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Metastatic	prostate	cancer	(PCa)	is	one	of	the	leading	causes	of	death	from	cancer	in	men.	The	molecular	mecha-
nisms	underlying	the	transition	from	localized	tumor	to	hormone-refractory	metastatic	PCa	remain	largely	
unknown,	and	their	identification	is	key	for	predicting	prognosis	and	targeted	therapy.	Here	we	demonstrat-
ed	that	increased	expression	of	a	splice	variant	of	the	Kruppel-like	factor	6	(KLF6)	tumor	suppressor	gene,	
known	as	KLF6-SV1,	in	tumors	from	men	after	prostatectomy	predicted	markedly	poorer	survival	and	disease	
recurrence	profiles.	Analysis	of	tumor	samples	revealed	that	KLF6-SV1	levels	were	specifically	upregulated	in	
hormone-refractory	metastatic	PCa.	In	2	complementary	mouse	models	of	metastatic	PCa,	KLF6-SV1–over-
expressing	PCa	cells	were	shown	by	in	vivo	and	ex	vivo	bioluminescent	imaging	to	metastasize	more	rapidly	
and	to	disseminate	to	lymph	nodes,	bone,	and	brain	more	often.	Interestingly,	while	KLF6-SV1	overexpression	
increased	metastasis,	it	did	not	affect	localized	tumor	growth.	KLF6-SV1	inhibition	using	RNAi	induced	spon-
taneous	apoptosis	in	cultured	PCa	cell	lines	and	suppressed	tumor	growth	in	mice.	Together,	these	findings	
demonstrate	that	KLF6-SV1	expression	levels	in	PCa	tumors	at	the	time	of	diagnosis	can	predict	the	metastatic	
behavior	of	the	tumor;	thus,	KLF-SV1	may	represent	a	novel	therapeutic	target.

Introduction
Metastatic prostate cancer (PCa) is a leading cause of cancer death in 
men. More than 234,460 men were predicted to be diagnosed with 
PCa in 2007, and 27,350 were expected to die from the disease (1). 
While the aggressive use of prostate-specific antigen (PSA) testing 
has been effective in detecting PCa at earlier stages of the disease, 
one of the major limitations is the inherent clinical heterogeneity 
of PCa. Specifically, clinically significant and insignificant PCa cells 
are not always distinguishable at the time of diagnosis. Ultimately, a 
number of patients with apparently localized disease will succumb to 
PCa despite radical prostatectomy. The identification of molecular 
markers and pathways that can accurately predict PCa risk and dis-
tinguish between indolent cancer cells and those with a greater met-
astatic potential are essential for future effective management and 
treatment decisions and for defining potential therapeutic targets.

Accumulating evidence suggests that the tumor suppressor 
gene Kruppel-like factor 6 (KLF6; also known as COPEB and ZF9)  

and its dominant-negative splice form KLF6-SV1 play an impor-
tant role in both the development and the progression of cancer 
(refs. 2–15 and our unpublished observations). Intriguingly, a 
number of genomic studies have identified KLF6 and KLF6-SV1  
expression as part of a multigene signature that can define 
clinical outcome in PCa (11, 12) or its development and chemo-
resistance in other cancers (8, 9, 13). In particular, these data 
— combined with previous studies linking increased KLF6-SV1 
expression with an increased lifetime risk of PCa (14), demon-
strating its overexpression in prostate tumors (14), and identify-
ing a role for KLF6-SV1 in the regulation of key cancer-relevant 
pathways including apoptosis, angiogenesis, cellular migration/
invasion, and proliferation — make KLF6-SV1 an attractive can-
didate gene for risk prognostication and therapy (refs. 14, 15, 
and our unpublished observations). However, the precise role 
of KLF6-SV1 in regulating the metastatic process in vivo, its 
expression pattern and prognostic utility in PCa specimens, and 
its therapeutic potential remain largely unknown. The present 
studies were directed toward exploring the biological relevance 
of KLF6-SV1 to PCa progression and metastasis and functional 
consequences of targeted reduction of KLF6-SV1 using RNAi in 
PCa models. Our findings suggest that KLF6-SV1 expression lev-
els at the time of prostatectomy can predict disease recurrence 
risk. In addition, in vivo studies in mice revealed that overexpres-
sion of KLF6-SV1 in tumor cells allows tumors to metastasize 
more rapidly to lymph nodes, bones, and brain. Thus, KLF6-SV1 
may represent a novel therapeutic target for inhibiting metasta-
sis in prostate cancer.

Nonstandard	abbreviations	used: BLI, bioluminescent imaging; BPH, benign pros-
tatic hyperplasia; KLF6, Kruppel-like factor 6; PCa, prostate cancer; PCNA, proliferat-
ing cell nuclear antigen; qRT-PCR, quantitative real-time PCR; si-NTC, nontargeting 
control siRNA; si-SV1, KLF6-SV1–specific siRNA.
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Results
KLF6 and KLF6-SV1 are differentially expressed in localized and metastatic 
PCa. We initially carried out RT-PCR of cDNA derived from a dis-
covery set of tissues representing normal, localized, and metastatic 
PCa samples. The metastatic tissue expression pattern was unique in 
that it demonstrated a marked decrease in the full-length tumor sup-
pressor KLF6 with relative overexpression of the KLF6 splice variants 

KLF6-SV1, KLF-SV2, and KLF-SV3 (Figure 1, A and B). Quantitative 
real-time PCR (qRT-PCR) analysis of localized and metastatic PCa–
derived cDNA confirmed that whereas wild-type KLF6 levels signifi-
cantly decreased in metastatic tumors, a subset of these tumors (3 of 
7) had markedly increased ratios of KLF6-SV1 to KLF6 expression 
(Figure 1C). Protein extracts from a subset of normal, localized, and 
metastatic cancer tissues were then immunoblotted using the KLF6 

