Am J Transl Res 2011;3(2):121-132
www.ajtr.org /ISSN:1943-8141/AJTR1011002

Original Article
Regulation of the oncoprotein KLF8 by a switch between
acetylation and sumoylation

Alison M. Urvalek13, Heng Lul, Xianhui Wang!4, Tianshu Li%, Lin Yu?, Jinghua Zhu2, Qishan Lin2, Jihe
Zhaot!

1Burnett School of Biomedical Sciences, University of Central Florida College of Medicine, 2Center for Functional Ge-
nomics, University at Albany, Rensselaer, NY 12144, USA; 3Current address: Department of Pharmacology, Weill
Medical College of Cornell University, New York, NY 10065,USA; 4Current address: Ge*NY*sis Center for Excellence
in Cancer Genomics, University at Albany, Rensselaer, NY 1214, USA.

Received November 11, 2010; Accepted November 20, 2010; Epub November 21, 2010; Published January 1, 2011

Abstract: KLF8 regulates target genes by recruiting the p300 and PCAF co-activators via glutamines (Q) 118 and
248, the CtBP co-repressor to 86PVDLS90 or SUMO to lysine (K) 67. Here we examined how these interactions coor-
dinate to regulate KLF8 transactivity. Mass spectrometry and immunoprecipitations determined that p300 and/or
PCAF promoted KLF8 acetylation at K67, K93, and K95 and this acetylation was abolished in lysine-to-arginine (R)
mutants. Treatment with HDAC inhibitors or expression of co-activators inhibited sumoylation at K67. K93R or K95R
mutation exerted high levels of sumoylation while the acetylation mimetic mutations K93Q and K95Q blocked the
sumoylation. Interestingly, CtBP promoted sumoylation at K67 of wild-type but not AVALF mutant KLF8, and KLF8
interaction with CtBP was inhibited by treatment with the HDAC inhibitors, ectopic expression of the co-activators, or
K93Q or K95Q mutation. Promoter reporter assays showed that CtBP inhibited KLF8 transactivity which was rescued
by PCAF or p300 expresson. Finally, KLF8-mediated cyclin D1 protein expression and cell cycle progression were sig-
nificantly decreased in the K93R and K95R but increased in the K93Q, K95Q, K67R or K67Q mutant. Taken to-
gether, these results identified a novel mechanism by which co-activators promote KLF8 transactivity by competing
with SUMO for K67 modification and by acetylating K93 and K95 to inhibit CtBP-induced K67 sumoylation.

Keywords: Krippel-like factor 8 (KLF8), histone acetyltransferase (HAT), small ubiquitin modifier (SUMO), p300,
p300/CBP associated factor (PCAF), histone deacetylase (HDAC), C-terminal binding protein (CtBP), acetylation and
sumoylation.

Introduction

KLF8 belongs to the Kruppel-like transcription
factor (KLF) family, is frequently overexpressed
in cancer and regulates many cancer-related
processes including cell cycle progression [1-8],
oncogenic transformation [9], epithelial-to-
mesenchymal transition, migration and invasion
[7, 10, 11]. KLF8 functions as both a repressor
[3, 10, 12-14] or activator [1, 3-6] by recruiting
the C-+terminal binding protein (CtBP) co-
repressor via the 86PVDLS90 repression motif
or the p300 and PCAF histone acetyltransferase
(HAT) co-activators via the Q118 and Q248 resi-
dues to target gene promoters. Known KLF8
target genes include y-globin [12, 13], KLF4 [3],
E-cadherin [10] and cyclin D1 [1, 3-5].

The expression of KLF8 is positively regulated
by a signaling cascade that involves FAK, PI3K,
Src and Sp1 [1, 2, 15, 16]. It is also regulated
by other KLF family members KLF1 (positively)
and KLF3 (negatively) [17]. In addition, KLF8
function is also regulated posttranslationally by
sumoylation at K 67 [3].

The p300 and PCAF co-activators catalyze lysine
acetylation on histone tails [18] as well as the
transcriptional activator [19] when recruited to
a target gene promoter. Acetylation of the tran-
scription factor can regulate its protein stability,
DNA binding, gene expression, localization and/
or protein interactions [20]. Sumoylation occurs
through a multi-enzymatic pathway analogous
to ubiquitination, but with small ubiquitin-
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related modifier (SUMO)-specific E1, E2 Ubc9,
and E3 ligases that target the WKXE consensus
motif within the substrate protein [21]. Interest-
ingly, acetylation and sumoylation often mutu-
ally regulate each other [22].

The CtBP co-repressor functions as a
homodimer that binds the PXLDS motif within
the repressor [23, 24] and recruits other regula-
tors such as histone deacetylases (HDACs) or
methylases to target gene promoters. Interest-
ingly, CtBP also recruits the SUMO E2 or E3 to
the repressor to enhance sumoylation [23, 24].

