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(Background: It remains largely unexplored how post-translational modifications regulate reprogramming of somatic cells
Results: Substitution of the sole sumoylation site of the well known reprogramming factor KLF4 promotes iPS cell

Conclusion: KLF4 sumoylation inhibits iPS cell induction but stimulates adipocyte differentiation.
Significance: The study highlights the importance of KLF4 sumoylation in regulating pluripotency and cell fate determination.
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Ectopic expression of transcription factors has been shown to
reprogram somatic cells into induced pluripotent stem (iPS)
cells. It remains largely unexplored how this process is regulated
by post-translational modifications. Several reprogramming
factors possess conserved sumoylation sites, so we investigated
whether and how this modification regulates reprogramming of
fibroblasts into iPS cells. Substitution of the sole sumoylation
site of the Kriippel-like factor (KLF4), a well known reprogram-
ming factor, promoted iPS cell formation. In comparison, much
smaller effects on reprogramming were observed for sumoyla-
tion-deficient mutants of SOX2 and OCT4, two other classical
reprogramming factors. We also analyzed KLF2, a KLF4 homo-
log and a member of the KLF family of transcription factors with
a known role in reprogramming. KLF2 was sumoylated at two
conserved neighboring motifs, but substitution of the key lysine
residues only stimulated reprogramming slightly. KLF5 is
another KLF member with an established link to embryonic
stem cell pluripotency. Interestingly, although it was much
more efficiently sumoylated than either KLF2 or KLF4, KLF5
was inactive in reprogramming, and its sumoylation was not
responsible for this deficiency. Furthermore, sumoylation of
KLF4 but not KLF2 or KLF5 stimulated adipocyte differentia-
tion. These results thus demonstrate the importance KLF4
sumoylation in regulating pluripotency and adipocyte
differentiation.

Post-translational modification is essential for regulating
protein functions in diverse organisms. Rather than attachment
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of small chemical moieties such as phospho, acetyl, and methyl
groups, sumoylation adds an ~10-kDa small ubiquitin-like
modifier (SUMO)® polypeptide to the e-amino group of lysine
residues (1-3). Sumoylation exists in all eukaryotes and is
essential for viability (4). In humans, there are four different
SUMO proteins, SUMOI, -2, -3, and -4. SUMO2 and SUMO3
are highly homologous (95% identical) and allow both mono-
and polysumoylation (5). SUMOL1 is 47% identical to SUMO2
and -3, but it lacks the key lysine residue for polysumoylation,
thereby conferring only monosumoylation (2, 3). The func-
tional relevance of SUMO4 remains unclear. SUMOs are ~18%
identical to ubiquitin at the sequence level and have three-di-
mensional structural folds similar to that of ubiquitin (2, 3).
Like ubiquitination, a conserved enzymatic cascade catalyzes
sumoylation, including a heterodimeric E1 activating enzyme
(SAE1/SAE2), an E2 conjugating enzyme (UBC9), and multiple
E3ligases (1, 3). Sentrin-specific proteases remove SUMO poly-
peptides from target proteins, rendering sumoylation dynamic
and reversible (5).

Numerous proteins have been found to be sumoylated in
diverse species from yeast to human, and ~50% of known
sumoylation sites conform to the classical consensus sequence
YKXE, where ¢ is a bulky hydrophobic amino acid (such as Ile,
Leu, and Val), and X is any residue (1, 5, 6). A subgroup of
known sumoylation sites contains one or a few acidic residues
located two residues C-terminal from the core motif yiKKXE and
forms a negatively charged amino acid-dependent sumoylation
motif (7). The negative charge enhances the affinity for Ubc9
through binding to its positively charged surface close to the
sumoylation pocket (7, 8). Similar to the negatively charged
motif is the phosphorylation-dependent sumoylation motif
YKXEXX(S/T), shared by HSF1, PPAR+y, MEF2, estrogen-re-
lated receptors (ERRs), and others (9—-12). Signal-dependent
phosphorylation of the Ser/Thr residue promotes sumoylation
and provides a unique mechanism for phosphorylation-depen-

>The abbreviations used are: SUMO, small ubiquitin-like modifier; iPS,
induced pluripotent stem; mEF, mouse embryonic fibroblast; ERR, estro-
gen-related receptor; IP, immunoprecipitation; KLF, Krippel-like factor.
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dent sumoylation in response to different signaling pathways
(13). The negative charge resulting from phosphorylation
enhances the affinity for a positively charged surface on Ubc9
and promotes sumoylation (8).

We searched sequence databases with the extended motif
YKXEXX(S/T) and identified additional targets that are poten-
tially subject to phosphorylation-dependent sumoylation (13).
Two of them are KLF4 and SOX2, both of which are sumoylated
(14.-16), raising the question whether neighboring phosphory-
lation regulates sumoylation. Strikingly, both are among the
four transcription factors initially found to reprogram mouse
fibroblasts to iPS cells (17). The other two reprogramming fac-
tors are OCT4 (also known as Pou5f1) and ¢-MYC. Interest-
ingly, OCT4 also contains a sumoylation site (18, 19), so three of
the four reprogramming factors have been shown to be sumoy-
lated. In addition, two KLF4 homologs, KLF2 and KLF5, play a
role in reprogramming (20). Although KLF5 is known to be
sumoylated (21, 22), KLF2 possesses two putative sumoylation
sites awaiting characterization. Furthermore, ERRs are subject
to phosphorylation-dependent sumoylation and have a role in
reprogramming (12, 23). These observations suggest the
intriguing possibility that sumoylation regulates iPS cell gener-
ation and pluripotency.

Since the initial description of iPS cell formation by ectopic
expression of only four transcription factors (17), there have
been intensive research efforts to apply this technology to dis-
ease modeling and autologous cell therapy (24-26). A better
understanding of the underlying molecular and cellular mech-
anisms is important for further improvement and eventual
optimization of this powerful technology. Although post-trans-
lational modifications such as sumoylation are crucial for vari-
ous transcription factors to function (27-29), it remains not so
clear how such modifications may affect iPS cell generation. We
thus analyzed how sumoylation of KLF4, SOX2, and OCT4 may
regulate iPS cell formation. Here, we report that sumoylation of
these factors inhibits iPS cell induction. Interestingly, KLF4
sumoylation appeared to stimulate adipocyte differentiation. In
addition, we analyzed KLF2 and KLF5. Like KLF5, KLF2 was
sumoylated at two sumoylation sites. However, substitution of
the sumoylation sites on KLF2 or KLF5 had minimal effects on
reprogramming or adipocyte differentiation. These findings
support the importance of KLF4 sumoylation in pluripotency
induction and adipocyte differentiation.

