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The zinc finger transcription factor, Krüppel-like factor 4
(KLF4), regulates numerous biological processes, including pro-
liferation, differentiation, and embryonic stemcell self-renewal.
Although theDNAsequence towhichKLF4binds is established,
themechanismbywhichKLF4 controls transcription is not well
defined. Small ubiquitin-related modifier (SUMO) is an impor-
tant regulator of transcription. Here we show that KLF4 is both
SUMOylated at a single lysine residue and physically interacts
with SUMO-1 in a region that matches an acidic and hydropho-
bic residue-rich SUMO-interacting motif (SIM) consensus. The
SIM in KLF4 is required for transactivation of target promoters
in a SUMO-1-dependent manner. Mutation of either the
acidic or hydrophobic residues in the SIM significantly
impairs the ability of KLF4 to interact with SUMO-1, activate
transcription, and inhibit cell proliferation. Our study pro-
vides direct evidence that SIM in KLF4 functions as a tran-
scriptional activation domain. A survey of transcription fac-
tor sequences reveals that established transactivation
domains of many transcription factors contain sequences
highly related to SIM. These results, therefore, illustrate a
novel mechanism by which SUMO interaction modulates the
activity of transcription factors.

Eukaryotic gene transcription is controlled by transcrip-
tion factors, which contain domains that recognize specific
target DNA sequences. Transcription factors also contain
distinct domains that regulate the transcriptional machinery
by interacting with both general and specific transcription
factors and regulators (1–4). The acidic activation domain,
for example, represents the largest class of transcriptional
activation domains and contains acidic and hydrophobic
amino acid residues crucial for protein-protein interaction
(1–4). Given that transcriptional control is fundamental to a
cell, the mechanism by which acidic activation domains reg-
ulate transcription is an important question.

SUMO2 (small ubiquitin-related modifier), which is struc-
turally related to but functionally distinct from ubiquitin, has
emerged as an essential regulator in transcriptional control.
There are two types of regulatory effects related to SUMO, non-
covalent binding and covalent modification (5–8). SUMO can
either bind in a reversiblemanner to a SUMO-interactingmotif
(SIM) (5, 6) or be covalently conjugated to lysine residues
within a target protein by an enzymatic process known as
SUMOylation (7, 8). The lysine residue often resides in a
SUMOylation motif (SM) with the consensus sequence of
�KXE, where � is hydrophobic, and X is any residue (7, 8).
There are three functional forms of SUMO. SUMO-1 exists
predominantly in conjugated forms, whereas SUMO-2 and -3,
which are nearly identical to each other, are both free and con-
jugated (7, 8). A typical SIM contains a core of hydrophobic
residues with juxtaposed acidic residues (6, 9–12). The pres-
ence of the SIM in a vast number of proteins, including tran-
scription factors, implies its importance in the control of
eukaryotic gene expression (6, 13). However, how the SIM reg-
ulates transcription is not well defined (6).
Krüppel-like factor 4 (KLF4), a zinc finger-containing tran-

scription factor, has been subjected to intense investigation in
recent years. It is one of the four original factors that induce the
formation of pluripotent stem cells by the reprogramming of
somatic cells (14, 15). KLF4 also plays crucial roles in numerous
physiological and pathophysiological conditions (16–21). For
example, KLF4 transactivates the C/EBP� and Lefty1 promot-
ers to stimulate adipogenesis and embryonic stem cell self-re-
newal, respectively (22, 23). KLF4 is essential for terminal dif-
ferentiation of the epidermis and intestinal epithelium (16, 24,
25). It is also a potent inhibitor of axon outgrowth (26, 27). In
pathological states, KLF4 plays a role in tumorigenesis (16, 18,
20, 28) and cardiovascular (21, 29) and inflammatory disorders
(29, 30). Thus, identifying a commonmechanism that regulates
KLF4 transcriptional activity may aid in the development of
novel therapeutic strategies against various disorders involving
KLF4.
Here, we report that KLF4 is both associated with SUMO-1

via a SIM and SUMOylated at a single site. The KLF4 SIM acts
as a transcriptional activation domain in both yeast and mam-
malian systems, and SUMO-1 binding is crucial for this activity.
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Hence, SUMO can directly regulate transcription through a
SIM. A survey of transcription factor sequences reveals that
established transactivation domains of many transcription fac-
tors contain sequences that are highly related to SIM. Our
study, therefore, identified a novel and perhaps commonmech-
anism by which SUMO interaction modulates the transcrip-
tional activity of transcription factors.

EXPERIMENTAL PROCEDURES

Plasmids—Various SUMOylation and SIMmutants of KLF4
were constructed with QuikChange site-directed mutagenesis
kit (Stratagene, catalog #200521). Mammalian and yeast plas-
mids expressingGAL4DNAbinding domain (GAL4-DBD) and
green fluorescence protein (GFP) fusion proteins were pre-
pared by inserting cDNA fragments encoding wild type or
mutated KLF4 sequences into the NcoI-EcoRI site of pGBKT7
(Clontech, catalog #630443) or the EcoRI-SalI site of pEGFPC1
(Clontech, catalog #6084-1). The amounts of plasmids were
equally adjusted for transfection in all experiments. The
plasmids GFP-SUMO-1, Myc-SUMO-1�GG, His-SUMO-1,
FLAG-PIAS1, pMT3-KLF4, pMT3-KLF4-EEE, pMT3-KLF4-
DDD, pCMV-Myc-KLF4, pLefty1-luc, and pGL3-C/EBP�-luc
(B3K) have been described previously,many ofwhichwere gen-
erously provided by other investigators (22, 31–37).
SUMOylation Assay—SUMOylation assays were performed

as previously described (38). Briefly, COS-1 cells were trans-
fected with the indicated plasmids and disrupted in lysis buffer
(20 mM Tris-HCl, pH 7.4, 1% Nonidet P-40, 135 mM NaCl, 20
mM N-ethylmaleimide (Sigma, catalog #1271) and complete
protease inhibitor mixture (Roche Applied Science, catalog
#11-836-153-001)) followed by immunoprecipitation and
Western blotting with the indicated antibodies, including rab-
bit Myc (Chemicon, catalog #06-549), mouse Myc (Sigma,
clone 9E10, catalog #M4439), GFP (RocheApplied Science, cat-
alog #1814460), and His (Qiagen, catalog #34660) antibodies.
Alternatively, KLF4 was immunoprecipitated from cells with
rabbit anti-KLF4 (Santa Cruz, H180, catalog #SC-20691) fol-
lowed byWestern blotting with mouse anti-GFP or either goat
(Santa Cruz, M19, catalog #SC-1905) or rabbit anti-KLF4
(Santa Cruz, H180, catalog #SC-20691).
Glutathione S-Transferase (GST) Pulldown Assay—To

