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ABSTRACT
The pluripotency of embryonic stem cells (ESCs) is maintained by intracellular networks of
many pluripotency-associated (PA) proteins such as OCT4, SOX2, and NANOG. However, the
mechanisms underlying the regulation of protein homeostasis for pluripotency remain elusive.
Here, we ﬁrst demonstrate that autophagy acts together with the ubiquitin-proteasome system
(UPS) to modulate the levels of PA proteins in human ESCs (hESCs). Autophagy inhibition
impaired the pluripotency despite increment of PA proteins in hESCs. Immunogold-electron
microscopy conﬁrmed localization of OCT4 molecules within autophagosomes. Also, knockdown
of LC3 expression led to accumulation of PA proteins and reduction of pluripotency in hESCs.
Interestingly, autophagy and the UPS showed differential kinetics in the degradation of PA proteins. Autophagy inhibition caused enhanced accumulation of both cytoplasmic and nuclear PA
proteins, whereas the UPS inhibition led to preferentially degrade nuclear PA proteins. Our ﬁndings suggest that autophagy modulates homeostasis of PA proteins, providing a new insight in
the regulation of pluripotency in hESCs. STEM CELLS 2014;32:424–435

INTRODUCTION
Homeostasis of intracellular proteins, which is
maintained by the orchestrated regulation of
de novo synthesis and degradation, is essential
for cell viability and proliferation. Different systems of intracellular protein quality control
maintain homeostasis and cellular viability [1].
These processes are largely modulated by two
main proteolysis mechanisms, autophagy and
the ubiquitin-proteasome system (UPS) [2].
Autophagy, a lysosomal degradation pathway,
involves the degradation of cytoplasmic components including macromolecules and organelles
to maintain cellular function [3]. Autophagy,
which is conserved from yeast to mammals, is
generally induced by extracellular stresses such
as starvation. Upon induction, the preautophagosomal structure is ﬁrst formed and is elongated to phagophore that engulfs cytoplasmic
components, eventually leading to the formation of autophagosome with double membranes. In the autophagy pathway, nascent LC3
I (microtubule-associated proteins 1A/1B light
chain 3-I) is conjugated with phosphatidylethanolamine to become LC3 II which associates
with both the outer and inner membranes of
the autophagosome. After fusion with the lysosome, autolysosome is degraded. Degradation
of polyubiquitinated (poly-Ub) proteins is also
processed by autophagy. Through the catabolic
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regulation of cytoplasmic components, autophagy contributes to cellular metabolism [4], tissue homeostasis [5], and immune system
function [6]. Autophagy is also involved in the
cellular renovation associated with cell fate
determination during embryonic development
and differentiation in mammals [7]. Dysfunction
of autophagy is related to a variety of diseases
and cancers [8].
The pluripotency of embryonic stem cells
(ESCs) is largely maintained by orchestrated networks of regulatory pluripotency-associated (PA)
transcription factors such as OCT4, SOX2, and
NANOG [9]. Quantitative imbalances of those
proteins can lead to the loss of pluripotency or
differentiation of ESCs. Overexpression of Oct4
causes differentiation of mouse ESCs into primitive endoderm and mesoderm [10, 11]. Deﬁciency of Nanog induces differentiation of cells
into extraembryonic endoderm lineage, whereas
overexpression of Nanog leads to Leukemia
Inhibitory Factor-independent self-renewal in
mouse ESCs [12]. In hESCs, OCT4, NANOG, and
SOX2 regulate lineage-speciﬁc differentiation in
a distinct manner [13]. OCT4 overexpression
promotes pluripotency in the absence of BMP4,
whereas it induces primitive streak formation in
the presence of BMP4. NANOG suppresses differentiation into embryonic ectoderm, whereas
SOX2 suppresses fate commitment to mesendoderm [13].
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ESCs can indeﬁnitely proliferate without loss of pluripotency under optimal culture conditions, which involve the
exchange of the nutrient-rich medium at appropriate intervals.
ESCs should be adapted in response to environmental
changes to maintain homeostasis of PA proteins. However, the
mechanisms by which the levels of PA proteins are modulated
to maintain cellular homeostasis within a certain range in
ESCs remain to be elucidated. Previous studies have reported
that Oct4 is degraded in mouse and human ESCs via the UPS
[14–16]. Human ESCs that highly express ubiquitination components and proteasome subunits are very sensitive to
proteasome inhibition, thereby leading to reduction of pluripotency [17, 18]. Speciﬁc UPS enzymes or ubiquitinated substrates may be associated with the pluripotency in mESCs
[19]. These results indicate that catabolic pathways play a role
in the pluripotency of ESCs. Thus, the intracellular homeostasis of respective PA proteins via de novo synthesis and degradation should be regulated to maintain the pluripotency of
ESCs. Conversely, mTOR (mammalian target of rapamycin),
which is a direct upstream signal regulating autophagy, is a
critical regulator of hESC pluripotency [20–22]. Inhibition of
mTOR downregulates PA genes, whereas it activates developmental genes in hESCs [22]. However, very little is known
about the role of autophagy in the pluripotency of hESCs.
Recently, it has been reported that UPS is a key regulator of
pluripotency in mESCs [19].
In this study, we ﬁrst demonstrate that autophagy also
plays an important role in the regulation of PA proteins to
maintain pluripotency in hESCs. Inhibition of autophagy by
baﬁlomycin A1 (BFA1) treatment resulted in reduction of hESC
pluripotency despite the enhanced accumulation of PA proteins. Similarly, knockdown of LC3 showed increment of PA
proteins and decreased pluripotency in hESCs. Immunogold
electron microscopy (EM) analysis demonstrated the direct
interaction of OCT4 molecules with autophagosomes in hESCs.
Intriguingly, autophagy was associated with the regulation of
cytoplasmic and nuclear PA protein levels, whereas the UPS
was mainly involved in the degradation of nuclear proteins.
Our ﬁndings indicate that autophagy and the UPS cooperatively regulate the levels of PA proteins to maintain pluripotency in hESCs. This cooperative action may be important to
regulate cellular stresses caused by overexpressed or unfavorable proteins produced in response to changes in the cellular
environment.

