-ESCs in the 2i/LIF culture condition also
increased the colony size of the Kap1-ESCs and sig-
nificantly augmented the protein levels of not only Oct4 but
also Sox2 and Nanog. Protein level of endogenous c-Myc
was also slightly but significantly increased by Kap1
induction (Fig. 3e). Taken together, these results suggest a
potential role of Kap1 in the regulation of stemness in the
naïve state of ESCs.

Fig. 2 Effects of the overexpression of Kap1 in the proliferation
and cell cycle of ESCs. a A schematic illustration of doxycycline
(Dox)-inducible constructs used to express Kap1. The Dox-induced
overexpression of Kap1 in Kap1-ESCs was confirmed by western blot
analysis (right panel). b Colony morphologies of Kap1-ESCs, which
were cultured in the absence or presence of Dox (0.5 µg/ml) treatment
for 5 days, were photographed (upper images), and the colony size was
quantified from the images (lower panel). Scale bar= 300 μm. Data
represent mean ± S.D. (n= 4). * indicates p < 0.05 by Student’s t-test.
c Effects of Kap1 induction on SSEA-1+ populations in mESCs. The
percentages of SSEA-1+ populations in Kap1-ESCs were measured
using flow cytometry analysis. ESCs were stained with antibodies
against SSEA-1 (pink) and isotype control (blue). d The Dox-induced

proliferation of Kap1-ESCs. 1 × 105 Kap1-ESCs were seeded and
cultured with or without Dox treatment. Kap1-ESCs were stained with
AP on 11 days (upper panel), and the number of cells was counted on
the indicated days (lower panel). Scale bar= 500 μm. Data represent
mean ± S.D. (n= 6). * indicates p < 0.05 by Student’s t-test. e The
effects of Dox treatment on the cell cycle of Kap1-ESCs. Kap1-ESCs
were cultured for 3 days in the absence or presence of Dox treatment,
pulsed with BrdU for 15 min, then stained with anti-BrdU antibody
and fluorescent DNA dye, 7-AAD (7-Aminoactinomycin D), followed
by flow cytometry analysis for cell cycle analysis. f The protein levels
of Kap1, cyclin proteins, and GAPDH were determined by western
blot analysis at the indicated time points.
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Overexpression of Kap1 stabilizes Oct4 protein
in ESCs

To explore whether the Kap1-induced increase in Oct4
levels is due to the increased transcription of Oct4, the
effects of Kap1 induction on the protein and mRNA levels
of Oct4 in the Kap1-ESCs were measured. In Kap1-ESCs,
the increase in Oct4 protein levels could be observed 2 days
after Dox treatment, and the levels increased in a time-
dependent manner until day 6; however, Klf4 protein levels
were not affected by Dox treatment (Fig. 4a), suggesting a
specific increase in Oct4 protein levels by Kap1 induction.
Next, the expression of several pluripotency-related genes at
the mRNA level was identified. Among pluripotency-
related genes, the mRNA levels of Oct4 and Mbd3
slightly augmented, showing a marginal increase compared
to the increase in Kap1 mRNA levels. Moreover, the
mRNA levels of other pluripotency-related genes (Klf4,
Tbx3, and Rex1) were not significantly altered by Kap1
overexpression (Fig. 4b). These results suggest that the
Kap1-induced increase in Oct4 protein levels may be con-
trolled by posttranslational regulation, such as protein
stability.

To explore the role of Kap1 in the regulation of Oct4
protein stability in ESCs, we measured the half-life of
endogenous Oct4 protein after treatment with CHX, a
protein synthesis inhibitor. In the absence of Dox treatment,
the half-life of endogenous Oct4 protein in Kap1-ESCs was
estimated to ~1 h, whereas the Dox-induced overexpression
of Kap1 extended the half-life of endogenous Oct4 protein
to about 4 h (Fig. 4c). Moreover, the Kap1-ESCs were
treated with or without MG132, a proteasome inhibitor, to
detect endogenous Oct4 ubiquitination. Interestingly,
MG132 treatment led to an increase in Oct4 protein levels,
and the ubiquitination of Oct4 was markedly inhibited by
the Dox-induced expression of Kap1 (Fig. 4d), suggesting
that Kap1 enhances Oct4 protein stability by blocking
ubiquitin-mediated proteolysis in ESCs.

