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ERK2 phosphorylates Kruppel-like factor 8 protein
at serine 48 to maintain its stability
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Abstract: Kriippel-like factor 8 (KLF8) plays important roles in cancer and is strictly regulated by various post-trans-
lational modifications such as sumoylation, acetylation, ubiquitylation and PARylation. Here we report a novel phos-
phorylation of KLF8 by ERK2 responsible and critical for the stability of KLF8 protein. The full-length KLF8 protein
displays a doublet in SDS-PAGE gel. The upper band of the doublet, however, disappeared when the N-terminal 50
amino acids were deleted. In its full-length the upper band disappeared upon phosphatase treatment or mutation
of the serine 48 (S48) to alanine whereas the lower band was lost when the S48 was mutated to aspartic acid that
mimics phosphorylated S48. These results suggest that S48 phosphorylation is responsible for the motility up-shift
of KLF8 protein. Pharmacological and genetic manipulations of various potential kinases identified ERK2 as the
likely one that phosphorylates KLF8 at S48. Functional studies indicated that this phosphorylation is crucial for
protecting KLF8 protein from degradation in the nucleus and promoting cell migration. Taken together, this study
identifies a novel mechanism of phosphorylation critical for KLF8 protein stabilization and function.
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Introduction

Krippel-like factor 8 (KLF8), a member of
Kruppel-like transcription factor family, is
upregulated and plays important roles in vari-
ous cancer types [1-11]. KLF8 functions as a
dual transcriptional factor and has been shown
to repress or activate a variety of cancer-relat-
ed genes such as E-cadherin [12], KLF4 [13],
cyclin D1 [2, 14], epidermal growth factor
receptor (EGFR) [10], MMP9 and MMP14 [1, 5]
and epithelial-stromal interaction 1 [9, 56]. In
addition to regulating cancer-promoting pro-
cesses including transformation [2], epithelial
to mesenchymal transition [12] and metastasis
[4, 5, 9, 10], KLF8 also plays a role for DNA
repair [15], adipogenesis [16] and Alzheimer’s
disease [17]. Indeed, KLF8 is emerging as a
critical factor for diverse diseases [7].

Post-translational modification (PTM) is one of
the most important protein regulatory mecha-
nisms. Previous studies showed that KLF8
undergoes sumoylation at lysine 67 [13], acety-
lation at lysine 93 and lysine 95, and potential
phosphorylation at serine 165 and serine 80
[13, 15, 18]. The sumoylation, acetylation and
their crosstalk play an important role in KLF8

function [13, 18]. The serines 165 and 80
of KLF8 are critical for its nuclear localization
and function such as DNA repair [15, 19]. In-
terestingly, previous study with KLF8 truncation
mutants revealed that the doublet of KLF8 pro-
tein became a single band when > 50 amino
acids were deleted from the N-terminus [19],
suggesting that a PTM in this deleted region is
responsible for the mobility shift and doublet
formation. However, none of the PTM sites on
KLF8 described above is located within this
region. It has been mysterious how the mobility
shift occurs and whether it has any impact on
the function of KLF8.

In this study, we provide strong evidence that
mobility shift of KLF8 protein is due to the phos-
phorylation at serine 48 by ERK2 and this phos-
phorylation is essential for maintaining the sta-
bility and function of KLF8 protein in the
nucleus.

Materials and methods
Antibodies and reagents

Primary antibodies used for western blotting
include mouse monoclonal to HA-probe (F-7)
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Table 1. Sequences of primers and oligonucleotides used

Primer name

Primer sequence (5’-3’)

pKH3-F
pKH3-R

KLF8 d11-20-R
KLF8 d11-20-F
KLF8 d21-30-R
KLF8 d21-30-F
KLF8 d31-40-R
KLF8 d31-40-F
KLF8 d41-50-R
KLF8 d41-50-F
KLF8 S31A-R
KLF8 S31A-F
KLF8 Y42A-R
KLF8 Y42A-F
KLF8 S44A-R
KLF8 S44A-F
KLF8 T47A-R
KLF8 T47A-F
KLF8 S48A-R
KLF8 S48A-F
KLF8 T50A-R
KLF8 T50A-F
KLF8 S48D-R
KLF8 S48D-F
KLF8 d31-35-F
KLF8 d31-35-R
KLF8 d36-40-F
KLF8 d36-40-R
KLF8 P37A-R
KLF8 P37A-F
KLF8 P38A-R
KLF8 P38A-F
KLF8 P37/38A-R
KLF8 P37/38A-F
KLF8 D36A-R
KLF8 D36A-F
KLF8 E39A-R
KLF8 E39A-F
KLF8 D36/E39A-R
KLF8 D36/E39A-F
KLF8 140A-R
KLF8 140A-F
KLF8 140R-R
KLF8 140R-F
ERK2-Smal-F
ERK2-Clal-R
ERK2 K54R-F
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CCC AAG CTT CTG CAG GTC G