detect binding of SUMO-1 to the KLF4 SIM, HEK293T cells
were transfected with the indicated GFP-SIM fusion con-
structs, and lysates were prepared using lysis buffer containing
phosphatase inhibitors (Active Motif, catalog #54001) accord-
ing to the manufacturer’s instructions. Purified recombinant
GST-SUMO-1 (Biomol/Enzo Life Sciences, catalog #UW0160-
0500) was incubated with the lysates overnight, and bovine
serum albumin (BSA)-blocked glutathione-Sepharose beads
(GE Biosciences, catalog #17-0756-01) were then added. One
hour later, the beads were washed twice with lysis buffer sup-
plemented with 5% glycerol, 0.05% Nonidet P-40, and 1 mg/ml
BSA and twice with wash buffer without BSA. The precipitates
were blotted with mouse GFP (Roche Applied Science, catalog
#1814460) and SUMO-1 (Zymed Laboratories Inc., catalog
#33-2400) antibodies. To detect binding of SUMO-1 to Myc-
tagged KLF4, cells were transfected with the indicated KLF4 or
mutant construct and lysed in the lysis buffer containing phos-

phatase inhibitors, and the supernatants were incubated with
purified recombinant GST-SUMO-1 for 5 h. BSA-blocked glu-
tathione-Sepharose beads were added for 1 h and then washed
twice with lysis buffer supplemented with 5% glycerol, 0.05%
Nonidet P-40, and 1 mg/ml BSA and twice with wash buffer
without BSA. The precipitated proteins were detected with
mouse anti-Myc and mouse anti-SUMO-1.
Co-immunoprecipitation—To independently detect binding

of SUMO-1 to KLF4, Klf4-null (Klf4�/�), mouse embryonic
fibroblasts (39) were co-transfected with the indicated KLF4
construct and Myc-tagged SUMO-1 lacking two carboxyl-ter-
minal glycine residues that support SUMOylation (Myc-
SUMO-1�GG). Three days later, cells were lysed in lysis buffer
containing phosphatase inhibitors (Active Motif, catalog
#54001). The supernatant was incubated with a rabbit KLF4
antibody (H180, Santa Cruz), rocked for 5 h, and followed by
incubation with BSA/salmon sperm DNA-blocked protein A
beads (Upstate Biotechnology, catalog #16-157) overnight. The
immune complexes were washed 3 times with lysis buffer sup-
plemented with 5% glycerol, 0.05% Nonidet P-40, and 1 mg/ml
BSA and twice with lysis buffer without BSA. The immunopre-
cipitates were probed with mouse anti-Myc and rabbit
anti-KLF4.
In Vitro Binding Assay—Twenty �g of His6-tagged SIM or

mutant peptide (GenScript, Peptide Services) was mixed with
either 5 �g of purified human SUMO-1 (LAE Biotechnology,
catalog #P012) in binding buffer (20 mM Tris-HCl, pH 6.8, 5%
glycerol, and 0.05% Nonidet P-40) or buffer alone as a control
and incubated overnight at 4 °C. FifteenmM imidazole was then
added followed by incubation with 40 �l of BSA-blocked His-
Select Nickel Affinity Gel (Sigma, catalog #P6611) for 15 min.
The beads were washed 6 times for 10, 10, 5, 2, 1, and 1 min
sequentially with binding buffer containing progressively
reduced amounts of imidazole and subjected to immunoblot-
ting with a mouse SUMO-1 antibody (Zymed Laboratories
Inc.).
Yeast Transactivation Assay—Saccharomyces cerevisiae

strain AH109 was transformed with plasmid pGBKT7 (Clon-
tech) or pGBKT7 inserted with the indicated SIM or SIM
mutants and streaked on synthetic dropout medium lacking
either adenine or both adenine and histidine to test transacti-
vation of adenine (Ade) and histidine (His) reporters. Alterna-
tively, strain Y187 was transformed with the indicated SIM or
mutant constructs and cultured in liquid synthetic dropout
medium lacking tryptophan. A colorimetric �-galactosidase
assay was performed as instructed (Clontech, Yeast Protocols
Handbook, PT3024-1) with the medium, which contained
secreted �-galactosidase expressed from MEL1 reporter, with
p-nitrophenyl-�-D-galactoside as the substrate. In addition,
cells were lysed by glass bead disruption and immunoblotted
with a mouse Myc antibody to detect GAL4-DBD-Myc-SIM
fusion proteins. Both GAL4-DBD and fusion proteins ex-
pressed from the pGBKT7 vector contain a Myc tag near their
carboxyl terminus (Clontech).
Luciferase Reporter Assay—To determine transcriptional

activity of wild type KLF4 and a hydrophobic core SIMmutant
in mammalian cells, 0.1 �g of pCMV-Script, pCMV-Myc-
KLF4, or pCMV-Myc-KLF4-L101A/I106A (LI) was co-trans-
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fected into HEK293T cells with 0.4 �g of pLefty1-luc plus 2 ng
of control renilla luciferase plasmid (for Lefty1 reporter) orwith
0.25 �g of pGL3-C/EBP�-luciferase plus 4 ng of renilla lucifer-
ase plasmid (for C/EBP� reporter). Alternatively, pCMV-Myc-
KLF4 was substituted with pMT3-KLF4 or the corresponding
pMT3-KLF4-EEE or pMT3-KLF4-DDD mutant to detect the
transcriptional activity of KLF4 SIM acidic stretch mutants.
Small Interfering RNA—Small interfering RNA (siRNA)

against SUMO-1, in the form of either amixture of two siRNAs
targeting different regions of SUMO-1 (Santa Cruz Biotechnol-
ogy, catalog #SC-29498), two individual siRNAs (Santa Cruz
Biotechnology, #SC-29498a or #SC-29498b), or a Universal
Negative Control siRNA (Invitrogen, catalog #12935300) (40)
was transfected into 40% confluent HEK293T cells with Lipo-
fectamineRNAiMAX (Invitrogen, catalog #13778-150) accord-
ing to the manufacturer’s instructions. On the next day, 0.1 �g
of pCMV-Script or pCMV-Myc-KLF4 was co-transfected in
the cells with 0.4�g of pLefty1-luc plus 2 ng of renilla luciferase
control (for Lefty1 reporter) or with 0.25 �g of pGL3-C/EBP�-
luc plus 4 ng of renilla luciferase control (for C/EBP� reporter)
using Lipofectamine 2000 (Invitrogen, catalog #11668-019).
Two days posttransfection, dual luciferase reporter assay (Pro-
mega, catalog #E1960) was conducted, and a portion of the
lysate was immunoblotted with a mouse antibody against
SUMO-1 (ZymedLaboratories Inc., catalog #33-2400), SUMO-
2/3 (MBL, clone 1E7, catalog #M114-3), ubiquitin (Santa Cruz,
clone P4D1, catalog #SC-8017), or �-actin (Sigma, clone AC15,
catalog #A1978).
Quantitative Reverse Transcription-PCR—siRNA against

