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limited potential for cellular reprogramming.

cells.
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(Bacl(ground: The spatiotemporal dynamic behavior of Oct4 remains largely unknown.
Results: Oct4 is a nucleocytoplasmic shuttling protein, and Oct4 mutants with biased nucleocytoplasmic localization show

Conclusion: An appropriate nuclear retention of Oct4 is critical for cellular reprogramming but not for the self-renewal of ES

Significance: Our findings will provide novel insight into the role of Oct4 during cellular reprogramming.
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Oct4 is a member of the POU family of transcription factors
and plays a critical role in both maintenance of the undifferen-
tiated state of embryonic stem (ES) cells and in the reprogram-
ming of somatic cells to induced pluripotent stem cells. Oct4 is
imported into the nucleus where it functions as a transcription
factor; however, the spatiotemporal dynamic behavior of Oct4
remains largely unknown. In the present study we show that
Oct4 is a nucleocytoplasmic shuttling protein. Furthermore,
although Oct4 mutants with altered nuclear import/export
activity were able to maintain the self-renewal of ES cells, they
displayed limited potential for cellular reprogramming. These
results indicate that the intracellular localization of Oct4, which
is dependent on nucleocytoplasmic shuttling, must be more
strictly regulated for cellular reprogramming, suggesting that
Oct4 plays differential roles in the self-renewal of ES cells and in
somatic cell reprogramming,.

Oct4 is a homeodomain transcription factor that belongs
to the POU (Pit-Oct-Unc) family (1-3) and is exclusively
expressed in totipotent/pluripotent cell lineages, including
oocytes, the inner cell mass, primitive ectoderm, primordial
germ cells, and stem cell lines derived from the early embryo
(4). It has been proposed that Oct4 regulates stem cell pluripo-
tency and differentiation. Indeed, Oct4 is essential for various
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cellular processes associated with pluripotency, such as forma-
tion of the inner cell mass (5), the maintenance of embryonic
stem (ES) cells (6), and induction of induced pluripotent cells
(7, 8). In ES cells, Oct4 collaborates with Sox2 and Nanog to
form a regulatory circuit that maintains ES-cell pluripotency (9,
10). Furthermore, several genomic profiling studies have
revealed that Oct4 also maintains the pluripotency of ES cells by
regulating genome-wide transcription either positively or neg-
atively (11-14).

The expression level of Oct4 needs to be precisely controlled
to sustain undifferentiated proliferation of ES cells (6). Indeed,
adecrease in Oct4 expression to <50% of normal levels triggers
cell differentiation toward the trophectoderm lineage, whereas
a 50% increase in expression promotes cell differentiation into
mesoderm or endoderm (6, 15). Although numerous studies
have shown that the expression level of Oct4 is transcriptionally
regulated, either positively or negatively, by various factors (16),
the post-translational regulation of Oct4 is not well character-
ized. However, there is evidence that Oct4 is modified by
ubiquitination (17), sumoylation (18), and phosphorylation
(19-21).

The post-translational status of Oct4 is also regulated by its
intracellular localization. After translation in the cytoplasm,
Oct4 is imported into the nucleus via importin «, which binds
to a conserved nuclear localization signal (NLS:RKRKR)? at the
N terminus of the homeobox domain (22-25). However, the
dynamic behavior of Oct4 once imported into the nucleus is
essentially unknown. In contrast, Oct6, another POU home-
odomain transcription factor, is known to shuttle between the
nucleus and cytoplasm (26). Thus, in the present study we ana-
lyzed the dynamic behavior of Oct4 and its role in the determi-

3 The abbreviations used are: NLS nuclear localization signal; NES, nuclear
export signal; LMB, leptomycin B, RanBP Ran-binding protein; DOX, doxy-
cycline; FLIP, fluorescence loss in photobleaching; FRAP, fluorescence
recovery after photobleaching; MEF, mouse embryonic fibroblast.
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nation of cell fate. We demonstrated that Oct4 is a nucleocyto-
plasmic shuttling protein. Furthermore, we used Oct4 mutants
with biased nucleocytoplasmic localization to show that the
appropriate nuclear retention of Oct4 is critical for cellular
reprogramming but not for the self-renewal of ES cells.

EXPERIMENTAL PROCEDURES

Cell Culture—NIH3TS3 cells were grown in Dulbecco’s mod-
ified Eagle’s medium (DMEM,; Sigma) supplemented with 10%
fetal bovine serum (FBS). ZHBT ¢4 ES cells (6) were cultured on
gelatin-coated dishes in DMEM supplemented with 10% FBS, 1
mM sodium pyruvate, 0.1 mM 2-mercaptoethanol, 0.1 mm non-
essential amino acids, and 1000 units/ml murine leukemia
inhibitory factor.