MATERIALS

AND

METHODS

Chemical Treatments in hESCs
Two hESC lines (CHA15-hESC [23], passages 55–85, and H9,
passages 50–80) and a human induced pluripotent stem cell
(iPSC) line [24] (passages 25–35) were used in this study. They
were maintained on Mitomycin C (Sigma-Aldrich, St. Louis, MO,
http://www.sigmaaldrich.com)-treated mouse embryonic ﬁbroblasts (mct-MEFs) in the ESC medium at 37 C and 5% CO2 in
air. The ESC medium consisted of Dulbecco’s modiﬁed Eagle’s
medium (DMEM)-F-12 (Invitrogen, Carlsbad, CA, http://www.
invitrogen.com) supplemented with 20% Serum Replacement
(Invitrogen), 1% Non Essential Amino Acid (Invitrogen), 1%
penicillin-streptomycin (Invitrogen), 0.1 mM 2-mercaptoethanol
(Sigma-Aldrich), and 4 ng/ml basic ﬁbroblast growth factor
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(Invitrogen). The conditioned medium (CM) was used to culture
hPSCs in a feeder-free system. To prepare CM, mct-MEFs were
incubated in the ESC medium at a density of 9.8 3 106 cells/
T175 ﬂask at 37 C and 5% CO2 in air for 7 days. Every day, harvested suspension was ﬁltered using 0.22 mm ﬁlter (Corning
Incorporated Life Sciences, Tewksbury, MA, http://www.corning.
com/lifesciences) and then frozen until use. For feeder-free culture, dishes were coated with Matrigel (BD Biosciences, San
Jose, CA, http://www.bdbiosciences.com) for 30 minutes. Prior
to chemical treatment, hESCs and hiPSCs were stabilized in the
CM for 2 days. Then, chemicals such as 20 mM BFA1 (A.G. Scientiﬁc, San Diego, CA, http://www.agscientiﬁc.com, B-1183),
10 mM 3-Methyladenine (Sigma-Aldrich, M9281), 50 nM rapamycin (A.G. Scientiﬁc, R-1018), 0.5 mM MG132 (A.G. Scientiﬁc),
10 mM retinoic acid (RA) (Sigma-Aldrich), and 50 mg/ml cycloheximide (CHX) (Sigma-Aldrich) were added to respective
experiments. For inhibition of mTOR signaling, hESCs were cultured in CM supplemented with 100 nM rapamycin for 3 days.
For starvation, hESCs were incubated in DMEM/F-12 containing
50 nM rapamycin and 1% SR for 2.5 hours.

Quantitative RT-PCR
Total RNAs were extracted from cells using the TRIzol Reagent
(Invitrogen). Reverse-transcription was performed using M-MLV
Reverse Transcriptase (Enzynomics, Daejeon, Korea, http://
www.enzynomics.com) according to the manufacturer’s protocol. The relative expression levels of the different genes were
measured by real-time RT-PCR using 23 Prime Q-Master Mix
(GENET BIO, Seoul, Korea, http://www.genetbio.com) and analyzed with an iCycler iQ5 Real-Time detection system (Bio-Rad
Laboratories, Hercules, CA, http://www.bio-rad.com). The primers used in this study are listed in Supporting Information
Table S1. The reaction parameters for real-time RT-PCR analysis
were 95 C for 10 minutes followed by 40 cycles of 95 C for 30
seconds, 60 C for 30 seconds, and 72 C for 30 seconds, and a
ﬁnal elongation step at 72 C for 5 minutes. For comparative
analyses, mRNA expression levels were normalized to GAPDH
and then expressed as fold-change relative to the expression
level of control hESCs. The DCt value was calculated as the difference between the GAPDH Ct and the target Ct. Fold changes
in gene expression levels between the sample and the control
were determined using the formula 22(SDCt 2 CDCt).

Western Blotting
Cells were homogenized in Western blot pro-prep lysis buffer
(Intron, Seoul, Korea, www.intronbio.com) containing protease
inhibitors (Sigma-Aldrich), and the lysates were centrifuged at
16,100g for 30 minutes at 4 C. Protein concentration was
determined using the Bradford assay. High molecular weight
proteins (more than 60 kDa) were separated on 9% SDS-PAGE
gels and other proteins were analyzed by 10% Gradi-Gel (Elpis
Biotech, Daejeon, Korea, http://www.elpisbio.com). Proteins
were transferred to nitrocellulose membranes, which were
blocked with 4% skim milk and incubated with the following
primary antibodies: mTOR Substrates Antibody Sampler Kit
(Cell Signaling Technologies, Beverly, MA, http://www.cellsignal.
com, #9862), OCT4 (Santa Cruz, Santa Cruz, CA, http://www.
scbt.com, SC-8629), SOX2 (Cell Signaling Technologies, #3579),
NANOG (Cell Signaling Technologies, #4903), c-MYC (Cell Signaling Technologies, #5605), KLF4 (H-180) (Santa Cruz, SC-20691),
LC3 (Novus, Littleton, CO, http://www.novusbio.com, NB100–
C AlphaMed Press 2013
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2220), ACTIN (Santa Cruz, SC-1615), and SQSTM1 (Santa Cruz,
SC-28359) dissolved in 4% of skim milk at 4 C overnight. After
washing with Tris-Buffered Saline with 0.05% Tween 20 (TBST),
membranes were incubated with horseradish peroxidaseconjugated second antibodies in TBST containing 4% skim milk
for 1 hours. Quantitative imaging was performed with the ECL
chemi-luminescence system and the Fujiﬁlm LAS4000 CCD camera system (Fujiﬁlm, Tokyo, Japan, http://www.fujiﬁlm.com).
Relative ratio of respective density of each proteins band was
quantiﬁed using Image J software and expressed as the
mean 6 SE (n 5 3). Analysis of signiﬁcance was performed
using the Student’s t test.