SUMO-1 or the Universal Negative Control siRNA was trans-
fected into 40% confluent HEK293T cells with Lipofectamine
RNAiMAX. Three days later, total RNA was isolated with
TRIzol (Invitrogen; catalog #15596-018), and quantitative real-
time RT-PCR was performed in triplicate with primer sets spe-
cific for human SUMO-1, C/EBP�, Lefty1, and the control gene
�-actin (Qiagen; QT00014280, QT00237580, QT01667421,
and QT00095431). Products were amplified and detected with
Power SYBR Green RNA-to-CT 1-Step kit (Applied Biosys-
tems; catalog #4389986) on an Eppendorf REALPLEX epgradi-
ent S real-time PCR Mastercycler according to the manufac-
turer’s instructions. Relative changes in expression were calcu-
lated based on the CT (���CT) method after normalization
with the actin control. Reactions without the reverse tran-
scriptase (-RT Enzyme mix) were also performed as negative
controls.
Cycloheximide Chase Assay—The cycloheximide chase assay

was performed as described (81, 82). Briefly, HEK293T cells
were transfected with either pCMV-Myc-KLF4 or pCMV-
Myc-KLF4-K275R, treated with 100 �g/ml cycloheximide, and
lysed at the indicated timepoints. Total proteinswere subjected
to Western blotting for Myc (Sigma, 9E10, catalog #M4439)
and �-actin (Sigma, AC15, catalog #A1978). The chemilumi-
nescence signals were quantitatively measured with a Typhoon
9200 Variable Mode Imager from GE Healthcare and normal-
ized with the �-actin control.
Bromodeoxyuridine (BrdU) Incorporation Assay—The assay

was performed as previously described (41). Briefly, cells were
split to 30% confluence and transfected with the indicated plas-

mids. Cells were then labeled for 24 h with BrdU, fixed with
methanol, and treated with HCl to denature the DNA. Cells
were stained for immunofluorescence with mouse anti-BrdU
(BD Pharmingen, clone 3D4, catalog #555627) and rabbit Myc
(Chemicon) or KLF4 (H180, Santa Cruz) antibodies. Cells were
also stained with Hoechst dye to reveal nuclei.

RESULTS

KLF4 Is SUMOylated at a Single Lysine Residue—KLF4 con-
tains a highly conserved sequence that resembles the SM,�KXE
(7, 8, 42) (Fig. 1A). We first determined whether KLF4 is
SUMOylated within this motif. COS-1 cells were co-trans-
fectedwith expression constructs containingMyc-taggedKLF4
(Myc-KLF4) and GFP-tagged SUMO-1 (GFP-SUMO-1), and
cell lysates were prepared in the presence of a deSUMOylation
inhibitor, N-ethylmaleimide (7). Myc-KLF4 was immunopre-
cipitated from the lysates with a rabbit Myc antibody followed
by Western blotting with a mouse Myc or GFP antibody. As
seen in Fig. 1B, a singleMyc-KLF4 specieswas detected at�130
kDa (lane 1; asterisk). This formwas SUMOylated as confirmed
by blotting with the GFP antibody (lane 4; asterisk). The size of
the protein is consistent with conjugation of a single GFP-
SUMO-1 molecule (�45-kDa apparent molecular mass) to
Myc-KLF4 (65-kDa apparent molecular mass), taking into
account a slowed migration due to the branching effect seen in
SUMOylated proteins upon conjugation of SUMO near the
center of the protein (38, 43–45).
As an alternative method to detect SUMOylation, we co-

transfected COS-1 cells with Myc-KLF4 and His-tagged
SUMO-1 followed by immunoprecipitation of Myc-KLF4.
Upon Western blotting with Myc and His antibodies,
SUMOylated Myc-KLF4 at �90 kDa was apparent in the
immunoprecipitates (Fig. 1B, lanes 2 and 8; arrowheads).
Because of the smaller size of the His tag, His-SUMO-1 (�18
kDa) conjugated to Myc-KLF4 migrated faster than the GFP-
SUMO-1-modified counterpart. These results confirm that
KLF4 is SUMOylated.
We next attempted to identify the SUMOylation site

within KLF4. The lysine residue within the putative KLF4
SUMOylationmotif is located at amino acid position 275 of the
mouse sequence (Fig. 1A). We substituted arginine for this
lysine and determined the effect of the K275R mutation on the
ability of KLF4 to become SUMOylated. The SUMOylated
form (Fig. 1C, lanes 1 and 5; arrow) was completely absent from
cells transfectedwithMyc-KLF4-K275R (Fig. 1C, lanes 3 and 7),
indicating that Lys-275 is the site of SUMOylation. Reinforcing
this conclusion, loss in SUMOylation was fully reproduced by
mutating the conserved glutamate residue within the �KXE
SUMOylation motif, Glu-277, as the E277G mutant could not
be SUMOylated (Fig. 1C, lanes 4 and 8). In contrast, the K273R
mutant, which contains a mutation at a nearby lysine residue
273,was SUMOylatable (Fig. 1C, lanes 2 and 6). Lending further
support, SUMOylation was revealed when untagged KLF4 was
co-transfected with GFP-SUMO-1 into COS-1 cells, immuno-
precipitatedwith a KLF4 antibody, and probedwith aGFP anti-
body (Fig. 1D, lane 1; asterisk). Again, the SUMOylated form of
KLF4 was absent when the Lys-275 SUMOylation site was
mutated to arginine (Fig. 1D, lane 2). These results demonstrate
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that the KLF4 SUMOylationmotif represents a bona fide site of
SUMOylation.
In addition to the consensus SM between residues 274 and

