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BACKGROUND. Krüppel-like factor (KLF) 6 is a candidate tumor suppressor gene in pros-
tate cancer, but the mechanisms contributing to its loss of expression are poorly understood.
We characterized KLF6 expression and DNA methylation status during prostate tumorigene-
sis in humans and mice.
METHODS. KLF6 expression was assessed in matched human non-malignant (NM) and
tumor prostate tissues (n ¼ 22) by quantitative real-time PCR (qPCR) and in three indepen-
dent human prostate cancer cohorts bioinformatically. QPCR for KLF6 expression and
methylation-sensitive PCR (MSP) were performed in human prostate LNCaP cancer cells
after 5-aza-20-deoxycytidine treatment. Klf6 protein levels and DNA promoter methylation
were assessed in TRansgenic Adenocarcinoma of Mouse Prostate (TRAMP) tumors by
immunohistochemistry and MSP, respectively.
RESULTS. KLF6 splice variants expression was increased (P ¼ 0.0015) in human prostate
tumors compared to NM tissues. Overall, KLF6 was decreased in metastatic compared to
primary prostate cancers and reduced expression in primary tumors was associated with a
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shorter time to relapse (P ¼ 0.0028). Treatment with the demethylating agent 5-aza-20-deoxy-
cytidine resulted in up-regulation of KLF6 expression (two-fold; P ¼ 0.002) and a decrease
in DNA methylation of the KLF6 promoter in LNCaP cells. Klf6 protein levels significantly
decreased with progression in the TRAMP model of prostate cancer (P < 0.05), but there was
no difference in Klf6 promoter methylation.
CONCLUSION. KLF6 expression was decreased in both clinical prostate cancer and the
TRAMP model with disease progression, but this could not be explained by DNA methyla-
tion of the KLF6 promoter. Prostate 73: 182–193, 2013. # 2012 Wiley Periodicals, Inc.

KEY WORDS: Kruppel-like factor 6; DNA methylation; epigenetics; 5-aza-20-
deoxycytidine

INTRODUCTION

The Krüppel-like factor (KLF) 6 belongs to the KLF
family of approximately 17 members of DNA-binding
transcription factors [1,2]. The KLFs possess highly
conserved cysteine and histidine (Cys2/His2) zinc
fingers at the carboxyl (COOH) terminal, which are
critical for recognition and binding to GC-rich and
CACCC motifs of the DNA, and a diverse amino
(NH2) terminal transactivation domain [2]. KLF6 is
ubiquitously expressed and is critical during develop-
ment as KLF6 knockout mice are embryonic lethal [2].
KLF6 has been shown to be involved in several cellu-
lar processes such as cell proliferation, differentiation,
angiogenesis, development, and apoptosis [3]. One
of the known functions of KLF6 includes the mainte-
nance of cell-cycle arrest via up-regulation of the
cyclin-dependent kinase (cdk) inhibitor p21 and inhi-
bition of the cyclin D1/cdk4 actions [4–6]. Wild-type
KLF6 is predominately localized in the nucleus, but
alternate splicing can produce three variants KLF6
SV1, SV2, and SV3, of which only KLF6 SV3 retains
the nuclear localization signal (Supplementary Fig. 1)
[7]. KLF6 SV1 and KLF6 SV2 behave as dominant neg-
ative isoforms and antagonize wild-type KLF6 func-
tion [5,7–9]. Co-expression of the wild-type KLF6
and KLF6 SV1 or KLF6 SV2 abrogates the ability of
wild-type KLF6 to up-regulate p21 expression [7].

Recently, abnormal prostate branching has been
demonstrated in a prostate-specific Klf6 deficient
mouse model, providing the first evidence that Klf6
may play an important role in early prostate develop-
ment [10]. Previous studies have also suggested KLF6
to be a tumor suppressor gene in prostate cancer
(Supplementary Table I) [7,11–16]. In the pioneering
study by Narla et al. [11,12], loss of heterozygosity
(LOH) of KLF6 was reported in 77% (17/22) of human
primary prostate cancer samples, and a high frequen-
cy of KLF6 mutation (71%) was found in the remain-
ing allele. The authors demonstrated that loss of
KLF6 function due to mutation was associated with
increased prostate cancer cell proliferation and DNA
synthesis [11]. The authors also identified a single
nucleotide polymorphism (SNP) (IVS1-27G>A) that

increased alternate splicing of KLF6, and was detected
at a high frequency in familial prostate cancer patients
(n ¼ 142) [7]. In a cohort of 3,411 prostate cancer
patients, KLF6 (IVS1-27G>A) was associated with an
increased risk of prostate cancer [7]. In addition, other
studies have also demonstrated alterations of both
KLF6 and KLF6 SV1 expression simultaneously dur-
ing prostate cancer progression, particularly at the ad-
vanced stages of the disease [5,12,15,16]. Patients with
low wild-type KLF6 gene expression [15] or with high
KLF6 SV1 mRNA expression [12] have been reported
as having an increased risk of prostate cancer relapse,
further supporting the notion that KLF6 acts as a
tumor suppressor gene in prostate cancer.