Isolation of Nuclear and Cytoplasmic Fractions from
hESCs
Human ESCs cultured on a feeder-free system were dissociated
into single cells by treatment with Accutase (Innovative Cell
Technologies, San Diego, CA, http://www.innovativecelltech.
com) for 10 minutes at 37 C. After gently pipetting, cells were
passed through 40 mm cell strainers (BD Biosciences). Dissociated single cells were directly lysed in protease inhibitor cocktail (Sigma-Aldrich) containing NE-PER extraction reagent
(Thermo Fisher Scientiﬁc Inc., Waltham, MA, http://www.
thermoﬁsher.com) according to the manufacturer’s instructions.

Immunostaining and Alkaline Phosphatase Staining
Cells were ﬁxed in 4% formaldehyde (Sigma-Aldrich) at room
temperature (RT) for 15 minutes, permeabilized with 0.1% Triton X-100 in PBS, and blocked with 3% fetal bovine serum
(FBS) at RT for 1 hour. The cells were reacted with antibodies
against OCT4 (Santa Cruz, 1:300) and SQSTM1 (Santa Cruz,
1:100), SSEA-4 (1:300, Abcam, Cambridge, MA, http://www.
abcam.com, ab16287), TRA1–60 (1:300, Millipore, Billerica,
MA, http://www.millipore.com, MA, MAB4360), and TRA1–81
(Millipore, 1:300, MA, MAB4381) diluted with blocking solution at 4 C overnight. After washing with Phosphate Buffered
Saline with 0.1% Tween 20 (PBST) (0.1% Tween-20 in PBS)
several times, cells were incubated with Alexa-488- or 2594conjugated secondary antibodies at RT for 45 minutes. After
washing completely, ﬂuorescence images were captured on a
Zeiss LSM 510 confocal microscope equipped with argon and
helium–neon lasers (Carl Zeiss, Oberkochen, Germany, http://
corporate.zeiss.com/). Z-stack images were captured using the
LSM510 imaging software and double-positive signals were
analyzed at the orthogonal section using Zeiss LSM Image
Browser. Three-dimensional images of OCT4 and SQSTM1
were determined using Imaris software (Bitplane, St. Paul,
MN, http://www.bitplane.com). Alkaline phosphatase (AP)
staining kit (Sigma-Aldrich, M8168) was used for detection of
hESC colonies after infection of shRNAs according to the manufacturer’s instruction. Infected hESCs were ﬁxed in citrateacetone-formaldehyde solution for 1 minute at RT and incubated in AP staining solution (Naphthol/Fast Red violet) for 15
minutes in the dark. The bright-ﬁeld images were captured on
a microscope (Olympus, Tokyo, Japan, http://www.olympusglobal.com).

Fluorescence-Activated Cell Sorting Analysis
For single-cell dissociation, hESCs were incubated with Accutase
for 10–15 minutes. After washing out Accutase with prechilled
PBS at 4 C, cell pellets were resuspended in Hank’s Balanced
C AlphaMed Press 2013
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Salt Solution (Invitrogen) supplemented with 2% FBS. Cells were
immunostained with anti-SSEA-4 (BD Biosciences, MC813-70),
anti-Tra1–60 (eBioscience, CA, 12–8863), and anti-Tra1–81
(Millipore). FITC-conjugated Annexin V (BD Pharmingen, CA,
556547) was used to measure proportion of dead cells. Flow
cytometry analysis was performed on an LSRII analyzer (Becton
Dickinson, Franklin Lakes, NJ, http://www.bd.com/) according to
the manufacturer’s instructions. The data were analyzed using
the FlowJo software (Tree Star, Inc., Ashland, OR, http://www.
ﬂowjo.com).

Immunogold EM
Human ESCs were ﬁxed in 0.1 M cacodylate buffer (pH 7.2)
containing 3% paraformaldehyde and 0.5% glutaraldehyde at
4 C for 1 hour. After rinsing with cold distilled water, cells
were dehydrated through a series of ethanol concentration at
4 C, inﬁltrated with LR White resin (London Resin, Berkshire,
England, http://www.polysciences.com) at 4 C, and embedded
in LR White resin in a gelatin capsule (Nisshin EM, Tokyo,
Japan, nisshin-em.co.jp). Polymerization of the resin was carried
out at 50 C for 1 day. Serial sections (120–200 sections per
sample), 70-nm thick, were attached to formvar-coated nickel
grids. After rinsing with PBS, sections were incubated in 3%
Bovine Serum Albumin for 30 minutes at RT. Then, they were
incubated with monoclonal anti-OCT4 antibody (Santa Cruz,
1:60 in PBS) for 3 hours at RT. After washing ﬁve times with
Tween-PBS (PBS plus 0.5% Tween-20), sections were treated
with colloidal gold (20 nm in diameter) conjugated anti-goat
IgG antibody (BBI International, Cardiff, U.K., http://www.
bbisolutions.com/, 1:20 in PBS) for 3 hours at RT. After washing
three times with PBST, sections were stained with 4% uranyl
acetate for 5 minutes and then with lead-citrate for 5 minutes.
To examine the speciﬁcity of the anti-OCT4 antibody, the primary antibody was omitted and the rest of the procedure was
performed as described above. Finally, samples were observed
using an H-7650 transmission electron microscope (Hitachi,
Tokyo, Japan, http://www.hitachi-hitec.com/global/science/).