GGA CAA ACC ACA ACT AGA ATG CAG

CCT GCAT TG AGT TGT T TATGA GTT TAT CC
AAC AAC TCA ATG CAG GTATTC AAG C

CGA ACA GAG CCA CCT TCT GAATTAAGT T
AGG TGG CTC TGT TCG GAA CAG AGATC
CTG TAT TCA GCA GTG ACC TGC TTG AAT A
TCA CTG CTG AAT ACA GAA GTA ATATGA CT
ATC CAG GAG TAT CTC AGG GGG ATC TCT
TGA GAT ACT CCT GGA TGC CAA CCC CAT
CCG AAC AGC AGC AGT GAC CTG

ACT GCT GCT GTT CGG AAC AGA GAT C

ACT TCT GGC TTC TAT CTC AGG G

ATA GAA GCC AGA AGT AAT ATG ACT TCT CC
CAT ATT AGC TCT GTA TTC TAT CTC AGG G
TAC AGA GCT AAT ATG ACT TCT CCA ACA
TGG AGA AGC CAT ATT ACT TCT GTATTC
AAT ATG GCT TCT CCA ACA CTC CTG

TGT TGG AGC AGT CAT ATT ACT TCT

ATG ACT GCT CCA ACA CTC CTG GAT

CAG GAG TGC TGG AGA AGT CAT ATT

TCT CCA GCA CTC CTG GAT GCC

TGT TGG ATC AGT CAT ATT ACT TCT GTA
ATG ACT GAT CCA ACA CTC CTG GAT

ACT GCT GAT CCC CCT GAG ATA GAA

AGG GGG ATC AGC AGT GAC CTG CTT

CGG A CGG AAC AGA GAA TAC AGA AGT AAT ATG AC AGA
TCT GTATTC TCT GTT CCG AAC AGA AGC
TAT CTC AGG GGC ATC TCT GTT CCG

AGA GAT GCC CCT GAG ATA GAATAC

TAT CTC AGC GGG ATC TCT GTT CCG

AGA GAT CCC GCT GAG ATA GAA TAC

TAT CTC AGC GGC ATC TCT GTT CCG

AGA GAT GCC GCT GAG ATA GAATAC

AGG GGG AGC TCT GTT CCG AAC AGA

AAC AGA GCT CCC CCT GAG ATA GAA

TTC TAT CGC AGG GGG ATC TCT GTT

TCC CCC TGC GAT AGA ATA CAG AAG

TTC TAT CGC AGG GGG AGC TCT GTT

AAC AGA GCT CCC CCT GCG ATA GAA

GTA TTC TGC CTC AGG GGG ATC TCT

CCT GAG GCA GAA TAC AGA AGT AAT
GTATTC TCT CTC AGG GGG ATC TCT

CCT GAG AGA GAA TAC AGA AGT AAT

TTT CCC GGG AGC AGC TGC GGC GGC GGC GGG CGC
CCC ATC GAT TTA AGA TCT GTA TCC TGG CTG GAA TC
GCT ATC AGG AAA ATC AGC CCC TTT

(sc-7392) (1:3000), mouse
monoclonal to B-actin (C4)
(sc-47778) (1:4000), Mouse
monoclonal for c-Myc (9E10)
(Sc-40) (1:2000), mouse mo-
noclonal to pERK (E-4) (Sc-
7383) (1:2000) and rabbit
polyclonal to ERK (c-16) (Sc-
93) (1:2000) (Santa Cruz
Biotechnology, Inc., Dallas,
TX, USA). Secondary anti-
bodies were horse radish
peroxidase conjugated don-
key anti-mouse (715-035-
150) and donkey anti-rabbit
IgG (711-035-152) (both
1:5000. Jackson Immuno-
Research laboratories, West
Grove, PA, USA). Antibody
used for co-immunoprecipi-
tation was Anti-HA mouse
monoclonal (IPO010) Immu-
noprecipitation Kit (Sigma-
Aldrich, St. Louis, MO, USA).
MEK inhibitor PD98059 (51-
3000) and U0126 (662005)
as well as the inhibitor of
protein synthesis cyclohexi-
mide were from Calbiochem
(San Diego, CA, USA). Glyco-
gen synthase kinase 3
(GSK3) inhibitor SB216763
(81075) was from Selleckbio-
chem (Boston, MA, USA).
cyclin-dependent kinase 5
(CDKD) inhibitor Roscovitine
(557360) was from Milipore
(Billerica, MA, USA). c-Jun
N-terminal kinase | (JNKI)
inhibitor Bl 78D3 (Cat. No.
3314) and JNKII inhibitor
AEG 3482 (Cat. No. 2651)
were from Tocris (Ellisville,
MO, USA). All the inhibitors
were reconstituted with DM-
SO. The alkaline phospha-
tase calf intestinal phospha-
tase (CIP. M0O290) were pur-
chased from New England
Biolabs (Ipswich, MA, USA).