Whether KLF8 is directly acetylated and
whether collectively regulated by interaction
between the p300/PCAF, CtBP and SUMO-
mediated posttranslational modifications have
not been studied to date.

In this study we demonstrate that p300 and
PCAF acetylate KLF8 at the K67 to directly in-
hibit sumoylation at this site or at the K93 and
K95 to indirectly inhibit the sumoylation by in-
terfering with the CtBP binding to KLF8. This
novel mechanism of posttranslational switch
between acetylation and sumoylation allows for
proper regulation by KLF8 of the cyclin D1 ex-
pression and the cell cycle progression.

Materials and methods
Cell culture and transfection

HEK293 and T80 human ovarian epithelial cells
[25] were maintained in DMEM supplemented
with 10% fetal bovine serum. Transfections
were performed using Lipofectamine 2000 ac-
cording to the manufacturer’s instructions.

Plasmid construction

The pKH3 and pKH3-KLF8 expression plasmids
were previously described [1], and KLF8 mu-
tants were generated as previously described
[4]. Point mutation specific primers include
KLF8-K93R (forward- TTT CAC AGG CCC AAG GC,
reverse- TTG GGC CTG TGA AAG G), KLF8-K93Q
(forward- TTT CAC CAG CCC AAG GC, reverse-
TTG GGC TGG TGA AAG G), KLF8-K95R (forward
- AAG CCC AGG GCT CC, reverse- AGG AGC CCT
GGG CTT G), KLF8-K95Q (forward- AAG CCC CAG
GCT CC, reverse- AGG AGC CTG GGG CTT Q),
KLF8-K67Q (forward- ATG ACA TCC AGA TTG
AGC C, reverse- TCA ATC TGG ATG TC), pKH3-
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KLF8-K67R was previously generated [3]. Cor-
rect mutations were confirmed by DNA sequenc-
ing and protein expression and nuclear localiza-
tion was verified. The pHAN-SUMO-1 and pKH3-
KLF8-Q118N-Q248N were previously described
[3, 4]. The pKH3-His-CtBP was generated using
PCR where pQE32-CtBP was used as a template
and primers were designed to generate a 5’ Sall
restriction site (ACG CGT CGA CAT GAG AGG ATC
G) and a 3’ EcoRlI site (CGG AAT TCC TAC AAC
TGG TCA C). This construct was then inserted
into pKH3 at these sites. The pCX/Flag-PCAF,
PCAFAHATA (A579-608), PCAFAHATB(AG09-
624), pCMVB-HA-p300, pCL/p300(AH), pRc/
RSV/CBP, and pRc/RSV/CBP(HAT-) (F1541A
mutation) were previously described [26-32].

Mass spectrometry analysis

HEK293 cells were transfected with HA-KLF8 (2
ug) and either p300 (10 pg), CBP (10 ug), or
PCAF (8 ug). pKH3 empty vector was included in
KLF8 alone or KLF8 + PCAF transfections so
total DNA was equal to KLF8 + p300 or KLF8 +
CBP. Cells were treated with HDAC inhibitors (5
MM trichostatin A (TSA), 20 uM sodium butyrate
(NaBut), and 20 uM nicotinamide (NIA)) for 24
h. For each experiment confluent cells from 10
100-mm dishes were lysed with NP-40 buffer
containing protease and HDAC inhibitors (1 mM
NasV0s4, 1 mM PMSF, 20 ug/ml leupeptin, 0.06
TIU/ml aprotinin, 0.5 yM TSA, 2 uM NaBut, and
2 UM NIA). Pre-cleared cell lysates were incu-
bated with anti-HA conjugated beads for 24 h.
Immunoprecipitates were washed three times,
eluted with SDS buffer, resolved on an SDS-
PAGE gel and stained with Coomassie blue.
Stained gel pieces were washed, reduced, alky-
lated, and in-gel tryptic or chymotryptic di-
gested. Proteolytic peptides were extracted from
the gel, and peptides were concentrated and
reconstituted in 10 ul of 5% formic acid fol-
lowed by 5% liquid chromatography tandem
mass spectrometry analysis using a Waters ESI
Q-TOF2 system. In house MASCOT 2.2 from Ma-
trix Science (London, UK) was used to assist in
the interpretation of tandem mass spectra

Immunoprecipitation and western blotting

For KLF8 acetylation experiments HEK293 cells
were co-transfected similarly as described in the
Mass Spectrometry section. The cell lysates
were incubated with HA rabbit antibody (HA-
Y11, Santa Cruz Biotechnology) or control rabbit
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IgG overnight, followed by a 2 h rotation with
Protein A/G beads. Western blotting using an
antibody specific for acetylated lysines
(Millipore, clone 4G12) or HA (HA-F7, Santa Cruz
Biotechnology) were used. For KLF8 sumoyla-
tion experiments 0.2 ug HA-KLF8 was trans-
fected with 0.2 Myc-SUMO-1 [3]. Cells were
lysed with NP40-lysis buffer supplemented with
20 uM of the desumoylase inhibitor n-
ethylmaleimide (Sigma) and immunoprecipita-
tion and western blotting was performed as de-
scribed above, except detection of Myc-SUMO-1
was done using a Myc specific antibody (9E10,
Santa Cruz Biotechnology). Detection of en-
dogenous cyclin D1 or actin was determined
using a cyclin D1 (M-20, Santa Cruz Biotechnol-
ogy) or actin (C4, Santa Cruz Biotechnology)
specific antibody.