In addition to prostate cancer, loss of KLF6 has
been observed in brain, colon, gastric, and hepatocel-
lular tumors [11,12,17–22]. Similarly to prostate can-
cer, the mechanisms contributing to the loss of KLF6
identified in these cancers were LOH, mutations and
increased frequency of the SNP resulting in increased
KLF6 alternate splicing [11,17,18,23]. The decrease in
KLF6 and increase in KLF6 SV1 expression has also
been found to be independently associated with poor
prognosis for both lung and ovarian cancers, further
supporting the general role of KLF6 as a tumor sup-
pressor gene [24,25]. Despite these findings, contro-
versy remains on the exact mechanisms leading to the
loss of KLF6 observed in cancers, whereby several
reports have shown that KLF6 LOH, mutations
and SNP are not frequent events in prostate cancer
(Supplementary Table I) [13,26–29]. Narla et al.
reported a high frequency of KLF6 LOH and muta-
tions in prostate cancer, whereas subsequent studies
have reported none or low frequencies (<1–15%) of
KLF6 LOH and mutations [14,29,30]. Furthermore,
only two of these studies investigated KLF6 expres-
sion to verify their LOH or mutation analyses [13,14].
Moreover, one study [29] found only a relatively low
occurrence of the KLF6 IVS1-27G>A SNP (11.9%) in
their patient cohort and suggested that this SNP was
associated with a decreased rather than an increased
risk of prostate cancer as suggested previously [7].

Another possible mechanism for the loss of KLF6
expression is promoter DNA hypermethylation.
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Previous studies have shown that KLF6 mRNA
expression was induced following treatment with the
DNA methyltransferase inhibitor 5-aza-20-deoxycyti-
dine (5-aza-CdR) in hepotacellular and esophageal
squamous cancer cell lines [31,32]. To date, no study
has investigated whether KLF6 promoter hyperme-
thylation contributes to the loss of KLF6 in prostate
cancer. In this study, we aimed to characterize KLF6
expression during progression in clinical prostate can-
cer and the TRansgenic Adenocarcinoma of Mouse
Prostate (TRAMP) model [33], and determine if the
level of expression is associated with KLF6 DNA pro-
moter methylation status.

MATERIALSANDMETHODS

QuantitativeReal-TimePCR(qPCR)

Human prostate tissue RNA was obtained from
the Australian Prostate Cancer BioResource (APCB)
(patient cohort details described in Reference 34).
RNA was reverse-transcribed with the iScriptTM

cDNA synthesis kit (Bio-Rad Laboratories, Hercules,
CA), according to the manufacturer’s protocol. qPCR
was performed using the iQ SYBR green supermix
(Bio-Rad) and 10 pmol of the specific primers (Sup-
plementary Table II). qPCR data was analyzed with
the iQ5 software (Bio-Rad) and KLF6 expression was
normalized to the reference gene GAPDH.

The human prostate cancer cell lines LNCaP, PC3,
DU145, C42B, and RWPE1 (human benign prostate
epithelial cells) were seeded in six-well plates
(2 � 104 cells/well) and incubated at 378C in 5% CO2

atmosphere until confluent. 5-aza-20-deoxycytidine
(5-aza-CdR) was prepared freshly each time by serial
dilutions from a 10 mM stock with the growth medi-
um. LNCaP cells were replenished with freshly pre-
pared 5-aza-CdR (500 ml/well) for a period of 6 days.
RNA was extracted by Trizol, RNA was DNAse
treated and reverse-transcription performed as above.
KLF6 mRNA expression was normalized to the refer-
ence genes GAPDH and HMBS in the non-treated cell
lines. Non-normalized gene expression is presented
for the 5-aza-CdR treated LNCaP cells as all tested
reference genes were affected by 5-aza-CdR treat-
ment. The mouse prostate cancer TRAMP C1 cells
were obtained from Dr. B.A. Foster and were main-
tained in DMEM supplemented with 10% FCS, 10�8M
DHT, 1% penicillin-streptomycin, and 5 mg/ml of
insulin.