Plasmids—A retroviral vector expressing mutant Oct4 was
generated by modifying the pMXs-Oct4 vector (constructed by
the laboratory of Dr. Yamanaka; obtained from Addgene). First,
the sequence at the C-terminal extremity of the Oct4 ORF was
deleted, which resulted in the inclusion of a multiple cloning
site containing the Xhol site at the C terminus of Oct4 (pMXs-
Oct4*) and an additional 12 amino acids (LERPPAQWSTIK),
with deletion of the final asparagine residue of endogenous
Oct4. We subsequently inserted oligonucleotides coding for
the NLS of the SV40 T-antigen (5'-TCGACAGTACTCCTC-
CAAAAAAGAAGAGAAAGGTAGAAGACC-3', 5'-TCGA-
GGTCTTCTACCTTTCTCTTCTTTTTTGGAGGAGTAC-
TG-3'; DSTPPKKKRKVEDL) or the nuclear export signal
(NES) of HIV-1 Rev protein (5'-TCGACCTTCAGCTACCAC-
CGCTTGAGAGACTTACTCTTGATTGTAACC-3', 5'-TCG-
AGGTTACAATCAAGAGTAAGTCTCTCAAGCGGTGGT-
AGCTGAAGG-3"; DLQLPPLERLTLDCNL) into the Xhol site
of pMXs-Oct4*. The Oct4-NES-NES mutant was also cloned by
using the same oligonucleotides. The pMXs vector for the M10
NES mutant and Oct4 tandem alanine mutant (AAA) was
generated by PCR-based mutagenesis. The Oct4-EGFP expres-
sion retrovirus (pMXs-Oct4-EGFP) was created by inserting
the EGFP coding sequence into the Xhol site of pMXs-Oct4*,
and the Oct4 (L260A,L262A)-EGFP mutant was generated by
PCR-based mutagenesis using pMXs-Oct4-EGFP as a tem-
plate. The pMXs vector for the Oct4 APOU-EGFP mutant
(lacking amino acids 150 —188 of Oct4) was generated by PCR-
based mutagenesis. A series of deletion mutants of Oct4 was
generated by insertion of various Oct4 PCR fragments into the
pEGFP-C1 expression vector (Clontech). In addition, pMXs-H-
2B-EGFP was generated by insertion of the H2B-EGFP frag-
ment from pEGFP-N3-H2B into the multiple cloning site of the
pMXs vector. To generate pGL4.14-Oct4, the E1B tata se-
quence was inserted into the Xhol-BglII site of the pGL4.14 vector
(Promega), resulting in the production of pGL4.14-E1Btata.
Subsequently, five repeats of the Oct4-binding site (5'-TATT-
TGCATATTTGCATATTTGCATATTTGCATATTTGCA-
TAAGCT-3', 5'-TATGCAAATATGCAAATATGCAAATA-
TGCAAATATGCAAATAGTAC-3') were inserted into the
upstream Kpnl-Sacl site of pGL4.14-E1Btata. To generate pGL4.
14-OS-nanog, 3 repeats of the Oct/Sox element (5'- TTTTG-
CATTACAATGTTTTGCATTACAATGTTTTGCATTAC-
AATGAGCT-3',5'- CATTGTAATGCAAAACATTGTAAT-
GCAAAACATTGTAATGCAAAAGTAC-3') were inserted
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into the KpnI-Sacl site of pGL4.14-E1Btata. The Tol2-based
Oct4 expression vector (pT2AL200R175-CAGGS-Oct4) was
generated by first producing pT2A-CMH, a Tol2 transposon-
based vector containing a multiple cloning site, by modifying
pT2AL200R175G (27). The coding region of Oct4 or mutant
Oct4 was subsequently inserted into the multiple cloning site of
pT2A-CMH.

Heterokaryon Assay—NIH3T3 cells were infected with the
retroviral expression vector for 24 h. Subsequently, 3 X 10°
HelLa cells and 3 X 10° infected NIH3T3 cells were mixed and
plated onto coverslips (in a 6-well plate) and cultured for
another 24 h. Co-cultures of the cells were preincubated with
100 pg/ml cycloheximide and with either leptomycin B (LMB;
10 nMm) or vehicle (EtOH) for 60 min. Cell fusion was performed
by inverting the coverslips onto a drop of prewarmed (37 °C)
polyethylene glycol 8000, DMEM for 2 min. After washing the
coverslips with PBS, fused cells were further cultured in the
presence of 100 ug/ml cycloheximide and with either LMB (10
nM) or vehicle (EtOH) for 3 h. The cells were then fixed,
mounted, and observed using a confocal microscope (LSM510).

Oct4 Rescue Experiments—For rescue experiments, 1 X 10°
ZHBTc4 ES cells were co-transfected with 200 ng of pCAGGS-
mT2TP, an expression plasmid containing the Tol2 trans-
posase cDNA whose codons are optimized for mammals under
control of the CAG promoter, and 200 ng of a Tol2 transposon-
based pT2A-CMH vector expressing either wild-type or
mutant Oct4. One-fifth of the total transfected cells was re-
plated 48 h post-transfection and further cultured with ES
medium containing 1 ug/ml doxycycline (DOX). After 7 days,
colonies were stained for alkaline phosphatase activity (Sigma)
or picked and expanded as clonal cell lines.

Fluorescence Loss in Photobleaching (FLIP)—For FLIP analy-
sis, NIH3T3 cells grown on glass-bottom dishes were trans-
fected with Oct4-EGFP, Oct4 A-POUs-EGFP, or H2B-EGFP
expression plasmids for 24 h, and the cells were imaged at 37 °C
with a laser-scanning LSM510 microscope (Carl Zeiss) using a
63 X 1.4 NA oil-immersion objective. A single Z-section image
was obtained before and at specific time intervals after each
bleaching, which was performed for 100 iterations in a circular
region of 6-um diameter within the cytoplasm using 100%
power of an argon laser at 488 nm. Bleaching was repeated
every 30 s during the period of the experiment (500 s). After
background subtraction, the fluorescent intensities of the
regions of interest (nuclei) were determined using LSM soft-
ware and normalized to those of the pre-bleached images.