Promoter luciferase reporter assays

The experiments were performed similarly as
previously described [4]. Briefly, T80 cells were
grown to ~75% confluence in a 12-well dish
when the cyclin D1 promoter luciferase reporter
vector (0.1 ug) was co-transfected into cells with
0.1 ug of the expression vectors encoding WT-or
KLF8 mutants in combination with 0.5ug PCAF,
0.5 pg of p300, or 0.1 ug CtBP, along with the
pRISV40 Renilla luciferase reporter internal
control plasmid (4 ng). Empty vector was trans-
fected in order to ensure all samples were
transfected with a total of 0.8 ug DNA. After 16
h, cell lysates were prepared and luciferase ac-
tivity was analyzed using the Dual Luciferase
Reporter Assay System (Promega) and the
20/20n Luminometer (Turner Biosystems).

BrdU incorporation assays

T80 cells were transfected with 0.5-ug pKH3
vector, WT-KLF8, or the KLF8 mutant con-
structs. BrdU incorporation rates were exam-
ined as previously described [2-4].

Results
KLF8 is acetylated at lysines 93, 95 and 67

The KLF8 activation domain has been mapped
to amino acids 101-260, where glutamines 118
and 248 are required for the recruitment of the
p300, CBP, and PCAF co-activators [4]. Addi-
tionally, we have shown that p300 and PCAF are
required for KLF8 mediated activation of the
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cyclin D1 promoter [4]. As is the case with
many other transcription factors, we wondered
whether these co-activators regulate KLF8 tran-
scriptional activity by acetylating it. In order to
test this, we transfected HA-KLF8 alone, or with
p300, CBP, or PCAF and immunoprecipitated
the cell lysates using an anti-HA antibody and
blotted using an anti-acetyl lysine antibody. We
found that KLF8 exerts a low basal level of ace-
tylation, but co-expression of p300, CBP, or
PCAF greatly increases KLF8 acetylation levels
(Figure 1A, top panel, compare lanes 2, 3 and 4
with 1). In contrast, the co-activators do not
exert an increase in acetylation when co-
expressed with the KLF8 activation domain mu-
tant (mKLF8) that cannot interact with the co-
activators [4] (Figure 1B, top panel, compare
lanes 2, 3, 4, and 5 with 1).

Next we wanted to determine the specific lysi-
nes on KLF8 that are acetylated by each co-
activator. We performed mass spectrometry
where we co-expressed HA-KLF8 with p300,
CBP, or PCAF; immunoprecipitated for HA-KLFS;
resolved on an SDS-PAGE gel (data not shown);
and subjected the sample to mass spectrometry
analysis. Interestingly, we found that the lysines
67, 93 and 95 are major acetylation targets
among numerous lysines acetylated, and the co-
activators show both overlapping and distinct
patterns of acetylation. The KLF8 sumoylation
site lysine 67 was found to be acetylated by
PCAF (Figure 1D, top), lysine 93 was identified
as a site that is acetylated by p300 and lysine
95 as a site that is acetylated by both PCAF and
p300 (Figure 1D, middle & bottom). These lysi-
nes are important because they are adjacent to
the CtBP binding motif of KLF8 (Figure 1C), and
acetylation in the proximity of such a motif has
been shown to inhibit CtBP interactions with
other transcription factors [33-37].