MATERIALS AND METHODS

Cell Culture and Animal Care—HEK293 and 3T3-L1 were
cultured and expanded in DMEM, 10% fetal bovine serum
(FBS), and penicillin and streptomycin (50 ng/ml each). Mouse
embryonic fibroblasts (MEFs) were derived from 13.5-day post-
coitus mouse embryos as described previously (30). Briefly, a
13.5-day post-coitus pregnant mouse (FVB strain, Jax) was sac-
rificed by cervical dislocation under sterile conditions, and the
embryos were surgically removed from the uterus. After the
head, forelimb, tail, and abdomen were surgically removed,
the remaining embryos were nipped into pieces and incubated
in 0.25% trypsin for 30 min. Trypsinization was repeated twice,
and after each time, trypsinized cells were separated from the
tissue pieces and plated onto a 10-cm culture dish. This was
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considered as passage 0, and MEFs were expanded for 3 to 4
passages. MEFs at passages 2—3 were used for iPS cell genera-
tion. For preparation of feeder layers, MEFs were irradiated at
6000 rads or treated with 10 ug/ml mitomycin C (Sigma) for
3 h. FVB mice were maintained, bred, and sacrificed according
to an animal use protocol approved by McGill University Ani-
mal Care Committee.

For MEF preparation, we encountered mysterious contami-
nation by “black swimming dots,” which appeared to be very
similar to what was reported to be Achromobacter (31). In light
of the similarity, ciprofloxacin and piperacillin (10 ug/ml each;
Sigma, Cat. nos. 17850 and P8396, respectively) were included
in the MEF medium. The former is an acid and was prepared in
30 mMm NaOH for a 10 mg/ml stock, prior to sterilization by
filtration, whereas the latter is a salt and was prepared in water
or PBS, with all stocks stored as aliquots at —20 °C). This rem-
edy was effective in eradiating and preventing the contamina-
tion. Such contamination has occurred in many other labora-
tories (31).

Construction of Expression Plasmids—The following expres-
sion plasmids or cDNA constructs were purchased from Open
Biosystems: KLF2 (BC071983); KLF4 (MHS1011-7509690);
KLF5 (MHS1011-61504); OCT4 (MHS1768-98081221); SOX2
(MHS1011-169828), and c-Myc (MHS1010-9205764). The fol-
lowing lentivirus plasmids were obtained from Addgene:
pLOVE (15948); pLOVE-KIf4 (15950); pLOVE-N-MYC
(15951); pSin-EF2-SOX2-Pur (16577), and pSin-EF2-OCT4-
Pur (16579). The plasmids for FLAG-tagged wild-type and
mutant proteins were constructed by use of standard subclon-
ing and mutagenesis protocols. Lentiviral shuttle vectors were
prepared on pENTR11 for homologous recombination with
pLOVE via the Gateway system (Invitrogen).

Antibodies—The following antibodies were purchased as
specified: anti-Gal4 (Santa Cruz Biotechnology, RK5CI); anti-
FLAG (Sigma, F3165); anti-HA (Babco/Covance); anti-mouse
HRP IgG (Amersham Biosciences, NA93IV); goat anti-rabbit
IgG (Fisher, AP307FMI); anti-Nanog (Bethyl Laboratories,
BL1662); anti-KLF4 (Santa Cruz Biotechnology, H-180), and
anti-Ssea-1 (Cell Signaling Technology, MC-480).

Sumoylation Assays—The procedure has been described pre-
viously (11). Briefly, an HA-tagged SUMO construct and a
FLAG-tagged transcription factor construct were co-trans-
fected into HEK293 cells by using the Superfect transfection
reagent (Qiagen, 301307). After 48 h, the cells were lysed in
buffer S (SDS sample buffer (0.15 m Tris-HCI, pH 6.7, 5% SDS,
and 30% glycerol) diluted 1:10 in PBS containing 0.5% Nonidet
P-40, and protease inhibitors), followed by 15 s of sonication
three times at the power setting of 3.5 (Model Virsonic 100
sonicator) to break up chromatin and decrease the viscosity.
Anti-FLAG M2 beads (Sigma, A2220) were used to immuno-
precipitate FLAG-tagged proteins according to the manufac-
turer’s instructions. Briefly, prewashed anti-FLAG M2-agarose
was mixed with soluble extracts and rotated for 2 h at 4 °C. The
agarose was collected by centrifugation at 400 X g for 1 min and
washed three times with buffer R (PBS, 0.5% Nonidet P-40, 1
mM PMSF, 12.8 mm 3-mercaptoethanol, and protease inhibi-
tors). For elution, the agarose was incubated with buffer R con-
taining 0.2 mg/ml FLAG peptide for 30 min on a rotator at 4 °C.
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After a brief spin, the supernatant was collected for SDS-PAGE
and Western blotting.

Reporter Gene Assays—On the day before transfection, 4 X
10* HEK293 cells or 2 X 10* MEFs were seeded per well onto a
12-well plate. 200 ng of the luciferase reporter Gal4-tk-luc or
Nanog-luc (pGL3-Nanog(—2342 to +50), obtained from
Takashi Tada, Kyoto University (32)) were transfected along
with 200 ng of expression plasmids. The B-galactosidase
expression plasmid CMV-B-Gal (50 ng) was co-transfected as
an internal control. The transfection reagents Superfect (Qia-
gen, catalog no. 301307) and Lipofectamine 2000 (Invitrogen,
catalog no. 11668-019) were employed for transfection of
HEK293 cells and MEFs, respectively. 48 h post-transfection,
the cells were lysed in situ, and soluble extracts were prepared
for measurement of luciferase and B-galactosidase activities
with a 96-well plate luminometer (Dynex). p-(—)-Luciferin
(Roche Applied Science) and Galacto-Light Plus (Tropix) were
used as the substrates for luciferase and B-galactosidase,
respectively.

Chromatin Immunoprecipitation (ChIP)—The procedure
has been described previously (33). On irradiated MEF feeders
precultured on three 10-cm gelatinized culture dishes, mouse
R1 ES cells were grown to ~90% confluency, resulting in
~1.5 X 107 cells for ChIP. 0.27 ml of 37% formaldehyde was
added directly to each dish to achieve a final concentration of
1%. The three dishes were transferred to an orbital shaker and
shaken for 10 min at room temperature. This cross-linking
reaction was stopped by addition of glycine to a final concen-
tration of 0.125 M, which was followed by a 5-min incubation at
room temperature. The dishes were washed twice with ice-cold
PBS and scraped on ice to harvest the cells in some residual PBS.
The cell suspension was combined into one Falcon tube and
centrifuged at 220 X g for 10 min at 4 °C. The cell pellet was
lysed in 150 ul of the lysis buffer (50 mm Tris-HCI, pH 8.0, 1%
SDS, 10 mm EDTA, and protease inhibitors) and sonicated
three times on ice for 20 s each at setting 6 (Virsonic 100 soni-
cator). The cell lysate was centrifuged at 16,000 X g for 10 min
at 4 °C. The resulting supernatant was diluted in 1.2 ml of ChIP
dilution buffer (20 mm Tris-HCI, pH 8.0, 1% Triton X-100, 2
mm EDTA, and 150 mm NaCl). Sheared salmon sperm DNA
was mixed with protein A-agarose (Upstate) and incubated
with the diluted lysate for pre-clearance. The suspension was
rotated for 1 h at 4 °C. After brief centrifugation, the superna-
tant was incubated with the primary antibody overnight at 4 °C.
The next day, 40 ul of salmon sperm DNA/protein A-agarose
bead suspension was added into the lysate/antibody mixture
and incubated for 2 h at 4 °C. The beads were then separated
from the lysate by centrifugation at 750 X g for 1 min, resus-
pended in 1 ml of wash buffer 1 (low salt buffer: 20 mm Tris-
HCI, pH 8.0, 150 mm NaCl, 0.1% SDS, 1% Triton, and 2 mm
EDTA), and rotated for 10 min. The beads were separated from
buffer 1 by brief centrifugation and resuspended in 1 ml of
buffer 2 (high salt buffer: 20 mm Tris-HCI, pH 8.0, 500 mm
NaCl, 0.1% SDS, 1% Triton, and 2 mm EDTA). The same wash-
ing step was repeated in freshly prepared buffer 3 (LiCl buffer:
10 mm Tris-HCIL, pH 8.0, 0.25 M LiCl, 1% Nonidet P-40, 1 mm
EDTA, and 1% sodium deoxycholate) and cold buffer TE (10
mM Tris-HCI, pH 7.5, and 1 mm EDTA). 150 ul of de-crosslink
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buffer (0.1 M NaHCO; and 1% SDS) was added onto the beads
and incubated at 65 °C for 6 —18 h. The supernatant was mixed
with 5 ul of proteinase K (1 mg/ml) and incubated for 1 h at
55 °C. Afterward, DNA was purified with the QIAQuick PCR
purification column kit (Qiagen) for PCR. For the Nanog pro-
moter, the PCR primers were 5'-GTGAAATGAGGTAAAGC-
CTCTTTT-3" and 5'-AAGGCCAACGGCTCAAGGCG-
ATAG-3'. For the Lefty promoter, the primers 5'-AAGCTGC-
AGACTTCATTCCA-3" and 5'-CGGGGGATAGATGAAG-
AAAC-3" were used (34).