Figure 1
Expression of KLF6 and its splice variants in PCa. (A) RT-PCR of representative prostate-derived cDNAs with KLF6-specific primers. N, normal 
prostate; L, localized PCa; M, metastatic PCa. (B) qRT-PCR analysis of localized and metastatic PCa cDNAs for wild-type KLF6 expression. 
Metastatic tumors expressed significantly less wild-type KLF6 mRNA compared with localized tumors. **P < 0.001. (C) qRT-PCR of localized 
and metastatic PCa samples using wild-type KLF6– and KLF6-SV1–specific PCR primers (refs. 14, 15, and our unpublished observations). (D) 
Increased KLF6-SV1 expression in metastatic PCa. Western blot analysis using a KLF6-SV1–specific monoclonal antibody (ref. 15 and our 
unpublished observations). Transfected KLF6-SV1 and transfected wild-type KLF6 controls were run on the same gel but were noncontiguous. 
Tubulin was used as the loading control for all lanes. (E) Left: DNA microarray analysis of PCa demonstrated downregulation of KLF6 mRNA in 
hormone-refractory metastatic PCa (HR-MET) compared with both noncancerous prostate tissue and localized PCa. NAP, normal adjacent pros-
tate tissue; PCA, localized PCa. Right: Tissue microarray analysis of KLF6 expression using KLF6 monoclonal antibody 2A2. Data points and 
error bars represent mean KLF6 protein expression and 95% confidence intervals, respectively. (F) Immunohistochemistry of high-density tissue 
microarray analyses with the KLF6-SV1–specific monoclonal antibody demonstrated marked upregulation of KLF6-SV1 expression in hormone-
refractory metastatic PCa compared with naive metastatic PCa, localized PCa, and benign prostate tissue (P < 0.001). Data points and error 
bars represent mean KLF6-SV1 protein expression and 95% confidence intervals, respectively. (G) Median survival, as measured using bio-
chemical recurrence and assessed by qRT-PCR, in men whose localized prostate tumors expressed high levels of KLF6-SV1 (blue) was 30 mo  
compared with 80 mo in men with low KLF6-SV1–expressing tumors (P < 0.01).
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monoclonal antibody 2A2, which recognizes all KLF6 protein prod-
ucts including KLF6-SV1 (14, 15). KLF6-SV1 protein was present in 
metastatic tumors (2 of 4), but was not detectable in either benign 
prostatic hyperplasia (BPH; 0 of 3) or localized PCa samples (0 of 4; 
Figure 1D). In each of these assays, KLF6-SV2 and KLF6-SV3 expres-
sion levels were not markedly affected (data not shown).

These results suggested that decreased KLF6 expression and 
KLF6-SV1 overexpression were associated features of tumor 
metastasis. Therefore, we analyzed KLF6 gene and protein expres-
sion profiles in additional, larger sample sets. First, we examined 
a set containing 76 patient-derived samples using a 9,984-element 
(10K) human cDNA microarray. In this set, we compared benign 
prostate tissue (n = 21), clinically localized PCa (n = 35), and meta-

static prostate tumors (n = 20) (16). Using a significance analysis of 
microarray test, overall KLF6 expression (because the probe used 
detects all family members) was downregulated 1.64-fold in meta-
static tissue compared with localized tumor and nonmalignant 
BPH tissue samples (P < 0.0001, 1-way ANOVA; Figure 1E).

Second, PCa tissue samples from 197 clinically localized tumors 
and 24 hormone-refractory prostate tumors were examined by 
immunohistochemistry for KLF6 protein expression using the KLF6 
monoclonal antibody 2A2. Unexpectedly, given the decrease seen in 
overall KLF6 gene expression, there was an increase in cytoplasmic stain-
ing in metastatic versus localized prostate tumor samples (P < 0.001;  
Figure 1E). Given our finding of increased KLF6-SV1 expression in 
metastatic prostate tumors (Figure 1, C and D) and the fact that this 

Figure 2
Overexpression of KLF6-SV1 in PCa cell lines. (A) qRT-PCR analysis of pBABE and KLF6-SV1 vector–retrovirally infected PC3 and P3M cell 
lines demonstrated 12- and 27-fold overexpression, respectively, of KLF6-SV1 in pBABE-SV1 vector–infected cell lines compared with control. 
(B) KLF6-SV1–overexpressing cell lines proliferated significantly more than control cell lines, assessed by tritiated thymidine incorporation at 24 
and 72 h of the PC3 and PC3M cell lines. Mean change in cell growth rate from 3 independent experiments is shown. (C) Increased expression 
of the oncogene c-myc and antiapoptotic Bcl-2, with concomitant reduction of the cyclin-dependent inhibitor p21, in KLF6-SV1–expressing cell 
lines. RNA and protein were harvested from 3 independent experiments, and qRT-PCR and Western blotting were performed. Overexpression of 
KLF6-SV1 increased Bcl-2 expression 50%, increased c-myc expression 80%, and reduced p21 expression 50% in PCa cell lines at the mRNA 
and protein levels. Actin was used as loading control for KLF6-SV1 and p21; tubulin was used for c-myc. (D) Increased invasion in KLF6-SV1 
cell lines was associated with increased expression of MMP9. Gelatin zymography of the supernatant isolated from PC3 and PC3M cell lines 
is shown. Overexpression of KLF6-SV1 increased MMP9 expression in both PC3 and PC3M lines. KLF6-SV1–expressing stable PC3 cell lines 
(PC3-SV1) were 2-fold more invasive through a Matrigel basement membrane. The number of invasive cells was counted from 4 fields from 3 
independent experiments. **P < 0.01, ***P < 0.001 versus control.
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isoform lacks an NLS sequence (14), we hypothesized that increased 
KLF6-SV1 cytoplasmic expression was responsible for this overall 
increase. To refine this analysis, we used a KLF6-SV1–specific mono-
clonal antibody in tissue microarrays containing normal prostate 
tissue, BPH, localized PCa, and hormone-refractory metastatic PCa 
specimens. Consistent with our hypothesis, while overall expression of 
all KLF6 family members decreased with PCa progression, KLF6-SV1  
expression was specifically and significantly increased in hormone-
refractory metastases (Figure 1F).