KLF6GeneExpressionDuring
HumanProstateCancerProgression

KLF6 gene expression data were mined in three
prostate cancer patient cohorts denoted as the

Holzbeierlein cohort [35], Chandran cohort [36], and
Taylor cohort [37]. In the Holzbeierlein cohort, KLF6
gene expression was obtained from an Affymetrix
U95 microarray analysis performed on manually dis-
sected epithelial cells from 23 primary prostate cancer
samples from radical prostatectomy patients with no
therapy before surgery, where eight of the patients
had a subsequent biochemical recurrence (BCR), and
nine metastatic prostate cancer samples [35,38]. KLF6
gene expression data in the Chandran cohort were
from an Affymetrix U95Av2 microarray analysis on
58 non-malignant (NM), 65 primary prostate tumors,
and 25 metastases [36]. Data were obtained from the
NCBI Gene Expression Omnibus database accession
number GSE6919. KLF6 expression profile was
obtained from the Taylor cohort (n ¼ 131 primary
tumors; n ¼ 19 metastases), which utilized an Affy-
metrix Human Exon 1.0 ST array, on the cBio Cancer
Genomics Portal (http://cbio.mskcc.org/cancerge-
nomics-dataportal) [37]. In the Taylor cohort, Kaplan–
Meier analyses were performed with BCR (PSA
relapse) used as the endpoint. BCR was defined as
PSA � 0.2 ng/ml on two separate occasions [37]. The
probes used in the three different platforms detect
full length KLF6 and KLF6 splice variants.

DNAMethylationAnalysis

Genomic DNA extraction from cell lines was per-
formed using TES (10 mM Tris-HCL at pH 8, 0.1 M
NaCl, 1 mM EDTA) buffer, proteinase K, and 20%
SDS as described previously [39]. DNA (1–2 mg per
sample) was bisulfite modified with the MethylEa-
syTM DNA Bisulfite Modification Kit (Human Genetic
Signatures Pty Ltd, NSW, Australia) according to
the manufacturer’s protocol. Genomic DNA from the
TRAMP paraffin-embedded tissues was extracted
using the Magnesil1 Kit (Promega, Madison, WI) fol-
lowing the manaufacturer’s protocol, and bisulfite
modified using the Epitect MSP kit (Qiagen, Victoria,
Australia). A total volume of 25 or 50 ml PCR reaction
mix was made up with 3–5 ml of the bisulfite modi-
fied DNA and 2.5 units of HotstarTaq DNA polymer-
ase (Qiagen). KLF6 methylation-specific PCR (MSP)
was performed under the following conditions: Meth-
ylated KLF6 primers for 45 cycles at 958C for 30 sec,
628C for 30 sec, and 728C for 30 sec and unmethylated
KLF6 primers for 40 cycles at 958C for 30 sec, 588C for
30 sec, and 728C for 30 sec. MSP was performed with
specific mouse Klf6 methylated and unmethylated
primers and the Epitect mastermix (Qiagen) under
the following conditions: 45 cycles at 948C for 30 sec,
568C for 30 sec, and 728C for 60 sec. All primer
sequences are shown in Supplementary Table II, Sup-
plementary Figures 2 and 3.
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Immunohistochemistry

Prostate tissues were collected from TRAMP mice,
pathologically analyzed and made into a prostate
cancer progression tissue microarray (TMA) (TMA
constructed by Dr. Aleksandra M. Ochnik and tissue
pathology analyzed by Dr. Krisna Murti). The
TRAMP prostate tissues included on the TMA and
analyzed in this study consisted of nine prostate intra-
epithelial neoplasia (PIN), 15 prostate adenocarcino-
ma, and seven castration-resistant tumor samples.
Tissue sections were cut at 4 mM thickness and
mounted on microscope slides, which were then dew-
axed in xylene, rehydrated in ethanol, washed with
PBS, and incubated in 1% H2O2 in PBS for 5 min. An-
tigen retrieval was carried out by microwaving the
slides in 10 mM citrate buffer (pH 6.5) for 15 min, fol-
lowed by PBS washes and incubation in 5% blocking
serum for 30 min at room temperature in a humid
chamber. After an overnight incubation with the spe-
cific rabbit polyclonal antibody KLF6 (R-173) (Santa
Cruz Biotechnology, Santa Cruz, CA) at 1:200 in the
humid chamber at 48C, anti-rabbit biotinylated sec-
ondary antibody (Dako, Australia) was incubated on
the sections for 1 hr at room temperature in a humid
chamber. Tissue sections were then incubated with
strepavidin-horseradish peroxidase at 1:500 at room
temperature for 1 hr in a humid chamber, followed
by incubation with DAB/H2O2. The tissue sections
were counterstained with Lillie Mayer’s hematoxylin,
rinsed in tap water, rehydrated and mounted on
slides with DPX. The KLF6 (R-173) antibody detects
wild-type and all splice variants in the mouse prostate
as validated by Western blot analysis (Supplementary
Fig. 5). Specificity of the antibody has also been previ-
ously validated in a prostate-specific Klf6 deficient
mouse model [10]. Whole paraffin sections of mice
prostate tissues known to be positive for Klf6 were
used as positive controls and the primary antibody
was omitted for the negative control.