Fluorescence Recovery after Photobleaching (FRAP)—
NIH3T3 cells expressing Oct4-EGFP Oct4 A-POUs-EGFP or
H2B-EGEFP expression vectors grown on glass-bottom dishes
were observed using a laser-scanning LSM510 microscope
(Carl Zeiss) at 37 °C. For FRAP analysis, the cells were photo-
bleached using a 488-nm laser at 100% power for 20 iterations
over a rectangular region (20 um?) within the nucleus. A single
Z-section image was obtained before and at specific time inter-
vals after each bleaching. Images were recorded every 0.2 s for
30 s. After background subtraction, the fluorescent intensities
of the regions of interest were determined using LSM software
and normalized to those of the pre-bleached images.
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TABLE 1
Oligonucleotides used for RT-PCR
Gene Forward primer Reverse primer

Cdx2 AGGCTGAGCCATGAGGAGTA CGAGGTCCATAATTCCACTCA
Fgf4 GGGAGGCTACAGACAGCAAG CTGTGAGCCACCAGACAGAA
Gapdh GTGTTCCTACCCCCAATGTGT ATTGTCATACCAGGAAATGAGCTT
Oct4 (3-UTR) CAAGGCAAGGGAGGTAGACA CAAAATGATGAGTGACAGACAGG
Sox2 GAGTGGAAACTTTTGTCCGAGA GAAGCGTGTACTTATCCTTCTTCAT
Nanog AGGGTCTGCTACTGAGATGCTCTG CAACCACTGGTTTTTCTGCCACCG
Hand1 ATGAACCTCGTGGGCAGGTA TCACTGGTTTAGCTCCAGCG

Induction of Cellular Reprogramming—Mouse-induced plu-
ripotent cells were generated essentially as described previously
(28) using pMXs retroviruses expressing mouse Sox2, Klf4, and
c-Myc (Addgene) together with wild-type Oct4 (Addgene) or a
series of mutant Oct4 proteins. Briefly, Plat-E cells were trans-
fected with the retroviral vectors using FUGENE 6 transfection
reagent (Roche Applied Science). The medium was changed at
24 h post-transfection, and viral supernatants were harvested
48 h post-transfection, filtered through a 0.45-um filter, and
used to infect mouse embryonic fibroblasts (MEFs). Twenty-
four hours post-infection, 3 X 10? cells were re-plated onto a
60-mm dish with mitomycin C-treated feeder cells, and the
culture medium was replaced after 2 days with ES medium con-
taining 20% knockout serum replacement (Invitrogen). The
medium was changed every other day. Alkaline phosphatase
staining was performed using the leukocyte alkaline phospha-
tase kit (Sigma).

Antibodies—The following primary antibodies were used:
rabbit polyclonal anti-Nanog (Reprocell), mouse monoclonal
anti-Oct4 (BD Biosciences), rabbit polyclonal anti-RanBP1
(Santa Cruz), and mouse monoclonal anti-GAPDH (Ambion).

Immunofluorescence Staining and Confocal Microscopy—
Cells were grown on coverslips and fixed with 3.7% formalde-
hyde in PBS for 10 min at room temperature. After permeabi-
lization with 0.5% Triton X-100 in PBS for 5 min, the cells were
incubated in blocking buffer (PBS containing 3% skim milk) for
30 min and subsequently incubated overnight with primary
antibodies at 4 °C. After 4 washes with PBS, cells were incu-
bated with secondary antibodies for 45 min. The cells were
washed again with PBS, cell nuclei were stained with DAPI, and
the coverslips were mounted with Vectashield (Vector Labora-
tories). Images were acquired using a confocal microscope
(LSM 510 META, Carl Zeiss) equipped with a 63 X 1.4 NA oil
objective lens (Carl Zeiss) and analyzed using Zeiss LSM
software.

Immunoblotting Analysis—Cells were resuspended in a
radioimmunoprecipitation assay buffer (50 mm Tris-HCI (pH
8.0), 150 mm NacCl, 1% Nonidet P-40, 0.5% sodium deoxy-
cholate, and 0.1% SDS) supplemented with protease inhibitors
(leupeptin, aprotinin, and phenylmethylsulfonyl fluoride) and
incubated on ice for 15 min. After centrifugation at 16,000 X g
for 10 min at 4 °C, the supernatants were collected and used for
further analysis. Protein extracts were separated by SDS-PAGE
and transferred onto a nitrocellulose membrane. After blocking
with 3% skim-milk in TBST buffer (50 mm Tris-HCI (pH 8.0),
100 mMm NaCl, and 0.1% Tween 20) for 30 min at room temper-
ature, the membrane was incubated overnight with primary
antibodies at 4 °C. After incubation with secondary antibodies
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conjugated to horseradish peroxidase, bands were visualized
using Pierce Western blotting substrate (Thermo Scientific).

Reverse Transcriptase-Polymerase Chain Reaction (RT-PCR)—
Total RNA was extracted from cells using TRIzol reagent
(Invitrogen) and used for cDNA synthesis with the Transcrip-
tor First Strand cDNA Synthesis kit (Roche Applied Science).
PCR amplification was performed using rTaq DNA polymerase
(Takara). The primer sequences are detailed in Table 1.

RNA Interference—Cells were transfected with mouse Oct4
siRNA (5'-GUUCGAGUAUGGUUCUGUAdTAT-3’ and 5'-
UACAGAACCAUACUCGAACATAT-3’) or control non-tar-
geting siRNA (5'-GGACAUGUAUUUUCAAACAATAT-3’
and 5'-uguuugaaaauacauguccdTdT-3’) using Lipofectamine
RNAiIMAX reagent (Invitrogen) according to the manufactu-
rer’s instructions (10 nM final concentration).

Statistical Analysis— Statistical analysis was carried out using
the unpaired Student’s ¢ test. The p values =0.05 were consid-
ered to be a statistically significant difference (*, p < 0.05; **, p <
0.01; ***, p < 0.001).