In order to verify the mass spectrometry results
we generated HA-KLF8 point mutants where
lysine 93, 95 or 67 was mutated to an arginine
(K-to-R). These constructs were transfected
with PCAF or p300, and immunoprecipitation for
HA-KLF8 and western blotting for acetyl-lysine
was performed. We found that co-expression of
PCAF with WT or K93R KLF8 causes an increase
in acetylation compared to KLF8 alone (Figure
2A, compare lanes 2 and 3 with 1), but PCAF
cannot induce an increase in acetylation when
co-expressed with the K95R or K67R mutants
(Figure 2A, compare lanes 4 and 5 with 2). This
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Figure 1. KLF8 is acetylated by p300, CBP and PCAF at lysines 67, 93 and 95. (A) p300, CBP, and PCAF promote
KLF8 acetylation. HEK293 cells were transfected with HA-KLF8 and either empty vector control, p300, CBP, or PCAF.
Lysates were immunoprecipitated (IP) using an anti-HA antibody and blotted (IB) using an anti-acetyl lysine or anti-HA
antibody. (B) KLF8 cannot be acetylated when it does not interact with co-activators. Experiments were performed
similarly as in A, but the Q118N-Q248N-KLF8 mutant that cannot bind to the co-activators (mMKLF8) was transfected
with empty vector control or with p300, CBP, or PCAF. Expression of the transfected constructs was verified by whole
cell lysate blotting (data not shown). (C) Schematic diagram of KLF8, C-terminal DNA binding domain (DBD), non-
classical nuclear localization signals (NLS1&2), N-terminal repression domain (RD), and a centrally located activation
domain (AD). The amino acid location of each domain is indicated below. The location of lysines 67, 93, and 95 is
also indicated. (D) Mass spectrometry identification of acetylated residues. Immunoprecipitated HA-KLF8 was re-
solved on an SDS-PAGE gel, stained with Coomassie (data not shown), digested with chymotrypsin or trypsin and pre-
pared for mass spectrometry analysis as described in Materials and Methods. N-terminal b ions or C-terminal y ions
were analyzed using the Mascot software. The identified peptide sequence and its MS/MS spectrum of fragmenta-
tion when cells were co-transfected with KLF8 and PCAF (top and middle) or KLF8 and p300 (bottom) are depicted.
Inset: peaks that represent a lysine with the 42 dalton additional mass representative of an acetylated state.
*=acetylated lysines, m/z=mass to charge ratio.
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Figure 2. Lysine 93 is acetylated by p300 and lysines
95 and 67 are acetylated by p300 and PCAF. (A)
HEK293 cells were co-transfected with PCAF and
KLF8 or its KaR mutants as indicated. Lysates were
subjected to immunoprecipitation using an anti-HA
antibody and were blotted using an anti-acetyl-lysine
or anti-HA antibody. The histogram depicts acetyla-
tion levels relative to KLF8, which was normalized to
1. Results represent mean + S.E. where n > 3. *,
p<0.05. (B) Experiments were performed similarly as
in A except that p300 was co-transfected as indi-
cated. Expression of the transfected constructs was
verified by whole cell lysate blotting (data not shown).
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suggests that lysines 95 and 67 are in fact tar-
gets for PCAF mediated KLF8 acetylation as
indicated in the mass spectrometry results.
Next, we found that the co-expression of p300
can induce acetylation of KLF8 (Figure 2B, com-
pare lane 2 with 1), and surprisingly, this in-
crease was dramatically reduced when each of
the three lysines was mutated (Figure 2B, com-
pare lanes 3, 4 and 5 with 2). While the mass
spectrometry results only identified lysines 93
and 95 as p300 acetylation sites, the fact that
we do not see an increase in acetylation in the
K67R mutant when p300 is co-expressed sug-
gests that lysine 67 may be a p300 acetylation
site, or that p300 is required for PCAF mediated
acetylation of lysine 67.

Histone acetyltransferases negatively regulate
KLF8 sumoylation

Since we identified lysine 67 as a site for both
sumoylation and acetylation, we wondered
whether these post-translational modifications
compete with each other. In order to test this,
we co-transfected HA-KLF8 and Myc-SUMO-1,
and either transfected PCAF, treated with HDAC
inhibitors, or both. Immunoprecipitation of HA-
KLF8 followed by western blotting of Myc-SUMO-
1 shows that co-expression of PCAF or treat-
ment with HDAC inhibitors causes a decrease in
KLF8 sumoylation levels (Figure 3A, top panel,
compare lanes 2 and 3 with 1), and PCAF ex-
pression with treatment of HDAC inhibitors
causes an even greater decrease in KLF8 su-
moylation levels (Figure 3A, top panel, compare
lane 4 with 2 and 3).

The fact that we see a greater decrease in KLF8
sumoylation when cells transfected with PCAF
and treated with HDAC inhibitors suggests that
other co-activators may also be regulating KLF8
sumoylation in an acetylase dependent manner.
To test this, WT or HAT deficient PCAF, p300, or
CBP was transfected with HA-KLF8 and Myc-
SUMO-1, and immunoprecipitation for HA-KLF8
was performed. We show that WT-PCAF and WT
-p300 can significantly inhibit KLF8 sumoylation
(Figure 3B, compare lanes or columns 4 and 6
with 3), whereas the HAT defective mutants are
less effective in doing so (Figure 3B, compare
lanes or columns 5 and 7 with 3). In contrast,
CBP can cause a significant decrease in sumoy-
lation but in a HAT independent manner (Figure
3B, compare lanes or columns 8 and 9 with 3),
possibly through recruiting with PCAF to KLF8 as
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previously suggested [18]. R93 and R95 can regulate subsequent KLF8
sumoylation at R67, we transfected WT-KLFS,
Acetylation at lysines 93 and 95 negatively K93R, K95R, K93Q or K95Q with Myc-SUMO-1
regulates KLF8 sumoylation and performed immunoprecipitation experi-
ments. We found that immunoprecipitation of
To examine whether the acetylation status at K93R or K95R and western blotting of Myc-

SUMO-1 demonstrates greater sumoylation lev-
els compared to WT-KLF8 (Figure 4A and 4B,
compare lanes or columns 4 and 6 with 3),
whereas K93Q or K95Q causes a decrease in
sumoylation lower than WT-KLF8 (Figure 4A and
PCAF 4B, compare lanes or columns 5 and 7 with 3).
HDAC inhibitors + These results suggest that acetylation at lysines
P HA 93 and 95 can inhibit sumoylation at lysine 67.