Increased KLF6-SV1 predicts poor survival in men with localized PCa. 
Having identified this isoform-specific increase in late-stage dis-
ease, we next sought to determine whether KLF6-SV1 expression 
in localized PCa is associated with disease recurrence and poor 

survival. qRT-PCR using KLF6-SV1–specific primers (14, 15) 
was performed on an independent cohort of 61 primary prostate 
tumors with associated clinicopathological correlates, including 
disease-free survival. In these studies, biochemical recurrence was 
used to generate the survival function. Univariate and multivariate 
analysis adjusting for tumor stage and Gleason score revealed that 
increased KLF6-SV1 expression was strongly associated with poor 
survival. The median survival difference was greater than 4 years. 
Patients with high levels of KLF6-SV1 expression had a median 
survival of approximately 30 months, compared with 80 months 
in patients with low KLF6-SV1 expression (P < 0.01; Figure 1G).

KLF6-SV1 overexpression increases cellular proliferation and invasion.  
To extend our clinical studies and determine the biological rel-

Figure 3
Overexpression of KLF6-SV1 in an orthotopic mouse model of PCa progression results in increased metastasis. (A) Male SCID beige mice were 
anesthetized, and the dorsolateral aspect of the prostate was injected with 1 × 106 PC3 cells in 25 μl PBS. Tumors were imaged every week to 
determine local tumor growth and evidence of tumor cell dissemination. A representative image of 2 mice is illustrated. Local tumor growth, as 
determined by fluorescent intensity, was equal between control and KLF6-SV1 mice. (B and C) KLF6-SV1–overexpressing cells metastasized 
more frequently than did control cells. The number of metastatic lesions was determined using a combination of whole-body imaging and ex vivo 
histological analysis of all mice upon sacrifice (n = 8 [pBABE]; 9 [pSV1]); representative images of ex vivo tissue analysis are shown. (D) pSV1 
vector–derived tumors expressed significantly less NOXA and p21 than did control tumors. qRT-PCR of pSV1 vector–derived tumors using real-
time primers specific to NOXA, KLF6-SV1, and p21 demonstrated marked overexpression of KLF6-SV1 in pSV1 vector–derived tumors with 
concomitant reduction in p21 and NOXA expression. **P < 0.01, ***P < 0.001 versus control.
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evance of these findings based on examination of nearly 600 
patient-derived samples in total, we generated stable cell lines 
overexpressing KLF6-SV1 in 2 related PCa cell lines: PC3 and 
its metastatic derivative, PC3M (2). Interestingly, the PC3M line 
expressed substantially higher levels of KLF6-SV1 mRNA and 
protein than did the parental PC3 cell line (data not shown). 
Retroviral infection resulted in 10- to 30-fold overexpression of 
KLF6-SV1 mRNA and protein in each compared with pBABE 
vector–infected control cell lines (Figure 2A). Overexpression 
increased cellular proliferation by 50% and 95% in the PC3 and 
PC3M cell lines, respectively (Figure 2B).

Using known KLF6-regulated targets and pathways (refs. 14, 15, 
17–20, and our unpublished observations) as a guide, we analyzed 
the expression profile of a number of target genes in both cell lines. 
KLF6-SV1 overexpression resulted in downregulation of the cyclin-
dependent kinase inhibitor p21 and upregulation of a number of 
genes, including the prosurvival gene Bcl-2 and the oncogene c-myc 
(Figure 2C). In addition, the metalloproteinase MMP9, which has 
been closely linked to tumor cell migration and invasion, was also 
overexpressed (Figure 2D). Given this increase in MMP9, as well as 
previous studies demonstrating that targeted reduction of KLF6-SV1  
reduces cellular migration and invasion in both prostate and ovar-
ian cancer cell lines (ref. 15 and our unpublished observations), 
we directly examined the effect of KLF6-SV1 overexpression on 
invasion. Consistent with these previous findings, overexpression 
resulted in increased cellular invasion (Figure 2D).

KLF6-SV1 increases metastasis in vivo, but not localized tumor growth. 
To further explore the relevance of increased KLF6-SV1 expres-
sion in vivo, we used an orthotopic model of PCa progression, 
combining PC3 cell lines stably engineered to express both the 
firefly luciferase gene and KLF6-SV1 and whole-body biolumi-
nescent imaging (BLI). This model allows for in vivo monitoring 
of local tumor growth and dissemination in real time (21). Prior 
to intraprostatic injection, the average bioluminescence of these 
cell lines was determined and shown to be directly proportional 
to cell number, and the luminescent signals emitted by both cell 
lines were similar (Supplemental Figure 1; supplemental mate-
rial available online with this article; doi:10.1172/JCI34780DS1). 
After orthotopic surgical implantation of either pBABE vector– or 
pSV1 vector–expressing PC3 cells, SCID mice were imaged weekly 
to compare prostatic signal intensity and to monitor for the devel-
opment of regional metastasis. No significant differences between 
intraprostatic tumor growth between the 2 experimental groups 
were identified (Figure 3A).