Plasmid construction

The mammalian expression
vectors pKH3 (HA-tagged),
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ERK2 K54R-R GAT TTT CCT GAT AGC TAC TCG AAC
ERK2 R67S-F TGC CAG AGC ACC CTG AGG GAG ATA
ERK2 R67S-R CAG GGT GCT CTG GCA GTA GGT CTG

ERK2 D321N-F
ERK2 D321N-R

CCG AGT AAC GAG CCC ATC GCC GAA
GGG CTC GTT ACT CGG GTC GTA ATA

mycin. GSK3a-/- and GSK3-
/- and matched wild-type
mouse embryonic fibroblasts
(MEFs) were kind gifts from
Dr. Jim Woodgett of Lunen-
feld-Tanenbaum Research In-

pHAN (Myc-tagged), pKH3-KLF8, pKH3-KLF8-
dN50, pHAN-KLF8 and pHAN-KLF8-dN50 were
previously described [20]. KLF8 deletion and
point mutants were constructed by site-direct-
ed mutagenesis PCR [21] using the pKH3-KLF8
vector as the template. We used the primer
pKH3-F paired with mutant-R and primer
mutant-F paired with pKH3-R for the mutagen-
esis PCR and the pKH3-F and pKH3-R primer
pair for overlapping PCR. The mutant fragments
were digested with Hindlll and EcoRlI to clone
into pKH3 vector between the sate sites. To
construct lentiviral vectors pLVPZ-KLF8-S48A
and pLVZP-KLF8-S48D, we PCR-amplified the
HA-KLF8-S48A and HA-KLF8-S48D fragments
from pKH3-KLF8-S48A and pKH3-KLF8-S48D
plasmids. These fragments were digested with
Pst1/Notl and inserted into the lentiviral vec-
tor pLVPZ [5]. All the constructs were verified by
DNA sequencing. The human ERK2 cDNA was
amplified using ERK2-Smal-F and ERK2-Clal-R
primers. This amplified fragment was digested
with Smal/Clal and cloned into pHAN vector
between the same sites. The ERK2 dominant-
negative (K54R in which the ATP binding activi-
ty is disabled [22, 23]) and constitutively active
(ERK2-CA, an ERK2 double mutant consisting
of R67S that promotes ERK2 autophosphoryla-
tion and D321N that inhibits ERK2 phospha-
tase binding [23-25]) mutants were construct-
ed by site-directed mutagenesis similarly. See
Table 1 for sequences of all the primers and
oligonucleotides used.

Cell culture, cell line generation and transfec-
tion

The HEK293 [21, 26, 27] and MCF-7 [2, 12]
cell lines were described previously. These
cells were maintained in DMEM with 10% fe-
tal bovine serum (FBS) and proper antibiotic
supplements. MCF7 stable cells expressing
HA-KLF8 (MCF7-K8) and its mutant S48A
(MCF7-K8-S48A) and S48D (MCF7-K8-S48D)
were generated by infecting the MCF7 cells
with lentiviruses derived from the correspond-
ing lentiviral vectors followed by puromycin
selection. Selected cells were maintained in
DMEM supplemented with 10% FBS and puro-
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stitute [28]. These cells were
maintained in DMEM plus 10% FBS. Trans-
fections were done using Lipofectamine 2000
(Invitrogen, Grand Island, NY, USA).

Phosphatase treatment

After 36-48 h of transfection, cells were wash-
ed with ice-cold phosphate-buffered saline,
lysed with NP-40 buffer containing protease
inhibitor cocktail (1 mM PMSF, 0.2 IU/ml appro-
tini and 20 pg/ml leupeptin) for 30 minutes at
4°C and centrifuged (12,000 rpm, 10 min, 4°C)
to obtain the cell lysate. A aliquot of 20 ug
lysate was treated with 30 units of CIP in 40 pl
reaction with NEBuffer 3 for 2 h at 37°C fol-
lowed by SDS-PAGE and western blotting.
Untreated lysate and lysate treated with CIP
plus its inhibitor sodium orthovanadate (20
mM) were included as controls.

Western blotting and co-immunoprecipitation
(Co-IP)

These assays were done as previously
described [12, 15]. Cells and antibodies used
were described above. Western blots were
quantified using Image Lab 3.0 (Bio-Rad,
Hercules, CA) as previously described [15].

Protein lifespan assay

Cycloheximide (CHX) chase assay was per-
formed essentially as previously described
[15]. The HA-KLF8 and its mutant proteins
overexpressed either transiently in HEK293
cells or stably in the MCF7 cell lines described
above were treated with 50 ug/ml of CHX. In
some experiment, the MEK inhibitor U0126
was included in the medium at 10 uM for 30
minutes prior to addition of CHX and at 3 uM
during the CHX chase period of time. Lysates
were collected at different time points for west-
ern blotting.

Cell migration assays

MCF7, MCF7-K8, MCF7-K8-S48A and MCF7-
K8-S48D cells were seeded in a 12-well plate
and grown to confluent state. Would closure (24
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lysates containing epitope-

o o .