IB: Myc Egb’;%\/?& CtBP positively regulates KLF8 sumoylation

CtBP can regulate the transcriptional activity of
its interacting proteins in both enzymatic de-
pendent and independent manners [24]. Inter-
estingly, CtBP has been shown to interact with
E2 and E3 sumoylation ligases, and it has been
suggested that CtBP may mediate sumoylation
of CtBP-interacting proteins [23, 24]. Since it
has previously been shown that KLF8 can inter-
act with CtBP and that KLF8 is sumoylated, we
wanted to determine whether CtBP could medi-
ate this sumoylation. The HA-AVALF-KLF8 re-
pression domain mutant (PVDLS to AVALF) that
cannot interact with CtBP was transfected with
Myc-SUMO-1 for immunoprecipitation analysis.
We found that AVALF-KLF8 sumoylation levels
- significantly decrease compared to KLF8 (Figure
9 10 BA, top panel, compare lane 4 with 3). The loss
of the mutant KLF8 interaction with CtBP was
verified using an anti-CtBP antibody (Figure 5A,
1.2] bottom panel, compare lane 4 with 3). Con-
] versely, when His-tagged CtBP was overex-
0.8 . pressed with KLF8 we see an increase in KLF8
] * * sumoylation levels (Figure 5B, top panel, com-
0.4 1 pare lane 4 with 3). Taken together this sug-
] gests that CtBP interaction with KLF8 promotes
KLF8 sumoylation.

A HA-KLF8 +

Myc-SUMO-1  +

+ + +

+ o+
+ 4+ + 4+
KLF8+SUMO-1
IP: 1gG

IB: HA

p300 AHAT
KLF8+SUMO-1
— IP: 1gG

CBP

IP: HA

SUMO-1
p300

PCAF
CBP AHAT

IB: Myc [

IB: HA

e
=
2
@9
o
o
|
X
-—
-
3

ml
N

Relative
Sumoylation Levels

12 3 456 78 9

Figure 3. KLF8 sumoylation is negatively regulated by histone acetyltransferases. (A) PCAF or HDAC inhibitors can
inhibit KLF8 sumoylation. HEK293 cells were co-transfected with expression vectors coding for HA-KLF8, Myc-SUMO-
1, or PCAF, and treated with HDAC inhibitors (trichostatin A, sodium butyrate, and nicotinamide) as indicated. Lys-
ates were collected with NP-40 lysis buffer supplemented with 20 uM of the desumoylase inhibitor NEM followed by
immunoprecipitation (IP) using an anti-HA antibody, and western blotting (IB) with either anti-Myc or anti-HA. Shown is
a representative experiment where n=3. (B) Co-activators inhibit sumoylation. HEK293 cells were transfected with
expression vectors coding for HA-KLF8, Myc-SUMO-1, PCAF, p300, CBP, or the HAT deficient mutants of PCAF, p300,
or CBP as indicated. Lysates were collected with NP-40 lysis buffer supplemented with 20 yM of the desumoylase
inhibitor NEM and immunoprecipitation experiments were performed using an anti-HA antibody where eluates were
western blotted (IB) with either anti-Myc or anti-HA. Bottom, the relative expression of Myc-SUMO-1 as compared to
HA-KLFS8 is depicted. Results represent mean +S.E. where n=4. *, p<0.05 compared to KLF8+SUMO-1 (column 3).
Expression of the transfected constructs was verified by whole cell lysate blotting (data not shown).
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Figure 4. KLF8 sumoylation is negatively regulated by
acetylation at lysines 93 & 95. (A) HEK293 cells were
co-transfected with expression vectors coding for Myc
-SUMO-1, HA-KLF8, or HA-mutant KLF8 (KaR or KaQ).
Lysates were collected with NP-40 lysis buffer supple-
mented with 20 yM of the desumoylase inhibitor
NEM followed by immunoprecipitation (IP) using an
anti-HA antibody, and western blotting (IB) with either
anti-Myc or anti-HA antibodies. Expression of the
transfected constructs was verified by whole cell lys-
ate blotting (data not shown). (B) The expression of
SUMOylated KLF8 relative to total expression of KLF8
that is normalized to 1. Results represent mean
+S.E. where n=3.