Knockdown of LC3 Expression by siRNA and shRNA
Experiments
Validated siRNAs (250 nM, Bioneer, Daejeon, Korea) for LC3
were transfected into hESCs using Lipofectamine RNAiMAX
transfection reagent (Invitrogen) according to the manufacturer’s protocol. After 24 hours, the same amount of siRNAs
was repeatedly transfected into hESCs. Human ESCs were harvested at 24 and 48 hours after second transfection, respectively. To make shRNA constructs, oligoduplexes of LC3 (target
sequences;
5[prime]-GAGGTGTATGAGAGTGAGAAA-3[prime])
were cloned into pLKO.1-puro according to the protocol published online [25, 26]. Lentiviruses were produced using a
packaging cell line HEK293T with vectors containing the
shRNA sequence against human LC3 and the scrambledshRNA, respectively.

RESULTS
Effects of Autophagy Inhibition on the Regulation of
PA Proteins in hESCs
The mTOR signaling pathway associated with autophagy activity
is known to be a key regulator in the pluripotency of hESCs
STEM CELLS
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Figure 1. Effects of autophagy inhibition on the regulation of pluripotency-associated (PA) proteins in hESCs. (A): Downregulation of PA
proteins and autophagy activation in hESCs by starvation. When hESCs were starved in the serum-free medium containing 50 nM rapamycin and 1% SR for 2.5 hours, mTOR signaling molecules and PA proteins were downregulated whereas autophagy was activated. (B):
Upregulation of PA protein levels by autophagy inhibition. Addition of BFA1 (20 mM) to the nutrient-rich medium increased the accumulation of PA proteins in hESCs. (C): Relative transcriptional level of PA genes in BFA1-treated hESCs. Autophagy inhibition did not
increase the transcription of PA genes. Gene expression was normalized to GAPDH. The data are presented as mean 6 SEM (n 5 2). (D):
Synergistic effects of autophagy inhibition under starvation conditions. When autophagy was inhibited by treatment with BFA1 under
starvation conditions for 2.5 hours, the accumulation of PA proteins, c-MYC, and LC3 II was higher than that of KLF4. (E): Treatment of
hESCs with another autophagy inhibitor, 3-MA. Treatment of hESCs with 10 mM 3-MA for 2.5 hours under starvation conditions, which
hindered autophagosome formation (as shown by signiﬁcantly decreased levels of LC3 II), was also effective in promoting the accumulation of PA molecules. (F): Fluorescence-activated cell sorting analysis of BFA1-treated hESCs. BFA1 treatment decreased ES-speciﬁc surface antigens such as SSEA-4, TRA1–60, and TRA1–81in hESCs, indicating the loss of pluripotency. (G): Accumulation of PA proteins in
response to autophagy inhibition during RA treatment of hESCs. Treatment of hESCs with BFA1 (20 mM) for 2.5 and 5 hours after 10
mM RA treatment for 2 days led to the accumulation of PA molecules. Abbreviations: BFA1, baﬁlomycin A1; hESC, human embryonic
stem cell; RA, retinoic acid.

[20–22]. When hESCs were starved to inhibit mTOR signaling
for 2.5 hours, mTOR-downstream markers (p-mTOR, p-S6K1,
and p-4EBP) and PA proteins (OCT4, SOX2, and NANOG) were
reduced, whereas the autophagy marker LC3 II was enhanced
(Fig. 1A). In the response to hESC starvation, c-MYC and KLF4
seemed to be less sensitive than PA proteins. From these
results, we hypothesized a possibility that autophagy activity
might be associated with the regulation of PA proteins in
hESCs. To test this hypothesis, hESCs were treated with BFA1, a
speciﬁc inhibitor of the fusion of autophagosomes with lysosomes, for 2.5 hours and 3 days, respectively. Autophagy inhibition enhanced PA proteins in hESCs (Fig. 1B), although their
transcriptional activities did not increase (Fig. 1C). Like in Figure
1A, c-MYC and KLF4 appeared to be insensitive to the BFA1
treatment compared with PA proteins (Fig. 1B). Under starvation conditions, autophagy inhibition caused a signiﬁcant accu-
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mulation of PA proteins, c-MYC and LC3 II, unlike KLF4 (Fig.
1D). Also, treatment of hESCs with another autophagy inhibitor
3-MA, which blocks preautophagosomal structure (PAS) [27],
led to increment of PA proteins and reduction of LC3 II (Fig.
1E). Despite the intracellular increase of PA proteins caused by
autophagy inhibition in hESCs, ﬂuorescence-activated cell sorting and immunostaining analyses showed downregulation of
ES-speciﬁc surface antigens such as SSEA-4, TRA1–60, and
TRA1–81 (Fig. 1F; Supporting Information Fig. S1A, respectively). EM images demonstrated larger lipid droplets, which
are indicative of the differentiated state [28], in BFA1-treated
hESCs than in undifferentiated hESCs (Supporting Information
Fig. S1B). However, BFA1 treatments did not signiﬁcantly
enhance transcriptional activation of any lineage-speciﬁc genes
(Supporting Information Fig. S1C), representing no correlation
between
autophagy
inhibition
and
lineage-speciﬁc
C AlphaMed Press 2013
V