O Yo tagged KLF8 protein with

+ + : :
© > - ® calf intestine phosphatase
KLF8 KLF8 L L L f (CIP) that removes phosphate
dN50 4 X X group from phosphorylated
AL — IB: HA-KLF8 serine, threonine or tyrosine.
IB: HA-KLF8 TR s The result clearly showed that
. — CIP treatment significantly
IB: B-actin  E—_-—— |B: p-actin ~e—-_—— reduced, if not abolished, the
) . upper band of the doublet
IB: Myc-KLF8 IB: Myc-KLF8 ’ e W oy irrespective of the tag types
(Figure 1B, compare middle
IB: P-actin "— — IB: -actin E—_—_—_—_ S to left lane). This is specific to

Figure 1. Mobility shift of KLF8 is due to phosphorylation in its N-terminal
50 amino acid residues. A. The N-terminal region of 50 residues is required
for maintaining the doublet of KLF8 protein on SDS-PAGE gels. HA-KLFS,
HA-KLF8-dN50, Myc-KLF8 or Myc-KLF8-dN50 was transfected into HEK293
cells. Whole cell lysates were collected after 48 hours and processed for
western blotting with anti-HA (1:3000) or anti-Myc (1:2000) antibody with
anti-B-actin as loading control. B. Treatment with alkaline phosphatase abol-
ished the upper band of the KLF8 doublet. HA-KLF8 or Myc-KLF8 was oever-
expressed in HEK293 cells. Lysates prepared from the cells were treated
with CIP without or with its inhibitor sodium orthovanadate (Na3VO4) as de-
scribed in the Experimental Procedures and processed for western blotting

as described above.

h) and Boyden Chamber (20 h) migrations were
performed and analyzed quantitatively as pre-
viously described [12].

Statistical analysis

At least three observations per group were con-
ducted. Data are presented as mean * the
standard deviation. Unpaired, paired or single
sample Student’s t-test with the Bonferroni
correction for the multiple comparisons was
applied as appropriate. Statistical significance
was determined using the alpha level of 0.05.

Results

Mobility shift of KLF8 is due to phosphoryla-
tion among its N-terminal 50 amino acids

The full-length wild-type KLF8 protein migrates
as a doublet on SDS-PAGE and deletion of 50
or more amino acids from the N-terminus
changes the doublet into a single band [19]
regardless of the epitope types attached
(Figure 1A). Since the known PTMs of KLF8 do
not have evident effect on the mobility shift
[13, 15, 18-20, 29] and protein phosphoryla-
tion most frequently causes protein mobility
up-shift [30, 31], we sought to determine if
phosphorylation plays a role for the KLF8's
mobility shift observed. We treated the cell
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the catalytic activity of CIP in
that the loss of the upper
band was prevented with the
CIP inhibitor sodium orthovan-
adate (Na,vVO,) [32] (Figure
1B, lane 3). Taken together,
these results strongly suggest
that phosphorylation of a resi-
due among the N-terminal 50
amino acids is responsible for
the mobility shift of KLF8
protein.

Phosphorylation of KLF8 at the serine 48 is
responsible for the mobility up-shift

To determine the phosphorylation site, we first
constructed small deletion mutants of KLF8
by deleting 10 amino acids at a time from
the N-terminal 50 amino acid region (Figure
2A). Deletion of either the residues 31-40 or
41-50 resulted in a loss of the upper band,
whereas other deletions did not affect the
mobility (Figure 2B). This result suggested
that the phosphorylated residue of KLF8 is
somewhere between the amino acids 30 and
50. To identify the exact amino acid(s) that is
phosphorylated, we mutated all the serine,
threonine and tyrosine residues in the 31-50
region to alanine individually to prevent phos-
phorylation. We found that only the S48A
mutant migrated as a single band with mobility
identical to the lower band of the doublet
(Figure 2C), whereas the S48D mutant, where
the serine was mutated to aspartic acid to
mimic the phosphorylated serine [33, 34],
migrated as a single band with mobility identi-
cal to the upper band of the doublet (Figure
2D). Thus, KLF8 is likely phosphorylated at
S48, which is responsible for the mobility up-
shift. Phylogenic analysis showed that the S48
residue is highly conserved across the species
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KLFS, i.e., d31-35 and d36-

A 1 10 21 31 41 48 51
d11-20 |MVDMOKLINN---—----- SMQVFKQVTASVRNROPPEIEYRSNMTSPTLLDANP 40 and found that interest-
d21-30 [MVDMDKLINNLEVOLNSEGG------- SVRNRDPPEIEYRSNMTSPTLLDANP ;
d31-40 [MVOMDKLINNLEVQLNSEGGSMQVFKQVTA---—EYRSNMTSPTLLDANP ingly, the d31-35 mutant
d41-50 | MVYOMDKLINNLEVQLNSEGGSMQVFKQVTASVRNRDPPE]-———--LLDANP showed mostly the upper

e o o o band whereas the d36-40

B § ¢ 3 % C - - S S - -4 mutant migrated as only the

5 5 3 8 3 E 833 Ea 8 i i

lower band (Figure 3A). This

1B HAKLFg - B HAKLFS g . R = gy result suggested that the
amino acid 31-35 and 36-40
B:facln D@ @SSR 5 factn S ———— regions might respectively

D - é =) regulate the phosphorylation
2 o o at S48 negatively and posi-
1B HAKLFE S - tively. Indeed, both phospha-
tase treatment and S48A
IB: f actin (E—-—GG_—-—— mutation brought the d31-35
E 24 31 il 48 55 mutant protein to the lower
Human| VFKQVTASVRNRDPPEIEYRSNMTSPTLLDAN band position, while the
Chimpanzee | VF KQV TASVRNRDPPEIEYRSNMTSPETLLDAN S48D-d31-35 mutant protein
Monkey VFKQVTSSVRNRDPSEIEYRSNMTSPTLLDAN . .