CtBP binding to KLF8 is negatively regulated by
p300 and PCAF mediated acetylation

Others have suggested that acetylation may be
a general mechanism to regulate CtBP interac-
tions with other proteins [33-36]. In order to
test whether p300 or PCAF mediated acetyla-
tion can regulate CtBP binding, we transfected
KLF8 alone or with PCAF or p300 and per-
formed co-immunoprecipitation experiments for
KLF8 with endogenous CtBP. Immunoprecipita-
tion of CtBP followed by blotting shows that
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Figure 5. CtBP positively regulates KLF8 sumoyla-
tion. (A) The KLF8 repression domain mutant cannot
be sumoylated as efficiently as WT KLF8. HEK293
cells were transfected with HA-KLF8, HA-AVALF-KLF8
and Myc-SUMO-1 as indicated. Lysates were col-
lected with NP-40 lysis buffer supplemented with 20
UM of the desumoylase inhibitor NEM followed by
immunoprecipitation using an anti-HA antibody and
western blotting (IB) using anti-Myc, anti-HA, and anti
-CtBP antibodies. (B) Overexpression of CtBP pro-
motes KLF8 sumoylation. HEK293 cells were trans-
fected with HA-KLF8, Myc-SUMO, or His-CtBP as indi-
cated. Experiments were performed as in (A). Shown
are representative experiments where n=3. Expres-
sion of the transfected constructs was verified by
whole cell lysate blotting (data not shown).

PCAF or p300 expression causes a decrease in
the interaction between KLF8 and CtBP (Figure
6A, panels a and b, compare lanes 3 and 4 with
2). Additionally, treatment with HDAC inhibitors
can also cause a decrease in the interaction
(Figure BA, panels a and b, compare lane 5 with
2). Similar result were obtained when the re-
verse experiment was performed where we im-
munoprecipitated HA-KLF8 and blotted for CtBP
(Figure 6A, panels ¢ and d, compare lanes 3, 4,
and 5 with 2).

Recent studies have shown that acetylation at a
lysine immediately downstream of the PXDLS
repression motif has specifically been shown to
inhibit the protein interaction with CtBP. A
PXDLSXXK motif has been shown to be highly
conserved among multiple proteins [33], sug-
gesting that acetylation at the lysine down-
stream of the PXDLS motif may be a general
mechanism to regulate CtBP binding. Impor-
tantly, KLF8 possesses this motif where lysine
93 is the lysine within this motif and lysine 95 is
immediately downstream. These lysines are
highly conserved among orthologs of KLF8
(Figure 5B), and we have shown that they are
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acetylated by p300 or PCAF (Figure 1 and 2).
To test whether acetylation at these specific
sites regulates CtBP binding to KLF8, we trans-
fected WT-KLF8, K93R or K95R (acetylation
deficient), or K93Q or K95Q (constitutively ac-
etylated mimetic) KLF8 mutants and performed
similar experiments as in Figure 5A. We found
that K93R causes a strong increase in KLF8-
CtBP interaction, where K93Q-KLF8 does not
interact with CtBP as efficiently as WT-KLF8
(Figure 6C, compare lanes 3 or 4 with 2). Simi-
lar results were seen in the case of lysine 95
(Figure 6D, compare lanes 2 or 3 with 1). Over-
all these results suggest that when KLF8 cannot
be acetylated at lysines 93 or 95 (K93R &
K95R) the interaction with CtBP is strong,
whereas mutations that mimic constitutive ace-
tylation of lysines 93 or 95 (K93Q & K95Q) in-
hibit KLF8 interaction with CtBP, suggesting that
CtBP interaction with KLF8 can be dynamically
regulated by acetylation.

Acetylation at lysines 93 and 95 blocks the in-
hibitory effect of CtBP on KLF8 transactivity

We have previously shown that sumoylation at
lysine 67 can inhibit the ability of KLF8 to acti-
vate the cyclin D1 promoter [3]. Here we have
shown that CtBP positively regulates KLF8 su-
moylation. Therefore, we wondered whether
CtBP could also negatively regulate KLF8 tran-
scriptional activity at the cyclin D1 promoter.
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Figure 6. The interaction between CtBP and KLF8 is
negatively regulated by PCAF and p300 mediated
acetylation. (A) PCAF, p300, or HDAC inhibitors in-
hibit KLF8 interaction with CtBP. HEK293 cells were
co-transfected with expression vectors coding for HA-
KLF8, PCAF, or p300 or treated with HDAC inhibitors
(trichostatin A, sodium butyrate, and nicotinamide)
as indicated. Endogenous CtBP was immunoprecipi-
tated (IP) using an anti-CtBP antibody, and blotted
(IB) with either anti-HA (panel a), or anti-CtBP anti-
bodies (panel b). Conversely, KLF8 was immunopre-
cipitated using anti-HA, and blotted using anti-CtBP
(panel c) or anti-HA antibodies (panel d). (B) Align-
ment of KLF8 orthologs shows that the PVDLS motif
and lysines 93 and 95 are highly conserved. (C & D),
Acetylation at lysines 93 and 95 inhibits KLF8 inter-
action with CtBP. Experiments were performed simi-
larly as in A except that K93R or K93Q (C) or K95R
or K95Q (D) was transfected. Shown are representa-
tive experiments where n=3. Expression of the trans-
fected constructs was verified by whole cell lysate
blotting (data not shown).