Immunofluorescence Microscopy—Coverslips were flamed
and put onto wells of 12- or 24-well dishes for culturing cells.
Coverslips containing cultured cells were washed twice with
PBS prior to fixation with 2% paraformaldehyde for 20 min at
room temperature. Cells were then washed three times with
PBS and permeabilized with 0.2% Triton X-100 solution/PBS
for 10 min. Afterward, the coverslips were rinsed three times
with 100 mwm glycine/PBS and blocked in the blocking solution
(2% BSA prepared in the IF buffer (PBS, 0.2% Triton X-100 and
0.05% Tween 20)). After 30 min, the coverslips were incubated
for 1 h at room temperature with primary antibodies diluted 1:
100 or 1:200 in the blocking solution. Cells were then washed
three times with the IF buffer and incubated with fluorophore-
conjugated secondary antibodies (diluted 1:500 to 1:1000) for
45 min. Afterward, the coverslips were rinsed three times with
the IF buffer, briefly exposed to DAPI or Hoechst 33258 to stain
the nuclei, and mounted for examination under a Zeiss Axio-
vert 135 fluorescence microscope.

Lentivirus Preparation—293FT cells (Invitrogen) were main-
tained in DMEM/10% FBS medium containing 400 ng/ml neo-
mycin (geneticin, Invitrogen, catalog no. 11811-098) per the
manufacturer’s instructions and incubated in the antibiotic-
free medium for at least 8 h prior to transfection with Lipo-
fectamine 2000. 10 ug of expression plasmid was mixed with 6.5
g of psPAX2, 3.5 ug of pMD2.G, 50 ul of Lipofectamine 2000,
and 1 ml of Opti-MEM to transfect 8 X 10° 293FT cells in a
10-cm dish according to the manufacturer’s instructions (Invit-
rogen). 24 h post-transfection, the medium was collected as the
viral supernatant everyday for 3 days and was subjected to cen-
trifugation at 76,000 X g for 1.5 h. The viral pellet was then
suspended in DMEM, 10% heat-inactivated FBS and rotated
overnight at 4 °C. The resulting virus supernatant was used to
infect cells directly or was flash-frozen in aliquots on dry ice for
long term storage at —80 °C.

iPS Cell Induction—The procedure for drug selection-free
iPS cell induction has been described previously (35). Briefly,
the day before virus infection, MEFs (passage 2 or 3) were plated
at 0.8 —1 X 10° cells per well for a 12-well plate or 3 X 10° cells
per well of a 6-well plate and incubated overnight in DMEM
containing 10% FBS and penicillin/streptomycin (50 ug/ml
each) inside a 37 °C CO, incubator. The next day, the cells were
washed once with PBS or plain DMEM and refed with DMEM,
10% heat-inactivated FBS, 8 ug/ml Polybrene. After addition of
the concentrated virus stock (suspended in DMEM, 10% heat-
inactivated FBS, see above) to the medium, the cells were incu-
bated in a 37 °C CO, incubator for 2 days. The virus-containing
medium was then removed, and the cells were then washed
once with PBS or plain DMEM for culturing in the mESC
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medium (DMEM high glucose, 1% nonessential amino acids
(100X stock, Invitrogen), 1% sodium pyruvate (100X stock,
Invitrogen), 0.1 mM (-mercaptoethanol, 15% FBS, penicillin,
and streptomycin (50 ug/ml each), and 1000 units of murine
leukemia inhibitory factor/ml (Millipore, ESGRO®)). The
medium was changed every 2 days. iPS colonies appeared 5-6
days after infection. For alkaline phosphatase staining, a detec-
tion kit (Millipore, SCR004) was used according to the manu-
facturer’s instructions.

RT-PCR—cDNA synthesis was carried out with Expand
Reverse Transcriptase (Roche Applied Science) and PCR was
performed according to the manufacturer’s instructions. The
PCR primers for the ES markers Nanog, Eras, Rex1, and Dax1
have been described previously (17).

Adipocyte Differentiation and Oil Red O Staining—3T3-L1
preadipocytes (36) and MEFs were cultured in DMEM contain-
ing 10% FBS, 50 ug/ml penicillin, and 50 pg/ml streptomycin
until reaching full confluency. Two days later (day 2), differen-
tiation was induced by addition of insulin (5 pg/ml; Sigma, cat-
alog no. 19278), dexamethasone (1 wMm; Sigma, catalog no.
D8893), and rosiglitazone (0.1 to 1 um) (or isobutyl-1-methyl-
xanthine (0.05 to 0.5 mum; Sigma catalog no. 178018). On day 4,
the medium was replaced with the same medium containing 5
pg/ml insulin only. This medium was changed every 2 days
until the end of differentiation. For Oil Red O (Sigma) staining,
the medium was removed, and the cells were washed with PBS.
The cells were then incubated with 10% formalin for 1 h and
rinsed with 60% isopropyl alcohol. After air-drying, the fixed
cells were incubated for 10 min with the Whatman No. 1 paper-
filtered Oil Red O working solution: 3:2 dilution in Nano-pure
H,O from the stock solution of 0.35% Oil Red O dissolved in
isopropyl alcohol. The wells were rinsed five times with Nano-
pure H,O prior to photographing or scanning. For quantifica-
tion, Oil Red O was extracted with 100% isopropyl alcohol, and
the absorbance was measured at 520 nm with a spectrophotom-
eter (Thermo Spectronic) as described (37).