277, an inverted SM (EPKP) is located between residues 382
and 385 inmouse KLF4 sequence (supplemental Fig. 1C). How-
ever, lysine 384 was SUMOylated, as KLF4 with a mutation at
this site (K384R) was SUMOylated normally (supplemental
Fig. 1A, lanes 2 and 5), but an additional mutation at Lys-275
(K275R/K384R) completely abolished SUMOylation (supple-
mental Fig. 1A, lanes 3 and 6).Moreover, other conserved lysine
residues within the amino terminus (residues 1–100) and car-
boxyl-terminal zinc finger DNA binding domain (residues
350–483) of KLF4 were not SUMOylated (data not shown).
Thus, multiple lines of evidence identified lysine residue 275 in
the mouse KLF4 as the sole site of SUMOylation.
AlthoughKLF4 is SUMOylated andmutations in the consen-

sus SUMOylation motif block this activity, neither the K275R
nor the E277G mutant showed gross alternation in nuclear
localization or transcriptional activity with various target pro-
moter reporters (data not shown). This could be attributed to
the relatively small fraction of KLF4 that is SUMOylated at any

given time (Fig. 1 and supplemental
Fig. 1).
SUMOylation did not affect the

stability of KLF4 as the protein level
of neither the K275R nor E277G
mutant in transfected cells was con-
siderably different from that of wild
type KLF4 (Fig. 2A, compare lanes 4
and 5 with lane 2). SUMO-1 co-ex-
pression did not reduce the level of
either KLF4 (Fig. 2B, lane 2) or the
SUMOylatable K273R mutant (Fig.
2B, lane 3). In contrast, although
PIAS1, the proposed SUMO E3
ligase for KLF4 (46), reduced KLF4
levels (compare Fig. 2,A, lane 2, and
C, lane 2), the level of the
SUMOylatable K273R mutant was
not affected (compare Fig. 2,A, lane
3, andC, lane 3), suggesting that the
destabilizing effect of PIAS1 co-ex-
pression was not due to direct
SUMOylation of KLF4. Further-
more, cycloheximide chase assays
showed that the rate of degrada-
tion between wild type KLF4 and
the SUMOylation site mutant
K275R was identical (Fig. 2, D and
E). These results indicate that
SUMOylation does not directly
trigger KLF4 degradation.
KLF4 Physically Interacts with

SUMO-1 through a SIM—Although
we have yet to identify a functional
role for the covalent modification of
KLF4 by SUMO, we hypothesized
that non-covalent interaction be-

tweenKLF4 and SUMOmay have amore apparent effect as any
protein that possesses a SIM could potentially bind and be reg-
ulated by SUMO. KLF4 contains a putative SIM that consists of
an acidic stretch and a hydrophobic core between amino acid
residues 92 and 110 in themouse sequence (Fig. 3A). This puta-
tive SIM matches established SIMs in a host of other proteins
(supplemental Fig. 2) (5, 6, 9–12, 47–51), suggesting that KLF4
may physically interact with SUMO. To investigate this possi-
bility, we transfected cells with Myc-KLF4 or a truncated
mutant, Myc-KLF4 (1–100), the latter containing only the
amino terminus of KLF4 without an intact SIM, and incubated
the lysates with purified recombinant GST-SUMO-1. A GST
pulldown assay followed by Western blotting with anti-Myc
indicated that SUMO-1 was physically associated with KLF4
(Fig. 3, B, lane 4, and C, lane 2) but not with its amino-terminal
100 amino acids (Fig. 3B, lane 5). The association between
KLF4 and SUMO-1 was further demonstrated by co-trans-
fecting KLF4 and Myc-SUMO-1�GG, which supports
SUMO binding but not SUMOylation, into mouse embry-
onic fibroblasts null for Klf4 (Klf4�/�) (39) followed by
immunoprecipitation with a rabbit KLF4 antibody (Fig. 3D,

FIGURE 1. The mouse KLF4 is SUMOylated at lysine residue 275. A, conservation across species of the SM
(underlines) in KLF4 is shown. The SM is located between amino acid residues 274 and 277 of the mouse KLF4.
The conserved SUMO target lysine residues in the SM are italicized. B, SUMOylation of KLF4 by GFP-tagged or
His-tagged SUMO-1 is shown. pCMV-Myc-KLF4 was co-transfected into COS-1 cells with GFP-SUMO-1 (lanes 1,
4, and 7), His-SUMO-1 (lanes 2, 5, and 8), or vector alone (lanes 3, 6, and 9). Lysates were immunoprecipitated
with a rabbit Myc antibody followed by Western blotting with mouse Myc (lanes 1–3), GFP (lanes 4 – 6), or His
(lanes 7–9) antibody. Asterisks indicate GFP-SUMO-1-conjugated Myc-KLF4, and arrowheads indicate His-
SUMO-1-conjugated Myc-KLF4. The positions of the molecular mass markers in kDa are shown to the left of the
blots. IB, immunoblot. C, identification of the SUMOylation site within KLF4 is shown. COS-1 cells were co-
transfected with GFP-SUMO-1 and one of the following constructs: pCMV-Myc-KLF4 (WT), pCMV-Myc-KLF4-
K273R (K273R), pCMV-Myc-KLF4-K275R (K275R), or pCMV-Myc-KLF4-E277G (E277G). Lysates were immunopre-
cipitated with a rabbit Myc antibody followed by Western blotting with a mouse Myc (lanes 1– 4) or GFP (lanes
5– 8) antibody. Arrow, GFP-SUMO-1-conjugated Myc-KLF4 or Myc-KLF4-K273R. D, SUMOylation of untagged
KLF4. COS-1 cells, which express negligible amount of endogenous KLF4, were co-transfected with GFP-
SUMO-1 and either pMT3-KLF4 (WT) or pMT3-KLF4-K275R (K275R). Lysates were immunoprecipitated with a
rabbit KLF4 antibody and blotted with a mouse GFP antibody. SUMOylated KLF4 is indicated by the asterisk on
the top panel. The bottom panel shows levels of KLF4 or KLF4-K275R in the immune complexes as probed by a
goat KLF4 antibody.
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lane 2). These results indicate that KLF4 physically interacts
with SUMO.
To demonstrate that the putative SIM in KLF4 is the site of

interaction between SUMO-1 and KLF4, we transfected cells
with a GFP fusion construct containing residues 92–110 (GFP-
SIM; Fig. 3E) or 97–100 (GFP-SIM�; Fig. 3E), which has a trun-
cated acidic stretch, and incubated the lysates with purified
GST-SUMO-1 followed by pulldown assay. As seen in Fig. 3E,
GST-SUMO-1 was co-precipitated with GFP-SIM (lane 2) but
not with GFP-SIM� (lane 3) or GFP alone (lane 1). In agree-
ment with these findings, co-immunoprecipitation and yeast
two-hybrid assays showed that neither the amino-terminal res-
idues (1–100) nor carboxyl-terminal residues (350–483) of
KLF4 bound SUMO-1 (data not shown). These results demon-
strate that the sequence encompassing residues 92–110 in
KLF4 indeed acts as a SIM.
To further corroborate the above findings, mutations at the