Video ImageAnalysis (VIA)

Klf6 immunostaining was measured by the VIA
system (VideoPro 32; Leading Edge P/L, Marion,
South Australia) as described previously [10,34,40–42].
Images of the immunostained tissues were captured
at 400� magnification using light microscopy. Multi-
ple images were captured for each tissue (maximum
of 20 fields if available) and edited to confine meas-
urements to the prostate epithelial cells only. VIA
measurements for the Klf6 immunostaining includes
the percentage of positive nuclear area (% positivity),
mean optical density in the positively stained nuclear
area (MOD, intensity of nuclear staining), and mean

integrated optical density in the total nuclear area
examined (MIOD, total amount of staining).

StatisticalAnalysis

For the microarray data analyses and immunohis-
tochemistry, significant gene expression and protein
expression differences between the various groups
were determined with the Mann–Whitney U-test.
KLF6 gene expression changes for matched NM to
tumor samples were analyzed with Wilcoxon signed
rank T-test. One-way analysis of variance (ANOVA)
with a Dunnet’s post-hoc multiple comparison test
was used to compare KLF6 gene expression following
5-aza-CdR treatment in the LNCaP prostate cancer
cells. All statistical analyses were performed using
the GraphPad Prism 5 software (GraphPad Software,
Inc., CA) and statistical significance was set at
P < 0.05.

RESULTS

KLF6ExpressionChangesinMatchedHumanNM
andTumorProstate Samples

We compared KLF6 expression in matched NM
and prostate tumors (Cancer) of 22 patients (APCB)
by qPCR analysis (Fig. 1A,B) [34]. Two different sets
of KLF6 qPCR primers were utilized to specifically
detect either wild-type KLF6 or total KLF6 which
includes wild-type and splice variants SV1, SV2, and
SV3 (Supplementary Fig. 1). We observed variations
in both the total KLF6 (Fig. 1A) and wild-type KLF6
(Fig. 1B) expression in the patient cohort, with most
patients demonstrating moderate KLF6 expression
changes between matched NM and cancer tissues.
When the results were presented as fold change
(Cancer/NM), we observed a comparable number of
patients with decreased (fold change <1) or increased
(fold change >1) total and wild-type KLF6 (Fig. 1D).

We next calculated for those tissues, the ratio of
total KLF6 to wild-type KLF6 (total KLF6/wild-type
KLF6), which in past studies has been used to deter-
mine the expression level of KLF6 splice variants
[7,23,25]. An increase in the ratio of total KLF6/wild-
type KLF6 represents increased KLF6 splice variant
expression. Consistent with previous reports [5,7,12],
we observed a significant increase in KLF6 splice
variants in the malignant compared to the matched
NM prostate tissues (P ¼ 0.0015) (Fig. 1C,D).

AlterationofKLF6GeneExpressionDuring
ProstateCancerProgression

Data mining in the Holzbeierlein cohort [35] dem-
onstrated a significant decrease in KLF6 expression,
by almost twofold, in metastases compared to
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primary cancer without BCR (P ¼ 0.017) (Fig. 2A).
There was no significant difference in KLF6 gene
expression between primary prostate cancer with and
without BCR. In an independent prostate cancer
patient cohort study by Chandran et al. [36], KLF6
expression was significantly decreased (�2.5-fold) in
the metastases compared to primary prostate cancer
(P ¼ 0.0025; Fig. 2B). KLF6 expression was also signif-
icantly decreased in both the primary prostate tumors
and metastases compared to the NM prostate tissues
(Fig. 2B) and decreased in the primary prostate
tumors when compared to the matched NM tissues
(Fig. 2C). In the Taylor cohort [37] there was no signif-
icant difference in KLF6 expression between primary
prostate cancers and metastases (data not shown).
However, when the primary prostate cancers were
dichotomized based on the median KLF6 expression,
low KLF6 expression (n ¼ 66) was associated with an

increased risk of BCR when compared to high KLF6
expression (n ¼ 65) (P ¼ 0.0028; Fig. 2D).

