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KLF6, a Candidate Tumor
Suppressor Gene Mutated in
Prostate Cancer
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Kruppel-like factor 6 (KLF6) is a zinc finger transcription factor of unknown
function. Here, we show that the KLF6 gene is mutated in a subset of human
prostate cancer. Loss-of-heterozygosity analysis revealed that one KLF6 allele
is deleted in 77% (17 of 22) of primary prostate tumors. Sequence analysis of
the retained KLF6 allele revealed mutations in 71% of these tumors. Functional
studies confirm that whereas wild-type KLF6 up-regulates p21 (WAF1/CIP1) in
a p53-independent manner and significantly reduces cell proliferation, tumor-
derived KLF6 mutants do not. Our data suggest that KLF6 is a tumor suppressor
gene involved in human prostate cancer.

Prostate cancer is a leading cause of cancer
death in men, with more than 198,000 new
cases and 32,000 deaths annually in the
United States alone. Loss of heterozygosity
(LOH) analyses of sporadic prostate can-
cers and linkage studies of familial prostate
cancer have provided strong evidence for
the existence of prostate cancer—suscepti-
bility genes (/). Although a number of
tumor suppressor genes, including the reti-
noblastoma susceptibility gene (RBI), the
putative protein tyrosine phosphatase gene
(PTEN), and p53, have been implicated in
prostate cancer, no single gene has yet been
identified which is responsible for the ma-
jority of cases (2).

KLF6 (Zf9/CPBP) (GenBank accession
number AF001461) is a ubiquitously ex-
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pressed Kruppel-like transcription factor
whose in vivo role has not been fully clarified
(3-5). KLF6 contains a proline- and serine-
rich NH,-terminal activation domain, and
like other Kruppel-like factors, three COOH-
terminal C2H2 zinc fingers. KLF6 directly
interacts with DNA through a GC box pro-
moter element (3). Putative transcriptional
targets of KLF6 include the genes encoding a
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placental glycoprotein (4), collagen a1(I) (3),
transforming growth factor B1 (TGFBI),
types I and II TGFP receptors (6), urokinase
type plasminogen activator (uPA) (7), and the
human immunodeficiency virus long terminal
repeat (HIV-1 LTR) (5).

The KLF6 gene maps to human chromo-
some 10p, a region deleted in ~55% of spo-
radic prostate adenocarcinomas (8, 9). Given
the role of Kruppel-like factors in the regu-
lation of many cellular processes that include
differentiation and development (10), we ex-
amined primary prostate tumor samples for
specific LOH of the KLF6 gene. Microsatel-
lite markers flanking KLF6 were analyzed in
paired normal prostate tissue and in well to
poorly differentiated prostate tumor speci-
mens from 22 patients (11, 12). Of the 22
samples analyzed, 17 (77%) displayed LOH
of the KLF6 locus (Fig. 1A). To define the
minimal region of loss, we designed two
microsatellite  markers, KLF6MI and
KLF6M2, which flank the KLF6 gene by
~42 kb and ~12 kb, respectively (12). Tu-
mor DNA from patients 9 and 10 showed loss
of only the tightly flanking KLF6MI and
KLF6M2 microsatellite markers, whereas
that from patients 14 and 21 demonstrated
loss of only KLF6M1 (Fig. 1A). Representa-
tive fluorescent electropherograms for micro-
dissected tumor samples with loss of
KLF6M1I are shown in Fig. 1B.