RESULTS

Oct4 Is a Nucleocytoplasmic Shuttling Protein—An interspe-
cies heterokaryon assay was used to determine whether Oct4
shuttles between the nucleus and cytoplasm. NIH3T3 cells
were retrovirally transduced with C-terminal EGFP-tagged
Oct4 (Oct4-EGFP) and fused with HeLa cells to form hetero-
karyons in order to monitor the dynamic behavior of Oct4.
DAPI staining allowed discrimination between NIH3T3 (punc-
tate) and HeLa (homogenous) nuclei. As shown in Fig. 14,
Oct4-EGFP was detected in HeLa nuclei, indicating that Oct4-
EGEFP shuttles between the nucleus and the cytoplasm. In con-
trast, the control non-shuttling histone-H2B protein, also
C-terminally tagged with EGFP, was not observed in HelLa
nuclei of the heterokaryons.

Oct6, another member of POU transcription factor family, is
exported from the nucleus by the nuclear export factor Crm1/
exportin 1 (26). Thus, we subsequently examined whether Oct4
is also exported by Crm1. Oct4 harbors a putative leucine-rich
NES, which is functional in Oct6 and is conserved among mem-
bers of the POU transcription factor family (Fig. 1B). Therefore,
we mutated two leucine residues to alanine (L260A and L262A)
with the aim of disrupting the activity of the leucine-rich NES.
However, the Oct4 (L260A,L262A) mutant retained the ability
to shuttle between the nucleus and the cytoplasm (Fig. 1C). In
addition, we confirmed these findings by using LMB, a specific
inhibitor of Crm1, in the heterokaryon assay. As shown in Fig.
1D, LMB did not inhibit the shuttling of Oct4-EGFP. Thus, the
nuclear export of Oct4 is not primarily mediated by Crm1.
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FIGURE 1. Oct4 is a Crm1/exportin 1-independent nucleocytoplasmic shuttling protein. A, mouse NIH3T3 cells were infected with retroviruses expressing
Oct4-EGFP or histone H2B-EGFP. Heterokaryons were generated by fusion between retrovirus-infected NIH3T3 cells and human Hela cells. Three hours after
cell fusion, the cells were fixed, and fluorescence was analyzed. DAPI staining was used to distinguish between human and mouse nuclei within the hetero-
karyon. Arrows indicate the nuclei of HeLa cells. Mouse nuclei display a punctate staining pattern, whereas human nuclei are diffusely stained. Bar, 5 um. B,
shown is a schematic representation of wild-type and mutant (L260A,L262A) Oct4 proteins that contain double mutations within the putative NES sequence.
The regions corresponding to the POU-specific domain (POUs), NLS, POU homeodomain (POU,,;), and a putative NES are indicated. C, NIH3T3 cells were
infected with retroviruses expressing either Oct4-EGFP or Oct4 (L260A,L262A)-EGFP, and heterokaryon assays were performed as described in A. Bar, 5 um. D,
shown is the effect of LMB on the shuttling of Oct4-EGFP. Heterokaryon assays were performed as described in A, with the exception that either LMB or EtOH
were included. Arrows indicate the nuclei of Hela cells. Bar, 5 wm.

Oct4 Is Exported from the Nucleus by Passive Diffusion—Oct4
consists of a POU domain, a DNA binding motif comprising a
POU-specific domain and a POU homeodomain, and N- and
C-terminal transactivation domains (29, 30). To determine
whether Oct4 contains an NES, we constructed a series of dele-
tion mutants that were N-terminally tagged with EGFP. As
shown in Fig. 24, Oct4 mutants displayed either diffuse distri-
bution in both the nucleus and cytoplasm (DL1 and DL5) or
exclusive nuclear localization (DL3). Moreover, deletion of the
NLS present in DL3 (DL4) resulted in diffuse localization
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throughout the cell, which is consistent with a previous study
(22). However, we noticed that a subpopulation of the cells
expressing DL2 mutant, which contains the POU-specific domain,
displayed predominant cytoplasmic localization. Therefore, addi-
tional deletion mutants of the POU-specific domain were gen-
erated to determine the relationship between the POU domain
and cellular localization. As shown in Fig. 2A4, predominant
cytoplasmic localization was observed only for those contain-
ing the third helix of POU-specific domain (DL6, DL9, and
DL11), which is also demonstrated by biochemical fraction-
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FIGURE 2. The POU-specific domain is not essential for Oct4 shuttling activity. A, shown is a schematic diagram and cellular localization of various Oct4
deletion mutants N-terminally tagged with EGFP. The regions corresponding to POU,, NLS, and POU,,, are indicated. NIH3T3 cells were transfected with the
constructs, and cells were fixed, permeabilized, and counterstained with DAPI at 24 h post-transfection. Subcellular localization of EGFP-Oct4 and its mutants
was classified into three categories: nuclear (blue), nuclear dominant (red), and cytoplasmic dominant (green). B, shown is a schematic representation of the
Oct4 APOUs-EGFP and Oct4-GST-EGFP fusion proteins and heterokaryon assay results. NIH3T3 cells were infected with retroviruses expressing Oct4 APOU-
EGFP or Oct4-GST-EGFP, and heterokaryon assays were performed as described in Fig. 1. Arrows indicate the nuclei of HelLa cells.
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FIGURE 3. Intranuclear mobility of Oct4 is a key determinant of its export rate. A, FRAP analysis is shown. NIH3T3 cells were transfected with Oct4-EGFP,
Oct4 APOUs-EGFP, or H2B-EGFP, and FRAP experiments were performed with confocal laser scanning microscopy. The fluorescence intensity in the bleached
region was measured and expressed as a relative ratio. Bars represent the means = S.E. (n = 4-7). B, shown is a luciferase assay. NIH3T3 cells were transiently
co-transfected with pRL-Renilla, the pGL4.14-Oct4 reporter plasmid, and the indicated Oct4-expressing plasmids. Results are presented as the firefly luciferase/
Renilla luciferase ratio and normalized to the value obtained with the control (empty) vector. The results shown represent the mean = S.D. of three independ-
ent experiments. *** indicates p < 0.001. C, shown is FLIP analysis. NIH3T3 cells were transfected with the indicated expression plasmids for 24 h, and the
cytoplasm of cells expressing Oct4-EGFP, Oct4 APOUs-EGFP, Oct4-NES-EGFP, Oct4-NLS-EGFP, or H2B-EGFP was irradiated every 30 s for ~20 s with a laser. The
fluorescence intensity in the nucleus was monitored after each bleaching and expressed as a relative ratio. Bars represent the means = S.E. (n = 7-8).

