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Abstract
Purpose—Senescence related regulatory pathways serve as barriers to cancer immortalization
and progression but they are currently not well defined. FILIP1L is a growth inhibitory gene with
multiple isoforms whose expression is increased in senescent prostate and prostate cancer cells,
and decreased in many cancers. We investigated whether DNA methylation regulates FILIP1L in
senescence and in prostate cancer development.

Materials and Methods—FILIP1L mRNA expression was assessed in prostate cancer and
associated normal prostate tissues using quantitative polymerase chain reaction. A tissue
microarray was constructed using 95 prostate cancer specimens and 45 benign prostate specimens.
Vectra™ imaging was used to quantitate nuclear and cytoplasmic FILIP1L protein expression.
Bisulfite sequencing and Pyrosequencing® were used to assess methylation. Prostate cancer cell
lines were treated with 2′-deoxy-5-azacytidine and mRNA expression was assessed.

Results—FILIP1L isoform 2 mRNA was increased in replicatively senescent human prostate
epithelial cells and decreased in prostate cancer specimens. We verified a reduction in nuclear
FILIP1L protein in prostate cancer using tissue microarrays (p = 0.006). A CpG island 5′ of the
isoform 2 translational start site was identified that showed hypermethylation in prostate cancer
cell lines and tumors compared to normal prostate cells and tissues. Pyrosequencing confirmed
FILIP1L hypermethylation in all 14 tumors compared to paired normal tissues (p <0.0001).
Isoform 2 expression was induced in prostate cancer cell lines using 2′-deoxy-5-azacytidine.

Conclusions—FILIP1L isoform 2 is one of the most commonly hypermethylated genes in
prostate cancer. It may serve as an important marker of prostate cancer. Isoform 2 expression is
associated with senescence and its down-regulation may represent an early important biological
event in prostate cancer development.
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Some hallmarks of cancer are its extended life span and persistent cellular proliferation.
Cellular senescence is a mechanism by which cells undergo terminal cell cycle arrest. It is
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characterized by a distinct phenotype, including absent proliferation, a flattened, enlarged
morphology, senescence associated β-galactosidase staining and a unique gene expression
profile.1 It was postulated that cellular senescence serves as a barrier against cancer growth
and progression. Pathways involved in the senescence response, including Rb, p53, cyclin-
dependent kinase inhibitors and others, are frequently inactivated during cancer
development.1 Identifying additional genes associated with senescence is important because
of the potential to identify new therapeutic targets that can slow cancer progression.

Hypermethylation of CpG dinucleotides in CGIs in or around the promoter region of
endogenous genes can down-regulate gene expression.2 Aberrant DNA methylation, which
is recognized as a major hallmark of cancer, includes global hypomethylation and regional
CGI hypermethylation.3 PCa is characterized by a number of DNA methylation alterations
that develop early in the disease.4 Hypermethylation of GSTpi, which occurs in
approximately 90% of primary prostate tumors, is also frequently found in prostatic
intraepithelial neoplasia.5

Currently, the role of the epigenetic changes that occur during senescence is not well
understood. We hypothesized that alterations in DNA methylation in PCa can silence
important genes in the senescence phenotype.

We previously identified by RNA microarray that FILIP1L was markedly induced during
senescence and inactivated with immortalization in HPECs.6 FILIP1L, formerly known as
down-regulated in ovarian cancer 1, was initially discovered by DNA fingerprinting to be
down-regulated in ovarian cancer compared to normal ovarian tissue.7 Functionally,
sequence analyses predict that FILIP1L is part of the filamin A/actin complex.

FILIP1L consists of 3 isoforms that are differentially expressed during development. In the
current study we examined the isoform expression and regulation of FILIP1L during
senescence in HPECs and in PCa. We identified that isoform 2 of FILIP1L was induced
during senescence but down-regulated in PCa at the mRNA and protein levels. Furthermore,
a CGI in the promoter of isoform 2 of FILIP1L is commonly hypermethylated in PCa and
could serve as an epigenetic marker of the disease. We conclude that DNA
hypermethylation may have an important role in silencing the expression of the known
senescence marker FILIP1L, suggesting that loss of the senescence phenotype may favor
PCa progression.

