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KLF6 (Kruppel-like factor 6) is a zinc finger transcription fac-
tor and a tumor suppressor that is frequently mutated in pros-
tate cancer.KLF6 suppresses tumor growth and induces apopto-
sis in cancer cells throughmechanisms still not defined.Herewe
show that KLF6 induces apoptosis in prostate cancer cells by
ATF3 (activating transcription factor 3) expression. KLF6 binds
directly to and activates theATF3promoter. ATF3 induced apo-
ptosis when ectopically expressed in cells, whereas knockdown
of ATF3 by small interference RNAblockedKLF6-induced apo-
ptosis. KLF6 mutants derived from clinical prostate cancers
failed to activate the ATF3 promoter and were unable to induce
apoptosis. Furthermore, stress conditions (exposure to stauros-
porine and hypoxia induced by sodium azide) caused significant
increase in ATF3 expression and induced apoptosis, whereas
knockdown of KLF6 by small interference RNA blocked the
increase of ATF3 as well as the induction of apoptosis in these
conditions. Thus, ATF3 is a keymediator of KLF6-induced apo-
ptosis in prostate cancer cells.

KLF6 (Kruppel-like factor 6) is a tumor suppressor protein
that is down-regulated or mutated in several types of cancers,
including prostate cancer (1–3). KLF6 is a zinc finger transcrip-
tion factor that binds to a GC box and regulates the expression
of target genes. It has been shown that KLF6 suppresses tumor
growth through activating p21WAF1/Cip1, an inhibitor of the
cyclin-dependent kinases, in both cultured cells and a trans-
genic mouse model (2, 4). KLF6 also directly interacts with
cyclin D1 to suppress cyclin-dependent kinase 4 and causes cell
cycle arrest (5). Besides growth inhibition, KLF6 has also been
shown to induce apoptosis in non-small cell lung cancer cells
(1). However, themechanism of KLF6-induced apoptosis is still
not known.
ATF3 (activating transcription factor 3) is a member of the

ATF/cAMP-response element-binding protein family of tran-
scription factors (6). ATF3 is rapidly up-regulated under vari-
ous stress conditions, including hepatotoxicity, UV/ionizing
radiation, and exposure to DNA-damaging agents (7). ATF3

can also be induced by ischemia and hypoxia (8–10). ATF3 is a
pro-apoptotic protein. It induces apoptosis in ovarian cancer
cells (11) and enhances etoposide- or camptothecin-induced
apoptosis inHeLa cells (12). Although transgenicmice express-
ing ATF3 in beta cells develop abnormal islets and defects sec-
ondary to beta cell apoptosis, primary islets derived fromATF3
knock-out mice were partially protected from cytokine- and
nitric oxide-induced apoptosis (13). Additionally, fibroblasts
from ATF3 knock-out mice were partially protected from UV-
induced apoptosis (10). On the other hand, it was shown that
ATF3 overexpression promoted invasiveness of prostate tumor
cells in vitro and significantly enhanced spontaneous lung
metastasis without affecting primary tumorigenicity in a severe
combined immunodeficient mousemodel (14). Interestingly, it
was also shown that ATF3 has a dichotomous role in cancer
development, while enhancing apoptosis in the untransformed
MCF10A cells, ATF3 inhibited apoptosis in the more aggres-
sive MCF10CA1a cells and enhanced cell mobility (15).
We found that KLF6 induces apoptosis when ectopically

expressed in prostate cancer cells. To understand the mecha-
nism of KLF6-induced apoptosis, we employed microarray
gene expression analysis and identified ATF3 as one of the tar-
get genes regulated by KLF6. We further demonstrated that
ATF3 is a key mediator of KLF6-induced apoptosis in prostate
cancer cells. KLF6 and ATF3 are required for cancer cell apo-
ptosis in stress conditions.