Striking differences were noted, however, with regard to the 
development of metastases. In the KLF6-SV1–expressing PC3 

group, the time to metastatic development was shorter, and both 
the total number of metastatic sites and the size of the resultant 
tumor foci was significantly higher than in controls (Figure 3B 
and Table 1). Ex vivo imaging and histology was performed on the 
metastatic lesions from a subset of these mice (Figure 3C). The 
increased metastatic potential and burden of KLF6-SV1–overex-
pressing cells was associated with decreased expression of p21 and 
the proapoptotic, BH3-only family member NOXA in vivo (Fig-
ure 3D). Together, these data suggest that increased expression of 
KLF6-SV1 promotes metastasis in vivo while not affecting local 
tumor growth. These findings are consistent with the gene expres-
sion, tissue microarray, and clinicopathologic association data 
demonstrating increased KLF6-SV1 expression in hormone-refrac-
tory metastatic PCa and in aggressive localized tumors with a high 
propensity to develop recurrence after radical prostatectomy.

KLF6-SV1 overexpression increases PCa dissemination. An intracardiac 
model of metastasis was then used to further explore the biologi-
cal and/or functional role of KLF6-SV1 in PCa dissemination. In 
contrast to the intraprostatic system, which models local growth 
and invasion, the intracardiac model recapitulates the late steps 
in PCa metastasis, specifically tumor cell dissemination, survival, 
invasion, colonization, and distant growth (22). Mice were imaged 
immediately after injection to confirm whole-body distribution 
secondary to successful introduction of the cells into the left ven-
tricle (Figure 4A). Strikingly, all mice injected with KLF6-SV1–over-
expressing PC3 cells (8 of 8) had evidence of distant tumor cell col-
onization and growth at 13 d, whereas 35% (3 of 8) of the control 
pBABE vector–expressing PC3 cells showed evidence of metastatic 
growth at this time point (P < 0.01; Figure 4B). The median time 
to metastatic development was more than 3.5 times greater in the 
control mice (24 d; P < 0.009). In addition to differences in time to 
metastatic colonization, the bioluminescent signals (and thus the 
size of resultant tumor masses) from KLF6-SV1–expressing PC3 
metastatic lesions were 3 orders of magnitude higher than those 
of control pBABE vector–expressing PC3 cell–injected mice (Fig-
ure 4A). The increased growth of these metastatic colonies is also 
notable given the lack of measurable growth differences observed 
after intraprostatic implantation (Figure 3A).

Ex vivo imaging and histology was performed on 20 different tis-
sues excised from a subset of mice after final in vivo imaging (Figure 
4C and Table 2). Overexpression of KLF6-SV1 in vivo not only led 
to decreased time to metastasis and increased metastatic burden, 
but also resulted in significantly increased metastases to specific 
tissue sites; metastases were twice as frequent to lymph nodes and 
bone in these mice (Table 2). Moreover, brain metastases were iden-
tified only in the KLF6-SV1 group, not in the control group.

KLF6-SV1 expression affects proliferation, angiogenesis, and apoptosis in 
vivo. We next explored potential mechanisms underlying KLF6-SV1– 
mediated increases in invasion, metastasis, and dissemination in 
both the intraprostatic and intracardiac models. The expression 
pattern of markers of cell proliferation (proliferating cell nuclear 
antigen [PCNA]), angiogenesis (CD31; also known as PECAM1), 
and apoptosis (TUNEL) were examined in metastatic KLF6-SV1–
derived tumors. Immunohistochemistry showed increased PCNA 
staining in KLF6-SV1–derived tumors (P < 0.01; Figure 5A). Tumor 
growth in vivo is known to be dependent on the ability of can-
cer cells to stimulate blood vessel growth through upregulation 
of angiogenic mediators. CD31 is highly expressed by endothelial 
cells and is a reproducible marker of angiogenesis in transplanted 
tumor models (23). KLF6-SV1–derived tumors demonstrated a 

Table 1
KLF6-SV1–overexpressing cells metastasize more frequently 
than do control cells

	 pBABE	 pBABE-SV1
Lymph node 18% 45%A

Visceral organ 5%A 22%A

Total metastases 24% 62%A

The number of metastatic lesions was determined using a combina-
tion of whole-body imaging and ex vivo histological analysis of all mice 
upon sacrifice (n = 8 [pBABE]; 9 [pSV1]). Values represent tumor 
incidence. AP < 0.01.
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Figure 4
Intracardiac model of PCa dissemination and metastasis. (A) Female nu/nu mice were injected with 1 × 106 PC3 cells in 25 μl PBS. In vivo BLI 
was performed weekly 10–15 minutes after animals received the substrate d-luciferin at 150 mg/kg in PBS by i.p. injection. The biolumines-
cent signals from metastatic lesions in the KLF6-SV1–expressing PC3 cell group was 3 orders of magnitude higher than the control pBABE 
vector–expressing PC3 cell–injected mice, demonstrating that the former developed larger metastatic tumors. (B) pSV1 vector–expressing 
cells demonstrated detectable metastasis significantly earlier than did control pBABE vector–expressing cells lines (P < 0.01). The median 
time to metastatic development was 3.5 times more rapid in the mice with KLF6-SV1–expressing PC3 cells (7 d) compared with controls 
(24 d; P < 0.009). (C) Ex vivo imaging and histology was performed on 20 different tissues excised from a subset of mice after final in vivo 
imaging. Representative images are shown.
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nearly 4-fold increase in CD31 staining, consistent with increased 
angiogenesis (P < 0.01; Figure 5B). TUNEL staining of pBABE vec-
tor– and KLF6-SV1–derived tumors demonstrated a 70% reduction 
in apoptotic cells in KLF6-SV1–overexpressing tumors compared 
with controls (P < 0.01; Figure 5C).