428

Homeostasis of PA Proteins Via Autophagy

Figure 2. Direct interaction of OCT4 with autophagosomes in human embryonic stem cells (hESCs). (A): Colocalization of OCT4 and
SQSTM1 in punctate vesicle-like structures within the cytoplasm in the autophagy inhibition group (scale bar 5 20 mm). (B): Double positive signals corresponding to OCT4 and SQSTM1 were detected in the cytoplasm in orthogonal sections analyzed by z-stack using the
LSM Image browser (scale bar 5 20 mm). (C): Degradation of OCT4 molecules via autophagy in hESCs. AP and m represent autophagy
and mitochondria, respectively. (a): Immunogold EM images show OCT4 molecules within autophagosomes in undifferentiated hESCs,
(b) BFA1-treated hESCs, and (c) starvation/BFA1-treated hESCs. (d): Control group without addition of OCT4 antibody shows no signals
in the autophagosomes. Scale bar is 1 mm. Abbreviations: AP, alkaline phosphatase; BFA1, baﬁlomycin A1.

differentiation. Autophagy inhibition under differentiation conditions induced by RA treatment of hESCs for 2 days resulted
in a remarkable accumulation of PA proteins, whereas the levels of the control molecules c-MYC and KLF4 remained relatively constant (Fig. 1G). Similar patterns of accumulation of PA
proteins caused by autophagy inhibition were observed in
another hESC line (H9) and a hiPSC line (Supporting Information Fig. S2A, S2B, respectively). Under the differentiationpromoting condition by BMP4 treatment, BFA1 treatment also
gave rise to accumulation of OCT4 (Supporting Information Fig.
S2C) and decrease of SSEA-4-positive cell population (Supporting Information Fig. S2D). Therefore, the results imply that
autophagy is associated with the degradation of PA proteins in
hESCs.
C AlphaMed Press 2013
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Direct Interaction of OCT4 Molecules with
Autophagosomes in hESCs
We next determined whether PA proteins interact directly
with autophagosomes in hESCs. Immunoﬂuorescent analysis
showed enhanced bright signals corresponding to an
ubiquitin-binding receptor for autophagy SQSTM1 in hESCs
treated with an autophagy inhibitor as compared to the
untreated controls (Supporting Information Fig. S3A). OCT4
molecules were colocalized with SQSTM1 in many punctate
vesicle-like structures within the cytoplasm in the autophagy
inhibition group as compared to the nutrient-rich group
(Fig. 2A). Continuous capture of OCT4 and SQSTM1 signals by
z-stack analysis represented double-positive signals in
STEM CELLS
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orthogonal sections detected using LSM Image browser and
Imaris software (Fig. 2B; Supporting Information Fig. S3B; S3D
movie). These observations indicate that OCT4 molecules may
interact directly with autophagosomes (SQSTM1) in the cytoplasm. In addition, immunogold EM images strongly support a
novel ﬁnding that OCT4 molecules interact with autophagosomes in hESCs. OCT4 molecules were detected within autophagosomes in undifferentiated (Fig. 2C-a), BFA1-treated (Fig.
2C-b), and starvation/BFA1-treated hESCs (Fig. 2C-c). No signals were observed in the control group without addition of
OCT4 antibody (Fig. 2C-d). To conﬁrm whether these vesicular
structures in the images are autophagosomes, immunogold
EM was performed against LC3 in hESCs. A lot of LC3-positive

Figure 3.
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signals were detected in autophagosomal structures (Supporting Information Fig. S3C). Our ﬁndings suggest that degradation of PA proteins is regulated via direct interactions with
autophagosomes in hESCs.

Accumulation of PA Proteins by Knockdown of LC3
To test whether PA proteins are really degraded via autophagy
pathway, siRNA and shRNA experiments targeting LC3 gene
were performed in hESCs. LC3 levels were downregulated in
hESCs after siRNA transfection. In the siRNA experiment, protein levels of OCT4 and NANOG were enhanced at 48 hours,
whereas SOX2 increased at 24 hours after siRNA transfection
(Fig. 3A), showing different kinetics in the LC3 knockdown
between PA proteins. shRNA experiments showed more
clearly a reverse correlation in the protein regulation between
autophagy and PA proteins. Downregulation of LC3 by shRNA
resulted in increases of PA proteins in hESCs (Fig. 3B). But, no
signiﬁcant differences were observed in the protein level of cMYC and KLF4 between LC3-shRNA (shLC3) and scrambledshRNA (shSCR) groups (Fig. 3B). These results indicate that
degradation of PA proteins is directly correlated with autophagy regulatory machineries. Furthermore, knockdown of LC3
resulted in reduction of SSEA-4-positive cell population (Fig.
3C, 3D) and no increment of Annexin V-positive cell population as compared to shSCR groups in hESCs (Fig. 3D). This
result implies that partial loss of pluripotency is derived by
autophagy inhibition, not cell death. When shRNA-infected
hESCs were subcultured in the ESC medium on feeder layers,
shSCR-transduced colonies showed stronger AP-positive signals than shLC3-ones (Fig. 3E-a). The number of strong APpositive colonies was signiﬁcantly decreased in the shLC3
group compared to the shSCR group (Fig. 3E-b). Nonetheless,
no differences were observed in the transcriptional levels of
lineage-speciﬁc genes (Supporting Information Fig. S4A, S4B).
These ﬁndings strongly support a novel insight that autophagy