Kap1 inhibits the Itch-mediated ubiquitination and
proteasomal degradation of Oct4

To explore the molecular mechanism involved in the
regulation of protein stability of Oct4, in this study,
Kap1-silenced NIH3T3 cells were established using Kap1
shRNA. We tested five different shRNA clones for

Fig. 3 Effects of Kap1 overexpression in the differentiation of
ESCs. a Effects of Kap1 overexpression on the LIF withdrawal-
induced differentiation of ESCs. Kap1-ESCs were cultured in the
absence or presence of LIF and/or Dox and photographed at the
indicated time points. b The cells were subjected to AP staining on day
5 (left panel). Scale bar= 400 μm. The AP-positive undifferentiated,
AP-negative differentiated, and partially differentiated colonies were
quantified, and the relative percentages of the colonies are shown
(right panel). Data represent mean ± S.D. (n= 4). * indicates p < 0.05
by Student’s t-test. c Kap1-ESCs under the LIF-depleted culture

conditions were stained with SSEA-1 antibody (pink) or isotype
control (blue). The percentages of SSEA-1+ populations in Kap1-
ESCs were measured using flow cytometry analysis. d The effects of
Kap1 overexpression on the LIF withdrawal-induced downregulation
of stemness factors in ESCs. e The effects of Kap1 overexpression on
the stemness of naïve ESCs. Kap1-ESCs were cultured in serum-free
2i+LIF medium in the absence or presence of Dox treatment. The cells
were photographed, and the protein levels were determined by western
blot analysis. Scale bar= 300 μm.
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Kap1 silencing in NIH3T3 cells and MEFs, and found that
Kap1 shRNA clones 2 and 3 significantly suppressed the
expression of endogenous or exogenously transfected
Kap1 gene. The silencing effect of the shRNA clone 3 was
more potent than that of the clone 2, therefore, we next
used the clone 3 in the rest part of the present study
(Fig. S1). Kap1 silencing using lentiviral transduction of
the Kap1 shRNA clone 3 resulted in a reduction of Oct4
protein but not Klf4 protein levels in NIH3T3 cells
(Fig. 5a). Not only Kap1 shRNA clone 3 but also clone 2
reduced the Oct4 protein level (Fig. S2). In contrast, Kap1
knockdown did not affect Oct4 at the mRNA level
(Fig. 5b). Consistent with our data, the half-life of Oct4
protein in Kap1-knockdown cells decreased from ~8 to
4 h (Fig. 5c), and Kap1 knockdown using the Kap1
shRNA clone 2 also accelerated degradation of Oct4
protein (Fig. S3). MG132 treatment led to ubiquitination

of Oct4, and in Kap1-knockdown cells, increased Oct4
ubiquitination was observed (Fig. 5d). Conversely, Kap1
overexpression in NIH3T3 cells resulted in decreased
levels of Oct4 ubiquitination (Fig. 5e). These data
demonstrate that Kap1 plays an essential role in the reg-
ulation of Oct4 protein stability through modulating the
ubiquitin-proteasome pathway.