Statistical Analysis—Data are presented as means * S.D.
Unpaired one-tailed Student’s ¢ tests were performed to calcu-
late p value. For experiments with more than two conditions,
one-way analyses of variance were performed with a Bonferroni
post-hoc test.

RESULTS

Sumoylation Inhibits Transcriptional Activity of KLF4—
KLF4 belongs to the Kriippel-like factor (KLF)/SP family of zinc
finger transcription factors and contains an activation domain
at the N-terminal portion, a repression domain in the middle
portion, and three Kriippel-like zinc fingers at the C-terminal
part (Fig. 1A4). Blast search and manual sequence inspection
revealed a YKXE motif, which is conserved from fish to humans
and located within the transcriptional repression domain (Fig.
1A). A Ser/Thr cluster is a few residues C-terminal to the motif,
suggesting a potential cross-talk between sumoylation and
phosphorylation. We first examined whether conserved Lys-
269 is indeed a sumoylation site. As shown in Fig. 1B (lanes 1
and 2), mutation K269R abolished KLF4 sumoylation, confirm-
ing that Lys-269 is the sole sumoylatable residue. Consistent
with this, two recent studies showed that KLF4 is sumoylated at
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an equivalent site when different isoforms were used (14, 15).
Next, we investigated how Ser-274 may control Lys-269
sumoylation. As shown in Fig. 1B, mutation of S274A reduced
the sumoylated KLF4 double bands to a single band but only
slightly decreased total sumoylation level (compare lanes 1 and
3). The doublet observed with wild-type KLF4 could be due to
Ser-274 phosphorylation. The additional mutation S275A did
not decrease sumoylation further (Fig. 1B, compare lanes 3 and
4). These results indicate that at least under the assay condi-
tions employed, Ser-274 or Ser-275 had no major effects on
sumoylation of human KLF4. Related to this, Ser-274 is not
conserved in mouse and rat KLF4 (Fig. 14).

As for the functional consequence of sumoylation, protein
levels of wild-type KLF4 and mutants were comparable (Fig.
1B), indicating that sumoylation does not affect protein stabil-
ity. We then examined potential effects on subcellular localiza-
tion using fluorescence microscopy, and no difference was
found between wild-type KLF4 and mutant K269R (Fig. 1C).
Then the wild-type and mutant forms of KLF4 were expressed
as proteins fused to the C-terminal end of the DNA-binding
domain of the yeast transcription factor Gal4. Reporter gene
assays with these constructs revealed that mutation K269R
but not S274A dramatically activated the transcriptional
activity of KLF4 (Fig. 1D). These fusion proteins were
expressed to similar levels (Fig. 1E), further attesting to the
conclusion that sumoylation does not affect KLF4 stability.
These results indicate that Lys-269 sumoylation inhibits
KLF4-dependent transcription.

Sumoylation Inhibits Transcriptional Activity of Sox2—Sox2
is a member of the Sox ((Sex determining region Y)-box) family
of transcription factors containing an high mobility group
DNA-binding domain at the N-terminal portion and two acti-
vation domains at the C-terminal part (Fig. 24). We previously
reported that SOX2 contains a YKXEXXS motif for potential
phosphorylation-dependent sumoylation (13). This motif is
conserved from Xenopus to humans and located between the
two transcriptional activation domains (Fig. 24). Lys-247 of
mouse Sox2 has been shown to be sumoylated, and the modifi-
cation was found to inhibit DNA binding (16). As shown in Fig.
2B, the mutation K245R dramatically reduced sumoylation of
human SOX2 (compare lanes I and 2), confirming that Lys-245
of human SOX2 is a major sumoylation site (equivalent to Lys-
247 of mouse Sox2, see Fig. 2A4). This mutation had no effects on
the subcellular localization (Fig. 2C) but promoted the tran-
scriptional activity of SOX2 (Fig. 2D). Then we investigated
how the serine cluster (Ser-248 to Ser-250) may regulate Lys-
245 sumoylation. The mutation S249A had minimal impact on
sumoylation (Fig. 2B, compares lanes 1 and 3) or transcription
(Fig. 2D), but substitution of all three serine residues with ala-
nine reduced sumoylation (Fig. 2B, compare lanes 1 and 4),
indicating that the three serine residues are required for opti-
mal sumoylation. In subcellular localization, the triple mutant
behaved similarly as the wild-type and K245R mutant of SOX2
(Fig. 2C). It was somewhat surprising that the triple mutation
S248A/S249A/S250A decreased sumoylation (Fig. 2B, com-
pares lanes 1 and 4) but had little impact on transcription (data
not shown). One explanation is that the residual amount of
sumoylation is sufficient to repress transcription. To determine
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FIGURE 1. Sumoylation represses transcriptional activity of KLF4. A, domain organization of KLF4 illustrated with sequence alignment of a conserved
sumoylation motif and adjacent residues in KLF4 proteins from zebrafish to human. AD, transcriptional activation domain; RD, repression domain; ZF, zinc
finger; ¢, bulky hydrophobic residues such as lle, Leu, or Val; x, any residue. B, sumoylation assays. Expression plasmids for HA-SUMO2 and FLAG-tagged
wild-type and mutant KLF4 were co-transfected into HEK293 cells as indicated. 48 h post-transfection, cells were lysed in buffer S, and soluble extracts were
prepared for immunoprecipitation (/P) on anti-FLAG M2-agarose and Western blotting (WB) with anti-HA and -FLAG antibodies. HA-SUMO1 was difficult to
express, so SUMO2 was used instead. C, subcellular localization of GFP-KLF4 and -K269R after transient transfection of the corresponding expression plasmids
into HEK293 cells. Cells were fixed and incubated with Hoechst 33258 for subsequent fluorescence microscopy to detect GFP expression (green) and nuclei
(blue). D, reporter gene assays. The Gal4-tk-Luc construct contains five tandem binding sites for the yeast transcription factor Gal4 upstream from the thymidine
kinase (tk) core promoters and the coding sequence of luciferase. This construct was transfected into HEK293 cells along with an expression plasmid for
expression of fusion proteins containing the Gal4 DNA-binding domain (residues 1-147) fused to KLF4 or its point mutants as indicated. Luciferase activities
were normalized to B-galactosidase activities expressed from the CMV-B-Gal expression plasmid that was co-transfected as the internal control. The results
were based on three independent assays. ¥, p = 0.0006 when compared with the empty vector-transfected control. £, Western blotting analysis of Gal4 fusion
protein expression. Expression plasmids for the indicated Gal4 fusion proteins (wild-type and mutant KLF4 proteins fused to the C-terminal end of the
N-terminal 147 residues of yeast Gal4) were transfected into HEK293 cells, and 2 days later, soluble extracts were prepared forimmunoblotting with anti-Gal4
antibody (top) and anti-a-tubulin (bottom) antibodies.