EXPERIMENTAL PROCEDURES

Cells and Transfection—Human prostate cancer cell lines
PC-3 and LNCaPwere purchased fromAmericanTypeCulture
Collection. The cells were cultured in RPMI 1640 media con-
taining 10% fetal bovine serum. For transient transfection, plas-
mids were transfected into cells using LipofectamineTMPlus
reagent (Invitrogen) following the manufacturer’s protocol.
Drugs andChemicals—Staurosporine and sodiumazidewere

purchased from Sigma. Staurosporine was dissolved in dimeth-
yl sulfoxide (DMSO) at a concentration of 1 mM. Sodium azide
was dissolved in PBS3 at concentration of 4 M. In all studies, an
equivalent amount of diluent (DMSO or PBS) was added to the
culture media as a negative control.
Plasmid Construction—Human cDNAs encoding full-length

KLF6 gene and SV2 variantwere obtained by PCR amplification
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using an EST clone (I.M.A.G.E. clone ID 3623401) as template.
KLF6 and KLF6-SV2 cDNAs were subcloned into pCMV-Tag2
(Stratagene) vector to express a FLAG-tagged protein. For
doxycycline-inducible expression using the Tet-On advanced
system, KLF6 was subcloned into pTRE-Tight vector (Clon-
tech). The pCG and pCG-ATF3 expression vectors were kindly
provided by Dr. Tsonwin Hai at Ohio State University. The
ATF3 promoter reporter plasmids Luc-1850, Luc-632,
Luc-111, and Luc-84 were kindly provided by Dr. Shigetaka
Kitajima of TokyoMedical and Dental University. Luc-258 was
generated by PCR. Luc-632 and Luc-258 carrying KLF6-bind-
ing sitemutants (CC to AA) and KLF6mutants were created by
PCR using the QuickChange II site-directed mutagenesis kit
(Stratagene), following the supplied protocol.
Cell Viability and Apoptosis Assays—Trypan blue dye exclu-

sion assay was used to measure cell viability. Briefly, cells were
suspended 1:1 with 0.4% trypan blue solution. Dead cells
(stained blue) were counted under a microscope using a hemo-
cytometer. Apoptosis was measured using the Cell Death
Detection ELISAPLUS kit (RocheApplied Science) following the
manufacturer’s protocol. This assay determines apoptosis by
measuring mono- and oligonucleosomes in the lysates of apo-
ptotic cells. The cell lysates were placed into a streptavidin-
coated microplate and incubated with a mixture of anti-
histone/biotin and anti-DNA/peroxidase. The amount of
peroxidase retained in the immunocomplex was photometri-
cally determined with 2,2�-azino-bis(3-ethylbenzthiazoline-6-
sulfonic acid as the substrate. Absorbance was measured at
405 nm.
Western Blot Analysis—Cells were lysed in RIPA buffer (1%

Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS in PBS).
Complete protease inhibitor mixture (Roche Applied Science)
was added to lysis buffer before use. Protein concentration was
determined by theDC protein assay (Bio-Rad). Protein samples
were subjected to SDS-PAGE and transferred to nitrocellulose
membrane. The membrane was blocked in 5% nonfat milk in
PBS overnight and incubated with primary antibody and sub-
sequently with appropriate horseradish peroxidase-conjugated
secondary antibody. Signals were developed with ECL reagents
(Amersham Biosciences) and exposure to x-ray films. Anti-
ATF3 polyclonal antibody was purchased from Santa Cruz Bio-
technology (Santa Cruz, CA). Anti-�-tubulin monoclonal anti-
body was purchased from Sigma. Anti-KLF6 monoclonal
antibody was purchased from Invitrogen. Anti-KLF6 poly-
clonal antibodywas purchased fromSantaCruz Biotechnology.
Anti-cleaved caspase-9 and anti-cleaved PARP polyclonal anti-
bodies were purchased fromCell Signaling Technologies (Dan-
vers, MA).
siRNAs and Transfection—SilencerTM pre-designed siRNAs

and negative control siRNA (catalog number 4611) were pur-
chased from Ambion (Austin, TX). The sequence for KLF6
siRNA is: sense (5�-GCCCGAGCUUUUGUUACAAtt-3�) and
antisense (5�-UUGUAACAAAAGCUCGGGCtg-3�). The
sequence for ATF3 siRNA is sense (5�-UCACAAAAGCCGA-
GGUAGCtt-3�) and antisense (5�-GCUACCUCGGCUUUUG-
UGAtg-3�). The sequence for KLF6-SV1 siRNA is sense (5�-
GCUUUUCUCCUUCCCUGGCtt-3�) and antisense (5�-GCC-
AGGGAAGGAGAAAAGCct-3�). The siRNAs were transfe-

cted into PC-3 cells using X-tremeGENE siRNA transfection
reagent (Roche Applied Science) following the manufacturer’s
protocol. Cells were cultured and transfected in 6-well plates
(1 � 105 cells per well), and the final siRNA concentrations
were 100 nM. Protein samples were collected 48 h after transfe-
ction for Western blot analysis.
Real-time PCR—The mRNA level of ATF3 was measured by