To understand how Kap1 stabilizes Oct4, the effects of
Kap1 knockdown or overexpression on the E3 ubiquitin
ligase-mediated Oct4 ubiquitination and degradation were
investigated. Notably, Itch has been reported to regulate the
stability of Oct4 in ESC self-renewal and somatic cell
reprogramming [36]. Overexpression of Itch attenuated the
levels of Oct4 in a dose-dependent manner, and Kap1 silen-
cing promoted Oct4 degradation (Fig. 5f). Moreover, Kap1
overexpression attenuated the Itch-dependent degradation of
Oct4 protein (Fig. 5g). Consistently, Kap1 overexpression led

Fig. 4 Effects of Kap1 overexpression on ubiquitination and
protein stability of Oct4 in ESCs. a The time-dependent effects of
Kap1 overexpression on the protein levels of Oct4 in Kap1-ESCs.
Kap1-ESCs were treated with or without Dox for the indicated time
periods, and the protein levels were determined by western blotting.
b The time-dependent effects of Kap1 overexpression on the mRNA
levels of Oct4 and other pluripotency markers in Kap1-ESCs. The
mRNA levels were measured and normalized to those of GAPDH.
c The effects of Kap1 overexpression on protein stability of Oct4 in
ESCs. Kap1-ESCs were treated with cycloheximide (CHX) in the
absence or presence of Dox for the indicated times, and the protein

levels of Kap1 and Oct4 were determined by western blotting (upper
panel). The band intensities of Oct4 were quantified and normalized to
those of GAPDH (lower panel). d The effects of Kap1 overexpression
on the ubiquitination of Oct4 in ESCs. Kap1-ESCs were treated with
20-µM MG132 for 4 h in the absence or presence of Dox, and Oct4
was precipitated with the anti-Oct4 antibody. The protein levels and
ubiquitination levels of Oct4 and the protein levels of Kap1 in the
immunocomplexes were determined by western blotting. The protein
levels of Kap1, Oct4, and GAPDH in cell lysates (input) were also
analyzed by western blotting.
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Fig. 5 The role of Kap1 on the protein stability and Itch-mediated
ubiquitination of Oct4. a The effects of Kap1 knockdown on the protein
levels of transiently transfected Oct4 and Klf4 in NIH3T3 cells. NIH3T3
cells were infected with lentiviruses encoding either Kap1-specific shRNA
(sh-Kap1) or control shRNA (sh-control), and expression vectors bearing
TAP-Oct4 or TAP-Klf4 were transfected into the NIH3T3 cells, and fol-
lowed by western blotting. b The mRNA levels of Kap1 and Oct4 were
measured and normalized to those of GAPDH in the Kap1-silenced or
control NIH3T3 cells. c The effects of Kap1 knockdown on the protein
stability of Oct4 in NIH3T3 cells. The Kap1-silenced or control NIH3T3
cells were transiently transfected with a Flag-Oct4-expressing vector. The
cells were treated with CHX for the indicated times (left panel). The
protein levels of Oct4 were quantified and normalized with those of
GAPDH (right panel). Data are expressed as mean ± SD (n= 4). d, e The
effects of Kap1 knockdown or overexpression on the ubiquitination of

Oct4 in NIH3T3 cells. The expression vectors bearing Flag-Oct4 and HA-
Ubiquitin (Ub) were co-transfected into NIH3T3 cells in which Kap1 was
silenced (d) or overexpressed (e), and the cells were treated with MG132
before immunoprecipitation with the anti-Flag antibody. f, g The effects of
Kap1 knockdown or the overexpression on the Itch-mediated degradation
of Oct4 in NIH3T3 cells. Flag-Oct4-expressing vector and the increasing
dose of Itch-expressing vector were co-transfected into NIH3T3 cells in
which Kap1 was silenced or overexpressed. h The Kap1-dependent
inhibition of Itch-mediated ubiquitination of Oct4. Expression vectors
bearing Flag-Oct4 or Myc-Itch were co-transfected into the control or
Kap1-overexpressing NIH3T3 cells, followed by treatment with MG132
and immunoprecipitation with anti-Flag antibody. The protein levels of
Kap1, Oct4, and Itch in the immunocomplexes were determined by
western blotting.
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to a decrease in the Itch-dependent Oct4 ubiquitination
(Fig. 5h). Therefore, these results suggest that Kap1 plays a
pivotal role in the regulation of protein stability of Oct4
through interfering with Itch-mediated Oct4 ubiquitination.