RegulationofKLF6Expressionby
DNAMethylation

KLF6 expression was analyzed in the human pros-
tate cancer cell lines C42B, DU145, LNCaP, PC3 and
human benign prostate epithelial RWPE1 cells
(Fig. 3A). Consistent with the clinical data above,
KLF6 expression was decreased in human prostate
cancer cells, which were derived from human pros-
tate cancer metastases, when compared to the benign
RWPE1 cells (Fig. 3A). The LNCaP cell line had the
lowest expression of KLF6 among all prostate cancer
cell lines tested (Fig. 3A).

To investigate if DNA methylation is involved in
the regulation of KLF6 expression, we examined KLF6
expression in LNCaP prostate cancer cells following

Fig. 1. KLF6 mRNA expression in matched non-malignant (NM) and tumor (Cancer) prostate tissues.A,B: RNA samples were derived
from matched human non-malignant and prostate tumor tissues of 22 patients and qPCRwas performed for both total KLF6 (wild-type
and splice variants) and wild-type KLF6 only. Results are presented as normalized expression to the reference gene GAPDH.C: KLF6 splice
variant expression was calculated as the ratio of total KLF6 to wild-type KLF6 expression.The relative fold change of total, wild-type, and
calculated splice variants expression of KLF6 between the non-malignant and tumor prostate tissues of individual patients are presented
in (D). A fold changebelow1indicates decreasedgene expression in cancer while a fold change above1indicates increasedgene expression in
the tumorcomparedto thematchednon-malignantprostate tissues.�Wilcoxonsignedranktest;P ¼ 0.0015.
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treatment with the DNA methyltransferase inhibitor
(DNMTi) 5-aza-CdR (Fig. 3B). The 5-aza-CdR doses
used in this experiment were chosen according to an
optimized 5-aza-CdR treatment regime we have pre-
viously established for this cell line [43]. Specifically,
5-aza-CdR at a dose of 0.01 mM suppresses cell
growth without inducing cell death, whereas 0.5 mM
completely suppressed cell growth and induced cell
death in the LNCaP cells [43]. The GSTP1 gene, which
is hypermethylated and silenced in LNCaP cells, was

assessed as a positive control for demethylation and
re-expression in response to 5-aza-CdR treatment
(Supplementary Fig. 4). Expression of total KLF6
(P ¼ 0.002) and wild-type KLF6 (P ¼ 0.0001) were
induced by 0.5 mM 5-aza-CdR (Fig. 3B), however,
the magnitude of induction (�2-fold) was much
lower than the positive control GSTP1 (>200-fold)
(Supplementary Fig. 4).

To determine if the induction of KLF6 mRNA
expression following 5-aza-CdR treatment was due to

Fig. 2. KLF6 gene expression mined in three individual prostate cancer cohort studies [35^37]. A: In the Holzbeierlein cohort, KLF6
gene expression was compared in patients with primary prostate cancer (PCa) without biochemical recurrence (BCR) (n ¼ 15), primary
(PCa) with BCR (n ¼ 8) andmetastases (n ¼ 9) [35]. �Mann^WhitneyU-test;P ¼ 0.017 betweenprimary PCa andmetastases.B,C: In the
Chandran cohort, KLF6 gene expression was compared in patients with non-malignant prostate tissues (NM) (n ¼ 58), primary prostate
cancer (n ¼ 65), and metastases (n ¼ 25). Mann^Whitney; �P ¼ 0.039 NM versus Primary PCa; ��P < 0.001 NM versus Metastases;
#P ¼ 0.0025PrimaryPCaversusMetastases.KLF6geneexpressioninmatchedNMandprimaryprostate cancer tissuesperpatient (n ¼ 54),
in the Chandran cohort, are represented in (C). �Wilcoxon ranked test; P ¼ 0.0404 between NM andmatched Cancer.D: Kaplan^Meier
analysis of time tobiochemicalrecurrence (BCR)according toKLF6geneexpressionin theTaylorprostate cancercohort [37].DecreasedKLF6
expression (n ¼ 66) was significantly associated with an increased risk of PSA relapse compared to patients with higher KLF6 expression
(n ¼ 65) (P ¼ 0.0028).
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promoter DNA demethylation, MSP [44] was per-
formed (Fig. 3C,D). MSP primers designed to target
either bisulfite modified methylated or unmethylated
KLF6 promoter region (Supplementary Fig. 2) [45]
demonstrated that, treatment with 0.5 mM 5-aza-CdR
completely demethylated the KLF6 promoter (no am-
plification by the methylated KLF6 MSP primers ob-
served) (Fig. 3C). This coincided with the 5-aza-CdR
dose inducing the most significant amount of KLF6
re-expression (Fig. 3B). Our results suggest that KLF6
is not completely hypermethylated in LNCaP cells as
indicated by the presence of unmethylated KLF6 allele
(Fig. 3D), which may provide an explanation for the
lower magnitude of induction of KLF6 by 5-aza-CdR
compared to the hypermethylated GSTP1 gene.