critical hydrophobic and acidic residues within the SIM in
KLF4were tested for their ability to affect SUMObinding. First,
mutations at Leu-101 and Ile-106 within the hydrophobic core
significantly reduced KLF4 binding to SUMO-1 in a GST pull-
down assay, as demonstrated by the dramatically reduced abil-
ity of the Myc-KLF4-L101A/I106A (LI) mutant to co-precipi-
tate GFP-SUMO-1 (Fig. 3C, lane 3). Second, KLF4 containing
mutations at the three glutamates (EEE) or aspartates (DDD)
within the acidic stretch (34) was unable to co-precipitateMyc-
SUMO-1�GG when compared with wild type KLF4 (Fig. 3D,
lanes 2–4). In addition, in vitro binding assay of a His-tagged
SIM peptide, but not an EEE, DD, or LImutant peptide, bound
purified SUMO-1 (supplemental Fig. 3B, lanes 2–5). The
results of these studies indicate that KLF4 interacts with
SUMO-1 in a manner that is dependent on both the acidic
stretch and hydrophobic core in its SIM.

The KLF4 SIM Is a Transcrip-
tional Activation Domain—Previ-
ous studies indicated that the EEE
and DDD KLF4 mutants were
unable to activate transcription of
target genes (34). This coupled with
the inability of the two mutants to
bind SUMO-1 raised the question of
whether the SIM is a transcriptional
activation domain. To explore this
possibility, we first mapped the
minimal transcriptional activation
domain in KLF4 using a classical
transactivation assay in yeast (52–
54). Here we determined whether a
series of truncated KLF4 proteins
fused to the DBD of the yeast tran-
scription factor, GAL4, could drive
expression of the Ade and His
reporters in the yeast strain AH109.
As seen in Fig. 4A, full-length KLF4
fused to the GAL4-DBD transacti-
vated the Ade and His reporters in a
manner consistent with other pre-
viously characterized mammalian

transcription factors (2, 3, 55–58). Likewise, KLF4 with carboxyl-
terminal truncations (1–349 and 1–158) fused to the GAL4-
DBD transactivated the reporters (Fig. 4A), a result consistent
with the previous study in mammalian cells showing that the
first 109 residues of KLF4 served as a transcriptional activation
domain (34). In contrast, neither GAL-DBD alone nor GAL4-
DBD fused to the carboxyl-terminal zinc finger region of KLF4
(GAL4-DBD-ZF) transactivated the reporters. Remarkably,
transactivation can be fully capitulated by fusing KLF4s SIM to
the GAL4-DBD (Fig. 4A;GAL4-DBD-SIM). These results indi-
cate that SIM is the minimal transcriptional activation domain
responsible for the transcriptional activity of KLF4.
To further corroborate the finding that the SIM is the trans-

activation domain for KLF4, all threemutant constructs of SIM
(EEE, DD, and LI) that failed to bind SUMO exhibited reduced
transactivation of the Ade reporter and abrogation of transac-
tivation by the more stringent Ade/His selection when com-
pared with the wild type SIM (Fig. 4B). Moreover, an indepen-
dent colorimetric assay using MEL1 as a reporter resulted in
similar results (Fig. 4C). These findings demonstrate unequiv-
ocally that the SIM in KLF4 is its transactivation domain.
The requirement of the KLF4 SIM for transcriptional control

was also observed inmammalian cells.Weperformed luciferase
reporter assays to measure the transcriptional activity of KLF4
and its SUMO binding-deficient mutants by co-transfection in
HEK293T cells. We studied two distinct KLF4 target promot-
ers, C/EBP� and Lefty1, which regulate the processes of adipo-
genesis and pluripotency, respectively, and have been shown to
be robustly transactivated by KLF4 (22, 35). As shown in Fig. 5,
wild type KLF4 cloned in two different expression constructs,
pCMV (Figs. 5, A and B) and pMT3 (Figs. 5, C and D), transac-
tivated both C/EBP� and Lefty1 promoters. In contrast, the
KLF4 LImutant had significantly reduced activity toward both

FIGURE 2. SUMOylation of KLF4 does not reduce its protein levels. pCMV-Script (Vector), pCMV-Myc-KLF4
(WT), pCMV-Myc-KLF4-K273R (K273R), pCMV-Myc-KLF4-K275R (K275R), or pCMV-Myc-KLF4-E277G (E277G)
were co-transfected into COS-1 cells with either vector alone (A), His-SUMO-1 (B), or PIAS1 (C). Lysates were
immunoblotted with mouse Myc (upper panel) or �-actin (lower panel) antibody. D and E, pCMV-Myc-KLF4 (WT)
or pCMV-Myc-KLF4-K275R (K275R) was transfected into HEK293T cells and subjected to cycloheximide chase
assay for up to 3 h. D, shown is an immunoblot with Myc (upper panel) and �-actin (lower panel) antibody.
E, corresponding quantitative chemiluminescence measurements after normalization with actin control are
shown. The relative protein levels at 0 h were set as 1, and the average protein levels and S.D. (n � 3) at the other
time points relative to those at 0 h are shown.
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promoters compared with wild type KLF4 (Fig. 5,A and B), and
the EEE and DDD mutants essentially lost the ability to trans-
activate (Fig. 5, C and D). These phenotypes are reminiscent of
those from the yeast assay as, for example, the LI mutant lost
approximately two-thirds of wild type activity in both yeast
�-galactosidase and mammalian luciferase reporter assays
(Figs. 4C and 5, A and B), whereas the acidic mutants suffered
an even greater reduction of activity in both assays (Figs. 4C and
5, C and D). Combining the results of these studies, it is appar-
ent that the transcriptional activity of KLF4 depends on the
interaction between its SIM and SUMO.
SUMO-1 Depletion Inhibits Transactivation by KLF4—To

examinewhether SUMO-1 is necessary for transcriptional acti-
vation by KLF4, HEK293T cells were treated with SUMO-1-
specific siRNA, and the effect of SUMO-1 deficiency on KLF4
transcriptional activity was investigated. As shown in Fig. 6,
knockdown of endogenous SUMO-1 by a dual siRNA mixture
commonly used to specifically deplete SUMO-1 (79, 80) led to a
significant reduction in the ability of KLF4 to transactivate both
theC/EBP� andLefty1 promoters comparedwith controls (Fig.
6, A and B). The effect of knockdown was highly specific to
SUMO-1 (79, 80), as levels of both conjugated SUMO-1 and

free SUMO-1 were significantly
reduced (Fig. 6C, upper panel) but
not those of SUMO-2/3 (Fig. 6C,
middle panel) or ubiquitin (Fig. 6C,
lower panel). Furthermore, the tran-
scriptional inhibition by SUMO-1
depletion was recapitulated when
two individual siRNAs were used
separately, and the inhibition in
transactivation correlated with the
relative knockdown efficiency of
these two siRNAs (supplemental
Fig. 4). These results demonstrate
that SUMO-1 depletion inhibits the
transactivation by KLF4.
As endogenous C/EBP� and