MATERIALS AND METHODS
Cell Culture

The metastasis derived PCa cell lines DU145, PC3, LNCaP and 22Rv1 were cultured and
treated with 2′-deoxy-5-azacytidine, a methyltransferase inhibitor, as previously
described.8,9 We used a culture system to generate and maintain normal HPECs.10 Cells
were collected in accordance with University of Wisconsin institutional review board
approval. DNA and RNA were harvested throughout serial passages using standard
techniques since these cells typically undergo about 20 population doublings (4 or 5
passages). We monitored each culture passage for the signs of slowed replication and
morphological differences seen in senescence. We then used positive SA-β-gal11 and
measured the expression of genes previously found to be up-regulated in senescence,
including FILIP1L, by quantitative PCR.6

Tissue Collection
We obtained 14 paired samples of tumor and benign adjacent tissues from radical
prostatectomy or cystoprostatectomy samples using an approved institutional review board
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protocol. Tissues were snap frozen in liquid nitrogen. Histological evaluation ruled out the
presence of cancer cells. Areas of tumor and benign adjacent tissues were collected for RNA
and DNA using standard techniques.

Quantitative PCR
Total RNA was isolated from drug treated cells using the RNeasy® RNA isolation kit and
treated with DNase I (QIAGEN®). The Omniscript® Reverse Transcription Kit was used to
synthesize cDNA using 200 ng RNA per sample. Primers were designed to amplify FILIP1L
isoform 2 mRNA (RefSeq NM_014890.2). The conditions used for PCR amplification were
95C for 3 minutes, 40 cycles at 95C for 10 seconds and at 55C for 30 seconds, as previously
described.12 All reactions were performed in duplicate. Quantification was done by
monitoring the real-time fluorescence of SYTO® 9. PCR product amplification and
detection were performed. Threshold cycles were measured using the CFX96™ Real-Time
PCR Detection System. Target gene expression was normalized to 18S expression and
calculated to generate the fold change. The t test was used to compare mean expression in
the treatment vs the control group.

Tissue Microarray
Formalin fixed, paraffin embedded patient tissues were obtained from the Department of
Pathology and Laboratory Medicine at our institution according to institutional review board
approval and policies. A tissue microarray was constructed using tissues from 95 patients
with a mean age of 62.8 years who had PCa. The archival prostate tissues from this cohort
were collected from 1995 to 2006.

The tissue microarray consisted of 384 duplicate cores from different disease groups,
including 43 localized (pT2), 30 aggressive (pT3 and 4) and 22 metastatic PCa, 25 HGPIN
(from HGPIN tissue blocks of some patients with PCa in this cohort), 48 benign prostate
(from the nontumor blocks of some patients with cancer in this cohort) and 24 benign
prostatic hyperplasia. The tissue microarray slides were taken through routine
deparaffinization and rehydration, and stained with antibodies against FILIP1L (Santa Cruz
Biotechnology, Santa Cruz, California). E-cadherin antibodies (Cell Signaling
Technology®) were used to define the epithelial compartment for better tissue segmentation.

For automated image acquisition and analysis the stained slides were loaded on the slide
scanner. FILIP1L target signals per cell were quantitated for individual cores using the
Vectra imaging system according to the manufacturer protocol. This system allows the
automated selection of cellular subsets (epithelial vs stromal) and the quantitation of
fluorescent staining. We used inForm1.2 software to segment tissue compartments
(epithelium vs stroma) and subcellular compartments (nucleus vs cytoplasm). Nuclear and
cytoplasmic expression was statistically compared using the t test. FILIP1L protein
expression was compared against clinicopathological features. Statistical significance was
considered at p <0.05.