DecreasedKlf6 ProteinExpressionintheTRAMP
ModelDuringProstateCancerProgression

We utilized the transgenic TRAMP mouse model
of prostate cancer to investigate Klf6 protein

expression during prostate cancer progression. The
TRAMP is a well-established model of tumorigenesis
and the advantages of this model include access to
PIN, which is difficult to obtain from humans. Thus,
this model facilitates the examination of Klf6 expres-
sion throughout prostate cancer progression from
early prostate abnormalities (PIN) to the aggressive
stages of prostate cancer (castrate-resistant stage).
Unlike the human KLF6 splice variants, the mouse
Klf6 splice variants are predicted to be localized
predominantly in the nucleus (�8% in cytoplasm;
NCBI Aceview Genes), minimizing the complications
of quantifying KLF6 nuclear and cytoplasmic expres-
sion. Immunohistochemistry was performed with the
Santa Cruz KLF6 (R-173) antibody, which detects
wild-type and all Klf6 splice variants in the mouse
prostate as validated by Western blot analysis
(Supplementary Fig. 5).

Positive immunostaining was observed in both the
nucleus (wild-type Klf6) and cytoplasm (Klf6 splice

Fig. 3. InductionofKLF6mRNAexpressionanddemethylationofKLF6promoterregionin theLNCaPcells following5-aza-CdRtreatment.
A: QPCRwasperformed for both totalKLF6 (wild-type and splicevariants) andwild-typeKLF6.Results arepresented as normalizedexpres-
sion toreferencegenesGAPDH andHMBS andrelative to thatofRWPE1cells.B:RNAandDNAwereextracted fromLNCaPcells treatedwith
vehicle control (DMSO),0.01or0.5 mM5-aza-CdRreplenisheddaily for aperiodof6days.QPCRwasperformedwithprimersdesignedto tar-
get allKLF6 transcripts (wild-type and splicevariants) orwild-typeKLF6.Non-normalizedgene expression,whichrefers to themeanþ/� the
SEof triplicatewells fromanexperiment,waspresentedasreferencegeneswereaffectedby5-aza-CdRtreatmentin theLNCaPcells.Results
were representative of at least two individual experiments. ANOVA; �P ¼ 0.002, #P ¼ 0.0001when compared to vehicle control (DMSO).
DNAwasbisulfitemodifiedandMSPwasperformedwithprimers targetingeither (C),methylatedKLF6or (D),unmethylatedKLF6.
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variants) of TRAMP prostate tissues (Fig. 4A). Com-
pared to PIN, Klf6% positivity (% positive nuclear
area) and MIOD (total amount of staining) were
significantly decreased in the adenocarcinoma by
twofold each and castrate-resistant tumors by 6-fold
and 10-fold, respectively (P < 0.05) (Fig. 4B,C). There
was no significant difference in Klf6% positivity
and MIOD between adenocarcinoma and castrate-
resistant tumors (Fig. 4B,C). Klf6 MOD (intensity of
nuclear staining) was significantly decreased in the
castrate-resistant tumors (�1.3-fold) compared to PIN
and adenocarcinoma (�1.2-fold) (P < 0.05) (Fig. 4D).