Dog| VFKEVTGSIHIRDPPKSAKREKMTSPBPFPDAS remained in the upper band
Cow| MFKQVTGPVQIRDSLKRADRGNMTSPPLLDAN position regardless of the ph-
Mouse | VFKQVTGPVPTRDPSARADRRNMTSP[SFLAAS osphatase treatment (Figure
Rat| VEKQVTIGPVPTRDPSVRGDRRNMTSPEFLAAS 3B) We th d h
GuineaPig| PFKQVTSTIHTRDTPEPRDRSNITSPPLLDDS ). We then mutated eac

Figure 2. Phosphorylation of KLF8 at the serine 48 (S48) is responsible for
the up-shift of KLF8 mobility. (A, B) Both KLF8 31-40 and 41-50 aa regions
are essential for the phosphorylation (mobility upshift) of KLF8. Indicated
small deletion mutants of KLF8 (A) were overexpessed for western blotting
(B). (C, D) The mobility up-shift of KLF8 is due to the phosphorylation at the
S48. All the potential phosphorylated residues including serine, threonine
and tyrosine residues in the area of residues 31-50 were mutated to alanine
and their band patterns were analyzed by overexpression and western blot-
ting (C). Only the S48A mutant showed a single (lower) band. (D) Mutation of
S48 to Aspartate results in the upper band only. The phosphorylation-mim-
icking mutant S48D was overexpressed for western blotting. (E) The S48 site
of KLF8 is conserved across the species. Sequence homology was analyzed

using the NCBI multiple sequence alignment.

(Figure 2E). Taken together, these results pro-
vided strong evidence that the S48 can be
phosphorylated which is potentially of function-
al importance for KLF8.

The amino acid 31-40 region plays a regulato-
ry role for the phosphorylation of KLF8 at S48

The loss of the upper band from the d31-40
mutant protein (Figure 2B) is not due to failure
for any of the residues in this deleted region to
be phosphorylated within this deleted region in
that mutation of the serine 31, the only poten-
tial phosphorylation residue, to alanine did not
alter the mobility of the protein (Figure 2C). This
result suggested that, while this region does
not contain a phosphorylation site, it might play
arole in facilitating the phosphorylation at S48.
We then made two smaller deletion mutants of
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residue to alanine in this
region individually or in combi-
nation and found that only the
R33A/R35A mutant showed a
migration pattern closest to
the d31-35 double-mutant
(Figure 3C). This result sug-
gested that this R-X-R motif at
33-35 position might be the
one that mediates the nega-
tive effect on the phosphory-
lation at S48. To determine
the core residue or motif
among 36-40 residues, we
similarly mutated each individual residue in
this region to alanine. Isoleucine residue at
position 40 was also mutated to arginine
given that isoleucine and alanine share simi-
lar amino acid structure. All the single point-
mutants migrated as a doublet similar to the
wild-type KLF8. Because proline actively par-
ticipates in protein folding to maintain protein
tertiary structure, we constructed a P37A/
P38A double-mutant of KLF8. It has been also
reported that D-X-X-E motif is important for
binding to metal ions [35] and proteins such
as focal adhesion kinase [36]. Hence, we made
a D36A/E39A mutant also to disrupt this
motif. Interestingly, the D36A/E39A double
mutant migrated as the lower band only where-
as the P37A/P38A mutation did not alter the
mobility (Figure 3D). These results suggested

Am J Cancer Res 2016;6(5):910-923
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treatment showed less KLF8

AL S B _wr e S N LT .
E 3 8 phosphorylation compared to
E T p—— o DMSO treatment (Figure 4A).
curs [y bl 4 4 - As the GSK3 inhibitor used
actn CP - 4+ 4+ - - 4 Aot A was for both GSK3a and GS-
NaVO - - + - - + - * -t K3B, we transfected KLF8
c < D < g into GSK3a knockout (GSK3a:-
e e . g 5% cxss.a g % o /-) and GSK3p knockout (GS-
g 2 2 8 8 & E538352838892 3 K3B-/-) mouse embryonic fib-

KLre m KPS Sm—gss  —son e —

Bractin W

| SVRNR | DPPEI | EYRSNMTS*PT

3132 33 34 35

363738 3940 41 42 4344 45 46 47 4849 50

)

Figure 3. The region of residues 31-40 plays an essential regulatory role in
the phosphorylation of KLF8 at the S48 site. The R-X-R motif in 3*SVRNR®®° of
KLF8 plays an inhibitory role in the phosphorylation of KLF8 at the S48 (A-C)
whereas the D-X-X-E motif in *DPPEI*° of KLF8 has a positive effect on it (D).
Indicated KLF8 mutants were overexpressed and lysates were prepared with
or without CIP treatment in the presence or absence of the CIP inhibitor for
western blotting. (E) The counteracting role of the R-X-R and D-X-X-E motifs

was illustrated.

that the D-X-X-E motif at 36-39 positions medi-
ates the positive effect on the phosphorylation
at S48. Taken together, the amino acid 31-40
region appears to play an important counter-
acting role to balance a proper level of phos-
phorylation of KLF8 at S48 through mecha-
nisms to be determined (Figure 3E).