Targeted reduction of KLF6-SV1 results in spontaneous apoptosis and 
decreased tumor growth. Given these findings, and to establish 
proof-of-concept of targeted treatment, we examined the bio-
logical effect of KLF6-SV1 inhibition on PCa development and 
progression in both cell culture and in vivo model systems using 
siRNA. Transient transfection of a chemically modified KLF6-
SV1–specific siRNA (si-SV1) in PC3M cell lines resulted in a 60% 
or greater decrease in KLF6-SV1 protein levels (Figure 6A). Target-
ed downregulation of KLF6-SV1 was associated with a 4- to 6-fold 

increase in spontaneous apoptosis, as shown by the percentage of 
sub-G1 cells by fluorescence-activated cell sorting analysis (Fig-
ure 6B). These changes were associated with increased poly(ADP-
ribose) polymerase (PARP) cleavage and active caspase-3 and -8 
expression (Figure 6C). qRT-PCR was used to determine whether 
the proapoptotic NOXA and antiapoptotic Bcl-2 were regulated 
by KLF6-SV1, as we have noted in other experiments (our unpub-
lished observations). Consistent with our recent findings in ovar-
ian cancer (A. DiFeo and J.A. Martignetti, unpublished obser-
vations), NOXA mRNA expression was increased 6-fold in cell 
lines transfected with si-SV1 compared with control, while Bcl-2 
expression was reduced 80% in this same experiment, at both the 
mRNA and protein levels (Figure 6D).

Intratumoral injection of siRNA has been used to successfully 
target specific cancer-relevant pathways in a number of tumor 
xenograft models (24). We were therefore interested in examining 
the potential therapeutic role of targeted reduction of KLF6-SV1 
in an established prostate tumor model. We injected PC3M into 
nude mice and allowed subcutaneous tumors to form for 3 weeks 
prior to direct intratumoral injection (3 mg/kg) of either si-SV1 
or nontargeting control siRNA (si-NTC) twice a week for 3 weeks. 
Tumors were measured twice a week, prior to each treatment. 
During the experimental time course, si-SV1–treated tumors 
were markedly growth inhibited compared with si-NTC–treated 
tumors (P < 0.01; Figure 7, A and B).

Mice were sacrificed at the end of the study, and tumors were 
excised for both RNA and immunohistochemical analysis. Real-
time PCR analysis confirmed that si-SV1–treated tumors had a 
greater than 60% reduction in KLF6-SV1 mRNA levels compared 
with control-injected tumors, while no differences were noted in 
KLF6 mRNA levels (data not shown). On average, si-SV1–treated 
tumors decreased approximately 80% in size compared with con-

Table 2
KLF6-SV1–overexpressing cells display tissue tropism different 
from that of control cells

	 pBABE	 pBABE-SV1
Lymph node 28% 55%A

Bone 12% 29%B

Visceral organ 16%A 0%
Brain 0% 13%A

Other sites 0% 17%A

Total metastases 16% 36%B

All metastatic sites were determined at time of sacrifice, counted for 
each mouse, and summarized. Values represent tumor incidence. 
Overexpression of KLF6-SV1 resulted in different sites of dissemina-
tion, including increased numbers of bone, lymph nodes, and brain 
metastases. AP < 0.01. BP < 0.001.

Figure 5
Changes in KLF6-SV1 metastatic tumor behavior correlates with markers of cellular proliferation, angiogenesis, and apoptosis. Metastatic tumors 
were analyzed for their expression of PCNA, CD31, and TUNEL. (A) Immunohistochemistry for PCNA in pBABE vector– and KLF6-SV1–derived 
tumors. KLF6-SV1 caused increased PCNA staining in vivo. Eight independent high-power fields for each pBABE (n = 4) and KLF6-SV1 (n = 6) 
tumor were counted, assessing both the total number of cells and PCNA-positive cells. The graph represents the average percentage of PCNA-
positive cells for each group. (B) CD31 staining of pBABE and KLF6-SV1 cell line–derived tumors. Overexpression of KLF6-SV1 protein caused 
a 4-fold increase in microvessel density (MVD), as measured by the number of CD31-positive endothelial cells per ×400 high-power field (HPF). 
(C) TUNEL staining of pBABE and KLF6-SV1 tumors. Representative images are shown. Overexpression of KLF6-SV1 decreased apoptosis by 
70%. For each tumor, 6 high-power fields were counted and the total number of TUNEL-positive cells was determined. *P < 0.01, **P < 0.001 
versus control. Original magnification, ×400.
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trol-treated tumors (Figure 7B). A significant increase in apoptosis 
was evident in si-SV1–treated tumors in vivo (Figure 7C), and these 
tumors had half the levels of Bcl-2 and 3 times the NOXA than did 
controls (Figure 7D).

Discussion
Metastasis represents one stage in the evolution of cancer cells 
wherein a sequential series of interrelated steps — including inva-
sion, intravasation, transport through the circulation, arrest, 
extravasation, and growth at secondary sites — results in nearly all 
human cancer-related deaths (25, 26). Current attempts to define 
the molecular events associated with or leading to this cascade 
have most notably resulted in gene expression profiles mediat-
ing tissue-specific breast cancer metastasis to bone (27) and lung 
(28). In turn, these molecular profiles share a relationship with 
those that are clinically predictive of breast cancer outcome and 
survival (29, 30). While a metastatic gene signature common to 
multiple tumor types has also been identified (31), in general, 

these successes in identifying clinically relevant signatures and 
key genetic determinants that regulate tumor cell dissemination, 
tissue-specific homing of cells, and metastatic implantation and 
growth of circulating tumor cells have not yet been fully dupli-
cated in PCa. Our studies demonstrate a functional link, namely 
the propensity for increased metastatic spread, by which KLF6-
SV1 overexpression is associated with decreased patient survival 
and disease recurrence in PCa.