Sodium Bisulfite DNA Treatment and Sequencing
After genomic DNA was extracted using standard methods, 1 µg DNA was treated with
sodium bisulfite according to the EpiTect® Bisulfite kit protocol. Genomic DNA was
isolated and treated with sodium bisulfite. Sodium bisulfite treatment changes unmethylated
cytosine in the DNA sequence to a uracil (and subsequently to thymine), while methylated
cytosines remain unchanged. The entire CGI of FILIP1L was PCR amplified and subcloned
using the TOPO® TA vector system according to manufacturer instructions. After
transformation using Escherichia coli, we selected 5 to 10 individual E. coli colonies for
each cell line assessed. Plasmid DNA was isolated using a QIAPrep Miniprep Kit
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(QIAGEN). Plasmids were then sequenced using M13 forward and reverse primers
maintained in the multiple cloning site of the vector.

Pyrosequencing FILIP1L CGI
Quantitative Pyrosequencing was done to assess methylation at 10 CpGs 700 bp upstream of
the transcriptional start site, as previously described.13 Bisulfite converted DNA was
amplified by PCR using forward or reverse biotinylated primers. PCR and sequence primers
for Pyrosequencing were designed with PSQ™ Assay Design 1.0. Biotinylated PCR
products were separated with streptavidin Sepharose® beads, denatured to single strands and
annealed to sequencing primers for the Pyrosequencing assay. Each 25 µl PCR contained 1×
HotStarTaq® buffer (including 1.5 mM MgCl2), 0.2 mM deoxynucleotide triphosphate, 5
pmol of each primer, 1.0 U HotStarTaq DNA Polymerase and 2 µl bisulfite converted DNA.
Thermocycling conditions included initial denaturation at 95C for 10 minutes, 40 cycles at
95C for 40 seconds, 55C for 40 seconds and 72C for 40 seconds, and final extension at 72C
for 7 minutes.

PCR products (10 µl) were sequenced using Pyro-Mark™ MD according to manufacturer
directions. Pyro Q-CpG™, version 1.0.9 was used to analyze results. Methylation across 10
CpGs was statistically compared using 2-way ANOVA with the Bonferroni posttest for
multiple comparisons. Statistical analyses were performed using GraphPad Prism®, version
5.03.

RESULTS
FILIP1L Isoform 2

mRNA expression down-regulated in immortalized cells and cancer—We
previously found that total FILIP1L expression was down-regulated in immortalized PC cell
lines compared to normal HPECs.6,14 Furthermore, increased FILIP1L expression was
observed when cells were passaged to senescence. To examine differential FILIP1L
transcripts, we identified and designed primers to span the 3 known isoforms of FILIP1L
(fig. 1, A). Primers in exon 5 are unique to isoform 2 and those in exon 7 are distinct for
isoform 1. However, isoform 3 cannot be uniquely distinguished based on exon overlap with
other isoforms.

Quantitative reverse transcriptase-PCR was performed on HPECs, comparing proliferating
to senescent and immortalized cancer cell lines. Results demonstrated that isoform 2 and
total FILIP1L were consistently induced during senescence (twofold to tenfold). Isoform 1
expression did not change (fig. 1, A). FILIP1L mRNA was not expressed in the DU145,
PC3, LNCaP or 22Rv1 PCa cell lines.

We then analyzed FILIP1L isoforms from paired tumor and associated benign prostate
tissues. Total FILIP1L mRNA expression was significantly decreased in 8 of 11
microdissected tumor samples (73%) compared to associated benign samples (fig. 1, B). The
expression of isoforms 1 and 2 was down-regulated in 7 and 5 of 11 tumors, respectively.
Thus, our expression analysis identified isoform 2 up-regulation in senescence and the
frequent loss of its expression in tumors and PCa cell lines.