ation (data not shown), indicating that this portion of the POU-
specific domain is essential for the cytoplasmic localization of
Oct4.

To confirm whether the POU-specific domain of Oct4 plays
a role in selective nuclear export, a deletion mutant (APOU)
was constructed that lacked the second and third helices of the
POU-specific domain (amino acids 150-188). The resulting
mutant protein was C-terminally fused to EGFP (APOU Oct4-
EGFP) and employed in the heterokaryon assay (Fig. 2B). How-
ever, the APOU Oct4-EGFP mutant retained shuttling ability,
suggesting that the Oct4 POU-specific domain may be impor-
tant for cytoplasmic retention rather than selective nuclear
export and that Oct4 may not possess an active nuclear export
signal. Thus, efficient nuclear export of Oct4 is most likely to be
mediated by passive diffusion. To confirm this hypothesis, an
Oct4-GST-EGFP retroviral expression vector was generated.
The predicted molecular mass of Oct4-GST-EGFP was more
than 90 kDa, which is large enough to prevent its passive diffu-
sion. As shown in Fig. 2B, the heterokaryon assay revealed that
Oct4-GST-EGFP was retained in NIH3T3 cell nuclei, and it did
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not migrate into HeLa cell nuclei. Therefore, we concluded that
the Oct4 protein is primarily exported via passive diffusion.

The Intranuclear Mobility of Oct4 Correlates with Its Export
Efficiency—Because the nuclear export of Oct4 may be inde-
pendent of export factors, it is possible that the intranuclear
mobility of Oct4, which is dependent on its interaction with
chromatin or nuclear protein complexes, affects Oct4 export
efficiency. To examine this possibility, the dynamics of Oct4 in
living cells were investigated in more detail. First, FRAP analy-
sis was performed to examine the mobility of Oct4-EGFP
within the nucleus. Consistent with a previous report (31),
Oct4-EGFP displayed higher mobility compared with that of
the control histone-H2B-EGFP protein (Fig. 34). We also
examined the mobility of APOU Oct4-EGFP, which lacks the
POU-specific domain required for DNA binding and transcrip-
tional activity (Fig. 3B). FRAP analysis revealed that APOU
Oct4-EGFP showed a significant increase in the initial rate of
fluorescence recovery compared with that of wild-type Oct4-
EGFP (Fig. 34), indicating that the APOU Oct4 mutant is highly
mobile within the nucleus.
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immunodeficiency virus Rev protein; M10, NES mutant; NES-NES, two tandem NES. B, shown is subcellular localization of Oct4 mutants. NIH3T3 cells were
transfected with plasmids expressing Oct4 (WT or mutant) for 24 h. The cells were fixed and stained with anti-Oct4 antibody. DAPI was used to visualize nuclei.
Bar, 10 um. C, shown is the effect of LMB on the subcellular localization of Oct4 mutants. NIH3T3 cells were transfected with plasmids expressing Oct4 (WT or
mutant) for 24 h and incubated in the presence of either EtOH (vehicle control) or LMB for 2 h. The cells were fixed and stained with anti-Oct4 antibody. DAPI

was used to visualize nuclei. Bar, 10 um.

The nucleocytoplasmic shuttling activity of these constructs
was investigated in living cells by FLIP analysis. After repeated
photobleaching in the cytoplasm, the nuclear fluorescence sig-
nal of wild-type Oct4-EGFP showed a slight but significant
decrease compared with that of histone-H2B-EGFP (Fig. 3C).
Furthermore, the APOU Oct4-EGFP mutant displayed a con-
siderable decrease in nuclear fluorescence intensity compared
with wild-type Oct4-EGFP (Fig. 3C). Therefore, the intranu-
clear mobility of Oct4: correlated with protein export efficiency
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and is probably dependent on the binding of Oct4 to other
nuclear proteins or chromatin. These results are also in good
agreement with a previous report using a truncated mutant of
Oct4 that lacked the C terminus, including the homeodomain
(32).