ERK2 phosphorylates KLF8 at S48

We then sought to determine the protein kina-
se responsible for the phosphorylation of
KLF8 at S48. We first attempted to predict
potential kinase(s) for the S48 site using
the online application programs including
NetPhosK [37] (http://www.cbs.dtu.dk/servic-
es/NetPhosK/), PhosphoNet (http://www.phos-
phonet.ca/) and Kinasephos (http://kinase-
phos.mbc.nctu.edu.tw/). The GSK3, CDK5, ERK
and JNK stood out as the potential kinase can-
didates with GSK3p having the highest predict-
ed score. Next, we treated the HEK293 cells
overexpressing HA-KLF8 with specific inhibitors
of these kinases. Only the MEK1/2 inhibitor
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roblast (MEF) cells [28]. KLF8
protein mobility remained un-
changed in these knockout
cells as in the wild-type MEF
cells (Figure 4B), thereby, ex-
cluding GSK3s. These results
indicated that the MEK-ERK
pathway might play a role in
the phosphorylation of KLF8
at S48.

B-aClin me s v - - - ——— = —

To determine cancer rele-
vance of the aforementioned
results, we generated MCF7
cell lines stably overexpress-
ing the wild-type KLF8 (MCF7-
K8) and the S48A mutant
(MCF7-K8-S48A), respective-
ly. Treating the MCF7-K8 cells
with the MEK inhibitors, PD-
98059 or U0126, caused a
dramatic reduction in the ph-
osphorylation of KLF8 that is
well correlated with the decrease in the phos-
phorylation of ERKs (Figure 4C-F). This result
suggested that MEK(s) or/and ERK(s) could be
responsible for the phosphorylation of KLF8 in
the breast cancer cells. Since the above
described computer programs predicted ERK(s)
rather than MEKs as a potential KLF8 kinase,
and the phosphorylation of ERK2 appeared to
be inhibited more than ERK1 did by the MEK in-
hibitors in the cells (Figure 4C-F), we next test-
ed the potential phosphorylation of KLF8 by
ERK2. Overexpression of ERK2 increased the
phosphorylation of KLF8 whereas its kinase
dead, dominant negative mutant (ERK2-K54R)
decreased the phosphorylation of KLF8 (Figure
4G). By contrast, the S48A mutant of KLF8
did not show any phosphorylated upper band
upon ERK2 overexpression (Figure 4G). These
results strongly suggested that ERK2 could
phosphorylate KLF8 at S48. This notion was
further supported by the co-IP assay that de-
tected an interaction between ERK2 and KLF8
in the cells (Figure 4H). In addition, EGF stimu-
lation of ERKs clearly increased the phosphory-
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Figure 4. ERK2 is the kinase responsible for the phosphorylation of KLF8 at the S48 site. (A) Inhibition of MEKs, but
not JNKs, GSK3s or CDK5, leads to a decrease in the phosphorylation of KLF8. HEK293 cells overexpressing KLF8
were treated with indicated inhibitors for 4 h. Cell lysates were prepared for western blotting. (B) Knockout of GSK3s
does not affect mobility of KLF8 protein. Wild-type KLF8 (WT), its S48A mutant or vector control was overexpressed
in the indicated cells for 48 h. Cell lysates were prepared for western blotting. (C-F) Dose- and time-dependent
inhibition of the phosphorylation of KLF8 by MEK inhibitors. The MCF7-K8 cells at ~80% confluent growth were
treated with PD98059 or U0126 as indicated, cell lysates were processed for western blotting for the band patterns
of KLF8. Total ERK, pERK and B-actin were included as controls. For the dose-dependent study the treatment time
was 4 hours. In (F) 50 uM PD98059 and 5 uM U0126 were used respectively. (G) The catalytic activity of ERK2 is
the phosphorylation of KLF8 at the S48 site. Myc-tagged ERK2 or its dominant-negative mutant K54R was overex-
pressed in the MCF7-K8 or MCF-K8S48A cells. Lysates were prepared after 48 hours for western blotting. (H) ERK2
interacts with KLF8 in an S48-dependent manner. Indicated KLF8, its mutant or vector control was overexpressed
in HEK293 cells and precipitated with anti-HA antibody from cell lysates prepared after 48 hours. Co-precipitated
ERKs were analyzed by western blotting. (I) ERK2 activity is required for EGF-stimulated phosphorylation of KLF8.
The MCF7-K8 cells were transfected with dominant-negative ERK2 mutant K54R plasmid or vector alone. After 36
h, the cells were serum-starved for 16 h and then treated with 50 ng/ml EGF or DMSO. Cell lysates were collected
after 30 minutes for western blotting. (J) ERK2 activity is sufficient for the phosphorylation of KLF8. The MCF7-K8
cells were transfected with the ERK2 constitutive active mutant (ERK2-CA). After 36 h, the cells were treated with
U0126 (5 uM) for 30 minutes. Cell lysates were then prepared for western blotting.
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Figure 5. Phosphorylation of KLF8 at the S48 site is
critical for KLF8 stability. A. The unphosphorylated
=\ T KLF8 mutant proteins express at a decreased level.
-% Indicated HA-tagged KLF8 and its mutants were over-
@ d31-35 expressed in HEK293 cells for 48 h prior to prepara-
g: tion of cell lysates for western blotting with HA and
L #=d36-40 B-actin antibodies and quantification of protein ex-
4 348D pression. B, C. The unphosphorylated KLF8 mutant
proteins have a shortened lifespan. Indicated HA-
20 ~#=S48A  KLF8and its mutants were overexpressed in HEK293
cells for 36 h. CHX drug was then added and cell ly-
0 sates were collected at eh indicated time points for
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lation of KLF8, which was blocked by the ERK2
dominant negative mutant (Figure 4l). Fur-
thermore, overexpression of the constitutively
active mutant (ERK2-CA) prevented inhibition
of the phosphorylation of KLF8 by the MEK
inhibitor U0126 (Figure 4J). Taken together,
these results identified ERK2 as the kinase
likely responsible for the phosphorylation of
KLF8 at the S48 site.