Nuclear protein expression down-regulated in cancer—We then assessed FILIP1L
protein expression using a tissue microarray and Vectra quantitative fluorescence analysis.
Vectra is an automated quantitative imaging system that differentiates epithelial from
stromal compartments. The FILIP1L antibody used recognizes multiple isoforms of
FILIP1L protein. FILIP1L protein was expressed predominantly in the stroma of normal
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prostate tissues at a level approximately 15 to 30 times greater than in the epithelium. In the
epithelium of benign and cancer specimens FILIP1L expression was greater in the
cytoplasm than in the nucleus. Nuclear expression of FILIP1L was markedly decreased in
cancer specimens compared to benign specimens (p = 0.006). However, no change was
observed in the cytoplasm (p = 0.847, fig. 2, A). Stromal cells also showed decreased
nuclear expression in cancer specimens (p = 0.045, fig. 2, B). Protein expression of FILIP1L
was not associated with Gleason score, stage, seminal vesicle involvement, extracapsular
extension or the presence of metastasis.

FILIP1L Hypermethylation
mrna expression regulation in pca cell lines—Using MethPrimer software,15 we
identified a CGI in exon 5 that was immediately adjacent to the transcriptional start site of
isoform 2 of FILIP1L (fig. 3, A). Previously described CGI criteria include a genomic
region greater than 200 bp with an observed-to-expected CpG ratio of greater than 0.6 and a
CG percent of greater than 50%.16 There are 59 individual CG sites in this region extending
approximately 500 bp across the entire length of exon 5, which meets the criteria for a CGI.
Methylation was assessed for isoform 2 using bisulfite sequencing and quantitative
Pyrosequencing (fig. 2, B). Bisulfite sequencing revealed exon 5 hypermethylation of
FILIP1L DU145, PC3, LNCaP and 22Rv1 in 85% of CG dinucleotides compared to HPECs
(fig. 4, A). The p53 expressing cell line 22Rv117 was unique in demonstrating lower
methylation in 3 of the 5 clones sequenced but overall hypermethylation occurred in 60% of
the CG dinucleotides assessed. Bisulfite sequencing of proliferating and senescent cultured
HPECs demonstrated significantly lower methylation compared with PCa cell lines (11% vs
85%, p <0.05), suggesting a role for hypermethylation in silencing FILIP1L.

To determine whether CGI methylation was primarily responsible for FILIP1L silencing, we
treated PCa cell lines with a single treatment of 5-aza-2-deoxycytidine. Dose ranging studies
were initially performed and concentrations were chosen to avoid apoptosis and cell death. It
was previously reported that 5-aza-2′-deoxycytidine is irreversibly incorporated into DNA
and results in DNA methylation loss.18 Exposure to 10 to 100 µM restored FILIP1L isoform
2 expression in all PCa cell lines (fig. 4, B). Cells also developed senescent morphology at
this dose and expressed SA-β-gal staining (data not shown). These data indicate that the
expression of FILIP1L isoform 2 is regulated by hypermethylation of the exon 5 CGI.

PCa specimens—We examined exon 5 hypermethylation in PCa samples. Bisulfite
sequencing of normal prostate tissues revealed minimal methylation of this region except the
5= edge of the CGI (fig. 5, A). Analysis of tumor samples revealed significantly greater
methylation in 3 of 4 samples. To validate our findings, we used quantitative
Pyrosequencing to assess methylation in normal and PCa cancer specimens. Based on the
restraints of the Pyrosequencing reaction, the entire CGI was not evaluated. However, the
region 150 bp upstream from the transcriptional start site was assessed covering CGs 17 to
27 in the CGI (fig. 3, B). Pyrosequencing revealed that tumor tissues were significantly
more methylated than associated benign tissues across CpGs (2-way ANOVA p <0.0001,
fig. 5, B). The Bonferroni posttest demonstrated significant hyper-methylation in tumor
specimens at all 10 individual CpG sites (p <0.05). In all 14 paired specimens (100%) the
tumor specimen showed higher methylation than the paired benign tissue.