Fig. 1. LOH at the KLF6
locus in human pros-
tate tumors. (A) Sum-
mary of LOH patterns
of 22 prostate tumors.
Retained microsatellite
markers are indicated
in white, markers dem-
onstrating allelic loss in
black, and noninforma-
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We then sequenced all four coding exons
and intron-exon boundaries of the retained
KLF6 allele using genomic DNA from these
22 tumors (13). Twelve of 17 (71%) tumor
samples showing LOH of KLF6 had muta-
tions in the retained KLFG6 allele (Fig. 1A and
Fig. 2, A and B), suggesting that two inacti-
vating events had occurred; thus, as defined
by Knudson’s “two-hit model” (14), KLF6
appears to be a tumor suppressor gene. No
mutations were present in the paired normal
prostate tissue genomic DNA from these pa-
tients, confirming that the tumor-derived mu-
tations were somatic. Analysis of 11 addi-
tional prostate cancer patients for which there
was insufficient normal DNA available to
complete LOH studies also revealed KLF6
mutations in five of the tumors (12).

Interestingly, a number of tumor samples
showed compound mutations in KLF6 (Fig.
2B). The presence of multiple single-gene mu-
tations within the same tumor is unusual, but
genetic heterogeneity in prostate cancer has
been reported previously for the tumor suppres-
sor p53 (15, 16). Here, we show that separate
malignant foci within the same tumor can har-
bor distinct KLF6 mutations. We used laser
capture microdissection (LCM) to isolate ma-
lignant tissue (2,500 to 10,000 cells) from sep-
arate tumor foci (/2) within the same tumor in
six patients. Five of these patients had KLF6
mutations. In three, the mutation was seen in
DNA derived from the cells of one tumor focus
and not the other. Furthermore, two patients had
distinct KLF6 mutations in different tumor foci.
No mutations were detected in the adjacent
normal prostate tissue.

In total, 18 of 33 prostate tumors (55%)
had KLF6 mutations. Of the 26 mutations
identified, 23 were within the KLF6 transac-
tivation domain (/2). These mutations result-
ed in 25 nonconservative amino acid changes
and the introduction of a premature stop
codon. None of these mutations was present
in the patient’s normal prostate tissue DNA
or in germline DNA from 100 chromosomes
of 50 unaffected, unrelated individuals. The
majority of the mutations affected highly
conserved amino acids, suggesting that these
residues are functionally important.

To explore the biological activity of
KLF6, we generated an NIH 3T3 cell line in
which KLF6 expression was regulated by a
tetracycline (tet)-responsive promoter (12).
Up-regulation of wild-type (wt) KLF6 sig-
nificantly (P < 0.001) reduced cell prolif-
eration (Fig. 3A). Induction of KLF6 re-
sulted in a fivefold increase in the expres-
sion of p21 (WAF1/CIP1), an inhibitor of
several cyclin-dependent kinases and a key
regulator of the G,/S transition (/7), and a
reduction in proliferating cell nuclear anti-
gen (PCNA) expression (Fig. 3B) (12).
Transient cotransfection assays with wt
KLF6 and a p21 promoter luciferase report-

2564

REPORTS

A
Patient 1 Patient 2 Patient 3 Patient 4 Patient 5
T — C (S116P) C—A(SI137X) C—A(AI23D) T - C(W64R) T — C (L169P)
Normal AcAGCTCCGAG CAGCTCGGGA CACGG CC AAG ATCTGTGGACC GG AGCTGCCCT
Tumor \C\GCCCLG AG c\ccncccx CACGG \cnc ATCT GCGGACC GGAGCCGCCCT
B i

G- A (A52T)
Nofmal ) T C .ﬂ G- C \: Y“:““

Patient 13 |
T—C(S111P)

g A A T -GG

CoT(S180L)

o A € T 1T c o o o

C— T(S113F)

T ¢ ¢ T ¢

N

f\/’%L fr\/ A Ax \/ \k/ /\L\ ¢ =

i
A f\/\" Ik
SNV VY A0

6 A A T ©

Focus 1

T c NG ¢ o

FOCU82-TCRH r 5 a c 1 1 c o 0w
F”\ A 1 A\
ik 4 I\ i e
N\ | g\# t \j\/ /\
ff&_ Jd_\_/\J /\h_ LVC\. b A RISV, ”\/N .
— Patient 17 | F— Patient 18 —
T->C (S142P) G - A (G1 B7R) C — T (Intron 2) G- A(S 10N)
Normal ﬂ“c \‘j_r_L’_L_ T AR -\.7 G 6 AR ) ) ';”Wer c 75 s’c G

i ."P“" 5 {m“l‘ \
AAAIAA!