real-time PCR using TaqMan� gene expression assay (catalog
number Hs00231069) from Applied Biosystems (Foster City,
CA). Total RNAwas isolated fromPC-3 cells using RNeasy� kit
(Qiagen). 5 �g of total RNA was used in reverse transcription
reaction. The cDNAs were used as templates to perform PCR
on anApplied Biosystems 7500 real-time PCR system following
the manufacturer’s protocol.
Luciferase Assay—PC-3 or LNCaP cells in 6-well plates were

cotransfected with reporter plasmids and pCMV-Tag2-KLF6
or empty expression vectors. To reduce serum-induced activa-
tion of the ATF3 promoter (16), cells were incubated in media
containing 0.1% serum after transfection. Caspase inhibitor
benzyloxycarbonyl-VAD was added to the culture media (20
�M) to prevent cell death caused by KLF6 expression. Superna-
tants of cell extracts were assayed for luciferase activity using a
luciferase assay system (Promega).
Chromatin Immunoprecipitation Assay—ChIP assay was

performed using the ChIP assay kit from Millipore (Billerica,
MA), following the supplied protocol. Immunoprecipitations
were performed using anti-KLF6 or control IgG antibodies.
PCR was performed with the following primers for two regions
on the ATF3 promoter: an upstream randomly selected region
(RND) from �1418 to �1219 as the negative control, 5�-CTG-
CGGCCGCGCAGGTCTCC-3� and 5�-GATTCGAGCTGA-
GACCTCAG-3�; and KLF6 binding region (KB) from �370 to
�120, 5�-GCCGGTAACCGTGTGGATTC-3� and 5�-GAC-
TAGGTGAGGCTGGGAAG-3�.
Electrophoretic Mobility Shift Assay (EMSA)—Recombinant

KLF6 protein (Abnova, Taiwan) was incubated with the follow-
ing biotin-labeled DNA probes for 30 min: �167TGCCCCCT-
CTCTCCACCCCTTCGGC�191; �202CTGGGCTGGCTCC-
TCCCCGAACTT�225. EMSA was performed using LightShift
Chemiluminescent EMSA Kit (Pierce) following the manufac-
turer’s protocol.
Statistical Analysis—Differences between the mean values

were analyzed for significance using the unpaired two-tailed
Student’s test for independent samples; p � 0.05 was consid-
ered to be statistically significant.

RESULTS

KLF6 Induces Apoptosis in PC-3 and LNCaP Cells—When
ectopically expressed, KLF6 induced apoptosis in non-small
cell lung cancer cells (1). BecauseKLF6 is frequentlymutated in
prostate cancer (2, 17), we determinedwhetherKLF6 could also
induce apoptosis in prostate cancer cells. KLF6 was overex-
pressed in PC-3 prostate cancer cells by transient transfection
using pCMV-Tag2-KLF6 expression vector (Fig. 1A). KLF6
expression significantly reduced the viability of PC-3 cells (Fig.
1B). PC-3 cells died through apoptosis as evidenced by the
enzyme-linked immunosorbent assay measuring mono- and
oligonucleosomes in the lysates of apoptotic cells (Fig. 1C) and
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Western blotting of cleaved PARP and cleaved (activated)
caspase-9 (Fig. 1D). Overexpression of KLF6 also induced apo-
ptosis in another prostate cancer cell line LNCaP cells (Fig. 1, E
and F), suggesting a common pro-apoptotic activity of KLF6 in
prostate cancer cells.
KLF6 Up-regulates the Expression of ATF3—To investigate

the molecular mechanism of KLF6-induced apoptosis in pros-
tate cancer cells, we compared the gene expression profiles
between empty pCMV-Tag2 vector and pCMV-Tag2-KLF6-
transfected PC-3 cells using microarray analysis. Among the
genes that were up-regulated by KLF6 overexpression, we
selected ATF3 for further study because of its known involve-
ment in apoptosis (10, 13). We verified the up-regulation of
ATF3 expression by KLF6 using real-time PCR. As shown in
Fig. 2A, overexpression of KLF6 by transient transfection
caused about 94% increase of ATF3 mRNA expression, com-
pared with cells transfected with empty vector. Furthermore,
KLF6 transfection also caused significant increases in ATF3
protein expression in a dose-dependentmanner, as determined
by Western blotting (Fig. 2B). Overexpression of KLF6 also
induced ATF3 expression in LNCaP cells (Fig. 2C). Using the
Tet-On inducible gene expression system (Clontech), we were
able to control the expression of KLF6 in PC-3 cells with doxy-
cycline. As shown in Fig. 2D, doxycycline-induced KLF6
expression (started at 8 h after adding doxycycline) preceded
the induction of ATF3 protein expression (which occurred at
24 h after doxycycline addition). Consistently, measurable
apoptosis was only detected at the same time when the ATF3
protein level was increased at 24 h after adding doxycycline
but not when KLF6 was initially induced at 8- or 16-h time
points (Fig. 2E).