DNAMethylationAnalysisofKlf6 in
TRAMPProstateTissues

To investigate whether the decreased Klf6 protein
expression observed in the TRAMP is due to

promoter DNA methylation, MSP was carried out on
DNA extracted from TRAMP prostate tissues repre-
senting hyperplasia, adenocarcinoma, and castrate-re-
sistant tumors (Fig. 5). The TRAMP C1 cell line,
which is a prostate epithelial cell line derived from a
32-week old TRAMP tumor, was also assessed
(Fig. 5). The selected prostate adenocarcinoma and
castrate-resistant tumor tissues were matched sam-
ples of the TRAMP TMA used for the Klf6 immuno-
histochemistry analysis (Fig. 4). The TRAMP C1 cell
line was used as a positive control as it contains both
methylated and unmethylated Klf6. Likewise, all the
TRAMP prostate tissues of different pathologies con-
tained methylated and unmethylated Klf6. These
results were similar to the KLF6 DNA methylation
status in the human prostate cancer LNCaP cells pre-
senting both methylated and unmethylated KLF6
(Fig. 3C,D), suggesting that the significant decrease in

Fig. 4. Klf6 protein expression inTRAMP prostate tissues during prostate cancer progression.A: TRAMP prostate cancer progression
tissue microarray was immunostained for Klf6 and images are representative of prostate intraepithelial neoplasia (PIN), prostate adeno-
carcinoma, and castrate-resistant prostate tumor immunostainings.B^D: Quantification of the Klf6 proteinwas performedusingVIA and
results arerepresentedas theaverage%positivenuclear staining,MIODandMODþ/� theSEMfor all the samples ineachgroup.PIN(n ¼ 9),
adenocarcinoma (n ¼ 15), andcastrate-resistantprostate tumor (n ¼ 7).Mann^WhitneyU-test; �P < 0.05 compared to PINand#P < 0.05
comparedtoadenocarcinoma.
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Klf6 in mice and human prostate cancers is unlikely to
be primarily regulated by promoter hypermethylation
alone.

DISCUSSION

In this study, we showed a decrease in KLF6
expression in human prostate cancer progression,
particularly in the advanced stage of the disease (me-
tastases), as well as in progression in the TRAMP
mouse model of prostate cancer. However, KLF6
DNA methylation analysis in human LNCaP prostate
cancer cells and the mouse TRAMP tissues suggest
that hypermethylation of KLF6 is unlikely to be the
sole mechanism for loss of KLF6 observed during
prostate cancer progression. The pioneering study by
Narla et al. [11] reported LOH and mutations in KLF6
in clinical prostate cancers. The same authors later
showed that a SNP and alternate splicing contribute
to a loss of KLF6 expression in prostate cancer [7].
Subsequent studies investigating the expression of
KLF6 in prostate cancer mainly focused on LOH,
mutations, SNPs, and alternate splicing analysis, with
some demonstrating contradicting results with the
initial studies [14,26,29,30,46,47].

In the initial KLF6 expression analysis in our pros-
tate cancer patient cohort, we observed a similar num-
ber of patients with both decreased and increased

KLF6 expression in their tumors compared to
matched NM prostate tissues. Despite the fact that
not all our patient tissues had decreased KLF6 expres-
sion in the prostate tumors compared to matched NM
tissue, overall we found a significant increase in
expression of KLF6 splice variants, indicated by an
increase in the ratio of total KLF6 to wild-type KLF6
expression as reported by previous studies [7,12].
While the mechanism leading to the simultaneous
and inverse expression changes of wild-type KLF6
and KLF6 splice variants such as KLF6 SV1 in prostate
cancer is unknown, studies have suggested that these
changes resulting in an overall loss of KLF6 function
are associated with the increased ability of prostate
cancer cells to metastasize and an increased risk of
prostate cancer relapse [5,12,15]. In one study, siRNA
knockdown of wild-type KLF6 was found to increase
the ability of prostate cancer cells to proliferate and
promoted disease progression in a xenograft model
[5]. On the other hand, siRNA knockdown of KLF6
SV1 resulted in decreased proliferation, invasion, and
metastasis of the prostate cancer cells and was associ-
ated with decreased tumor progression in xenografts
[5]. Overexpression of KLF6 SV1 in a prostate cancer
xenograft model was also associated with an
increased total number of metastatic lesions (36%)
compared to the control group (16%) [12]. Interesting-
ly, while most studies observed an increase in KLF6
splice variants mainly in metastatic and late stages of
prostate cancer, we observed increased KLF6 splice
variants in clinical samples with early stages of the
disease. Hence, our results suggest that altered ex-
pression of KLF6 splice variants may occur before the
loss of wild-type KLF6 expression through mecha-
nisms such as LOH, mutation, or epigenetic
mechanisms.