Lefty1 are expressed in various dif-
ferentiated cells (35, 83), we further
determined whether SUMO-1 deple-
tion affects endogenous C/EBP� and
Lefty1 mRNA levels in HEK293T
cells by quantitative RT-PCR. As
shown in supplemental Fig. 5, knock-
down with the specific SUMO-1
siRNA not only drastically reduced
the relative expression of SUMO-1
but also decreased the expression of
both C/EBP� and Lefty1, reinforcing
the observation that SUMO-1 is
important for transcriptional activa-
tion of these genes. Altogether, these
results provide additional evidence
that transactivation by KLF4 requires
SUMO-1.
The KLF4 SIM Is Crucial for Its

Anti-proliferative Activity—KLF4
has been shown to inhibit proliferation (41). To investigate
whether the deficiencies in SUMO binding and transcriptional
activation impair the ability of KLF4 to suppress cell growth,
BrdU incorporation assays were performed in COS-1 cells
transfected with various KLF4 constructs. As shown in Fig. 7,
cells transfected with wild type pCMV-Myc-KLF4 or pMT3-
KLF4 had significantly reduced proliferation compared with
vector alone-transfected cell as demonstrated by a reduction in
BrdU uptake in cells stained positive for KLF4 (Figs. 7,A and B,
WTversus Vec). In contrast, all three KLF4 SIMmutants (Fig. 7,
A, LI, and B, EEE and DDD) were less able or unable to inhibit
BrdU incorporation when compared with wild type KLF4.
Moreover, the degree of “disinhibition” of proliferation by the
three mutants correlated with their relative ability to transacti-
vate reporters (Figs. 4 and 5). These results indicate that the
SIM in KLF4 is critical for the ability of KLF4 tomodulate tran-
scriptional activation and cellular proliferation.

DISCUSSION

Similar to ubiquitin, SUMO is a universal regulator in
eukaryotes (6–8, 42). A prevailing role for SUMO is transcrip-
tional control (7, 8, 42). However, the exact mechanism by

FIGURE 3. KLF4 physically interacts with SUMO-1 through a SIM. A, conservation across species of the
putative SIM in KLF4 is shown. The acidic stretch is shown in bold and italics, and the hydrophobic core is shown
in bold and underlines. B, HEK293T cells were transfected with vector only, pCMV-Myc-KLF4, or pCMV-Myc-
KLF4(1–100), a truncated mutant containing only the amino-terminal 100 residues. The corresponding lysates
were either incubated with purified recombinant GST-SUMO-1 (lanes 3–5) or not (lanes 1 and 2). The GST
pulldown assay was conducted followed by Western blotting with mouse Myc (upper and middle panels) and
SUMO-1 (lower panel) antibodies. C, lysates from HEK293T cells transfected with pCMV-Myc-KLF4 (WT) (lane 2)
or pCMV-Myc-KLF4-L101A/I106A (LI) (lane 3) were incubated with purified GST-SUMO-1. An equal portion of
WT lysate not incubated with GST-SUMO-1 (lane 1) served as a control. GST pulldown assay was followed by
Western blotting with mouse anti-Myc and SUMO-1. D, lysates from Klf4-null (Klf4�/�) mouse embryonic
fibroblasts (39) co-transfected with Myc-SUMO-1�GG and pMT3 (-), pMT3-KLF4 (WT), pMT3-KLF4-E93V/E95V/
E96V (EEE), or pMT3-KLF4-D99V/D102V/D104V (DDD) were immunoprecipitated (IP) with a rabbit KLF4 anti-
body followed by Western blotting with mouse Myc or rabbit KLF4 antibody. E, GFP or GFP linked to full-length
KLF4 SIM (GFP-SIM) or the carboxyl terminus of SIM (GFP-SIM�) (upper panel) were transfected into HEK293T
cells, and lysates were incubated with purified GST-SUMO-1 followed by a GST pulldown assay and Western
blotting with mouse GFP or SUMO-1 antibody.
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which SUMO regulates transcription remains largely unde-
fined. In this study we show that KLF4 is not only SUMOylated
but binds SUMO-1 via a SIM. This SIM coincides with the
transcriptional activation domain of KLF4. Although SIM co-
localizes with the activation domain of a transcription co-acti-
vator, Sizn1 (48), our study is the first to demonstrate that SIM
serves as the transcriptional activation domain of a known tran-
scription factor (59).
Our results may help explain the often perplexing biophysi-

cal properties observed for the transcriptional activation
domains of transcription factors. A transcriptional activation
domain is intrinsically unstructured and mutations typically
have little effect on its secondary structure (53, 60, 61). As such,
a transcriptional activation domain can fold into either an
�-helix (62) or a �-pleated sheet (1, 63, 64). Moreover, an
unstructured activation domain may become structured upon
binding to partners (1, 3, 65). It is, therefore, of interest to note
that although an activation domain of a transcription factor
becomes �-helical upon binding to basal transcription factors
such as TATA-binding protein (TBP) (1), SIM usually assumes

a �-sheet structure (6, 9, 10, 66) and
can bind in either a parallel or anti-
parallel orientation to the�2-strand
of SUMO (6, 10). Because an activa-
tion domain often has multiple
binding surfaces with several possi-
ble orientations (1, 53, 67–69), it is
conceivable that a transcriptional
activation domain is induced to
become �-helical upon binding to
basal transcription factors but
becomes a �-sheet upon binding to
SUMO. Thus, a SIM may influence
protein conformation (6). In this
way a switch between the basal
transcription factor binding and
SUMO-binding modes may be im-
portant for the cyclic transcrip-
tional initiation, elongation, and
termination required for efficient
transcription (1, 2). The dynamic
levels of SUMOmay tilt this balance
toward either transcription activa-
tion or inhibition.
It is remarkable that a short SIM

alone is sufficient to function as an
activation domain. A shared feature
between a SIM and an activation
domain is the presence of hydro-
phobic and acidic residues (1, 6).
Both require acidic residues, typi-
cally multiple, although on occa-
sions positively charged residues
may act as efficiently when interact-
ing with basal transcription factors
(63). In vivo, SUMO binding to
SIM involves specifically orientated
acidic residues (10). Our results also