KLF6 Binds to and Activates the ATF3 Promoter—To deter-
mine whether KLF6 directly regulates the expression of the
ATF3 gene, we performed anATF3 gene reporter assay. Fig. 3A
illustrates the promoter elements of the ATF3 gene promoter
and the structures of the ATF3 promoter reporters containing
various deletions. As shown in Fig. 3B, when KLF6 was
expressed in LNCaP cells by co-transfection with the reporter
plasmids, the ATF3 promoter was activated. The deletion
mutant down to �632 was still activated by KLF6. In contrast,
further deletions down to �111 and �84 completely abolished
the effects of KLF6. The region between �632 and �111 con-
tains the putative AP-1 and SRF motifs. Similarly in PC-3 cells,
KLF6 was able to activate the ATF3 promoter, and deletions
down to �111 and �84 abolished the effects of KLF6 (supple-
mental Fig. 1A). By carefully examine the DNA sequence in the
region of�632 to�111,we identified a potential KLF6-binding
site (�202 to �225) that contains the sequence of CCTCCCC
(18). Electrophoretic mobility shift assay confirmed that KLF6
can directly bind to this sequence, whereas a nearby sequence
(�167 to �191) failed to interact with KLF6 (Fig. 3C). To fur-
ther determine whether KLF6 binds directly to this promoter
region in vivo, we performed a chromatin immunoprecipitation
(ChIP) assay, using PCR primers designed to target the endog-
enous ATF3 promoter region. In LNCaP cells overexpressing
KLF6 (by transient transfection), anti-KLF6 antibody was able
to immunoprecipitate the �370 to �120 region of the ATF3
promoter (KB), but not the randomly selected upstream region
(RND) between �1418 and �1219 (Fig. 3D). A similar result
was obtained in PC-3 cells (supplemental Fig. 1B). The control
IgG did not immunoprecipitate with any fragments of the
DNA. We mutated the KLF6-binding motif CCTCCCC to
CCTCCAA and tested the effects of this mutation on KLF6-

FIGURE 1. KLF6 induces apoptosis in prostate cancer cells. A, overexpress-
ing KLF6 by transient transfection. PC-3 cells were transfected with 1.0 �g of
empty pCMV-Tag2 or pCMV-Tag2-KLF6 plasmids in 6-well plates. Western
blotting was done using anti-FLAG antibody with cell lysates collected at 24 h
after transfection. Vec, vector. B, KLF6 expression reduced the viability of PC-3
cells. Cells were transfected with 1.0 �g of empty pCMV-Tag2 or pCMV-Tag2-
KLF6 plasmids in 6-well plates. Cell viability was determined by trypan blue
assay 24 h after transfection. C, KLF6 induced apoptosis in PC-3 cells. Cells
were transfected with 1.0 �g of empty pCMV-Tag2 or pCMV-Tag2-KLF6 plas-
mids in 6-well plates. Apoptosis was analyzed using the Cell Death Detection
ELISAPLUS kit at 24 h after transfection. The average results from three inde-
pendent experiments are shown. D, PC-3 cells were transfected with 1.0 �g of
empty pCMV-Tag2 or pCMV-Tag2-KLF6 plasmids. Cell lysates were analyzed
by Western blotting with anti-cleaved caspase-9 and anti-cleaved PARP anti-
bodies. E, LNCaP cells were transfected with 1.0 �g of empty pCMV-Tag2 or
pCMV-Tag2-KLF6 plasmids in 6-well plates. Western blotting was done using
monoclonal anti-KLF6 antibody with cell lysates collected at 24 h after trans-
fection. F, LNCaP cells were transfected with 1.0 �g of empty pCMV-Tag2 or
pCMV-Tag2-KLF6 plasmids in 6-well plates. Apoptosis was analyzed as
described in C.