Kap1-mediated Oct4 protein is stabilized at K133
and K137 on the POU domain

To explore whether POU domains are responsible for the
Kap1-mediated stabilization of Oct4, the effects of Kap1
silencing on the expression levels of full-length Oct4, POU
domains (POU), and POU domain-deleted mutant (ΔPOU)
were compared. The protein levels of the full-length and
POU domain of Oct4 were downregulated in Kap1-silenced
NIH3T3 cells and increased in Kap1-overexpressed cells
(Fig. 6a, b).

To elucidate whether the ubiquitination of POU domains
is involved in the Kap1-mediated stabilization of Oct4
protein, potential ubiquitination sites of Oct4 were pre-
dicted. Together with the previously reported lysine sites for
ubiquitination [37], nine site-specific mutants of Oct4
(Fig. 6c, upper panel), in which Lysine (K) residue of Oct4
was replaced with Arginine (R), were generated. Out of the
nine mutants of Oct4, five (K118R, K133R, K137R,
K188R, and K199R) of them increased Oct4 protein levels
compared to the Oct4 WT (Fig. 6c). To assess whether the
protein stability of the Oct4 mutants can be affected by Itch-
mediated ubiquitination, the effects of Itch overexpression
on the protein levels of Oct4 mutants were examined. Itch
overexpression decreased the protein levels of Oct4 WT,
whereas the protein levels of the Oct4-K133R mutant
were not affected by Itch overexpression and the protein
levels of Oct4-K137R and Oct4-K199R were partially
attenuated by Itch overexpression (Fig. 6d), suggesting that
K133, K137, and K199 may be associated with the Itch-
mediated degradation of Oct4. To determine whether the
ubiquitination sites of Oct4 are responsible for the Kap1-
dependent degradation of Oct4, the effects of Kap1 silen-
cing on the protein levels of the Oct4 mutants were asses-
sed. The protein levels of the WT and mutants (K137R
and K199R) of Oct4 were drastically decreased upon Kap1
silencing; however, the protein levels of Oct4-K133R
and K133R/K137R were not affected by Kap1 silencing
(Fig. 6e). Consistently, the protein stability of the
K133R and K133R/K137R mutants of Oct4 increased
compared with that of Oct4 WT; however, knockdown of
Kap1 expression abrogated the increased stability of the
Oct4 mutants (Fig. 6f). Moreover, knockdown of Kap1 did
not affect the ubiquitination of the K133R and K133R/
K137R mutants of Oct4 (Fig. 6g). These results suggest that
Kap1 inhibits Itch-mediated ubiquitination of the K133
residue of Oct4 and prevents proteolytic degradation of
Oct4 (Fig. 6h).

The ubiquitination site mutants of Oct4 exhibits
increased reprogramming efficiency

The overexpression of Yamanaka transcription factors
“OSKM” (Oct4, Sox2, Klf4, and c-Myc) can reprogram
MEFs into iPSCs [2]. To explore the role of Kap1 in
reprogramming process, we measured the effects of Kap1
silencing on the reprogramming efficiency by using MEF
expressing GFP under the Oct4 promoter (Oct4-GFP).
Silencing and overexpression of Kap1 in MEFs were con-
firmed by western blotting (Fig. 7a). Unlike the control
cells, Kap1 knockdown in MEFs by using Kap1 shRNA
(clones 2 or 3) markedly abrogated iPSC formation induced
by OSKM overexpression (Figs. 7b and S4); however,
overexpression of Kap1 together with OSKM significantly
augmented the formation of AP- and GFP-positive colonies
(Fig. 7b–d). Since c-Myc has been known to act as an
oncogene, whether Kap1 can replace c-Myc in the repro-
gramming of somatic cells was examined. Overexpression
of OSK barely produced AP- and GFP-positive colonies,
whereas the OSK-induced formation of AP- and GFP-
positive colonies was greatly increased in Kap1-over-
expressed iPSCs (Fig. 7e, f). The reprogramming efficiency
induced by OSK+Kap1 is almost comparable to that
induced by OSKM, suggesting that Kap1 can replace c-Myc
in the reprogramming of somatic cells. Moreover, Kap1
overexpression did not increase expression of exogenously
transfected c-Myc in MEFs (Fig. S5), in contrast to the
Kap1-dependent increase of endogenous c-Myc in ESCs
(Fig. 3d). These results suggest that Kap1 stimulates
reprogramming of somatic cells through mechanisms
involving Oct4, but not c-Myc.