PCa remains the second leading cause of cancer-related death 
in the United States, and treating this disease remains a diagnos-
tic dilemma. While early-stage disease is treatable, with a 5-year 
survival rate exceeding 80%, nearly 30% of men treated by radi-
cal prostatectomy will relapse, and the prognosis for men with 
metastatic PCa remains poor (32). Androgen ablation therapy is 
one of the most commonly used therapies in the treatment of 
advanced metastatic PCa (33), but while most patients initially 
respond to this therapy, most ultimately relapse and die from 
androgen-independent PCa and metastasis (33). The clinical 

Figure 6
Targeted KLF6-SV1 inhibition dramatically increases spontaneous apoptosis. (A) qRT-PCR and Western blot analysis of the PC3M cell line trans-
fected with si-NTC and si-SV1 demonstrated significant downregulation of KLF6-SV1 mRNA and protein at 72 and 96 h. (B) Fluorescence-activated 
cell sorting analysis of si-NTC– and si-SV1–transfected PC3 cells at 72 and 96 h. On average, si-SV1 treatment increased cell death 5-fold. Data 
represent the average of 3 independent experiments. Numbers within plots indicate percent hypodiploid (i.e., apoptotic) cells. (C) Western blot analy-
sis demonstrated marked upregulation of caspase-3 and -8 and increased poly(ADP-ribose) polymerase (PARP) cleavage in si-SV1–transfected 
cell lines. (D) qRT-PCR and Western blot analysis of si-NTC– and si-SV1–transfected cells for NOXA and Bcl-2 demonstrated marked upregulation 
of the proapoptotic NOXA with concomitant downregulation of Bcl-2. Numbers above actin blots in A and C represent densitometric analysis of 
the protein bands, expressed as fold change relative to control and normalized to actin. In A, B, and D, lanes were run on the same gel but were 
noncontiguous (black lines). Each Western blot shown is representative of 3 independent experiments. ***P < 0.0001 versus control.
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challenge remains correctly identifying and stratifying those 
with higher and lower risks of relapse and defining the pathways 
responsible for these biologic differences.

In this study, we specifically analyzed the mechanism by which 
a single gene, from a multigene signature in several independent 
studies examining clinical outcome (11, 12, 16) and late-stage 
disease in PCa (34), affects PCa cell behavior. In this sense, these 
gene expression profiling studies served a hypothesis-generat-
ing role for KLF6-SV1. Our results demonstrated that KLF6-SV1 
was upregulated in hormone-refractory metastatic PCa, and its 
increased expression was predictive of poor survival and disease 
recurrence in primary PCa. Intriguingly, while overexpression of 
KLF6-SV1 resulted in increased metastasis and tumor cell dissemi-
nation to lymph nodes, bone, and brain, this metastatic behavior 
was independent of an effect on local growth. These findings are in 
keeping with the theory that tumor formation and metastasis are 
distinct processes. Thus, KLF6-SV1, which is alternatively spliced 
from the tumor suppressor KLF6, seems to function as a metasta-
sis promoter gene. We adopt this term based on KLF6-SV1’s con-
trasting role to metastasis suppressors, which block tumor cell 

metastasis at distant, but not primary, sites by blocking different 
stages of the metastatic cascade (35).

We additionally demonstrated that KLF6-SV1 overexpression 
resulted in marked changes in 3 key pathways regulating tumor 
growth and dissemination: apoptosis, cellular proliferation, and 
angiogenesis. Each is believed to play a critical role in tumor 
growth and metastasis. Therefore, inhibition of KLF6-SV1 theo-
retically represents an intriguing therapeutic target, because mul-
tiple pathways would be inhibited simultaneously. Even alone, the 
apoptotic pathway may represent a highly relevant target in treat-
ment, because resistant tumor cells are believed to have a distinct 
advantage in surviving the relatively inefficient steps required to 
successfully establish a metastatic tumor focus (36). The results of 
our present study, combined with our recent findings that KLF6-
SV1 is an antiapoptotic protein that binds and targets the pro-
apoptotic Bcl-2 family member NOXA for degradation and that 
KLF6-SV1 inhibition in vivo can prolong survival in a disseminat-
ed ovarian cancer model (A. DiFeo and J.A. Martignetti, unpub-
lished observations), suggests that KLF6-SV1 inhibition could also 
represent a novel therapeutic strategy in PCa.