FIGURE 2. KLF6 up-regulates ATF3 expression. A, KLF6-activated transcrip-
tion of ATF3 mRNA. PC-3 cells were transfected with empty pCMV-Tag2 or
pCMV-Tag2-KLF6 plasmids. Total RNA was isolated from cells at 24 h after
transfection and analyzed by real-time PCR as described under “Experimental
Procedures.” The average results from three independent experiments are
shown. B, KLF6 up-regulated ATF3 protein expression. PC-3 cells were
transfected with empty pCMV-Tag2 or various amounts of pCMV-Tag2-
KLF6 vectors (Vec). ATF3 and �-tubulin protein levels were detected by
Western blotting. C, LNCaP cells were transfected with empty pCMV-Tag2 or
pCMV-Tag2-KLF6 plasmids. ATF3 and �-tubulin protein levels were detected
by Western blotting. D, PC-3 cells were transfected with pTet-On Advanced
and pTRE-Tight-KLF6 for doxycycline-inducible expression of KLF-6. At vari-
ous time points after adding 1 �g/ml doxycycline, cell lysates were collected
for Western blot analysis. E, PC-3 cells were transfected with plasmids as
described in D, and KLF6 expression was induced by adding 1 �g/ml doxycy-
cline. At various time points after doxycycline addition, apoptosis was meas-
ured using the Cell Death Detection ELISAPLUS kit. The average results from
three independent experiments are shown.
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inducedATF3promoter activity. To
determine the role of AP-1 site, we
also created a reporter plasmid Luc-
258, in which the AP-1 site is
deleted. As shown in Fig. 3E, in the
absence of AP-1 site, KLF6 was able
to activate the Luc-258 reporter,
but Luc-258 KLF6-binding motif
mutant reporter was not activated
by KLF6. In the presence of AP-1
site, mutation of the KLF6-binding
motif failed to block KLF6 activa-
tion of the reporter, indicating other
transcription factors could also acti-
vate this promoter (potentially
through binding to the AP-1 site).
ATF3 Induces Apoptosis in PC-3

Cells—Todeterminewhether ATF3
plays a role in apoptosis in PC-3
cells, we transiently overexpressed
ATF3 in PC-3 cells. Transient trans-
fection of pCG-ATF3 plasmids into
PC-3 cells resulted in a significant
increase in the ATF3 protein level
(Fig. 4A), which was accompanied
by a significant induction of apopto-
sis in these cells (Fig. 4B). Thus,
ATF3 has strong pro-apoptotic
activity in PC-3 cells.
ATF3 Mediates KLF6-induced

Apoptosis—To determine whether ATF3 is a critical factor that
mediates KLF6-induced apoptosis in PC-3 cells, we employed
an ATF3-targeting siRNA to specifically knock down the
expression of ATF3 in PC-3 cells. As shown in Fig. 4C, ATF3
siRNAwas able to significantly down-regulate the level ofATF3
induction by KLF6 (in which cells were transfected with
pCMV-Tag2-KLF6 vectors and control siRNAorATF3 siRNA,
compare 2nd and 4th lanes). Although KLF6 induced apoptosis
in cells transfected with the negative control siRNA, it failed to
induce apoptosis in cells where ATF3 was knocked down by -
siRNA (Fig. 4D).
KLF6 Mutants Are Unable to Up-regulate ATF3 or Induce

Apoptosis—KLF6 mutations have been identified in as high as
71% of human prostate cancer samples (2). Functional studies
have shown that these KLF6 mutants have lost the ability to
inhibit cell proliferation, a key function of thewild-typeKLF6 as
a tumor suppressor (2). To determine the effects of tumor-
derived mutations on KLF6 function in ATF3 regulation and
apoptosis, we generated cDNAs encoding three KLF6 mutants
that have been detected in clinical prostate cancer samples,
A123D, S137X, and L169P (2). When transiently transfected
into PC-3 cells, all three KLF6 mutant constructs expressed
their respective proteins at levels higher than that of the wild-
type KLF6 protein (Fig. 5A). Although the wild-type KLF6 was
able to activate the ATF3 promoter, none of the three mutants
was active in the promoter reporter assay (Fig. 5B). In contrast
to the wild-type KLF6, none of these mutant proteins was able
to up-regulate ATF3 in PC-3 cells (Fig. 5C). Consistently, all