To explore whether the Oct4 ubiquitination site mutant
(K133R/K137R) that facilitates the reprogramming of
somatic cells, Oct4WT, or Oct4K133R/K137R was expressed
along with Sox2, Klf4, and c-Myc in Oct4-GFP MEFs. The
Oct4K133R/K137R mutant exhibited a greater expression level
than Oct4WT (Fig. 7g). Oct4K133R/K137R MEFs generated
more AP- and Oct4-GFP-positive colonies than Oct4WT

MEFs (Fig. 7h, i). Moreover, in the absence of c-Myc,
the retroviral overexpression of Sox2 and Klf4 in
Oct4K133R/K137R MEFs generated more AP- and Oct4-GFP-
positive colonies than in Oct4WT MEFs (Fig. 7j, k). These
results suggest that Oct4K133R/K137R augments the repro-
gramming efficiency of somatic cells due to its increased
stability.

Discussion

The “core” stemness factors, Oct4, Sox2, and Nanog, have
been recognized to be essential in vivo and in vitro for the
early development and maintenance of pluripotency [14]. In
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Fig. 6 Identification of Kap1-regulated ubiquitination sites of
Oct4. a, b Involvement of the POU domains of Oct4 in the Kap1-
regulated protein stability of Oct4. The expression vectors bearing
Flag-tagged full-length, POU, or ΔPOU domains of Oct4 were
transfected into NIH3T3 cells in which Kap1 was silenced (a) or
overexpressed (b). The protein levels of Kap1 and Flag-tagged Oct4 or
its deletion mutants were analyzed by western blotting. c Schematic
presentation of Oct4 domains and point mutants of its potential ubi-
quitination sites from Lys residue to Arg residue (upper panel).
NIH3T3 cells were transfected with Flag-tagged Oct4 wild type (WT)
or its point mutants, and expression levels of Oct4 WT and mutants
were determined by western blotting (lower panel). d Identification of
lysine residues implicated in the Itch-dependent degradation of Oct4
protein. Myc-tagged Itch-expressing vector was co-transfected with
Flag-Oct4 WT or its point mutants into NIH3T3 cells, and the protein
levels of Itch, Oct4, and GAPDH were determined by western blotting.

e Identification of lysine residues implicated in the Kap1-induced
increase in Oct4 protein stability. Flag-Oct4 WT or its mutants were
transfected into the Kap1-silenced or control NIH3T3 cells, and the
protein levels of Kap1, Oct4, and GAPDH were determined by wes-
tern blotting. f Effects of Kap1 knockdown on the protein stability of
Oct4 WT and its ubiquitination site mutants. Kap1-silenced or control
NIH3T3 cells were transfected with Flag-Oct4 WT, K133R, or
K133R/K137R, followed by treatment with CHX for the indicated
time periods and western blot analysis. g Flag-Oct4-K133R (left panel)
or K133R/K137R (right panel) mutants were co-transfected with HA-
Ub into the Kap1-silenced or the control NIH3T3 cells. After MG132
treatment for 4 h, the Oct4 proteins were immunoprecipitated with
anti-Flag antibody, and the immunocomplexes were subjected
to western blotting. h A schematic model for the Kap1-dependent
regulation of Oct4 protein stability by inhibiting Itch-mediated
ubiquitination.
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ESCs, the dosage of Oct4 is crucial: reduced expression
induces trophectoderm development, whereas enhanced
expression drives primitive endoderm differentiation [38],
suggesting that expression levels of the core stemness fac-
tors determine the pluripotency of ESCs. Upon deprivation
of LIF, control ESCs spontaneously differentiated, whereas
Kap1-ESCs retain their undifferentiated morphology. Con-
sistently, Dox-induced Kap1 overexpression increased the