showed that mutation of the triple acidic residues in the KLF4
SIM to three valine residues, E93V/E95V/E96V (EEE) and
D99V/D102V/D104V (DDD), abolishes SUMO-1binding. This
is consistent with the previous findings that electrostatic inter-
action provided by acidic or phosphorylated residues in a SIM
play important roles in the affinity and orientation of SUMO-
SIM interaction (6, 10, 66). We, therefore, demonstrated the
coexistence of a SIM and transcriptional activation domain as a
dual function motif.
Our results also provide a rationale for the often puzzling

effects conferred by SUMOylation. As a major type of
posttranslational modification, SUMOylation, is commonly
thought to act by interaction between the conjugated SUMO in
a SUMOylated protein and a SIM in an effector protein, such as
a transcriptional co-repressor (6, 7). Thus, SUMO binding is
pivotal in achieving the effect of SUMOylation. The recruit-
ment of distinct co-repressors contributes to transcriptional
regulation by SUMOylation (7, 70–74), but additional mecha-
nisms, although not yet resolved, could exist (7, 74). For exam-
ple, no single class of co-repressors can provide all of the sup-

FIGURE 4. The KLF4 SIM is a transcriptional activation domain. A, localization of the KLF4 transcriptional
activation domain is shown. Left, shown is a schematic of GAL4-DBD fused to full-length KLF4 (GAL4-DBD-KLF4),
the KLF4 carboxyl terminus (residues 350 – 483) that contains the zinc finger DNA binding domain (GAL4-DBD-
ZF), KLF4 amino-terminal 349 residues (GAL4-DBD-1–349), the KLF4 first 158 residues (GAL4-DBD-1–158), and
KLF4 SIM (residues 92–110) (GAL4-DBD-SIM). Right, the GAL4-DBD constructs indicated on the left were trans-
formed into AH109 yeast strain, and their ability to transactivate both Ade and His reporters was detected by
growth in synthetic dropout medium lacking adenine and histidine (ADE HIS). Vec, vector (GAL4-DBD) alone. ZF,
zinc finger. B, shown is localization of the transactivation domain of KLF4 to it SIM. Left, a schematic of wild type
or mutated SIMs fused to GAL4-DBD is shown. The alanine residues used to substitute for the acidic or hydro-
phobic residues are underlined. Right, the GAL4-DBD-SIM constructs indicated on the left were transformed
into AH109 yeast strain, and their ability to transactivate the single reporter Ade or both Ade and His reporters
was detected by growth in synthetic dropout medium lacking either only adenine (ADE) or both adenine and
histidine (ADE HIS). C, shown is quantification of the transcriptional activation activity of KLF4 SIM or SIM
mutants fused to the GAL4-DBD by �-galactosidase assay using MEL1 as a reporter. Left, a representative
experiment in triplicate is shown. The intensity of yellow color reflects the strength of transactivation. The
residual yellowish color from vector alone was due to endogenous �-galactosidase in yeast host and served as
a blank control. Right, quantitative results from the �-galactosidase assay are shown on the left. All GAL4-DBD-
SIM fusion proteins were expressed at similar levels, as judged by immunoblotting against the pre-existing Myc
tag (bottom right). ***, p � 0.001 compared with wild type SIM by two-tailed t test.
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pressive effects in a transcription factor. In addition, although
SUMOylation tends to suppress transcription, it can also be
stimulatory (7, 8, 42). Here, we propose a new hypothesis
wherein SUMOylationmay inhibit a SIM-containing transcrip-
tional activation domain through competitive interaction of the
conjugated SUMOmoiety with SIM. Our results are consistent
with the transcriptional suppressive property of GAL4-DBD-
SUMO in model systems (70–73), because sequestering addi-
tional SUMO to a promoter will compete with the interaction
between a SIM and endogenously SUMOylated partners, espe-
cially when the SIM is involved in transactivation. Our results
are also consistent with the localization of the above repressive
activity to key hydrophobic and basic residues within a small
surface on SUMO that are responsible for SIM binding (51, 75,
76). In addition, our results may explain why structures
enriched in SUMOylation, such as promyelocyte leukemia
nuclear bodies, are also implicated in stimulating transcription
(8, 42).
It is well known that SUMO-1 mainly exists in conjugated

forms, whereas there are more free forms of SUMO-2/3 (7, 8).
In the current study, deficiency in SUMO-1 is sufficient to sup-
press KLF4 transcriptional activity, and additional deficiency in
SUMO-2/3 does not lead to further inhibition (data not shown).
These results suggest a functional diversity between SUMO-1
andSUMO-2/3 in transcriptional regulation and raise the ques-

tion of whether this diversity is related to the SUMOylation
capacity of the two SUMO classes or whether free SUMOmay
compete with conjugated SUMO. It is noteworthy that in vari-
ous clinical disorders such as neurodegeneration and neoplasm
the levels of SUMO and/or enzymes catalyzing reversible
SUMOylation are significantly altered (42, 77).We predict that
these alterations may result in dysregulated transcription and
subsequent pathogenesis.
Another major difference between SUMO-1 and SUMO-2/3

lies in their ability to bind SIM. Some SIMs preferentially bind
SUMO-1 and some primarily interact with SUMO-2/3,
whereas others bind both (6, 9, 10, 66). One underlying molec-
ular basis may be that negatively charged residues in a SIM are
critical for SUMO-1 binding but less involved in SUMO-2/3
binding, although SUMO-2/3 binding does not appear to be
exclusively mediated by the hydrophobic core (6, 10). Thus, the
observation that knocking down SUMO-1 is sufficient to sup-
press KLF4 could also be attributable to preferential interaction
of KLF4 SIM with SUMO-1 over SUMO-2/3.
A survey of transcription factors reveals that a considerable

number of transcriptional activation domains contain con-
sensus SIM sequences. A few such examples are listed in
supplemental Fig. 6. For example, activation domains from
KLF4 and v-Myb possess classic SIM consensus sequences. The

FIGURE 5. The KLF4 SIM is crucial for transcriptional activation in mam-
malian cells. Dual luciferase reporter assays were performed with C/EBP� or
Lefty1-luciferase reporter plasmids and expression constructs of KLF4 or its
mutants in HEK293T cells as described under “Experimental Procedures”.
A and B, shown is co-transfection of vector (Vec) alone, pCMV-Myc-KLF4 (WT),
or pCMV-Myc-L101A/I106A (LI) with C/EBP�-luciferase (A) or Lefty1-luciferase
(B). The expression levels of Myc-KLF4 (WT) and Myc-KLF4-L101A/I106A (LI)
were shown by Western blotting against Myc and �-actin. C and D, shown is
co-transfection of vector (Vec) alone, pMT3-KLF4 (WT), pMT3-KLF4-E93V/
E95V/E96V (EEE), or pMT3-D99V/D102V/D104V (DDD) with C/EBP�-luciferase
(C) and Lefty1-luciferase (D). The expression levels of both the EEE and DDD
mutants have previously been documented (34). Shown are the means and
S.D. of four independent experiments. *, p � 0.05; **, p � 0.01; ***, p � 0.001;
by two-tailed t test. Asterisks not associated with brackets are comparisons to
vector alone. RLU is relative luciferase unit.