Figure 3. Knockdown of LC3 expression. (A): Effect of LC3siRNAs on levels of pluripotency-associated (PA) proteins. Human
embryonic stem cells (hESCs) were harvested at 24 and 48 hours
after siRNAs transfection, respectively, and then protein levels
were analyzed. Accumulation patterns of each PA protein by LC3
knockdown appeared different. OCT4 and NANOG were increased
at 48 hours, whereas SOX2 was enhanced at 24 hours after siRNA
transfection. siNC; negative control siRNA, siLC3; LC3-siRNA. (B):
Effect of LC3-shRNAs on levels of PA proteins. OCT4, SOX2, and
NANOG were markedly increased at 4 days after shRNA transduction, but there were no signiﬁcant differences in the level of cMYC and KLF4. shSCR; scrambled-shRNA, shLC3; LC3-shRNA. (C):
Reduction of pluripotency in hESCs by knockdown of LC3 expression. Immunostaining analysis was performed at 4 days after LC3shRNA transduction. Signals represent an ES-speciﬁc surface antigen SSEA-4(red) and DAPI (blue), respectively. Scale bar 5 500
mm. (D): Fluorescence-activated cell sorting (FACS) analysis of
shLC3-transduced hESCs. hESCs were harvested at 4 days after
shLC3 transduction and then subjected to FACS analysis for SSEA4 and Annexin V. (E): Colony-forming assay in hESCs after shLC3
transduction. At 4 days after shRNA transduction, hESC colonies
were mechanically sliced into small pieces (approximately 100
mm) and then subcultured on mmc-treated MEF feeder layers for
5 days (a). Scale bar is 2 mm. The number of strong AP-positive
colonies was signiﬁcantly decreased in the shLC3 group compared
to the shSCR group (b). The data are shown as the mean 6 SE
(n 5 3). **, p < .01. Abbreviation: AP, alkaline phosphatase.
C AlphaMed Press 2013
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plays a crucial role in the maintenance of pluripotency in
hESCs in vivo.

Differential Regulation of PA Proteins by Autophagy
and the UPS
The degradation of OCT4 by the UPS in hESCs has been
reported previously [16]. We therefore examined the involvement of the UPS in the degradation of PA proteins in hESCs.
Under nutrient-rich conditions, PA protein levels increased at
2.5 hours and decreased at 5 hours after treatments with a
proteasome inhibitor MG132, whereas autophagy inhibition
led to gradual increments of PA proteins in parallel to the
changes of LC3 II levels (Fig. 4A). As expected, poly-ubiquitins
were accumulated in hESCs by UPS inhibition for 2.5 hours
(Supporting Information Fig. S5). Conversely, c-MYC appeared
to be more sensitive to the UPS inhibition, whereas KLF4 was
insensitive to both UPS and autophagy inhibitions in hESCs
(Fig. 4A). Upon the starvation condition, effects of proteasome and autophagy inhibition on the accumulation of PA
proteins were similar to those of the nutrient-rich condition,
except a long treatment (180 minutes) group (Supporting
Information Fig. S6). These results indicate that autophagy
and the UPS are involved in the regulation of PA protein levels in hESCs with different degradation kinetics.
Next, to address whether degradation of PA proteins takes
place in the nucleus or cytoplasm, nuclear and cytoplasmic
proteins were isolated from hESCs that were treated with
each inhibitor, respectively. In concordance with the increment of autophagosome marker (SQSTM1) in the cytoplasm,
cytoplasmic PA proteins were signiﬁcantly enhanced while cMYC and KLF4 were slightly reduced when autophagy was
inhibited (Fig. 4B, upper right diagram). In the nucleus, intriguingly, autophagy inhibition led to increases of all proteins
examined (Fig. 4B, lower right diagram). These results imply
that alterations in the degradation of cytoplasmic proteins
caused by autophagy inhibition may trigger the accumulation
of nuclear PA proteins. Upon UPS inhibition, levels of all proteins were not changed in the cytoplasm whereas enhanced
in the nucleus (Fig. 4C, right diagram). Consequently, accumulation of cytoplasmic PA proteins was a higher in response to
autophagy inhibition than to UPS inhibition. Thus, we found
that nuclear PA proteins were degraded by both autophagy
and UPSs, whereas degradation of cytoplasmic PA proteins
was mediated only by autophagy. This result gives a hint that
autophagy may be the primary system involved in the modulation of the levels of nuclear PA proteins in hESCs. To determine whether the upregulation of PA proteins in the
autophagy inhibition might be responsible for protein stability
or protein biosynthesis, hESCs were treated with CHX in
nutrient-rich medium for 4 hours to block translation and
then Western blot was performed (Fig. 4D-a). Normally, CHX
treatment downregulated expression of all proteins (Fig. 4Db). PA proteins were accumulated even in the presence of
CHX by the autophagy and UPS inhibition, respectively (Fig.
4D-c). These results indicate that PA proteins are regulated in
hESCs by autophagy and the UPS.

Cooperative Roles of Autophagy and UPS in the
Degradation of PA Proteins
To examine whether UPS is sensitive to the nutrient-rich environment, the culture medium was exchanged once and twice
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over a period of 2.5 hours, respectively. Upon the exchanges
of fresh medium in the presence of UPS inhibitor, PA proteins
were gradually accumulated, whereas the levels of c-MYC and
KLF4 remained constant (Fig. 5A). Under the autophagy inhibition, expression of OCT4 gradually increased, whereas SOX2
and NANOG levels decreased in response to the second
medium exchange (Fig. 5B). The levels of c-MYC and KLF4
were not affected by medium exchanges. In the absence of
MG132 or BFA1 treatment, all proteins maintained a constant
level under normal culture conditions (Fig. 5C). As expected,
addition of fresh medium did not enhance expression of LC3
II (Fig. 5A---5C), representing suppression of autophagy activity. Normally, expression of PA proteins was enhanced in
hESCs earlier after exchange of nutrient-rich medium compared to the nonexchange group (Fig. 5D). During culture of
hESCs for 24 hours, UPS inhibition led to enhanced levels of
PA proteins at early-stage (2 or 3 hours) and thereafter a constant level of PA proteins to some extent, whereas autophagy
inhibition caused a gradual increase of PA proteins (Fig. 5E;
Supporting Information Fig. S7). From these results, we provide a model that both autophagy and UPS may cooperatively
regulate the homeostasis of PA proteins with differential
kinetics in hESCs during in vitro culture (Fig. 5F).