whether phosphorylation plays a role and can be mimicked by
aspartate, we analyzed mutants $249D (Asp substitution of Ser-
249) and S248D/S249D/S50D (Asp substitution of Ser-248,
Ser-249, and Ser-250). As shown in supplemental Fig. S1, nei-
ther mutant promoted sumoylation, suggesting that negative
charge per se is insufficient to stimulate sumoylation.
Sumoylation of KLF4 and Sox2 Inhibits Nanog Promoter Activity—
To complement the Gal4-based reporter gene assays (Fig. 1D
and Fig. 2D), we sought to use a native promoter fragment. For
this, we analyzed a promoter fragment of the Nanog gene
because Nanog is an established embryonic stem (ES) cell-spe-
cific marker with a central role in regulating pluripotency and
self-renewal of ES cells (38, 39). Its unexpected absence among
the four reprogramming factors that were initially identified
(17) suggests that its activation is secondary to expression of
other factors. Consistent with this, OCT4 and SOX2 bind to
a composite site at the mouse Nanog promoter and activate
its transcription (Fig. 2E, top) (32, 40). In addition, two
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KLF4-binding loci are at the Nanog promoter, and one of
them overlaps with the OCT4-SOX2-binding site (41). We
thus wondered whether KLF4 sumoylation regulates Nanog
transcription. To test this, we performed ChIP to verify KLF4
binding to the Nanog promoter in mouse ES cells. As shown
in Fig. 2E (bottom), ChIP revealed that KLF4 binds to the
Nanog promoter, and the binding site overlaps with the
OCT4-SOX2 composite element. In addition, we analyzed
the promoter of Lefty, another ES cell marker. This pro-
moter also contains a composite OCT4-SOX2-binding site
close to the KLF4-binding site (supplemental Fig. S2A4) (34).
As shown in supplemental Fig. S2B, ChIP revealed that KLF4
also binds to the OCT4-SOX2-binding site on the Lefty pro-
moter. These observations suggest that KLF4 may interact
with OCT4 and SOX2 to occupy Nanog and Lefty promoters.
To substantiate this, we performed co-IP. As shown in sup-
plemental Fig. S2C, FLAG-tagged KLF4 precipitated
HA-tagged OCT4 and SOX2. Consistent with this, these
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FIGURE 2. Sumoylation inhibits transcriptional activity of SOX2. A, domain organization of mouse Sox2 shown with sequence alignment of a conserved
sumoylation motif and adjacent residues in Sox2 proteins from Xenopus to humans. HMG, high mobility group DNA binding domain; ADT and AD2, transcrip-
tional activation domains 1 and 2, respectively. B, sumoylation assays. Expression plasmids for HA-SUMO2 and FLAG-tagged wild-type human SOX2 and
mutants were co-transfected into HEK293 cells. Extracts were prepared as in Fig. 1B for IP on anti-FLAG M2-agarose and subsequent immunoblotting with
anti-HA and -FLAG antibodies as indicated. G, subcellular localization of GFP-tagged wild-type and mutant SOX2 proteins. After transient transfection with the
corresponding expression plasmids, HEK293 cells were fixed and incubated with Hoechst 33258 for fluorescence microscopy to detect GFP expression (green)
and nuclei (blue). D, reporter gene assays. The assays were performed as for Fig. 1D except that expression plasmids for Sox2 and mutants were analyzed. The
results were calculated from three independent assays. *, p < 0.05 when compared with the empty vector-transfected control. £, ChIP analysis. Formaldehyde
was used to fix mouse ES cells, and after brief sonication, soluble chromatin was prepared for IP with the a-KLF4 antibody (lane 3) or control IgG (lane 2). The
immunoprecipitates were used for PCR to amplify the fragment corresponding to nucleotides —450 to —191 of the mouse Nanog promoter, indicated by
arrows (top). F, reporter gene assays. The assays were performed as for Fig. 1D except that the reporter construct contains a mouse Nanog promoter fragment
(—2340 to +150) controlling luciferase expression. The expression plasmids for FLAG-tagged KLF4 and SOX2 were transfected as specified. The results were
calculated from five different sets of data, with p values indicated.

Both wild-type KLF4 and mutant K269R activated the Nanog-
luc reporter, and the latter was more active (Fig. 2F). Although

proteins co-localized in the nucleus (supplemental Fig. S2D).
Of relevance, it has been reported that KLF4 interacts with

Oct4 and Sox2 (42).

Co-occupancy of KLF4, OCT4, and SOX2 at the Nanog pro-
moter and the presence of sumoylation motifs in all of them
suggest that sumoylation might regulate reprogramming. To
test this, we first compared wild-type KLF4 and mutant K269R
in activating the Nanog promoter. We used the reporter con-
struct pGL3-Nanog(—2342 to +50), which contains a mouse
Nanog promoter fragment driving luciferase expression (32).
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wild-type SOX2 and mutant K245R activated the reporter only
slightly, they synergized with the KLF4 proteins (Fig. 2F). These
findings suggest that sumoylation inhibits the ability of KLF4
and Sox2 to activate the Nanog promoter.

KLF4 Sumoylation Inhibits iPS Cell Induction—We next ana-
lyzed how the wild-type and sumoylation-deficient mutant of
KLF4 might reprogram MEFs into iPS cells. For easy compari-
son of expression levels of the wild-type and mutant proteins,
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FIGURE 3. Sumoylation of KLF4 and SOX2 down-regulates iPS cell induc-
tion. A, Western blotting analysis. HEK293 cell lysates were analyzed 48 h
after transduction with lentivirus expressing FLAG-tagged KLF4, SOX2, or
OCT4 as indicated. B, quantification of alkaline phosphatase (ALP)-positive
colonies 9 days after MEFs were transduced with lentiviruses expressing
OCT4,N-MYC (both untagged), and FLAG-tagged (f-) KLF4 and SOX2 proteins
asindicated. The p value is shown (n = 3). , alkaline phosphatase staining of
primary iPS colonies 6 or 9 days after infection of MEFs with a mixture of
lentiviruses expressing untagged OCT4 and N-MYC, along with lentiviruses
for FLAG-tagged KLF4 and SOX2 as indicated. D, alkaline phosphatase stain-
ing of primary iPS colonies 6 days after MEFs were infected with the lentivirus
expressing FLAG-tagged OCT4 or mutant K123R, along with lentiviruses
expressing N-MYC and FLAG-tagged sumoylation-deficient mutants of KLF4
and SOX2. E, quantification of experiments performed as in D.

we generated lentiviruses expressing FLAG-tagged KLF4 pro-
teins (Fig. 34, lanes I and 2). MEFs were infected with lentivi-
ruses expressing the four reprogramming factors (or mutant
counterparts), and after 6 —10 days, alkaline phosphatase stain-
ing was performed to determine reprogramming efficiency.
Replacing wild-type KLF4 with mutant K269R enhanced repro-
gramming efficiency by ~3.3-fold, and ALP" colonies also
appeared 1-2 days earlier (Fig. 3, B and C).