While several studies have reported the loss of
KLF6 expression in prostate cancer, there is no study
that has investigated wild-type KLF6 protein expres-
sion during disease progression. Previous studies
were mostly based on human prostate samples,
prostate cancer cell lines, and xenograft models and
endogenous KLF6 protein expression was not
assessed (Supplementary Table I). The investigation
of KLF6 protein expression is critical because specific
gene expression changes do not always represent the
actual steady-state functional protein levels. This is of
particular relevance given the findings in this study
of differential KLF6 mRNA expression in the matched
primary/NM prostate samples. Thus, assessing KLF6
protein expression changes may provide further
insights into the tumor suppressor function of wild-
type KLF6 and an explanation for our observations.
One of the major obstacles in this study was the diffi-
culty to discriminate and quantify wild-type KLF6

Fig. 5. DNA methylation status of Klf6 promoter in TRAMP
prostate tissues.DNAwas extracted fromTRAMP C1cells, paraf-
fin-embedded TRAMP prostate tissues of different pathologies�
hyperplasia, prostate adenocarcinoma, and castrate-resistant tu-
mor. A, B: DNAwas bisulfite modified and MSP was performed
with primers targeting either methylated Klf6 or unmethylated
Klf6. The prostate adenocarcinoma and castrate-resistant tumor
tissueswere selectedfromtheTRAMPTMA.
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from the KLF6 splice variants using quantitative
immunohistochemistry, due to a lack of a commercial
antibody specific for wild-type KLF6. The KLF6
(R-173) antibody detects both the KLF6 wild-type and
splice variants. Since wild-type KLF6 is decreased
while the splice variants are increased during prostate
cancer progression, using an antibody that cannot dis-
tinguish between the wild-type and splice variants
may confound any alterations of KLF6. Our investiga-
tions of KLF6 immunostaining in human prostate
cancer tissues identified relatively similar levels of
nuclear and cytoplasmic staining (data not shown).
Moreover, some of the prostate tissues were observed
to have positive immunostaining only on the outer/
membrane of the nucleus (punctate staining), which
further complicated comparison and quantification of
the KLF6 nuclear protein. Although we did observe a
trend for KLF6 protein expression to be decreased in
human prostate cancer tissues, future studies on a
larger number of samples with an antibody specific
for wild-type KLF6 are required to confirm these
findings.

Unlike the human KLF6 splice variants, the mouse
Klf6 splice variants are predominantly localized in
the nucleus, minimizing the complications of quanti-
fying KLF6 nuclear expression. Using TRAMP
prostate tissues we demonstrated decreased Klf6
immunostaining levels (% of positive Klf6 cells)
during prostate cancer progression, suggesting that
Klf6 may also act as a tumor suppressor gene in
the TRAMP. In the mouse, the wild-type Klf6 is the
abundant form expressed therefore the TRAMP
model may be an appropriate model to investigate
the biological function of wild-type Klf6, without
the complications of Klf6 splice variants in prostate
cancer.

A major and common issue regarding KLF6 as
a tumor suppressor gene is the exact mechanism
leading to the loss of KLF6 expression. In this study,
we assessed the possibility that KLF6, which contains
a CG rich region within its promoter, is hypermethy-
lated during prostate cancer progression [48]. The
marginal induction of KLF6 expression upon 5-aza-
CdR treatment in the LNCaP cells suggests that the
loss of KLF6 expression in human prostate cancer
does not rely on hypermethylation. This seems to be
the case in the TRAMP model as well, where both
methylated and unmethylated Klf6 alleles were pres-
ent in all prostate cancer tissue types including cas-
trate-resistant tumors, regardless of Klf6% positivity.
However, we cannot eliminate the possibility that
KLF6 may be differentially methylated at regions oth-
er than the selected promoter region in our current
study during prostate cancer progression, and future
analyses on a larger number of tissue samples and

other KLF6 gene region need to be performed to vali-
date our results.

CONCLUSION

In conclusion, we provide evidence that KLF6 is
implicated in prostate tumorigenesis in both human
and mouse models of the disease. In human prostate
cancer, whereas an increase in expression of KLF6
splice variants is an early event, loss of KLF6 is only
evident at an advanced stage of disease. Methylation
analyses of the LNCaP prostate cancer cell line and
TRAMP tissues at different stages of disease progres-
sion failed to provide conclusive evidence for an asso-
ciation between KLF6 expression and methylation of
the KLF6 promoter. We propose that future studies
are warranted to investigate the level of KLF6 methyl-
ation quantitatively, but believe it is likely that this is
not the sole mechanism responsible for the decreased
expression of KLF6 in prostate tumorigenesis. Other
epigenetic mechanisms such as specific histone modi-
fications, which have recently been shown to affect
KLF6 activity [49], as well as targeted silencing by
microRNAs, are possible mechanisms that may play a
role in the deregulation of KLF6 expression in prostate
cancer and need to be explored.
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