DISCUSSION
Bypassing the senescence barrier has an important role in tumor development and
progression.19–22 Several senescence pathways are inactivated during tumorigenesis,
including p53 and pRb, but many underlying mechanisms remain unclear.
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FILIP1L is a novel protein predicted to bind to actin that was originally identified as an area
of common deletion in ovarian cancer.7 Examination of the Oncomine™ RNA array
database (http://www.oncomine.com) reveals frequent loss of FILIP1L expression in
multiple tumor types, including prostate, lung, bladder, breast and liver cancer, and
melanoma. To date little data are available on FILIP1L regulation in cancer. We initially
identified FILIP1L on an array analysis of genes up-regulated during senescence and down-
regulated during immortalization.6,14 These data suggested that FILIP1L may have a role in
senescence. Furthermore, it appeared commonly down-regulated during tumor formation. In
the current study FILIP1L mRNA expression was commonly down-regulated in PCa. Using
a tissue microarray and quantitative immunofluorescence, we characterized FILIP1L protein
expression and found that FILIP1L silencing occurs primarily in the nuclear compartment of
epithelial cancer cells.

Little is known regarding alterations in FILIP1L expression during biological processes.
FILIP1L has 3 known isoforms generated from 7 exons. None of these isoforms uses all
exons for transcription (fig. 1). We applied this unique arrangement to distinguish between
isoforms 1 and 2 during senescence and tumor formation. Our first finding was the
consistent induction of isoform 2 during senescence in HPECs. This increase in expression
mimics the increase seen in total FILIP1L. No change in isoform 1 was noted. Senescence is
associated with inhibition of cell proliferation as well as characteristic phenotypic changes.
Recently, Kwon et al transiently over expressed isoform 2 in endothelial cells and found
inhibited cell proliferation and migration.23 These data suggest that isoform 2 may have a
role in inhibiting cancer cell progression. We also found FILIP1L down-regulation in
immortalized PCa cell lines as well as decreased mRNA and protein expression in the
majority of tumors. These findings are consistent with studies of other cancers.24 Future
studies will evaluate the biological role of FILIP1L expression changes in PCa.

Hypermethylation of promoter CGIs frequently leads to silencing of the associated gene.2,9

In the current study we identified a region in exon 2 and the isoform 2 transcription start site
that meets the criteria for a CGI.16 We then identified an association between
hypermethylation of this FILIP1L CGI and decreased mRNA expression. Treatment with 5-
aza-2′-deoxycytidine led to mRNA re-expression in PCa cell lines (fig. 4, A). Thus, isoform
2 silencing is likely mediated by CGI hypermethylation in PCa. Hypermethylation in the
PCa cell line 22Rv1 revealed less methylation in approximately 50% of alleles, although it
was responsive to demethylation. Involvement of complex regulatory mechanisms in drug
induced DNA demethylation may also explain the observed low methylation efficiency at
many hypermethylated loci during epigenetic cancer therapy.25,26

Evaluation of a series of primary cancers using Pyrosequencing revealed hypermethylation
in all 14 tumors (100%) compared to benign adjacent tissue. A study was recently published
that used genome-wide methylation profiling in tumor and benign adjacent tissue from
patients with radical prostatectomy.27 We also examined this data set and found that 55 of
59 tumors (93%) showed FILIP1L hypermethylation. FILIP1L is a highly specific
methylation marker for PCa. Given the remarkably high frequency of methylation, we could
not correlate methylation with Gleason score and other pathological features. To date
FILIP1L has been one of the most frequently hypermethylated genes in PCa. The majority
of tumors show a lower percent of methylation (less than 30%) for other genes examined,
including p16, pRb and MTP1.28 Most but not all tumors showed CGI hypermethylation.
This suggests that alternate pathways, such as mutation or deletion, may contribute to the
silencing of this gene.
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CONCLUSIONS
Little is known about the intrinsic details of senescence pathways in cancer cells. The
isoform specific silencing occurring with FILIP1L suggests that FILIP1L isoforms may have
separate functional roles. The ultimate function of FILIP1L is currently unclear. Given its
predicted relationship to filamin A/actin, it may signal through this pathway. Furthermore,
FILIP1L hypermethylation appears to be a frequent alteration in PCa, occurring in
approximately 90% of prostate tumors.
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Abbreviations and Acronyms