FIGURE 3. KLF6 binds to and activates ATF3 promoter. A, structures of ATF3 promoter reporter plasmid and those
containing various deletions. The positions of regions RND and KB in the ChIP assay are shown on the map. B, KLF6
activated the ATF3 promoter. LNCaP cells were cotransfected with reporter plasmids and pCMV-Tag2-KLF6 or empty
pCMV-Tag2. Cells were incubated in media containing 0.1% serum after transfection. Cell extracts were assayed for
luciferase activity. The experiment has been repeated three times. C, recombinant KLF6 protein was incubated with
biotin-labeled DNA probes (�167 to �191 and �202 to �225 on the ATF3 promoter) for gel shift assay. In the 3rd
and 6th lanes, 200-fold molar excess unlabeled probes were used to compete with biotin-labeled probes. D, KLF6
binds directly to the ATF3 promoter. ChIP assay was performed with KLF-6-transfected LNCaP cells using anti-KLF6
antibody. Promoter regions RND (�1418 to �1219) and KB (�370 to �120) were amplified by PCR. E, LNCaP cells
were cotransfected with wild-type or mutant reporter plasmids and pCMV-Tag2-KLF6 or empty pCMV-Tag2. Cells
were incubated in media containing 0.1% serum after transfection. Cell extracts were assayed for luciferase activity.
The experiment has been repeated three times. Mutation of CCTCCCC to CCTCCAA was created in the KLF6-binding
sites of the Luc-632 and Luc-258 reporter plasmids.

FIGURE 4. ATF3 mediates KLF6-induced apoptosis. A, overexpression of ATF3
in PC-3 cells. PC-3 cells were transfected with empty vector (Vec) or pCG-ATF3
vectors. ATF3 and �-tubulin protein levels were detected by Western blotting.
B, ATF3 induces apoptosis in PC-3 cells. PC-3 cells were transfected with empty
vector or pCG-ATF3 vectors. Apoptosis was analyzed using the Cell Death Detec-
tion ELISAPLUS kit 24 h after transfection. The average result from three independ-
entexperimentsisshown.C,knockingdownofATF3bysiRNAblockedKLF6-induced
ATF3 expression. ATF3 targeting siRNA or negative control siRNA were transfected
into PC-3 cells as described under “Experimental Procedures.” At 24 h post-siRNA
transfection, empty pCMV-Tag2 or pCMV-Tag2-KLF6 vectors were transfected into
cells. Down-regulation of ATF3 was confirmed by Western blotting of protein sam-
ples collected at 48 h after siRNA transfection. D, knocking down of ATF3 by siRNA
blocked KLF6-induced apoptosis. PC-3 cells were transfected with ATF3 siRNA or
negative control siRNA, followed by empty pCMV-Tag2 or pCMV-Tag2-KLF6 vec-
tors as described in C, and apoptosis was analyzed 48 h after siRNA transfection
using the Cell Death Detection ELISAPLUS kit.
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three KLF6mutants failed to induce
apoptosis when transiently trans-
fected into PC-3 cells (Fig. 5D).
KLF6 Mediates Stress-induced

Apoptosis through Up-regulation of
ATF3—ATF3 plays an important
role in physiological stress condi-
tions (6, 7).Wehypothesized that by
controlling ATF3 expression, KLF6
may have a critical function in
stress-induced apoptosis in prostate
cancer cells. To test this hypothesis,
we examined the effects of KLF6
knockdown by siRNA on PC-3 cell
apoptosis induced by two agents as
follows: staurosporine, a relatively
nonselective protein kinase inhibi-
tor; and sodium azide, an inducer of
hypoxia condition. Exposure to
staurosporine or sodium azide
induced significant increases in the
level of ATF3 protein in PC-3 cells
(Fig. 6A), which were accompanied
by the induction of apoptosis (Fig. 6,
C and D). To determine the role of
KLF6 in PC-3 cell apoptosis in these
conditions, we selected a KLF6
siRNA that was able to down-regu-

lateKLF6 protein almost completely (Fig. 6B). TheKLF6 siRNA
was able to block ATF3 induction caused by exposure to stau-
rosporine or sodium azide, as well as to abolish apoptosis
caused by these agents (Fig. 6, C and D). Thus, KLF6 and its
downstream target ATF3 play important roles in PC-3 cell apo-
ptosis in stress conditions.
KLF6 Splicing Variants Also Up-regulate ATF3—KLF6 vari-