DISCUSSION
In this study, we ﬁrst show that autophagy plays a role in the
degradation of PA proteins such as OCT4, SOX2, and NANOG
in human ESCs. The modulation of PA protein levels is essential for maintaining the pluripotency of ESCs. The ESCs should
be adapted to environmental changes such as medium
exchanges and different culture conditions to retain their
properties. In the process of this adaptation to environmental
changes, the homeostasis of cellular components such as
organelles and proteins is modulated by elaborate cascades of
synthesis and catabolism. Recently, it is suggested that higher
activity of autophagy is required for maintenance of adult
stem cells such hematopoietic stem cells, epidermal stem
cells, and dermal stem cells [29–31]. Also, it has been
reported that Oct4 molecules are degraded by the UPS in
ESCs [14–16]. Here, however, we demonstrate that autophagy
is also involved in the degradation of PA proteins that were
previously thought to be targeted exclusively to UPS-mediated
degradation.
The UPS and autophagy have traditionally been regarded
as independent pathways in the degradation of cellular proteins [32]. Recently, it has been reported that ubiquitination
targets substrates for protein degradation via both pathways
[33, 34], which underscores the importance of the crosstalk
between the UPS and autophagy for cell viability [35–38].
Autophagy is functionally coupled to the activity of the UPS
to protect from cell death by repression of UPS in tumor
cells [35]. Interestingly, our results showed that UPS inhibition did not enhance the level of LC3 II in hESCs (Fig. 4A,
right diagram), indicating that autophagy was not activated
by UPS inhibition. Thus, interaction of autophagy with the
UPS seems to be different between hESCs and tumor cells.
Autophagy inhibition increased the levels of cytoplasmic and
nuclear PA proteins, whereas UPS inhibition led to the accumulation of nuclear proteins (Fig. 4B, 4C, right diagrams).
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Figure 4. Differential regulation of pluripotency-associated (PA) proteins by autophagy and the ubiquitin-proteasome system (UPS). (A):
Effects of autophagy and UPS inhibition by BFA1 and MG132 on the degradation of PA proteins under nutrient-rich conditions. PA proteins
increased after 2.5 hours and decreased after 5 hours of proteasome inhibition, whereas autophagy inhibition by BFA1 led to a gradual
increase of PA proteins in human embryonic stem cells (hESCs). c-MYC appeared to be more sensitive to MG132 treatment and KLF4
seemed to be more or less insensitive to BFA1 and MG132. The conditioned medium was freshly exchanged at time 0 before chemical treatments. Relative ratio of respective proteins was quantiﬁed using Image J software (right diagram). (B): Accumulation of PA proteins in the
cytoplasm and nucleus caused by autophagy inhibition. Inhibition of autophagy by BFA1 for 2.5 hours in nutrient-rich medium caused the
accumulation of PA proteins in the nucleus and in the cytoplasm (effective autophagy inhibition is shown by the increase of SQSTM1 in the
cytoplasm). Relative ratio of respective proteins was quantiﬁed using Image J software (right diagram). Density of respective proteins was
normalized to that of a-TUBULIN or LAMIN B. Relative ratio of each protein was shown as the mean 6 SE (n 5 3). *, p < .05. (C): UPS inhibition associated with nuclear PA proteins in hESCs. UPS inhibition for 2 hours in nutrient-rich medium caused the accumulation of PA proteins except SOX2 in the nucleus. Nuclear KLF4 were signiﬁcantly increased by UPS inhibition. Relative ratio of respective proteins was
quantiﬁed using Image J software (right diagram). Density of respective proteins was normalized to that of a-TUBULIN or LAMIN B. Relative
ratio of each protein was shown as the mean 6 SE (n 5 3). (D): Increases of PA proteins by autophagy inhibition even in the presence of
cycloheximide (CHX). hESCs were treated with CHX in combination with BFA1 or MG132 for 4 hours and then Western blot was performed
(a). CHX treatment resulted in decreases of all proteins examined (b). The autophagy and UPS inhibition led to enhanced levels of PA proteins in hESCs in spite of inhibition of protein synthesis (c). Relative ratio of each protein was represented as the mean 6 SE (n 5 3). *, p <
.05; **, p < .01; and ***, p < .001. Abbreviation: BFA1, baﬁlomycin A1.
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Figure 4.

(Continued)