Phosphorylation of KLF8 at S48 maintains the
stability of KLF8 protein

The phosphorylation of KLF8 appears to corre-
late with the total levels of KLF8 (Figure 4A and
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western blotting and protein quantification.

4)), suggesting a potential protection of KLF8
protein from degradation by the phosphoryla-
tion at the S48 site. Indeed, both the phosphor-
ylation-defective mutants, KLF8-S48A and
KLF8-d41-50, expressed at a significant lower
level than the wild-type KLF8 did (Figure 5A).
We performed protein chase assays in tran-
sient transfected HEK 293 cells and found out
that the wild-type KLF8 and the S48A mutant
have the longest and shortest life-span, respec-
tively (Figure 5B and 5C). Unexpectedly yet
interestingly, the S48D and d31-35 mutants
did not show a prolonged life over the wild-type
KLF8 although the d36-40 mutant, like the
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Figure 6. The phosphorylated form of KLF8 acts as a mask to protect the
overall stability of KLF8 protein. A, B. The phosphorylated form of KLF8
protein degrades to protect the unphosphorylated form. The MCF7-K8 and
MCF7-K8-S48 cells were subjected to CHX chase assay as described above.
The upper and lower bands of the wild-type KLF8 were quantified separately
and compared to total expression of the wild-type KLF8 as well as the S48A
mutant protein. C, D. The lifespan of the unphosphorylated form of KLF8 pro-
tein decreases in the absence of the phosphorylated form. The CHX chase
assay was carried out similarly except that the MCF7-K8 cells were treated
with the MEK inhibitor U0O126 inhibitor before and during the chase assay as

described in the Experimental Procedures.

S48A mutant, showed a shortened lifespan
compared to the wild-type KLF8 (Figure 5B
and 5C). Taken together, these results suggest-
ed that the phosphorylation at S48 is critical
for maintaining the stability of KLF8 protein.

Phosphorylated KLF8 acts as a mask to pro-
tect the overall stability of KLF8 protein

In the MCF7 stable cell lines, we obtained sta-
bility patterns for the wild-type KLF8 and the
S48A mutant similar to what was observed in
the HEK293 cells (Figure 6A and 6B). Sur-
prisingly, the unphosphorylated form (lower
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band) of the wild-type KLF8
stayed more stable than the
phosphorylated form (upper
band) (Figure 6B). These re-
sults raised an interesting
possibility that the phosphor-
e S48A ylation of KLF8 at S48 helps
maintain the overall KLF8
protein levels by protecting
the unphosphorylated form
of KLF8 from degradation.
This notion was further sup-
ported by the result showing
that the lower band of KLF8
was degraded faster in the
cells treated with the MEK
inhibitor than that in the mock
treated cells (Figure 6C and
6D). Therefore, the phosphor-
ylated KLF8 may sacrifice
itself to protect the unphos-
phorylated form of it.

Total WT
=*= Unphos-WT

“#= Phos-WT

KLF8 requires the phosphory-
lation at the S48 site to pro-
mote cell migration

Lastly, we attempted to see if
the phosphorylation of KLF8
at the S48 site plays a role for
any known cellular function of
KLF8. We performed two in-
dependent migration assays
both of which demonstrated
that the S48A, but not the
S48D, mutant lost the capac-
ity to promote the MCF7 cell
migration (Figure 7). This re-
sult suggested that the phos-
phorylation of KLF8 at the
S48 site by ERK2 is critical for
KLF8 function.

Discussion

This study identified the serine 48 as a novel
phosphorylation site on KLF8 responsible for
its mobility shift and ERK2 as a novel kinase for
the phosphorylation of KLF8 at this site. Based
on the results of the study, we propose a model
of mechanism of action (Figure 8) in which
ERK2 phosphorylation of KLF8 at the serine 48
site gears the degradation of KLF8 protein from
the unphosphorylated towards phosphorylated
form of the protein to protect the stability of
unphosphorylated form. The unphosphorylated
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K8-S48A, MCF7-K8-S48D alongside the mock control cells were grown and subject to wound closure (A, B) as well
as Boyden chamber (C) migration assays as described in the Experimental Procedures.

form may be the primary functional form of
KLF8. In addition, the phosphorylation at the
serine 48 is critically balanced by N-terminal
region of residues 31-40 where the regions of
31-35 and 36-40 have a negative and positive
effect, respectively via unknown mechanisms.