ant proteins, KLF6-SV1 and KLF6-SV2, are expressed in pros-
tate cancer cells through alternative splicing (19). The KLF6-
targeting siRNA that we employed in the above studies will
knock down the expression of both wild-type KLF6 and the
variant proteins. To determine whether the KLF6 splicing vari-
ants also regulate ATF3 expression, we transiently transfected
PC-3 cells with pCMV-Tag2-KLF6-SV2. As shown in supple-
mental Fig. 2A, overexpression of KLF6-SV2 also induced
ATF3 protein expression. KLF6-SV2 was also able to induce
apoptosis in PC-3 cells, although to a lower degree compared
with wild-type KLF6 (supplemental Fig. 2B). Furthermore,
using a previously designed siRNA targetingKLF6-SV1 (20), we
were able to down-regulate KLF6-SV1 in PC-3 cells (supple-
mental Fig. 2C). Down-regulation of KLF6-SV1 by siRNA also
blocked staurosporine-induced ATF3 expression, as well as
apoptosis in PC-3 cells (supplemental Fig. 2D).

DISCUSSION

The KLF6 gene is located on human chromosome 10p, a
region deleted in about 55% of sporadic prostate adenocarci-
noma (21, 22). Mutations of KLF6 gene have been identified in
clinical prostate cancer samples (2, 17), suggesting a tumor sup-
pressor role for KLF6 in prostate cancer. Indeed, decreased

FIGURE 5. KLF6 mutants fail to up-regulate ATF3 and are unable to induce apoptosis. A, expression of KLF6
mutant proteins. FLAG-tagged KLF6 mutant expression plasmids (in pCMV-Tag2) were transfected into PC-3 cells,
KLF6 and �-tubulin protein levels were detected by Western blotting. B, KLF6 mutants failed to activate the ATF3
promoter. LNCaP cells were cotransfected with reporter plasmid Luc-1850 and pCMV-Tag2-KLF6 or KLF6 mutant
constructs (in pCMV-Tag2). Luciferase assay was performed as described in Fig. 3. C, KLF6 mutants failed to up-reg-
ulate ATF3 protein expression. PC-3 cells were transfected with empty pCMV-Tag2, pCMV-Tag2-KLF6, or KLF6
mutant constructs in pCMV-Tag2 vectors. ATF3 and �-tubulin protein levels were detected by Western blotting.
D, KLF6 mutants failed to induce apoptosis in PC-3 cells. Cells were transfected with empty pCMV-Tag2, pCMV-Tag2-
KLF6, or KLF6 mutant constructs in pCMV-Tag2 vectors. Apoptosis was analyzed using the Cell Death Detection
ELISAPLUS kit. The average result from three independent experiments is shown.

FIGURE 6. KLF6 mediates stress-induced apoptosis through ATF3. A, stau-
rosporine (STS) and NaN3 up-regulated ATF3 in PC-3 cells. Cells were treated
with 1 �M staurosporine for 8 h or 50 mM NaN3 for 24 h. ATF3 protein levels
were determined by Western blotting. Ctr, control. B, knocking down of KLF6
by siRNA. KLF6 targeting siRNA and negative control siRNA were transfected
into PC-3 cells. Protein samples were collected at 48 h after siRNA transfec-
tion. Western blot was performed with anti-KLF6 antibody. C, KLF6 siRNA
blocked STS-induced ATF3 expression and apoptosis. PC-3 cells were trans-
fected with KLF6 targeting siRNA or negative control siRNA. At 24 h after
siRNA transfection, cells were treated with 1 �M STS for an additional 8 h. ATF3
protein level was determined by Western blotting. Apoptosis was analyzed
using the Cell Death Detection ELISAPLUS kit. D, KLF6 siRNA blocked NaN3-
induced ATF3 expression and apoptosis. PC-3 cells were transfected with
KLF6 targeting siRNA or negative control siRNA. At 24 h after siRNA transfec-
tion, cells were treated with 50 mM NaN3 for additional 24 h. ATF3 protein
level was determined by Western blotting. Apoptosis was determined as
described above. The average result from three independent experiments is
shown.
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KLF6 expression has been shown to correlate with clinical out-
come in prostate cancer patients (23). One mechanism by
which KLF6 inhibits tumor proliferation is through activation
of p21WAF1/cip1 (4), a function that is independent of p53 (2).
KLF6 also has pro-apoptotic activity in non-small cell lung can-
cer cells (1), indicating that apoptosis induction can be another
mechanism through which KLF6 suppresses tumor formation.
However, the molecular mechanism of KLF6-mediated apo-
ptosis has not been defined.
In this study, we found that KLF6 also induced apoptosis