Several colonies were selected and expanded. They survived
trypsinization and exhibited the characteristic morphology of
mouse ES cell colonies (Fig. 4, A and B, phase contrast). RT-PCR
analysis revealed expression of mouse ES cell markers, includ-
ing Nanog, Eras, Dax1, and Rex1 (Fig. 4C). Immunofluores-
cence microscopy confirmed that the expanded iPS cell clones
exhibited almost homogeneous expression of Nanog and
Ssea-1, another mouse ES cell marker (Fig. 4, A and B, fluores-
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cent images). Immunoblotting indicated that FLAG-KLF4 and
-K269R were expressed in the iPS cell clones, and a higher level
of endogenous KLF4 but a lower level of p21 were detected in
extracts from the K269R iPS cell clone (Fig. 4D), indicating that
K269R colonies were more successful in reactivating the endog-
enous KLF4 promoter. About p21, we compared wild-type and
mutant KLF4 in activating its transcription using a luciferase
reporter controlled by a p21 promoter fragment, but no differ-
ence was detected (data not shown). Stable expression of the
mutant stimulated p21 expression as the wild-type (data not
shown), suggesting that the decreased level of p21 in the K269R
iPS cell clone was due to indirect effects. To determine the
differentiation potential of the iPS cell clones, we analyzed
embryoid body formation. After a 2-day culture in hanging
drops, the wild-type KLF4 and mutant K269R iPS cell clones
formed well shaped embryoid bodies (Fig. 4E). These results
indicate that although KLF4 sumoylation inhibits MEF-to-iPS
cell reprogramming, it does not affect the quality of the result-
ing iPS cell clones.

Synergistic Inhibition of Reprogramming by Sumoylation of
KLF4, SOX2, and OCT4—Reporter gene assays revealed a syn-
ergy of the KLF4 mutant K269R with the sumoylation-deficient
SOX2 mutant K245R in activating the Nanog promoter (Fig.
2F), so an interesting question is whether these mutants syner-
gize each other in MEF reprogramming to iPS cells. As it was
unclear how sumoylation of Sox2 plays a role in this process, we
first compared wild-type SOX2 with its sumoylation-deficient
mutant. Both were expressed to similar levels (Fig. 34, lanes 3
and 4). Compared with the wild-type, mutant K245R was
slightly more active in inducing formation of ALP™ colonies
(Fig. 3, B—D, and supplemental Fig. S3). We also compared
K245R with mutants S249D and S248D/S249D/S250D. Con-
sistent with the results from sumoylation assays (Fig. 2 and
supplemental Fig. S1), these two mutants behaved similarly to
the wild type (supplemental Fig. S3). Interestingly, when the
KLF4 mutant K269R was co-expressed, the SOX2 mutant
K245R synergized with this KLF4 mutant in promoting forma-
tion of ALP™ colonies (Fig. 3, B and C). Therefore, SOX2
sumoylation synergizes with KLF4 sumoylation to inhibit
reprogramming.

As it was unclear how sumoylation of OCT4 plays a role in
the process, we compared wild-type OCT4 with its sumoyla-
tion-deficient mutant K123R (18, 19). As shown in Fig. 34
(lanes 5 and 6), the wild-type and mutant proteins were
expressed to similar levels. Compared with the wild type,
K123R was slightly more active in promoting formation of
ALP™ colonies (Fig. 3, D and E), suggesting that OCT4 sumoy-
lation inhibits reprogramming. Interestingly, when the KLF4
mutant K269R and/or the SOX2 mutant K245R were co-ex-
pressed, the OCT4 mutant K123R slightly synergized with
these two mutants in promoting formation of ALP™ colonies
(Fig. 2, D and E), supporting synergistic inhibition of MEF
reprogramming by sumoylation of KLF4, SOX2, and OCT4.

Effects of KLF2 and KLFS5 Sumoylation on Reprogramming—
KLF2 and KLF5 are two members of the KLF family shown to
replace KLF4 in iPS cell generation (20). Both contain a pair of
conserved sumoylation motifs (Figs. 54 and 6A and supple-
mental Fig. S4). These two motifs of KLF2 are conserved among
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FIGURE 4. Characterization of iPS cell clones expressing wild-type or mutant KLF4. A, phase contrast, alkaline phosphatase staining, and immunostaining
of a representative iPS cell clone derived from MEFs infected with lentiviruses expressing KLF4 (FLAG-tagged), untagged OCT4, SOX2, and N-MYC. B, phase
contrast, alkaline phosphatase staining, and immunostaining of a representative iPS cell clone derived from MEFs infected with lentivirus expressing K269R
(FLAG-tagged), untagged OCT4, SOX2, and N-MYC. C, RT-PCR analysis of different ES cell markers in the two representative clones described in A and B. Mouse
ES cells and MEFs were used as positive and negative controls, respectively. D, Western blotting analysis of the two representative iPS cell clones described in
A and B. Top blot, soluble extracts were used for IP on anti-FLAG M2-agarose, and the eluted proteins were analyzed by immunoblotting with the anti-FLAG
antibody. Perhaps due to different sites of integration, mutant K269R was expressed to a slightly lower level than that of the wild type. The doublet on lane 1
is perhaps due to phosphorylation. A similar doublet was observed elsewhere (e.g. Fig. 1B, top right). Lower three blots, soluble extracts were directly used for
immunoblotting with the indicated antibodies. On the anti-KLF4 blot, the single asterisk labels a lower mysterious band perhaps related to endogenous KLF4,
and the double asterisks mark the position of nonspecific bands. E, embryoid body formation of cells from the two representative iPS cell clones described in A

and B.

KLF2 proteins from different species but are located within the
N-terminal region that is divergent in different members of the
KLF family (supplemental Fig. S4), suggesting the unique func-
tion of these motifs. As sumoylation of KLF2 has not been
reported, we first examined this. Mutant K122R was sumoy-
lated to a residual level, and the double mutant K122R/K148R
exhibited no detectable levels of sumoylation (Fig. 5B), indicat-
ing that Lys-122 is a major sumoylation site, whereas Lys-148 is
a minor one. The double mutant K122R/K148R was similarly
localized to the nucleus as the wild type (Fig. 5C), but it was
slightly more active in stimulating transcription (Fig. 5D). We
next compared wild-type KLF2 with mutant K122R/K148R in
MEF reprogramming. As shown in Fig. 5, E and F, mutant
K122R/K148R was only slightly more active than wild-type
KLF2. These results suggest that KLF2 sumoylation plays a very
minor role in regulating the transcriptional activity and con-
trolling the ability to induce pluripotency.