The Addition of Import/Export Signals Alters the Nucleocyto-
plasmic Localization of Oct4—We subsequently investigated
whether the intracellular dynamic behavior of Oct4 affects its
function. To disturb the spatiotemporal regulation of Oct4, a
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FIGURE 5. Transgene expression of Oct4 mutants sustains the self-renewal of ES cells. Oct4 rescue experiments are shown. ZHBTc4 cells were transfected
with a Tol2-based transposon expressing Oct4 transgenes. After 3 days, the cells were passaged in fresh media containing DOX to suppress tet-regulated
wild-type Oct4. Eleven days after transfection, colonies were stained using an alkaline phosphatase staining kit. Representative images of the plates (A)
and statistical analysis (B) are shown. Bars represent the mean = S.D. of three independent experiments. C, shown is morphology of ZHBTc4 cells or isolated
Tol2-Oct4-expressing ZHBTc4 clones cultured in the presence of DOX. Bar, 100 um. D, shown are protein expression levels of wild-type or mutant Oct4 in
isolated Tol2-Oct4-expressing ES clones. Cell lysates (20 wg) were used for Western blotting, and GAPDH was used as a loading control. E, shown are RT-PCR
analyses of isolated ES cell clones. Total RNA was isolated from Tol2-Oct4-expressing ES clones (two clones each). Note that the primers specific for Oct4
(3"-UTR) detect expression of endogenous Oct4 but not Oct4 expression from transgenes. GAPDH was used as a loading control. F, shown is differentiation of
Tol2-Oct4-expressing clones by Oct4 knockdown. Tol2-Oct4-expressing clones (WT, NLS, NES-NES) were transfected with siRNA against Oct4 or control siRNA.
Left, shown are phase contrast images of clones at 4 days after transfection. Right top, shown is RT-PCR analysis of Cdx2, Hand1, and B-actin gene expression in
control- or Oct4-siRNA-treated cell (4 days after transfection). Right bottom, shown is immunoblotting analysis of Oct4 and B-actin in control- or
Oct4-siRNA-treated cell lysates (2 days after transfection).

typical basic-type NLS derived from SV40 T antigen or atypical = (M10), and two tandem leucine-rich NESs (NES-NES) were
leucine-rich NES derived from the HIV Rev protein was fused also generated. Confocal microscopy revealed that wild-type
to the C terminus of Oct4 to create Oct4-NLS or Oct4-NES  Oct4 was exclusively localized in the nucleus of NIH3T3 cells.
mutants (Fig. 44). In addition, constructs containing tandem In addition, Oct4-NLS and Oct4-M10 mutants displayed simi-
alanine residues (AAA), an export-deficient NES mutant larlocalization patterns to wild-type Oct4 (Fig. 4B). In contrast,
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Oct4-NES showed weak diffuse cytoplasmic localization as well
as nuclear localization. FLIP analysis using EGFP fusion pro-
teins revealed that the rate of nuclear export of Oct4-NES-
EGFP was higher than that of APOU Oct4-EGFP, a DNA bind-
ing-deficient mutant with a higher export rate than wild-type
Oct4 (Fig. 3C). Furthermore, Oct4-NES-NES was either evenly
distributed between the nucleus and cytoplasm or predomi-
nantly localized in the cytoplasm, indicating that its nuclear
export efficiency is much higher than that of Oct4-NES. The
addition of LMB to the culture medium led to the accumulation
of cytoplasmic Oct4 mutant proteins in the nucleus (Fig. 4C),
confirming that Oct4-NES and Oct4-NES-NES are first
imported into the nucleus and then selectively exported by
Crml.

Mutant Oct4 Proteins with Biased Nucleocytoplasmic Local-
ization Maintain Self-renewal of ES Cells—We examined
whether the mutant Oct4 proteins can replace the function of
wild-type Oct4 by using ZHBTc4 ES cells (6) that contain a
tetracycline-regulated (Tet-off) wild-type Oct4 transgene and
in which both alleles of endogenous Oct4 were inactivated by
gene targeting. As a result, in the presence of tetracycline or
DOX, the expression of Oct4 is repressed, and the cells differ-
entiate toward trophectoderm lineages (6). We used the Tol2
transposon system (33) to stably introduce the Oct4 transgene
into ZHBTc4 cells. In contrast to untransfected or control
EGFP-expressing vector-transduced cells, stable expression of
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the wild-type Oct4 transgene enabled self-renewal of ZHBT c4
cells, which proliferated in an undifferentiated state (alkaline
phosphatase positive) in the presence of DOX (Figs. 5, A and B).
Unexpectedly, all of the Oct4 mutants retained the ability to
form alkaline phosphatase-positive colonies in the absence of
wild-type Oct4. Notably, the Oct4-NES-NES mutant, which
was mainly localized in the cytoplasm, was also able to effi-
ciently rescue the self-renewal of ZHBTc4 ES cells.

Next, we isolated stable clones expressing Tol2-transposon-
based mutant Oct4 in the presence of DOX. These clones were
morphologically similar to the wild-type Oct4-expressing clone
(Fig. 5C) and could be maintained for =10 passages. Immuno-
blotting analysis confirmed that the tetracycline-regulated
wild-type Oct4 transgene was efficiently suppressed and that
each cell expressed only Tol2 transposon-derived Oct4 (Fig.
5D).RT-PCR analysis (Fig. 5E) revealed that the clones express-
ing mutant Oct4 maintained the expression of pluripotency-
associated genes, including Nanog, SOX2, and FGF4. Moreover,
primer sets that amplify the 3'-UTR region of Oct4 were used to
confirm that tetracycline-regulated wild-type Oct4 was effi-
ciently suppressed in these clones in the presence of DOX. Fur-
thermore, the expression of Cdx2, a trophectoderm marker,
was also suppressed in these clones. Oct4 knockdown in those
clones caused drastic morphological changes of ES cells con-
comitant with up-regulation of trophectoderm marker genes,
Cdx2 and Hand1 (Fig. 5F), demonstrating that those clones at
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least possess differentiation potential into trophectoderm lin-
eages. Confocal imaging using an anti-Oct4 antibody further
confirmed the altered localization of Oct4-NES and Oct4-NES-
NES. Moreover, in contrast to endogenous Nanog, the majority
of Oct4-NES-NES was not accumulated in the nucleus (Fig.
6A4). Thus, although Oct4-NES-NES enters the nucleus via its
own NLS, it is rapidly and actively exported from the nucleus by
the addition of two NES. Furthermore, the addition of LMB to
the culture medium led to the accumulation of cytoplasmic
Oct4-NES-NES proteins into the nucleus (Fig. 6B). Therefore,
these results confirm that Oct4-NES-NES indeed exists at a low
concentration in the nucleus due to its enhanced Crm1-medi-
ated nuclear export yet is able to maintain the self-renewal of ES
cells. This indicates that Oct4 maintains the pluripotent state of
ES cells regardless of the length of time that Oct4 is present in
the nucleus; transient localization in the nucleus is sufficient for
Oct4 to maintain self-renewal of ES cells.