FIGURE 6. Reduction of SUMO-1 inhibits KLF4 transcriptional activity.
HEK293T cells were transfected with the C/EBP�-luciferase (A) or Lefty1-lucif-
erase (B) reporter, vector (Vec) or pCMV-Myc-KLF4 (KLF4), nonspecific siRNA
(NS) or the dual siRNA mixture against SUMO-1 (Si), and the control renilla
luciferase plasmid. Dual luciferase assays were performed, and the normal-
ized luciferase activity presented as relative luciferase units (RLU). Shown are
the means and S.D. of three independent experiments. ***, p � 0.001 by
two-tailed t test. C, a fraction of lysates from the corresponding cells was
subjected to Western blotting with mouse antibodies against SUMO-1 (upper
panel), SUMO-2/3 (middle panel), and ubiquitin (lower panel). �-actin was used
as a loading control. The arrows indicate free SUMO-1 (upper panel), SUMO-
2/3 (middle panel), and ubiquitin (lower panel). A short exposure of free SUMO-
2/3 in the middle panel is also provided.
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activation domain of peroxisome proliferator-activated recep-
tor � (15EADDLESPLSEEFLQEMGNIQEISQSIGEE44) (78)
contains a sequence similar to the second SIMof thymineDNA
glycosylase with a core sequence of VQEV (47). Mutation of
Met-31 to leucine resulted in an increase in transcriptional acti-
vation, whereasM31G decreased transactivation (78). Remark-
ably, theM31Lmutation created LQEL, another VQEV type of
SIM consensus sequence, whereas M31G destroyed this con-
sensus. AH (amphipathic �-helix), a synthetic peptide
(ELQELQELQALLQQQ) extensively studied in biochemical
studies of transcriptional activation (52), contains at least
two patches matching thymine DNA glycosylase SIM (sup-
plemental Fig. 6). As SUMO can bind in opposite orientations
(66), the minimal VP16 activation domain (DALDDFDLDML)
has considerable similarity to both the classical and VQEV
types of SIMs when read from both the sense and inverted ori-
entations (supplemental Fig. 6). The activation domain of
v-Myb (TDEDPEKEKRIKELELLLMSTENEL) (58) contains
typical consensuses for four divergent types of SIM sequences
(supplemental Fig. 6), and it will not be surprising if this domain
turns out to be a bona fide SIM. This knowledge may, thus, be
useful in predicting new SIMs and transcriptional domains. As
SIMs have a loose consensus and structural flexibility and vari-
ants are plentiful (6, 9, 66), there is also a high likelihood of
identifying additional transcriptional domains as SIMs. The
close relationship revealed by this survey strongly favors the
hypothesis that a major mechanism for SUMO to regulate

eukaryotic transcription is directly
controlling a transcriptional do-
main by binding SIM-containing
transcription factors.
SUMOylation of KLF4 was re-

cently reported, but the site of
SUMOylation in KLF4 was not
identified (46). Although PIAS1
promotes KLF4 degradation (46),
our investigation indicates that
this effect is not caused by
direct SUMOylation of KLF4.
SUMOylated KLF4 was also re-
ported by the same study to exist in
two forms (46), the major form of
which is identical to SUMOylated
KLF4 revealed in our study. How-
ever, we failed to observe the minor
form. This minor form, which
migrates at �130 kDa after co-
transfection ofHA-tagged SUMO-1
and FLAG-tagged KLF4, was barely
present in FLAG immunoblot but
became almost as intensely detecta-
ble as the major SUMOylated form
in HA immunoblot (46). This dras-
tic increase in detection byHA anti-
body over FLAG antibody and the
shift in size from �90 kDa for the
major HA-SUMO-1-SUMOylated
form to 130-kDa indicate that this

minor form may be di- or tri-SUMOylated KLF4. Because
SUMO-1 lacks a motif that supports poly-SUMOylation, this
di-/tri-SUMOylation almost has to occur at two or three lysine
sites in KLF4. However, deletion and site-directedmutagenesis
studies have essentially ruled out such an additional site(s). The
reason behind this discrepancy between the two studies is,
therefore, not clear.
Known to play a critical role in development, differentiation,

metabolism, and physiology, KLF4 has been extensively inves-
tigated in recent years, especially after it was reported to be one
of the four transcription factors that induce pluripotent stem
cells (14, 23, 26, 39). Thus, unveiling a general mechanism that
regulates KLF4 transcriptional activity will greatly help under-
stand the many basic events orchestrated by this multifunc-
tional transcription factor and design better therapeutic strat-
egies. Here, we show that KLF4 is SUMOylated at a single site
and physically associated with SUMO-1. Importantly, we iden-
tify a novel SIM in KLF4 that behaves as a transcriptional acti-
vation domain. Altering SUMO interaction by both mutations
of various acidic and hydrophobic residues within the SIM and
siRNA against SUMO-1 critically affects KLF4 transcriptional
activity in both yeast and mammalian systems. This study pro-
vides the first direct evidence that a SIM is also a transcriptional
activation domain in a transcription factor, which could be a
common mechanism that controls transcription and uncovers
a novel role by which SUMO regulates transcription.

FIGURE 7. KLF4 SIM is crucial for its anti-proliferative activity. A, COS-1 cells were transfected with vector
alone (Vec), pCMV-Myc-KLF4 (WT), or pCMV-Myc-KLF4-L101A/I106A (LI), labeled with BrdU, and stained with
mouse BrdU and rabbit Myc antibodies. Hoechst dye was used to reveal the nuclei. B, cells were transfected
with pMT3 (Vec), pMT3-KLF4 (WT), pMT3-KLF4-E93V/E95V/E96V (EEE), or pMT3-KLF4-D99V/D102V/D104V
(DDD), labeled with BrdU, and stained with mouse BrdU and rabbit KLF4 antibodies. Shown are several repre-
sentative cells in each panel. Between 100 and 300 cells were observed for each construct, and the percentages
of KLF4-positive cells (green) that were also positive for BrdU (yellow) are shown in the charts. *, p � 0.05 and ***,
p � 0.001; by two-tailed t test. Asterisks not associated with brackets are comparisons to vector alone.
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