Figure 7
Direct intratumoral injection of si-SV1 induces apoptosis and reduces tumor growth in vivo. (A) Intratumoral injection of si-SV1 reduced tumor 
growth in a PCa xenograft model. PC3M cells were injected subcutaneously into nude mice. After 3 weeks of growth, mice were randomized into 
2 treatment groups, and si-NTC or si-SV1 was injected directly into the tumors twice a week for a total of 3 weeks. Mice were sacrificed, tumor 
volume was determined, and RNA and tissue was harvested. (B) Photographs of representative si-NTC– and si-SV1–treated tumors, which had 
identical volumes prior to treatment. Three weeks after treatment, si-SV1–injected tumors were significantly smaller than si-NTC–treated tumors.  
n = 9 (si-SV1); 8 (si-NTC). (C) TUNEL staining of si-SV1– and si-NTC–treated tumors revealed a significant increase in the number of apoptotic 
cells per high-power field in si-SV1–derived tumors. Six tumors per high-power field were counted. (D) qRT-PCR of si-NTC (n = 7) and si-SV1 (n = 8)  
derived tumors using PCR primers specific to human Bcl-2 and NOXA demonstrate a 50% reduction in Bcl-2 expression with a concomitant 3 
fold increase in NOXA expression in si-SV1 treated tumors. *P < 0.01, **P < 0.001, ***P < 0.0001 versus control. Original magnification, ×400.
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Methods
Cell culture and cell line generation. All cell lines were obtained from the Amer-
ican Tissue Culture Collection. Luciferase-expressing stable cell lines were 
obtained from J. Blanco (Centro de Investigacion Cardiovascular, Barce-
lona, Spain). Retroviral infection with wild-type KLF6 and KLF6-SV1 was 
performed as follows. Stable cell lines were generated by retroviral infection 
of SKOV3 cells with either a control virus (pBABE) or KLF6-SV1 (pSV1). 
For standard infection, approximately 1 × 106 viral particles were incubat-
ed with 5 × 105 SKOV3 cells in a final volume of 2 ml in the presence of 
Polybrene (4 μg/ml) for 5 h. Infected cells were then subjected to selection 
in puromycin (4 μg/ml), and a mass population of selected cells was used 
for subsequent analysis.

PCa sample collection. Tissue samples were obtained from 62 patients with 
clinically localized prostate carcinoma treated by radical prostatectomy 
alone at Memorial Sloan-Kettering Cancer Center between 1993 and 1999. 
Sixty-two tissue samples from patients with 3 consecutive PSA increases 
greater than 0.1 ng/ml were classified as recurrent disease. Twenty-nine 
tissue samples from patients with an undetectable PSA level for 5 years 
(range, 60–108 months) were classified as nonrecurrent. As determined 
by the range of postoperative nomogram predictions, the patients in our 
cohort represented a broad spectrum of disease severity. Tissue samples 
were snap-frozen in liquid nitrogen and stored at –80°C. Each tissue sam-
ple was examined histologically using H&E-stained cryostat sections. The 
frozen blocks were manually trimmed to enrich for neoplastic epithelium 
with minimal contamination from benign epithelial and stromal elements. 
All studies were approved by the institutional review boards of the Memo-
rial Sloan-Kettering Cancer Center and Brigham and Women’s Hospital. 
Informed consent was obtained from all subjects.

We prespecified the hypothesis that a high level of KLF6-SV1 was a 
negative prognostic indicator of survival. The samples, all reviewed by 
a single investigator, were selected to enrich for biochemical recurrence 
so that there were enough events to evaluate. The full description of the 
sample set has been previously published (37). For determination of 
sample size, see Statistics.

Array analysis. Complementary DNA microarray analysis of gene expres-
sion was done essentially as described previously (16). The Oncomine data-
base (http://www.oncomine.org/) was also used to assess KLF6 expression 
in the prostate cancer microarray data set (16). Primary analysis was done 
with the Genepix pro 4.0 software package (Molecular Devices). Cy3/Cy5 
ratios were determined for KLF6, along with various other quality control 
parameters (e.g., intensity over local background). The normalized median 
of ratio values of the KLF6 gene was log2 transformed, filtered for presence 
across arrays, and selected for expression levels and patterns depending on 
the experimental set as stated in the figure legends. Figures were generated 
with TreeView software (version 1.60).

Migration and invasion assays. Standard invasion assays were performed as 
we have previously described (15). Briefly, assays were performed in Boyden 
chambers using a reconstituted basement membrane (Matrigel, 0.5 mg/ml;  
BD). Coated membranes were first blocked with 0.5% BSA in DMEM and 
equilibrated in 0.1% BSA in DMEM. Approximately 105 cells in serum-
free DMEM were added to the upper chamber, and conditioned medium 
derived from NIH 3T3 fibroblasts was used in the lower chamber as a 
chemoattractant. After incubation for 19 h at 37°C, cells in the upper cham-
ber were thoroughly removed by gentle suctioning. Cells that invaded the 
barrier were fixed in 10% formalin and stained with 4′,6-diamidino-2-phenyl-
indole in PBS. Nuclei were visualized under a fluorescence microscope, and 5 
randomly selected nonoverlapping fields were imaged and counted.

Intratumoral injection. PC3M cells (1 × 106) were injected into the left flank 
of female 6- to 8-week-old BALB/c nu/nu mice. Three weeks after inocula-
tion, when the tumors had reached an average volume of 150–200 mm3, 

5 nmol/kg si-NTC or si-SV1 was injected directly into the tumor using a 
28.5-gauge syringe (BD). Tumor volumes were measured twice weekly and 
calculated as length × width × width × 0.4. Intratumoral tumor injections 
were repeated twice weekly for 3 weeks, at which time the mice were sacri-
ficed and the tumors were excised for RNA analysis.

Densitometric analysis. Enhanced chemiluminescent images of immunob-
lots were analyzed by scanning densitometry and quantified with a Bioquant 
NOVA imaging system and Bioquant NOVA PRIME software. All values were 
normalized to actin and expressed as fold change relative to control.

Western blot analysis. Cell extracts for Western blotting were harvested in 
radioimmunoprecipitation assay buffer (Santa Cruz Biotechnology Inc.) 
according to standard protocols. Tumor tissue extracts were harvested and 
prepared in T-PER reagent (Pierce). Equal amounts of protein (50 μg) — as 
determined by the Bio-Rad DC Protein quantification assay — were loaded, 
separated by PAGE, and transferred to nitrocellulose membranes. West-
ern blotting was done using a goat polyclonal antibody to actin and c-myc  
(SC-1616 and SC-6458, respectively; Santa Cruz Biotechnology Inc.) as well 
as monoclonal antibodies to p21 (Santa Cruz Biotechnology Inc.) and the 
KLF6 2A2 and 9A2 antibodies (Zymed).