when ectopically expressed in prostate cancer cells. Thus, apo-
ptosis induction could play a key role in its tumor suppressing
activity in prostate cancers. Our data indicate that the direct
activation of ATF3 mRNA expression and resulted increase of
ATF3 protein level are the key mechanisms through which
KLF6 induces apoptosis in prostate cancer cells. We showed
that not only increased level of ATF3 could induce apoptosis in
PC-3 cells, but also knocking-down of ATF3 by siRNA blocked
KLF6-induced apoptosis. Furthermore, KLF6 mutants derived
from clinical prostate cancers failed to activate ATF3 expres-
sion or to induce apoptosis, suggesting a critical role for the loss
of the pro-apoptotic activity of KLF6 in clinical prostate cancer
development. Although KLF6 could regulate the expression of
other pro-apoptotic proteins, our data (especially the siRNA
knockdown experiments) strongly support a critical role of
ATF3 inKLF6-induced apoptosis in prostate cancer cells.How-
ever, the exact mechanism of how ATF3 regulates apoptosis in
PC-3 cells remains to be determined. Although LNCaP cells
express negligible levels of KLF6 and are p53 wild type, PC-3
cells express relatively high levels of KLF6 and are p53 null.
However, similar results were obtained in the promoter
reporter assay and ChIP assay in the two cell lines, indicating
the effect of KLF6 on ATF3 promoter is independent of the
status of p53 expression. Because p53 induces apoptosis by acti-
vating the expression of other pro-apoptotic proteins, such as
Bax and Puma (24, 25), mutations in KLF6 and p53 may com-
plement each other in the loss of tumor suppression by these
two transcription factors.
ATF3 is a stress sensor, which is maintained at low levels in

quiescent cells but rapidly up-regulated by a variety of stresses
(26). ATF3 induces apoptosis in stress conditions, and its pro-
apoptotic activity has been demonstrated in cultured cells as
well as transgenic animal models (11–13).We found that KLF6
and ATF3 played a key role in PC-3 cell apoptosis caused by
stress conditions, including staurosporine exposure and
sodium azide-induced hypoxia. Knocking down of KLF6 by
siRNA abolished ATF3 induction and apoptosis in these stress
conditions. In large solid tumors, tumor cells are often exposed
to hypoxic conditions (27, 28). Having loss of function muta-
tions ofKLF6 gene (as the ones that were used in our study) will
render tumor cells a survival advantage, thus contributing to
tumor growth and progression. Interestingly, we did not
observe an up-regulation of KLF6 by the stress inducers (stau-
rosporine and sodium azide). However, the siRNA knockdown
experiments clearly indicate the absolute requirement of KLF6
for stress-induced ATF3 expression. Thus, we propose that
other mechanisms must contribute to stress-induced KLF6
activation, such as post-translational modifications. A recent

study suggests that acetylation of lysine 209 is critical to its
function as a tumor suppressor (29). In addition, various poten-
tial phosphorylation sites (cAMP-dependent protein kinase,
protein kinase C, casein kinase II, and p38 MAPK) exist on the
KLF6 protein, providing other possible mechanisms of activa-
tion of this transcription factor.
Recent reports have demonstrated a role of ATF3 in promot-

ing tumor invasion and metastasis (14), as well as in promoting
cell proliferation (30). The apparent discrepancy from our data
could be explained by the recently reported dichotomous fea-
ture of ATF3 action (15). AlthoughATF3may induce apoptosis
in certain cells under certain conditions, it may also stimulate
growth and metastasis in other cells or under other conditions.
Other proteins that have similar dual roles in regulating prolif-
eration and apoptosis include c-Myc, which stimulates cancer
cell proliferation but at the same time enhances apoptosis (31).
The KLF6 targeting siRNA that we employed for the knock-

down experiments also target the splicing variants of KLF6,
which were shown to antagonize the ability of wild-type KLF6
in suppressing cell proliferation (19). Interestingly, both vari-
ants SV1 and SV2 were able to up-regulate ATF3 and induce
apoptosis in PC-3 cells (supplemental Fig. 2). Because KLF6
suppresses tumor growth by up-regulating p21 (4), these vari-
ant proteins could still contain the amino acids sequences that
are required for activating ATF3 gene expression, whereas the
domains/sequences necessary for p21 promoter binding and
activation could be lost through alternative splicing.
In conclusion, we have identified ATF3 as a key target of

KLF6 in tumor suppression. ATF3 mediates KLF6-induced
apoptosis in stress conditions. Mutations in the KLF6 gene can
contribute to resistance to apoptosis in prostate cancer cells.
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