CGI CpG Island

FILIP1L filamin A interacting protein 1-like

HPEC human prostate epithelial cell

PCa prostate cancer

PCR polymerase chain reaction

SA-β-gal senescence associated-β-galactosidase
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Figure 1.
Quantitative PCR was performed using isoform specific primers to determine FILIP1L RNA
expression in senescence. Values were normalized to 18S. A, isoform specific mRNA levels
in HPECs cultured to senescence. Fold change in expression for 3 cultures (HPEC1 to 3)
was calculated by comparing mRNA expression of senescent late passage vs proliferating
early passage cells. Isoform 2, only isoform up-regulated in senescence, reflected most of
total FILIP1L expression. B, isoform specific mRNA expression in human PCa compared to
areas of normal peripheral prostate tissue from same patient. Isoform 2 showed frequent
down-regulation in tumor specimens.
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Figure 2.
FILIP1L protein expression in human PCa compared to normal prostate tissue. Microarrays
containing 95 PCa samples and 48 normal peripheral prostate tissues were stained for
FILIP1L using immunofluorescence. Automated image acquisition and analysis was
performed using Vectra system according to manufacturer protocols. A, quantitation of
nuclear and cytosplasmic FILIP1L protein expression in epithelial cells. Decreased nuclear
expression was observed in PCa specimens compared to benign prostate tissue (p = 0.006).
No change in expression was observed in cytoplasmic compartment (p = 0.847). B, stromal
cells showed decreased FILIP1L expression in nucleus in cores containing cancer (p =
0.045).
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Figure 3.
Hypermethylation silenced isoform 2 FILIP1L CGI in PCa cell lines. A, schematic map of
FILIP1L gene shows exons that make up isoforms 1 to 3. CGI that was identified and
investigated encompasses isoform 2 transcription start site. B, identification of individual
CG dinucleotides (tick marks) in CGI encompassing exon 5 and transcriptional start site.
Bisulfite sequencing was performed at 59 sites across CGI. Quantitative methylation
Pyrosequencing was also done to validate findings in separate tissue set.
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Figure 4.
Hypermethylation silenced isoform 2 FILIP1L CGI in PCa cell lines. A, methylation status
of cancer cell lines DU145, PC3, LNCaP and 22RV1, and HPECs was determined using
bisulfite treatment of DNA, PCR amplification, cloning and sequencing. HPECs represent 5
pooled samples. HPECs were hypomethylated vs PCa cell lines (11% vs 85%, p <0.05).
Each row represents individual DNA strand. B, PCa cell lines were treated with increasing
concentrations of 5-aza-2′-deoxycytidine or dimethyl sulfoxide only. Seven-day 5-aza-2′-
deoxycytidine treatment resulted in dose dependent increase in FILIP1L mRNA expression.
Experiment was done 3 independent times and results of 1 experiment are shown.
Expression is shown as fold change vs vehicle only.
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Figure 5.
Hypermethylation of FILIP1L isoform 2 in PCa samples. A, bisulfite treatment of DNA,
cloning and sequencing. Analysis of individual tumors revealed increased methylation in 3
of 4. Normal prostate tissue represents 6 samples. B, quantitative Pyrosequencing
methylation changes across 10 CpGs were measured quantitatively in 14 paired normal and
tumor samples run in triplicate. Tumor tissues were significantly more methylated than
associated benign tissues across all CpGs tested (2-way ANOVA with Bonferroni post test p
<0.0001).
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