Analysis of proliferation. Proliferation was determined by estimating 
[3H]thymidine incorporation. PC3M stable cell lines expressing pBABE 
and pBABE-SV1 vectors were plated at a density of 50,000 cells/well in  
12-well dishes. At 48 h after plating, 1 μCi/ml [3H]thymidine (Amersham) 
was added. After 2 h, cells were washed 4 times with ice-cold PBS and fixed 
in methanol for 30 minutes at 4°C. After methanol removal and cell dry-
ing, cells were solubilized in 0.25% sodium hydroxide and 0.25% SDS. After 
neutralization with hydrochloric acid (1 N), disintegrations per minute 
were estimated by liquid scintillation counting.

RNA and qRT-PCR analysis. Normal, BPH, and PCa RNA samples were 
collected and extracted as previously described (16). Cell line and tumor 
RNA was extracted using the RNeasy Mini and Midi kit (Qiagen). All RNA 
was treated with DNAse (Qiagen). A total of 1 mg RNA was reverse tran-
scribed per reaction using first strand complementary DNA synthesis with 
random primers (Promega). RT-PCR was performed with KLF6 5′ and 3′ 
untranslated region–specific primers on 10 ng cDNA derived from nor-
mal, localized, and metastatic PCa as previously described (14). qRT-PCR 
was performed using the PCR primers previously described (14) on an ABI 
PRISM 7900HT Sequence Detection System (Applied Biosystems). All 
experiments were done in triplicate and independently validated 3 times. 
All values were normalized to GAPDH levels. KLF6 alternative splicing was 
determined as previously described (14, 15).

BLI. In vitro and in vivo BLI was performed with an IVIV Imaging Sys-
tem (Xenogen). Images and measurements of bioluminescent signals 
were acquired and analyzed using Living Image and Xenogen software. 
At 15 min prior to imaging, animals received the substrate d-luciferin at 
150 mg/kg in Dulbecco PBS (DPBS) with 0.5% BSA by i.p. injection and 
were anesthetized using 3% isoflurane. Imaging time ranged from 1 to  
5 min, depending on the signal emitted from each mouse, and 5 mice were 
imaged at a time. The light emitted from the tumors in each mouse was 
detected and quantified.

Intracardiac metastasis model. Male nu/nu mice (6–8 weeks of age) were 
anesthetized using 20 mg/kg ketamine hydrochloride and 6 mg/kg xylazine 
prior to injection of 3 × 106 PC3-luc-empty or PC3-luc-SV1 cells suspended 
in 100 μl DPBS into the left ventricle of the heart (21, 23). Mice were then 
imaged after 1 h to confirm successful intracardiac injection, showing sys-
temic bioluminescence distributed throughout the mouse. Only mice with 
evidence of a satisfactory injection were used for analysis. The development 
of metastasis was monitored once a week in vivo by BLI until the mice 
succumbed to the disease. Upon necropsy, all organs were excised and pre-
pared for ex vivo imaging and subsequent histopathology analysis.
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Orthotopic prostate model. Male nu/nu mice (6–8 weeks of age) were 
anesthetized using 120 mg/kg ketamine hydrochloride plus 6 mg/kg 
xylazine and surgically injected with 5 × 105 of either PC3-luc-empty or 
PC3-luc-SV1 suspended in 30 μl DPBS into the dorsolateral prostate 
lobes. One week after injection, surgical staples were removed, and mice 
were imaged as described above. Prostate tumor growth and local metas-
tasis was monitored weekly using BLI.

Histopathology. To confirm the presence of neoplastic cells, selected tissues 
samples were preserved in 10% formalin and prepared for histological analy-
sis. Tissue sections were stained with H&E, factor VII, PCNA, or TUNEL. 
Immunohistochemical staining for factor VIII–related antigen and PCNA 
were carried out as previously described (15) using a factor VIII–related 
antigen (DAKO) antibody for the detection of tumor microvessel density, a 
PCNA antibody (Santa Cruz Biotechnology Inc.) for the detection of tumor 
cell proliferation, and TUNEL staining (Roche) for apoptosis. Measure-
ments of PCNA and TUNEL staining and microvessel density were done as 
previously described (15). Briefly, microvessels that stained positive for fac-
tor VIII–related antigen were counted on 4 representative high-power fields 
(magnification, ×400) for each tumor. Data were expressed as the average 
number of microvessels per high-power field for each experimental tumor 
group. PCNA staining was determined by counting the number of positive 
cells per high-power field and dividing that number by the total number of 
cells in that particular field. For each tumor, 6 high-power fields were count-
ed, and the average for each experimental tumor group was determined.

Statistics. A multivariate survival analysis was performed using a Cox 
proportional hazards model, which considered KLF6-SV1 a continuous 
variable. The statistical plan included a traditional sample size calculation 
using classical criteria: significance, 0.05; power, 0.8; 2-sided testing; and a 

relative risk estimate based on previously published data (11). This resulted 
in an estimated sample size of 70 to determine differences in biochemical 
recurrence and KLF6-SV1 expression. ANOVA with the Tukey post-hoc test 
was used for comparisons of continuous variables. Univariate survival rate 
analyses were estimated using the Kaplan-Meier method, with compari-
sons made between groups by the log-rank test. All statistical analyses were 
conducted using SAS 9.1 (SAS Institute Inc.). Statistical significance was 
assumed for a 2-tailed P value less than 0.05. Data are presented as mean ± SD  
unless otherwise indicated.
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