Using luciferase assays we found that co-
expression of CtBP with KLF8 does in fact in-
hibit the ability of KLF8 to activate the cyclin D1
promoter (Figure 7A, compare column 5 with 2).
However, the addition of PCAF or p300 can res-
cue promoter activity (Figure 7A, compare col-
umns 6 and 7 with 2 and 5), suggesting that the
histone acetyltransferases compete with CtBP
to regulate KLF8 transactivity.

Next we wanted to test the role of lysines 93
and 95 in regulating KLF8 transactivity. We
found that the K93R mutant causes a signifi-
cant decrease in cyclin D1 promoter activity
compared to WT-KLF8 (Figure 7B, compare col-
umns 3 and 2), and the addition of PCAF or
p300 cannot cause an increase in promoter
activity (Figure 7B, compare columns 4 and 5
with 2). CtBP again caused a decrease in pro-
moter activity compared to WT-KLF8 and K93R-
KLF8 (Fig 7B, compare column 6 with 2 and 3),
but unlike the result we see with WT-KLF8, the
addition of PCAF or p300 cannot rescue the
inhibitory effects of CtBP (Figure 7B, compare
columns 7 and 8 with 6). In contrast, there is
not a significant decrease in cyclin D1 promoter
activity in the K93Q-KLF8 mutant compared to
WT-KLF8, and the addition of CtBP is not able to
inhibit its transactivity (Figure 7B, compare col-
umns 9, 12, 13, and 14 with 2 or 6). We per-
formed the same experiments with the K95R
and K95Q mutants and found similar results as
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seen using the K93R and K93Q KLF8 mutants
(Figure 7C). Taken together, these results sug-
gest that the acetylation status at lysines 93
and 95 regulates the ability of CtBP to inhibit
KLF8 mediated activation of the cyclin D1 pro-
moter.

The acetylation status at lysines 93 and 95
regulates KLF8 mediated cyclin D1 protein ex-
pression and cell cycle progression

We have previously shown that KLF8 can pro-
mote cyclin D1 expression and cell cycle pro-
gression [1, 3-5]. In order to determine whether
acetylation at lysines 93, 95, and 67 affects the
ability of KLF8 to promote these events we
transfected WT-KLF8, the acetylation deficient,
or the acetylation mimetic mutants of K93,
K95, and K67 into T8O human ovarian epithe-
lial cells and measured cyclin D1 protein expres-
sion by western blotting or cell cycle progression
using BrdU incorporation assays. We found that
while K93R and K95R cannot induce cyclin D1
expression or cell cycle progression as effec-
tively as WT, the K93Q, K95Q, K67R, and K67Q
mutants increase cyclin D1 expression and cell
cycle progression compared to WT (Figure 8A
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Figure 7. KLF8 acetylation at lysines 93 and 95
positively regulates cyclin D1 promoter activity.
(A) PCAF or p300 can rescue CtBP mediated inhi-
bition of KLF8 transcriptional activity. Luciferase
activity was measured in T80 human ovarian
epithelial cells that were co-transfected with the
cyclin D1 promoter reporter and either the empty
vector, KLF8, PCAF, p300, or CtBP in the indi-
cated combinations. After 16 h, cells were har-
vested for luciferase assays as described in Ma-
terials and Methods. Results were normalized to
vector control. *, p<0.05 compare column 5 with
2, 0r 6 and 7 with 5. (B) Acetylation at lysine 93
inhibits CtBP mediated inhibition of KLF8 tran-
scriptional activity. Similar experiments were per-
formed using WT-KLF8 or the KLF8-K93R and
K93Q mutants. *, p<0.01 compare column 3
with 2. **, p<0.01 compare column 6 with 2.
**% p<0.05 compare column 12 with 6. (C)
Acetylation at lysine 93 inhibits CtBP mediated
inhibition of KLF8 transcriptional activity. Similar
experiments were performed using WT-KLF8 or
the KLF8-K95R and K95Q mutants. *, p<0.01
compare column 3 with 2. **, p<0.01 compare
column 6 with 2. *** p<0.01 compare column
12 with 6. All experiments were done in triplicate
and the results represent mean + S.E. where
n>3.

and B). The fact that the K67R and K67Q muta-
tion both induce cyclin D1 expression and pro-
mote cell cycle progression further asserts that
acetylation at this site functions specifically to
inhibit sumoylation at this site. Overall, these
results suggest that acetylation at lysines 93,
95, and 67 promotes the ability of KLF8 to acti-
vate cyclin D1 expression and promote cell cy-
cle progression.