As was reported previously (21, 22), KLF5 was sumoylated at
Lys-162 and Lys-209 (Fig. 6, A and B). Interestingly, these two
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sites appeared to cross-talk with each other and synergize the
polysumoylation. As shown in Fig. 6C, no effect of mutation
K162R/K209R on subcellular localization was observed, which
is different from a previous report on mouse KLF5 (21).
Although sumoylation was highly efficient (>20%, Fig. 6B;
much more efficient than sumoylation of KLF2 or KLF4), the
impact of double mutations K162R/K209R on KLF5 transcrip-
tional activity was small (Fig. 6D). It is known that compared
with KLF2, KLF5 was much less efficient to replace KLF4 in iPS
cell generation (20). In our MEF reprogramming assays, we
could not detect any reproducible effects when either the wild-
type or mutant KLF5 was co-expressed with OCT4, SOX2, and
N-MYC (data not shown), confirming that KLF5 is not as
potent as KLF2 and KLF4 in inducing reprogramming (20). As
the sumoylation-deficient mutant behaved similarly as the wild
type (data not shown), sumoylation per se is not that reason for
this difference. These results suggest that, compared with
KLF4, sumoylation of KLF2 or KLF5 is much less important for
reprogramming.
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FIGURE 5. Sumoylation of KLF2 inhibits transcription and reprogramming. A, domain organization of KLF2 shown with sequence alignment of conserved
sumoylation motifs and adjacent residues from human, mouse, and Xenopus KLF2 proteins. See supplemental Fig. S4 for the entire sequence alignment. PPXY,
amotif forinteraction with WW domains such as those in two nuclear targets in hippo signaling and organ size control (37,47, 48); ZF, zinc finger. B, sumoylation
assays. Expression plasmids for HA-SUMO2 and FLAG-tagged wild-type and mutant KLF2 were co-transfected into HEK293 cells as indicated. Extracts were
prepared 48 h later for IP on anti-FLAG M2-agarose and subsequent immunoblotting analysis with anti-HA and -FLAG antibodies. WB, Western blot. C,
subcellular localization of GFP-tagged wild-type and mutants of KLF2 after transient transfection of the corresponding expression plasmids into HEK293 cells.
Cells were fixed and incubated with Hoechst 33258 for fluorescence microscopy to detect GFP expression (green) and nuclei (blue). D, reporter gene assays. The
Gal4-tk-Luc construct was transfected into HEK293 cells along with expression plasmids for expression of the Gal4 fusion protein containing the Gal4 DNA-
binding domain fused to the wild-type and point mutants of KLF2 as indicated. Luciferase activities were normalized to B-galactosidase activities expressed
from CMV-B-Gal co-transfected as the internal control. £, alkaline phosphatase staining of primary iPS colonies 9 days after infection of MEFs with a mixture of
lentiviruses expressing untagged Oct4 and N-MYC, along with lentiviruses for FLAG-tagged KLF2 and Sox2 as indicated. F, quantification of alkaline phospha-
tase staining as performed in E. The quantification was based on two sets of independent experiments; *, p = 0.0048.

KLF4 Sumoylation Promotes Adipocyte Differentiation—Be- much fewer in MEFs expressing mutant K269R than those

cause of skin defects and massive loss of body fluid, KLF4
knock-out mice die within a few hours after birth (43). Failure
of secretion and deposition of lipids in keratinocytes has been
suggested as one of the factors that break the skin barrier in
these mice (43). In addition, KLF4 activates the CCAAT/en-
hancer-binding protein 3 promoter and regulates early stages
of adipogenesis (44). During the process of reprogramming, we
noticed that after culturing for 10—14 days under the repro-
gramming conditions, a low percentage of MEFs differentiated
to adipocytes and accumulated oil droplets within the cytoplas-
mic region (data not shown). Such adipocyte-like cells were
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expressing wild-type KLF4 (data not shown). We thus hypoth-
esized that wild-type KLF4 is more active than K269R in induc-
ing adipocyte differentiation. To test this, we expressed wild-
type and mutant KLF4 in MEFs, induced adipocyte
differentiation for 14 days, and stained them with Oil Red O.
Consistent with the above observation, wild-type KLF4 was
more effective than K269R in inducing the differentiation (Fig.
7, A and B). During iPS cell generation, we also noticed that
N-MYC had a positive effect on formation of adipocytes (data
not shown), so we investigated the effect of N-MYC co-expres-
sion. As shown in Fig. 7, A and B, co-expression of N-MYC with
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FIGURE 6. KLF5 sumoylation and the effects on subcellular localization and transcription. A, domain organization of KLF5 illustrated with sequence
alignment of two conserved sumoylation motifs and adjacent residues in human, mouse, and Xenopus KLF5 proteins. ZF, zinc finger. B, sumoylation assays.
Expression plasmids for HA-SUMO2 and FLAG-tagged wild-type and mutant KLF5 were co-transfected into HEK293 cells as indicated. 48 h later, extracts were
prepared for IP on anti-FLAG M2-agarose and immunoblotting with anti-HA and -FLAG antibodies. Asterisks denote nonspecific bands. WB, Western blot. C,
subcellular localization of GFP-tagged wild-type and mutants of KLF5 and after transient transfection of the corresponding expression plasmids into HEK293
cells. Cells were fixed and incubated with Hoechst 33258 for fluorescence microscopy to detect GFP expression (green) and nuclei (blue). D, reporter gene
assays. The Gal4-tk-Luc construct was transfected into HEK293 cells along with expression plasmids for expression of the Gal4 fusion proteins containing the
Gal4 DNA-binding domain fused to the wild-type and point mutants of KLF5 as indicated. Luciferase activities were normalized to 3-galactosidase activities

expressed from CMV-B-Gal co-transfected as the internal control.

KLF4 stimulated adipocyte differentiation further, whereas co-
expression of mutant K269R with N-Myc appeared to trans-
form MEFs.

To further investigate the role of KLF4 sumoylation in the
process, we transduced the 3T3-L1 preadipocytes, a well estab-
lished model for in vitro adipocyte differentiation (36), with
lentiviruses expressing wild-type KLF4 or mutant K269R. 48 h
after transduction, adipocyte differentiation was initiated in the
presence or absence of rosiglitazone. Differentiated cells were
stained with Oil Red O 8 days post-transduction. To quantify
adipogenesis, we extracted Oil Red O from the stained cells and
measured the absorbance at 520 nm. As shown in Fig. 7, C and
D, mutant K269R was less active in promoting 3T3-L1 differ-
entiation. When rosiglitazone was replaced with different con-
centrations of isobutyl-1-methylxanthine, we observed a simi-
lar difference between wild-type KLF4 and mutant K269R (Fig.
7E). Together, these results indicate that the K269R mutation
inhibits the ability of KLF4 to induce adipocyte differentiation.
KLF2 and KLF5 are known to inhibit and stimulate the process,
respectively (45, 46), so we analyzed their sumoylation-defi-
cient mutants in regulating 3T3-L1 differentiation. No major
differences were observed when compared with the wild-type
proteins (supplemental Fig. S5), indicating that sumoylation of
the three KLF proteins has distinct effects on adipocyte
differentiation.

DISCUSSION

Since iPS cells were first reported in 2006, there have been
numerous studies on this unexpected technology (24-26).
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Although a majority of the studies focus on the potential appli-
cation, itis important to explore and understand the underlying
molecular and cellular mechanisms. This will not only provide
vital information on how to refine and optimize this technology
but also shed novel light on related cellular and developmental
processes in normal and pathological states. One important
aspect about the underlying mechanisms is how post-transla-
tional modifications regulate iPS cell induction. Related to this,
the results described herein indicate that sumoylation of KLF4
repressed the Nanog promoter activity (Fig. 2F) and inhibited
reprogramming (Figs. 3 and 4). Consistent with our results (Fig.
1), two other groups have found that KLF4 is conjugated by
SUMO1 and the modification inhibits transcription (14, 15).
Like KLF4, KLF2 was also sumoylated (Fig. 5 and supplemental
Fig. S4), but the modification had a relatively smaller effect (Fig.
5). Although sumoylation of KLF5 was more efficient than that
of KLF4 (Fig. 6), KLF5 played a much less obvious role in repro-
gramming, and sumoylation did not appear to contribute to this
deficiency (data not shown). Thus, how sumoylation regulates
functions of KLF2 and KLF5 awaits further investigation.
Related to KLF2, it is noteworthy that N-terminal to the sumoy-
lation sites is a conserved PPXY motif (Fig. 54 and supplemen-
tal Fig. S4); similar motifs are known to play important roles in
regulation of several other proteins (37, 47, 48). Whether the
PPXY motif interplays with the two sumoylation motifs is wor-
thy of investigation.