W/\ 4 "\ W ﬂ[\ j\fv\_

rr-\rrurcT A A G n O

Focus 1

& T ¢ A 6 T n«:,un

’\/y’\w\ { /\7\”

N Yy (/f\,_j AV i\ﬂ

Focus 2 A6 A A G 6 G

A 66 T H A _ 6T 6 _C R @ C__G

Lfi\ \m/\f\p

Y

Oaind) AN ‘iu”x{\f\" "

Fig. 2. Sequence analysis reveals KLF6 mutations in human prostate tumors. (A) Tumor samples
from patients 1 through 5 showed LOH of the KLF6 locus. Sequence analysis of KLF6 was performed
on PCR-amplified and subcloned tumor-derived genomic DNA, which was then used in functional
studies. The mutations are underlined. (B) LCM was used to isolate normal and malignant cells from
distinct foci within the same tumor. DNA sequence analysis was performed using genomic DNA
extracted from each malignant focus and from surrounding normal prostate tissue. Separate
malignant foci (Focus 1 and Focus 2) from the same patient contained different KLF6 mutations
(Patient 13 and Patient 17). Patient 18 had a KLF6 mutation in Focus 1 but not in Focus 2.
Mutations are indicated by an “N" in the sequencing chromatogram. No mutations were detected
in the adjacent normal prostate tissue, confirming that the mutations were somatic.

er construct revealed that p2/ is a direct
transcriptional target of KLF6 (Fig. 3C)
(12). Transient cotransfection performed
with wt KLF6 and p2! promoter deletion
constructs (/8) revealed that upstream
flanking sequences including two GC box-
es present in only the deletion construct
pW-225 were necessary for high-level
transactivation of the p2/ promoter by
KLF6 (Fig. 3D). Gel shift using oligonu-
cleotides corresponding to these wt and
mutated “GC box” motifs further indicated

that transactivation of the p2] promoter by
KLF6 is mediated through binding to these
two GC boxes (12). Additional studies have
confirmed that KLF6 up-regulates p21 and
suppresses growth in a p53-independent
manner (12).

To determine the effect of tumor-derived
mutations on KLF6 function in this cell cul-
ture assay system, we generated cDNAs en-
coding four KLF6 protein mutants (/2) and
performed transient cotransfection assays
with a p21 promoter reporter (Fig. 4A). Wild-
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0.0001 relative to empty vector as assessed by two-way ANOVA) (20) (D) Luciferase activity was
assayed 24 hours after transient cotransfection of a KLF6 ¢cDNA expression vector and p217
promoter deletion constructs (pW-225, pW-78, pW-53, pW-35) (78). Transactivation of the p217
promoter by KLF6 was seen only with the pW-225 construct. The GC boxes that appear to
mediate high-level transactivation of the p27 promoter present in the pW-225 construct are indicated (these GC boxes are absent in the pW 78,

pW-53, and pW-35 constructs).