Thus, autophagy and the UPS may play different roles in regulating the homeostasis of PA proteins essential for maintaining pluripotency in hESCs.
The mTOR pathway supports the long-term pluripotency
of hESCs by inhibiting the expression of developmental and
growth inhibitory-genes [22]. Furthermore, mTOR inhibition
C AlphaMed Press 2013
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might affect the function of PA proteins before causing a
decrease of their levels [22]. Inhibition of mTOR by rapamycin treatment for 3 days downregulated levels of PA proteins
in hESCs (Supporting Information Fig. S8). When hESCs were
starved for a short time (2.5 hours); however, the levels of
PA proteins were reduced whereas LC3 II was enhanced
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(Fig. 1A). This result implies that the degradation of PA proteins in response to mTOR inhibition may be mediated by
autophagy in hESCs. Inhibition of autophagy suppressed pluripotency in hESCs (Figs. 1F, 3C---3E; Supporting Information
Fig. S1A, S1B, respectively), although intracellular PA proteins
were increased (Figs. 1B, 3A, 3B, respectively). By reverse
transcription and microarray analyses, we examined whether
enhanced PA proteins by autophagy inhibition inﬂuenced the
transcriptional activation of their target genes [9, 39, 40]. As
results, there were no signiﬁcant increases in the transcriptional level of the target genes (Supporting Information Fig.
S9). Also, reporter assay showed no signiﬁcant changes of
luciferase activity in mouse ESCs (Supporting Information Fig.
S10A), despite increment of Oct4 proteins by autophagy inhibition (Supporting Information Fig. S10B). These results imply
that enhanced PA proteins by autophagy inhibition do not
have the transcriptional activity. Also, hindrance of preautophagosomal structures by treatment with another autophagy
inhibitor 3-MA increased the level of PA proteins (Fig. 1E).
The localization of OCT4 molecules within autophagosomes
was conﬁrmed by immuno-staining analysis and immunogold
EM (Fig. 2). siRNA and shRNA experiments against LC3 gene
showed accumulation of PA proteins and decrease of pluripotency in hESCs (Fig. 3). Taken together, our ﬁndings suggest that autophagy plays an important role to retain the
pluripotency of hESCs through the modulation of PA protein
levels.
The exchange of the hESC culture medium (nutrient-rich
state) caused an early upregulation of the expression of PA
proteins (Fig. 5D). The constitutive enrichment of those proteins over a threshold level could trigger the differentiation

Figure 5.
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Figure 5. Cooperative regulation of pluripotency-associated (PA)
protein homeostasis by autophagy and the UPS in vitro. (A): Sensitivity of the UPS to a nutrient-rich environment in hESCs. The
accumulation of PA proteins was increased by UPS inhibition in
response to medium exchanges, whereas the levels of c-MYC and
KLF4 did not change signiﬁcantly. Culture medium (conditioned
medium [CM]) was freshly exchanged once and twice within 2.5
hours in hESCs, respectively, and CM was ﬁrst exchanged in all
hESCs at time 0. MG132 (0.5 mM) was added into the culture
medium for 30 minutes for each cell harvest time. (B): Sensitivity
of autophagy to a nutrient-rich environment in hESCs. Accumulation of PA proteins was observed in response to medium
exchanges. BFA1 (20 mM) was added to the culture medium
under the same conditions as in MG132 treatment (Fig. 5A). (C):
Protein levels were stable under normal culture conditions in the
absence of MG132 or BFA1 treatment. The same nutrient conditions (Fig. 5A, 5B) were used. (D): Protein biosynthesis was
increased by medium exchange. Nutrient-rich medium was
exchanged with fresh CM and after 2.5 hours cells were harvested for analyses. (E): Accumulation of PA proteins by inhibition
of UPS and autophagy during culture of hESCs for 24 hours. UPS
inhibition caused the accumulation of PA proteins at an early
time point (2 or 3 hours) followed by a reduction and maintenance. (F): A model for homeostasis of PA proteins via autophagy
and UPS. (a) A diagram of in vitro culture of hESCs. In general,
hESCs are cultured in the ES medium with medium exchange at
an interval of 24 hours. (b) Cooperative interaction of autophagy
and UPS to regulate the homeostasis of PA proteins in hESCs.
Autophagy and UPS activities are strong to degrade unfold or
overﬂowed PA proteins synthesized immediately after medium
exchange. Thereafter, autophagy activity seems to be gradually
enhanced, whereas UPS activity is constant to some extent during
culturing of hESCs. Abbreviations: BFA1, baﬁlomycin A1; hESC,
human embryonic stem cell; UPS, ubiquitin-proteasome system.
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S1B, respectively), which could be attributed to the accumulation of PA proteins. In fact, overexpression or deﬁciency of
PA proteins has been shown to induce differentiation in
mouse and human ESCs [10–13]. However, underlying the
effect of intracellular homeostasis of respective PA proteins
on the loss of pluripotency remains to be elucidated.
Autophagy inhibition increased cytoplasmic PA proteins
more signiﬁcantly than UPS inhibition (Fig. 4B, 4C, right diagrams). This result implies that autophagy may be the primary system involved in the modulation of the levels of
nuclear PA proteins. Furthermore, UPS inhibition induced
differentiation of hESCs [17, 18].

CONCLUSION

Figure 6. A model for autophagy involving in the degradation of
pluripotency-associated (PA) proteins in human embryonic stem
cells (hESCs). Nuclear and cytoplasmic and nuclear PA proteins
are regulated by the UPS and autophagy/the UPS, respectively.
This model provides a novel insight that autophagy cooperates
with UPS to maintain the pluripotency in hESCs. Abbreviation:
UPS, ubiquitin-proteasome system.

of hESCs [13], suggesting that the degradation of excess proteins is essential to maintain the pluripotency of hESCs. Our
results represented that autophagy and the UPS cooperate to
regulate the levels of proteins upregulated after medium
exchange (Fig. 5E, 5F; Supporting Information Fig. S7). The synergistic activity of these two degradation pathways could be
effective to rapidly protect from cellular stresses which might
arise from overexpressed or unfavorable proteins generated
immediately in response to changes in the nutrient composition of the medium. The inhibition of the respective catabolic
pathways led to the accumulation of PA proteins (Fig. 5A, 5B),
whereas in the absence of proteasome or autophagy inhibitors, these proteins remained at constant levels (Fig. 5C), suggesting that autophagy and the UPS may cooperate to
modulate the levels of PA proteins.
The involvement of autophagy and the UPS in the
homeostasis of PA proteins indicates that these systems
may play an important role in the pluripotency of hESCs.
The sustained inhibition of autophagy reduced pluripotency
in hESCs (Figs. 1F, 3C--3E; Supporting Information Fig. S1A,
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