protein levels of not only Oct4 but also Sox2 and Nanog in
Kap1-ESCs without affecting the mRNA levels of Sox2 and
Nanog (Fig. S6). Kap1-overexpressed ESCs exhibited longer
half-life of endogenous Sox2 and Nanog proteins than control
ESCs (Fig. S7). These results suggest that Kap1 may acts as a
master regulator in proteasomal degradation of the core
stemness factors. We showed that Kap1 directly interacts with
Oct4 and interferes Itch-mediated ubiquitination and
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subsequent proteasomal degradation of Oct4. Therefore, it is
plausible to suggest that Kap1 protects the core stemness
factors from proteasomal degradation through interaction with
the stemness factors. In addition, we have shown that Kap1
overexpression augments the expression of G1 cyclins, such
as cyclins D1 and D3, in ESCs. G1 cyclins have been
reported to promote the protein stability of core stemness
factors by inhibiting polyubiquitination and protecting them
from proteasomal degradation [30], suggesting a potential role
of G1 cyclins in the Kap1-stimulated protein stability of core
stemness factors. The molecular mechanism implicated in the
Kap1-mediated regulation of protein stability of core stemness
factors needs to be clarified further.

It has been documented that stem cell function is regu-
lated by the proteolytic degradation of stem cell factors via
the ubiquitin-proteasome system in ESCs [7]. In the present
study, we found that overexpression of Kap1 reduced Oct4
ubiquitination, whereas knockdown of Kap1 enhanced the
ubiquitination of Oct4. It was shown that Kap1 regulates the
protein stability of the full-length and POU domains of
Oct4. To date, two E3 ubiquitin ligases, Wwp2 and Itch,
have been implicated in the ubiquitination of Oct4 [36, 39].
Wwp2 has been reported to promote Oct4 protein degra-
dation during the differentiation of ESCs; however, it did
not affect Oct4 ubiquitination and protein levels in

undifferentiated mouse ESCs [39]. Itch has been reported to
regulate the protein stability of Oct4, and knockdown of
Itch comprised the self-renewal capacity of mouse ESCs
and somatic cell reprogramming efficiency [36]. In the
present study, we demonstrated that K133, K137, and K199
might be associated with the Itch-mediated degradation of
Oct4, and the ubiquitination of Oct4 at K133 is entirely
abrogated by Kap1 overexpression. These results suggest
that Kap1 interferes with the Itch-mediated ubiquitination of
the POU domain of Oct4 at K133, thereby increasing
Oct4 stability. In accordance with these results, it has been
documented that Oct4 mutations of five lysine residues
(K118, K121, K133, K137, and K144) are associated with
the Wwp2 E3 ligase for Oct4 ubiquitination, that results in
enhanced Oct4 stability and thus ensures high reprogram-
ming efficiency levels [40]. Therefore, these results suggest
that Kap1 interferes with the Itch-mediated ubiquitination of
Oct4 and subsequent proteolytic degradation, thereby
increasing the protein stability of Oct4 (Fig. 6h).

In summary, the present study demonstrated a pivotal
role of Kap1 as a master regulator of the protein stability
of core stemness factors, including Oct4. Kap1 regulates
the pluripotency of ESCs and promotes somatic cell
reprogramming by inhibiting the Itch-mediated ubiquiti-
nation of Oct4. The present study suggests that the
overexpression of either the Kap1 or the Oct4K133R/K137R

mutant may be useful for enhancing the reprogramming
efficiency by increasing the protein stability of Oct4 and
stemness factors.
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