Fig. 4. Prostate cancer-derived KLF6 mutants
show loss of growth suppressive activity. (A)
Luciferase activity was assayed 24 hours after
cotransfection of an immortalized human em-
bryonal fibroblast cell line (293T) with a p21
promoter reporter construct containing mutat-
ed p53 binding sites and the indicated mutant
or wt KLF6. A 10-fold increase in p27- promot-
er activity was detected following expression of
wt KLF6 (*** P < 0.0001). The X137 truncation
mutant had no transactivating activity and the
remaining three tumor-derived mutants trans-
activated the p27 promoter (** P < 0.05) to a
lesser extent than wt KLF6 ({s indicates a P <
0.0001 relative to KLF6 mutants by two-way
ANOVA) (20). (B) PC3 cells were transfected
with the R64, D123, X137, P169 tumor-derived
mutant proteins or wt human KLF6. Cells were
harvested 24 hours later and KLF6 and p21
expression levels were determined by Western
blot. All four mutant proteins were expressed.
Numbers on the left indicate size in kilodaltons.
A threefold up-regulation of endogenous p21
was detected with the wt KLF6 determined by
band densitometry (n = 4, P < 0.001 relative
to empty vector). In contrast, there was no
significant up-regulation of p21 by any of the
tumor-derived mutants. DNA synthesis was as-
sayed 40 hours after PC3 cells were transfected
with wt or mutant KLF6 protein. DNA synthesis
in cells transfected with wt KLF6 was sup-
pressed by 40% compared to empty vector
transfected cells (*** P < 0.0001, n = 6,
two-way ANOVA) (20). None of the tumor-
derived mutants significantly suppressed DNA
synthesis (n = 4).

type KLF6 transactivated the p2/ promoter
10-fold, whereas none of the four tumor-
derived mutants were active to a similar level
(P < 0.0001). Unlike wt KLF6, none of these
mutants significantly up-regulated the endog-
enous level of p21 (Fig. 4B) or significantly
suppressed the growth of prostate cancer 3
(PC3) cells (Fig. 4B).
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Of the four missense mutations in the
DNA binding domain (amino acids 201 to
283) (3, 12), two are predicted to disrupt the
critical zinc finger motifs in the protein and
thus could conceivably alter protein function.
The Cys?$> — Tyr265 (C265Y) mutation,
which occurs in the last zinc finger, is pre-
dicted to prevent zinc binding (/9) and hence

pw-78

]luc.
pw-53 I:IE
pw-35 [ [iuc|

might affect KLF6-DNA interactions. The
Leu?!” — Ser?!7 (L217S) mutation affects a
residue conserved across 20 zinc finger—con-
taining domains, and this leucine aligns per-
fectly with the initial cysteine of the three
zinc fingers and would therefore be predicted
to affect secondary structure. In addition, ex-
amination of the primary sequence revealed
mutations involving known phosphorylation
motifs.

Our data identify KLF6 as a candidate
tumor suppressor gene in prostate cancer.
Given its ubiquitous expression and its ability
to suppress growth, KLF6 may have a general
role in the development or progression of
other human cancers, particularly those asso-
ciated with LOH at chromosome 10p15.
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Independent and Redundant
Information in Nearby Cortical
Neurons

Daniel S. Reich,’?* Ferenc Mechler,? Jonathan D. Victor?

In the primary visual cortex (V 1), nearby neurons are tuned to similar stimulus
features, and, depending on the manner and time scale over which neuronal
signals are analyzed, the resulting redundancy may mitigate deleterious effects
of response variability. We estimated information rates in the short-time scale
responses of clusters of up to six simultaneously recorded nearby neurons in
monkey V1. Responses were almost independent if we kept track of which
neuron fired each spike but were redundant if we summed responses over the
cluster. Redundancy was independent of cluster size. Summing neuronal re-
sponses to reduce variability discards potentially useful information, and the
discarded information increases with cluster size.

How do neurons in the sensory cortex work
together to represent a stimulus? Cortical neu-
rons with similar stimulus selectivities are
found in close proximity to one another (/-3).
This might reflect a mechanism of coping with
large trial-to-trial variability in the responses of
individual neurons: Downstream neurons could
simply sum the activities of many neurons with
similar sensitivities. However, because re-
sponse variability is correlated across neurons
(4, 5), the ability of averaging to increase the
signal to noise ratio is limited (6). Also, the fact
that responses are variable does not imply that
the cortex averages signals from multiple neu-
rons, because averaging would ignore stimulus-
related information encoded into which neuron
fires each spike. Theoretical (7) and experimen-
tal (8, 9) work has shown that neurons tuned to
similar stimuli can convey largely independent
information, especially when their responses
are noisy.