Mutant Oct4 Proteins with Biased Nucleocytoplasmic Local-
ization Show Limited Potential for Cellular Reprogramming—
The ability of the aforementioned Oct4 mutants to reprogram
fibroblasts into induced pluripotent cells was compared. To
this aim, induced pluripotent cells were generated by transduc-
tion of MEFs with retroviral vectors expressing Sox2, Klf4,
c-Mygc, and either wild-type or a series of mutant Oct4 proteins.
Immunoblotting analysis of infected MEF cell lysates revealed
that comparable levels of expression were achieved for each
mutant Oct4 protein (Fig. 7C). As shown in Figs. 7, A and B, the
Oct4-NLS and Oct4-NES-NES mutants demonstrated a signif-
icantly reduced ability to reprogram cells to a pluripotent state
compared with wild-type Oct4. Because the Oct4-NLS mutant
contains an additional SV40 T-NLS, it is likely that Oct4-NLS is
constitutively transported into the nucleus in an unregulated
manner. These results suggest that both the appropriate
nuclear entry and adequate intranuclear retention of Oct4 are
crucial for efficient cellular reprogramming.

Oct4-NES-NES Has Similar Transcriptional Activity to Wild-
type Oct4—Finally, we performed a luciferase assay to deter-
mine the effect of Oct4 mutation on transcriptional activity.
Reporter constructs were generated by inserting either five tan-
dem copies of an octamer binding motif (pGL4.14-Oct4-luc)
(34) or three tandem copies of an Oct4/Sox2 binding motif
(pGLA4.14-0OS-nanog-luc) (35) upstream of the firefly luciferase
gene containing the adenovirus E1B TATA-box minimal pro-
moter (pGL4.14-E1B-tata-luc). As shown in Fig. 7D, both
reporter genes were selectively activated in ES cells. We subse-
quently monitored the activation of pGL4.14-Oct4-luc by each
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Oct4 mutant in NIH3T3 cells. As shown in Fig. 7E, the tran-
scriptional activities of Oct4-NLS was significantly reduced
(about 50% compared with wild-type Oct4), which could
explain the reduced ability of this mutant to reprogram somatic
cells into induced pluripotent cells However, Oct4-NES-NES,
which also demonstrated significantly reduced reprogramming
efficiency (~10% compared with wild-type Oct4), showed
comparable transcriptional activity to wild-type Oct4. There-
fore, these results indicate that transcriptional activity does not
necessarily correlate with the ability of Oct4 mutants to repro-
gram cells.

To further examine the relationship between the transcrip-
tional activity and reprogramming ability of Oct4 mutants, we
subsequently employed the pGL4.14-OS-nanog-luc plasmid
(Fig. 7F). Co-transfection of Sox2 with Oct4 resulted in about a
4-fold increase in luciferase activity, which is consistent with a
previous report (Ref. 35 and data not shown). The transcrip-
tional activities of Oct4 mutants, including Oct4-NES-NES,
were comparable with those of wild-type Oct4. Finally, we
compared the activity of pGL4.14-Oct4-luc in Tol2-Oct4 (wild
type)- or Oct4-NES-NES-expressing ZHBTc4 clones. As
shown in Fig. 7G, these clones showed a similar activation of a
reporter. Thus, these results confirmed that cell reprogram-
ming is not solely dependent on transcriptional activity of Oct4.
Collectively, these findings indicate that post-translational,
spatiotemporal regulation of Oct4 is critical for reprogram-
ming cells.

DISCUSSION

Oct4 is functionally involved in two distinct processes: ES
cell self-renewal and cellular reprogramming. However, it is
currently unknown whether Oct4 functions in the same man-
ner to mediate both activities. In this study we aimed to analyze
the dynamic behavior of Oct4 and examine its role in the deter-
mination of cell fate. Oct4 mutants with biased nucleocytoplas-
mic distribution were able to maintain the self-renewal of ES
cells; however, they displayed significantly reduced potential
for cellular reprogramming compared with wild-type Oct4.
Therefore, although the appropriate spatiotemporal regulation
of Oct4 is essential for cellular reprogramming, it is not
required for maintenance of the undifferentiated state of ES
cells.