In support of this study, it was reported that
ERK2 phosphorylates ¢-Myc at serine 62 to
increase the stability of c-Myc protein [38], and
blocking this phosphorylation by inhibiting
ERK2 leads to a marked decrease in the c-Myc
protein level and tumor malignancy [39]. In
addition to KLF8, other KLF family members
such as KLF5 [40], KLF3 [41] and KLF2 [42] are
also regulated by phosphorylation. Indeed, it
has been reported that ERK2 phosphorylated
KLF2 protein is more sensitive to proteasomal
degradation [42], and ERK phosphorylation of
KLF4 at serine 123 results in inhibition of
KLF4’s function [43]. Another recent report
showed that ERK inhibitor treatment decreased
KLF8 expression and the ERK-KLF8 pathway
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might play a role in chemoresistance of colorec-
tal cancer cells [4]. Our results provide mecha-
nistic interpretation of this report. Our recent
work has revealed that KLF8 upregulates
EGFR in breast cancer cells [10]. Given that
EGF stimulation enhances the ERK2-dependent
phosphorylation of KLF8 (see Figure 4l), it is
possible that a potential positive feedback loop
of KLF8 to EGFR to ERK to KLF8 exists.

We showed that both the constitutively phos-
phorylation-mimicking and unphosphorylated
mutants of KLF8 protein have a shortened
lifespan compared to the total wild-type KLF8
(Figure 5). However, the phosphorylated form
(upper band) of wild-type KLF8 has a much
shorter lifespan than its unphosphorylated
counterpart (lower band) (Figure 6). These
seemingly paradoxical observations suggest a
protective role of the phosphorylated form for
the stability of the unphosphorylated form that
might be the functional form of KLF8 in the
nucleus.

Am J Cancer Res 2016;6(5):910-923
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Figure 8. Proposed model of the mechanism of ac-
tion. ERK2 phosphorylate KLF8 at the S48 site.
This phosphorylation distracts KLF8 degradation of
unknown mechanism away from the unphosphory-
lated form towards the phosphorylated form of the
protein, resulting in an increase in overall stability
of the KLF8 protein. On the other hand, the ERK2
phosphorylation of KLF8 is balanced by two potential
counteracting mechanisms of regulation mediated
by the inhibitory R-N-R motif and the supporting D-
P-P-E motif.

How the amino acid 31-40 region regulates the
phosphorylation of KLF8 at the serine 48 site
remains to be determined. The R-X-R motif
located in the 33-35 region has been shown to
play an essential role in protein-protein interac-
tion [44], endoplasmic reticulum (ER) retention
of protein [45], and phosphatase binding [46].
This motif was first identified as an ER retention
motif [47, 48]. Proteins with this motif tend to
show high ER retention and less ER to Golgi
transport [49, 50]. The positively charged argi-
nine (R) residues can interact with other nega-
tively charged residues to regulate protein ter-
tiary structure [51]. This motif is also involved in
co-factor binding [49]. Interestingly, two reports
suggested that F-X-X-R-X-R motif is the binding
site of the phosphatase PP1 [46, 52]. It will be
interesting to test if the KLF8’s S°ASVRNR®®
motif plays a docking role for PP1 or PP1-like
phosphatases. The D-X-X-E in the 36-39 region,
unlike R-X-R motif, had a positive influence on
the phosphorylation of KLF8. D-X-X-E motif was
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first found on B-integrin cytoplasmic tail critical
for focal adhesion kinase binding [36]. Recent
studies have also demonstrated the binding
of D-X-X-E motif to the metal ion of magnesium,
manganese or calcium [35, 53, 54]. Calcium
has been shown to activate ERK through adynyl
cyclase [55]. Therefore, it is possible that
the KLF8’s *°DPPEI*® motif might play a role in
metal binding required for the phosphorylation
of KLF8 at the serine 48 site by ERK2.

Previous report showed that poly (ADP-ribose)
polymerase 1 binds to KLF8 to promote its
nuclear retention and prevent nuclear export
and subsequent degradation of KLF8 protein in
the cytoplasm [29]. Interestingly, the KLF8
S48A mutant is localized in the nucleus and the
phosphorylation of KLF8 at serine 48 does not
play any role in poly (ADP-ribose) polymerase 1
binding (data not shown). Therefore, it is likely
that the stability of KLF8 protein is regulated in
both the cytoplasm and nucleus via distinct
molecular mechanisms. Additionally, cross
talks between different PTM types on KLF8
have been reported. For instance, a switch
between acetylation and sumoylation of KLF8
was found to be critical for its transcriptional
activity [18]. Whether or not the phosphoryla-
tion of KLF8 at the serine 48 site plays a role
for other PTM types is another interesting topic
of future study.

Physiologically critical yet pathologically impor-
tant proteins such as proto-oncogenic and
tumor suppressor proteins are tightly regulated
in normal cells to maintain their expression and
function within the physiological window. Loss
of the regulatory balance is a major cause of
diseases. Both the S48 site of KLF8 and the
function of ERK2 are well conserved across
species. PTMs such as protein phosphorylation
are among the most important protein regula-
tory mechanisms. These lines of evidence
underscore the biological importance of the
ERK2-dependent phosphorylation of KLF8 at
the serine 48 site discovered in this study.
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