Figure 1 describes two pairs of nearby V1
neurons that illustrate the range of behavior we
encountered (/0). The first pair (Fig. 1, A to D)
responded robustly to the stimulus, as shown by
the sharp and reliable firing rate fluctuations
during typical 1-s segments (Fig. 1A). Al-
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though the neurons occasionally responded to
similar stimulus features (double-headed ar-
row), their responses were usually distinct (sin-
gle-headed arrow). Overlapping “off” subre-
gions were evident in snapshots of the spatial
receptive fields (Fig. 1B), obtained by cross-
correlating the stimulus with the spike train
(10). The “on” subregions, however, were on
opposite flanks, indicating that the neurons con-
veyed at least some distinct spatiotemporal in-
formation. The second pair (Fig. 1, E to H)
responded less robustly and more variably, and
the spatial overlap was more complete.

The Pearson correlation coefficient is a
measure of similarity between paired re-
sponses. We distinguished between signal
correlations, which compare bin-by-bin av-
erage spike counts across trials, and noise
correlations, which compare trial-by-trial
deviations from the average response in
each bin (8). The signals were essentially
uncorrelated for the first pair [correlation
coefficient () = —0.021] but highly corre-
lated for the second (» = 0.52). The noise
was uncorrelated for both pairs (r =
—0.039 and —0.015, respectively).

Information rates were substantially higher
for the first pair than for the second (Fig. 1, C
and G) (/7). To assess population coding, we
compared two schemes: the summed-population
code, which did not consider which neuron fired
each spike, and the labeled-line code, which did
(12). The summed-population information rate
for the first pair was slightly higher than the
information rate for the first cell alone, but the
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labeled-line information rate was 49% higher
than the summed-population information rate.
For the second pair, the difference between the
summed-population and labeled-line informa-
tion rates was only 5.6%. Ignoring which neu-
ron fired each spike blurred distinctions between
the responses of the first pair, resulting in a
reduced multineuronal information rate. For the
second pair, responses were more similar, and
neuronal identity mattered less.

For each pair of neurons and code, we cal-
culated a redundancy index as a normalized
measure for comparing recording sites with
vastly different information rates (/3). The re-
dundancy index was 0 when neurons carried
independent information and 1 when the infor-
mation was completely redundant. Figure 1, D
and H, shows that, for both pairs, the redundan-
cy index was higher for the summed-population
code than for the labeled-line code. The differ-
ence was greater for the first pair, in which the
responses were robust and distinct, so that com-
bining spikes from those two neurons blurred
distinctions and emphasized redundancy. The
labeled-line code revealed the underlying inde-
pendence of the responses and yielded a redun-
dancy index of essentially 0. For the second
pair, redundancy indices for both codes were
near 0, meaning that the responses were almost
independent, even for the summed-population
code. This surprised us at first because the neu-
rons responded to similar stimulus elements,
and we gained little information when we paid
attention to which neuron fired each spike.
However, both signal and noise contributed to
information rates, and when signals were small
and correlated, and noise large and uncorrelated,
information in the summed-population code was
nonredundant.

We evaluated signal and noise correla-
tions at a series of bin sizes for all pairs of
neurons in our database (Fig. 2). Correlations
were generally positive, but signal correla-
tions were higher on all time scales. On short
time scales, noise correlations clustered tight-
ly about 0, whereas signal correlations were
more widely distributed with positive median
values <0.25. On longer time scales, median
correlations reached higher levels for signal
(~0.5) than for noise (~0.25). On long time
scales, our results correspond approximately
to other monkey visual cortex studies that
used different stimuli and analyses (3, 8, 14).

Information rates and redundancy indices
can be calculated for any cluster size, not just

21 DECEMBER 2001 VOL 294 SCIENCE www.sciencemag.org


mailto:reichd@rockefeller.edu