Notably, an Oct4-NES-NES mutant, which was primarily
localized in the cytoplasm, was also capable of maintaining the
undifferentiated state of ES cells. This suggests that despite its
rapid export from the nucleus, Oct4 can still act as a transcrip-

FIGURE 7. Reprogramming efficiency and transcriptional activity of Oct4 mutants. A and B, reprogramming efficiency of Oct4 mutants is shown. 4F-in-
fected MEFs were analyzed by alkaline phosphatase staining at 11 days post infection. Representative images of the plates (A) and statistical analysis (B) are
shown. Bars represent the mean = S.D. of three independent experiments. * and ** indicate p < 0.05 and p < 0.01, respectively. C, shown are protein expression
levels of wild-type or mutant Oct4. MEFs were infected with retroviruses expressing Oct4 or Oct4 mutants. After 72 h, the cell lysates (10 p.g) were used for
Western blotting. GAPDH was used as a loading control. D, selective activation of reporter genes containing octamer or Oct4/Sox2 binding motifs in ES cells is
shown. NIH3T3 cells or ES cells were co-transfected with a pRL-SV40-renilla luciferase plasmid and with either pGL4.14-E1Btata-luc, pGL4.14-Oct4-luc, or
pGL4.14-0S-nanog-luc reporter plasmids. Luciferase assays were performed 24 h after transfection. Firefly luciferase activity was normalized to Renilla lucif-
erase activity. £ and F, shown is transcriptional activity of Oct4 (WT and mutant) for octamer (E) or Oct4/Sox2 binding motifs (F). NIH3T3 cells were co-
transfected with the indicated plasmids expressing Oct4 (WT or mutant), Sox2 (for pGL4.14-0S-nanog-luc reporter assay only), a pRL-SV40-renilla luciferase
plasmid, and either pGL4.14-Oct4-Luc or pGL4.14-0S-nanog-Luc reporter plasmids. Luciferase assays were performed as in D. Bars represent the mean = S.D.
of three independent experiments performed in duplicate. ¥, **, and *** indicate p < 0.05, p < 0.01, and p < 0.001, respectively. In F, the asterisks indicate
significant differences from pMX-EGFP-transfected cells. G, Tol2-Oct4-expressing ZHBTc4 clones (WT-1, WT-2, NES-NES-1, or NES-NES-2) were co-transfected
with a pRL-SV40-renilla luciferase plasmid and a pGL4.14-Oct4-luc reporter plasmid. Luciferase assays were performed as in D. Bars represent the mean = S.D.
of three independent experiments performed in duplicate.
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tion factor to drive genome-wide gene activation/repression
necessary for self-renewal. Therefore, although it has previ-
ously been shown that the expression level of Oct4 is crucial for
maintenance of the undifferentiated state of ES cells, our study
suggests that the intranuclear level of Oct4 is not significant if
continued nuclear import of Oct4 occurs. This is consistent
with the recent finding that Oct4 kinetics, rather than absolute
Oct4 expression levels, are critical for the determination of cell
lineage patterning in vivo (32).

Oct4 associates with a number of different proteins (36 —38)
to form various functional complexes in the nucleus. We per-
formed a luciferase assay with a reporter construct containing
Oct4/Sox2 binding motifs to demonstrate that the Oct4-NES-
NES mutant possessed comparable transcriptional activity to
wild-type Oct4. Thus, even transient nuclear localization of a
transcription factor complex containing Oct4 and Sox2 may
ensure maintenance of the undifferentiated state of ES cells. On
the other hand, it has been shown that chromatin remodeling
and/or epigenetic changes are crucial for cellular reprogram-
ming (39 —47), which raises the possibility that Oct4-contain-
ing complexes required for chromatin remodeling and/or epi-
genetic changes may need to stay in the nucleus for a sufficient
length of time to complete their function. Indeed, it was
recently revealed that the majority of Oct4 binding sites during
the initial phase of reprogramming are located in closed chro-
matin (48). Therefore, we propose that to induce cellular repro-
gramming, Oct4 must remain in the nucleus for a sufficient
time period to access to its binding sites and allow recruitment
of other factors required for chromatin remodeling and/or epi-
genetic modification.

However, we also found that the cellular reprogramming
activity of Oct4-NLS was significantly reduced despite the fact
that this mutant protein is constitutively localized in the
nucleus. Because the Oct4-NLS mutant displayed reduced
transcriptional activity, this reduction may significantly affect
cellular reprogramming activity. Alternatively, because SV40
T-NLS possesses a strong import activity and is efficiently rec-
ognized by all members of the importin « family, regulated
rather than constitutive nuclear import of Oct4 may be crucial
to induce cellular reprogramming. Thus, the specific timing of
Oct4 import into the nucleus may be important. On the other
hand, SV40 T-NLS is composed of a stretch of basic amino
acids that may cause nonspecific DNA binding in the
nucleus. Therefore, it is possible that Oct4-NLS recruits its
interacting partners to nonspecific regions of the genome,
thereby inducing uncontrolled reactions that disturb cellular
reprogramming.

We employed a heterokaryon assay to show that Oct4 shut-
tles between the nucleus and cytoplasm. How might Oct4 shut-
tle in vivo? Our results indicated that Oct4 is passively exported
from the nucleus in a transport factor-independent manner
and that Oct4 mobility within the nucleus parallels the export
rate of nuclear Oct4. Thus, increased interactions between
Oct4 and other nuclear proteins or DNA may retain Oct4 for
longer within the nucleus. Indeed, we found that the Oct4
APOU mutant that does not bind DNA showed an increased
rate of nuclear export, which is in agreement with the previous
report (32).
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In summary, Oct4 shuttles between the nucleus and cyto-
plasm. To function as a transcription factor that maintains the
undifferentiated state of ES cells, Oct4 only has to stay tran-
siently in the nucleus. In contrast, to induce cellular reprogram-
ming, Oct4 must stay in the nucleus for a sufficient length of
time to induce essential transcription-independent reactions,
which may involve chromatin remodeling and/or epigenetic
changes. Thus, Oct4 plays distinct roles in the self-renewal of
ES cells and in somatic cell reprogramming. Future studies
focused on the characterization of cellular reprogramming pro-
cesses induced by the Oct4-NES-NES mutant may shed light on
how nuclear Oct4 retention functions to induce somatic cell
reprogramming.
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