Sumoylation of the nuclear receptor Nr5a2 was recently
shown to inhibit reprogramming (49). Moreover, ERRy can
replace KLF4 in iPS cell generation (23), and sumoylation
inhibits the transcriptional activity of ERRs (12), suggesting
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FIGURE 7. Defects of the KLF4 mutant K269R in promoting adipocyte differentiation. A, adipocyte differentiation from MEFs. The cells were infected with
lentivirus expressing GFP, FLAG-KLF4, or FLAG-K269R with (bottom) or without (top) lentivirus for N-MYC. Two days after infection, adipocyte differentiation
was initiated with the differentiation medium containing 5 ng/mlinsulin, 1 um dexamethasone, and 0.1 uMm rosiglitazone. After 2 days, cells were switched to
the medium containing 5 ug/ml insulin only and maintained there for the rest of the experiment. Oil Red O staining was performed on day 14; stained dishes
were examined under a light microscope, and images of representative areas were taken. B, quantification of Oil Red O staining assays performed in A. The
quantification was based on two sets of independent experiments. *, p < 0.05; ***, p < 0.001. C, adipocyte differentiation from 3T3-L1 preadipocytes. The cells
were infected with lentivirus expressing GFP, FLAG-KLF4, or FLAG-K269R. Two days after infection, the cells were switched to the differentiation medium
containing 5 wg/ml insulin, 1T um dexamethasone in the absence (top) or presence (bottom) of 0.1 um rosiglitazone. Oil Red O staining was performed 8 days
later, and images of stained dishes were taken afterward. D, quantification of adipocyte differentiation. Isopropyl alcohol was used to extract Oil-Red O stain
from stained cells in the dishes (C) for measurement of absorbance at 520 nm. The quantification was based on two sets of independent experiments, with the
p values shown. E, adipocyte differentiation from 3T3-L1 preadipocytes. The cells were infected with lentivirus as in C. Two days later, adipocyte differentiation
was initiated with the medium containing 5 nwg/ml insulin, 1 um dexamethasone, and isobutyl-1-methylxanthine at the indicated concentrations. Oil Red O
staining was performed on day 8, and images of stained dishes were taken afterward.

that ERRy sumoylation may inhibit reprogramming. Thus,
sumoylation of these known reprogramming factors plays a
negative role. However, the sole SUMO E2 enzyme UBC9 is
required for reprogramming,® so sumoylation of an unidenti-
fied factor(s) may promote this process.

Our results reveal a sumoylation-dependent synergism
among KLF4, Sox2, and Oct4 in activating the Nanog promoter
(Fig. 2F and supplemental Fig. S2). Of relevance, another group
also found that sumoylation of OCT4 and SOX2 represses the
Nanog promoter activity (50). In parallel to the synergism at the
Nanog promoter, we found that sumoylation-deficient mutants
of KLF4, SOX2, and OCT4 synergized with each other and
enhanced reprogramming efficiency (Fig. 3). This synergistic
effect is reminiscent of the synergy control motif in other tran-
scription factors (51, 52). Proximity of binding sites of these
transcription factors and location of sumoylation motifs in the

6 S. Tahmasebi, M. Ghorbani, and X.-J. Yang, submitted for publication.
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inhibitory domain of KLF4 (Fig. 1A) and between activation
domains of SOX2 (Fig. 24) further support this possibility.

An important issue is how cell signaling regulates sumoyla-
tion of these factors. Consistent with phosphorylation dynam-
ics in ES cells (53), Ser-248, Ser-249, and Ser-250 of SOX2 were
required for optimal sumoylation of Lys-245 (Fig. 2, A and B).
But no major impact on reprogramming was detected with Asp
substitution (supplemental Fig. S3). Mutant S274A did not
exhibit a doublet as wild-type KLF4 (Fig. 1B, compare lanes 1
and 4, top right panel), suggesting that Ser-274 may be phos-
phorylated, but this does not affect sumoylation or transcrip-
tion (Fig. 1). Thus, although we initially set out to study phos-
phorylation-dependent sumoylation of KLF4 and SOX2,
such cross-talks do not play a major role in reprogramming.
TGEB signaling inhibits reprogramming (54-56). The
SUMO E3 ligase PIAS1 mediates TGFf3 signaling to activate
a-actin expression in smooth muscles and inhibit KLF4-re-
pression of the actin promoter by sumoylation (14).
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Whether similar mechanisms regulate KLF4 activity in
Nanog expression and iPS cell induction is interesting for
further investigation.

One implication of the findings is to express sumoylation-
deficient mutants of reprogramming factors for iPS cell induc-
tion. This applies not only to the frequently used DNA-based
methods (25, 26) but also to the new development using capped
mRNAs (57). Only MEFs have been analyzed here, so it will be
important to verify whether the obtained results can be
extended to other cells and species, especially those of human
origin. In addition, the four classical reprogramming factors
also convert fibroblasts to epiblast stem cells (58), and Oct4
alone is sufficient to reprogram fibroblasts into multilineage
blood progenitors (59). Ectopic expression of other transcrip-
tion factors promotes trans-differentiation of adult pancreatic
exocrine cells into B-cells (60) and conversion of fibroblasts to
macrophage-like cells (61), neurons (62), cardiomyocytes
(63), and multilineage blood progenitors (59). Effects of
sumoylation suggest that it may be important to investigate
whether post-translational modifications regulate these
types of reprogramming.

We also investigated how sumoylation of KLF2, KLF4, and
KLF5 regulates adipocyte differentiation. Although sumoyla-
tion of KLF2 has not been reported before (Fig. 5), KLF5 sumoy-
lation (Fig. 6) is known to regulate expression of adipocyte-
specific genes (21, 22). Sumoylation of KLF4 but not KLF2 or
KLF5 was required for adipocyte differentiation (Fig. 7 and sup-
plemental Fig. S5). Many members of KLF/SP family of tran-
scription factors contain sumoylation motifs, and some of
them are sumoylated. The modification inhibits activities of
KLF1 (EKLF) (64), KLF3 (BKLF) (65), KLF8 (66), and SP3
(67). Moreover, concerted action of KLF family members
regulates axon regeneration, with some inducing axonal
growth and the others suppressing it (68). In addition to
adipogenesis and axonal regeneration, KLF proteins are
important in ES cell biology, leukocyte development, endo-
thelial biology, and cancer development (41, 69-72). Over-
all, our findings provide new evidence that sumoylation
serves as an additional layer of control over roles of KLFs in
diverse cellular programs.
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