Discussion

Post-translational modifications such as lysine
acetylation and sumoylation play a crucial role
in the regulation of many critical transcription
factors [21]. Importantly, co-regulator proteins
can either promote or inhibit these different
modifications. Here we show the first evidence
that KLF8 is tightly regulated by a posttransia-
tional switch between acetylation and sumoyla-
tion mediated by p300 and PCAF co-activators
and the CtBP co-repressor. Firstly, we show that
KLF8 is acetylated by the p300 and PCAF and
that acetylation at the K67 directly competes for
sumoylation at the same site, while acetylation
at K93 and K95 also inhibits sumoylation at
K67. Additionally, CtBP interaction with KLF8
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Figure 8. Acetylation at lysines 93, 95 and 67 regu-
lates KLF8 mediated cyclin D1 protein expression
and cell cycle progression. (A) T80 cells were trans-
fected with vector, KLF8 or its mutants as indicated.
16 h post transfection lysates were collected and
subjected to western blot analysis using anti-cyclin
D1, anti-HA, or anti-actin antibodies. Shown is a rep-
resentative experiment where n=3. (B) T80 cells
were transfected with empty vector, KLF8 or the indi-
cated mutants. Cell cycle progression through G1 was
determined by measuring BrdU incorporation as de-
scribed in Materials and Methods. *p < 0.05 as com-
pared to the vector control. **p<0.05 as compared
to WT-KLF8.

enhances sumoylation of KLF8. Fourthly, acety-
lation at K93 and K95 inhibits the CtBP interac-
tion with KLF8 and that the acetylation-mimetic
K93Q and K95Q mutation causes a decrease in
the interaction with CtBP. Finally, acetyaltion at
K67, K93, and K95 is required for KLF8 to pro-
mote the cyclin D1 expression and the cell cycle
progression.

We have previously demonstrated that sumoyla-
tion at the K67 site inhibits the ability of KLF8
to transactivate the cyclin D1 promoter and pro-
mote the cell cycle progression [3]. The fact that
both the K67R and K67Q mutations increase
cyclin D1 expression and cell cycle progression
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to similar levels suggests that it is that preven-
tion of sumoylation rather than acetylation per
se at this site that is critical for KLF8 function.

Consistent with our findings, others have re-
ported that competition between sumoylation
and acetylation to modify the same lysine resi-
due regulates the function of MEF2 and HIC1
where HDAC-promoted sumoylation inhibits
transcription factor activity and acetylation
blocks these inhibitory effects [38-40]. Interest-
ingly, the acetylation/sumoylation switch on
MEF2 is further regulated by its phosphorylation
status [39] and it will be worthwhile to deter-
mine whether the KLF8 acetylation/sumoylation
switch is also regulated by a phosphorylation
event.

The CtBP co-repressor has been demonstrated
to physically interact with the SUMO E2 (Ubc9)
and E3 ligases (HPC2 and PIAS1) [23, 41, 42]
allowing CtBP to act as a platform for sumoyla-
tion of the transcription factor ZEB1 [23]. Since
we have shown that both Ubc9 and PIAS1 can
enhance KLF8 sumoylation [3], it is plausible
that a similar mechanism may also apply to the
sumoylation of KLF8 by CtBP.

Our data clearly shows that the interaction be-
tween KLF8 and CtBP can be inhibited at least
partially by acetylation at K93 and K95 (see
Figure 6). This result is in agreement with previ-
ous observations that acetylation at a lysine
immediately downstream of the CtBP interacting
motif PLDLS of adenovirus E1A inhibits its inter-
action with CtBP and consequently the CtBP-
mediated repression possibly by altering the
secondary structure of E1A [35, 36]. Whether or
not acetylation also alters the secondary struc-
ture of KLF8 to inhibit the interaction between
KLF8 and CtBP is another interesting future
study. This inhibitory mechanism has also been
reported with other transcription factors includ-
ing RIP140, SATB1 and EVI1 [33, 34, 43] and
many other proteins seem to possess this simi-
lar motif where the PXDLS is flanked by lysine
residues [33, 43]. This suggests that acetylation
-regulated CtBP binding may be a general regu-
latory mechanism that controls transcription
factor function. Interestingly, a few of the pro-
teins whose interaction with CtBP is regulated
by acetylation are also sumoylated. Like KLF8,
these proteins could be regulated by a similar
switch between co-activator-mediated acetyla-
tion and CtBP-mediated sumolylation.
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In summary, this study provides new insights
into the posttranslational regulation of KLF8 by
the interplay between HAT co-activator medi-
ated acetylation and CtBP promoted sumoyla-
tion. As KLF8 regulates many critical processes
particularly in cancer progression, our results
highlight the importance of the tight regulation
of KLF8 function beyond the control of its ex-
pression and open new opportunities for effec-
tive KLF8-targeted cancer therapies in the fu-
ture.
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