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Abstract

Prostate cancer (PC) is the second leading cause of cancer related deaths in US men. Androgen
deprivation therapy (ADT) improves clinical outcome, but tumors often recur and progress to
androgen independent prostate cancer (AIPC) which no longer responds to ADT. The progression
to AIPC is due to genetic alterations that allow PC cancer cells to grow in the absence of
androgen. Here we performed an insertional mutagenesis screen using a replication-incompetent
lentiviral vector (LV) to identify the genes that promote AIPC in an orthotopic mouse model.
Androgen sensitive PC cells, LNCaP, were mutagenized with LV and injected into the prostate of
male mice. After tumor development, mice were castrated to select for cells that proliferate in the
absence of androgen. Proviral integration sites and nearby dysregulated genes were identified in
tumors developed in an androgen deficient environment. Using publically available datasets, the
expression of these candidate androgen independence genes in human PC tissues were analyzed. A
total of 11 promising candidate AIPC genes were identified: GLYATL1, FLNA, OBSCN,
STRA13, WHSC1, ARFGAP3, KDM2A, FAM83H, CLDN7, CNOT6 and B3GNT9. Seven out
the 11 candidate genes; GLYATL1, OBSCN, STRA13, KDM2A, FAM83H, CNOT6 and
B3GNT®6, have not been previously implicated in PC. An /n vitro clonogenic assay showed that
knockdown of KDM2A, FAM83H and GLYATL1 genes significantly inhibited the colony forming
ability of LNCaP cells. Additionally, we showed that a combination of four genes, OBSCN,
FAM83H, CLDN7 and ARFGAP3 could significantly predicted the recurrence risk in PC patients
after prostatectomy (P=5.3x10).
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INTRODUCTION

Prostate cancer (PC) is the most commonly diagnosed cancer in men and the second leading
cause of cancer related deaths in United States. The five year survival rate of PC is almost
100% if diagnosed early. However the rate drops to ~30% if diagnosed late or once it has
metastasized to distant organs [1]. Localized primary PC is treated by prostatectomy or
radiotherapy, but often patients develop metastatic disease. PC progression is dependent on
androgen levels, therefore halting the androgen supply to the cancerous cells using anti-
androgen drugs (androgen deprivation therapy, ADT) has been the frontline option for
treatment of metastatic PC [2-4]. Though patients initially respond positively to ADT, in
almost all patients the tumor recurs. The recurrent tumor, clinically referred as androgen-
independent prostate cancer (AIPC), is aggressive and no longer responds to ADT. AIPC is
usually lethal, with an average life expectancy of less than 5 years [5, 6]. The molecular
basis for this progression from androgen sensitive to AIPC after treatment is one of the most
extensively studied areas in the field of PC. Several genes have been linked to the
progression of PC into AIPC, but the molecular mechanisms responsible for AIPC
progression are still poorly defined. High-throughput techniques have been used to discover
genes that are altered/mutated and differentially expressed between androgen sensitive and
androgen insensitive PC. However, differentiating gene mutations that actually drive AIPC
from bystander mutations is a major challenge [7, 8]. Identifying the driver genetic
mutations responsible for AIPC is critical for improving our ability to predict recurrence and
for developing new therapeutics to increase the life expectancy of PC patients [9].

Over the past few decades insertional mutagenesis screens have been used to discover cancer
related genes [10]. The majority of the previous insertional mutagenesis screens have used
either replicating retroviruses or transposons to induce mutation and cause cancer. These
mutagenic elements also function as molecular tags to identify the common insertions sites
(CISs) and genes nearby integration sites whose dysregulation might trigger cancer initiation
and progression. A major drawback of using replicating retroviruses or transposons is that
these mutagenic elements can replicate after integration resulting in multiple integrations
after the cells have progressed to a cancerous state [11]. Multiple late integrations make it
difficult to differentiate integrations actually involved in causing cancer (driver gene
mutation) from integrations that occur after cancer progression (passenger gene mutations).
By contrast replication-incompetent retroviruses do not replicate after integrating into the
genome and therefore do not introduce additional insertions. This reduces passenger
insertions. Recent studies have used replication incompetent retroviral vectors as mutagens
to identify driver genes involved in the initiation and progression of leukemia, liver, breast,
pancreatic and PC [7, 8, 12].

Here we report for the first time an insertional mutagenesis screen in an orthotopic xenograft
mouse model to identify genes involved in AIPC. In this approach, mutagenized-LNCaP
cells were directly injected into the prostate of male immunodeficient mice. After tumors
formed, mice were castrated to select for androgen independent tumors in vivo, modeling
what occurs in PC patients. This human xenograft PC orthotopic model has the advantage
that genes promoting AIPC in the prostate microenvironment can potentially be identified
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[13, 14]. We identified several interesting genes using this screen and established their
ability to predict recurrence after ADT.

MATERIALS AND METHODS

Cell line Culture, Vector Production, and Transduction

The androgen-dependent human prostate carcinoma cell line LNCaP-FGC (ATCC
CRL-1740) was transduced with LV vector LV-SFFVEGFP as previously described [7]. LV-
SFFVEGFP, contains self-inactivating long terminal repeats (LTRs) and a spleen focus
forming virus (SFFV) promoter driving enhanced green fluorescent protein (EGFP), and
WPRE (woodchuck hepatitis virus posttranscriptional regulatory element) (Figure 1A). It
also contains an R6Ky origin of replication and kanamycin resistance gene.

Orthotopic PC Mouse Model

All animal procedures were reviewed and approved by the Washington State University
Institutional Animal Care and Use Committee and institutional guidelines for the humane
use of animals in research were followed. Male 4-8 week old NSG mice were obtained from
the Jackson Laboratory (Bar Harbor, Maine). For orthotopic injection, mice were
anesthetized via isoflurane gas. A small incision of approximately 1 cm was made in the
lower abdomen through the skin and peritoneum to expose the prostate gland. 1x10% LV-
mutagenized LNCaP cells in 20 L RPMI 1640 plus 5% FBS plus 100 pL Matrigel (BD
Biosciences, Bedford, MA) were inoculated via orthotopic injection into the dorsal or
ventral prostate using a 27 gauge needle. Wound clips were placed over the incision to seal
the wound for recovery. Mice were initially monitored daily for 3 days following surgery,
and then every 3 days over the course of the experiment. Tumor growth was monitored and
measured by vernier calipers every 3 days. To provide an androgen-deficient environment
for the selection and growth of androgen-independent tumors, mice were castrated via the
scrotal approach. Following castration, tumor growth was monitored. Once primary tumors
reached sizes larger than their size prior to castration, tumor tissue was harvested. Genomic
DNA was obtained from tumor tissue using the Puregene Cell and Tissue Kit (Qiagen Inc.,
Valencia, CA).

MGS-PCR Sequencing and Identification of Integration Sites

Integration sites were identified using the deep sequencing technique known as modified
genomic sequencing (MGS)-PCR as previously described [15] except that a hydroshear
device (Digilab, Marlborough, MA) was used for DNA shearing. Primary tumors from two
castrated mice were collected and processed for MGS-PCR sequencing. Approximately one
to four million sequence reads were obtained per tumor. Forward and reverse sequence reads
were paired to extend sequence read lengths using PEAR sequencing pairing software [16].
VISA, vector integration site analysis server [17] (https://visa.pharmacy.wsu.edu/
bioinformatics/) was used to identify vector-chromosome junctions and determine
integration site locations within the human genome (hg38) as well as identify nearby genes
and promoters. Custom PERL programming was used to further identify the closest genes
with transcription start sites within 50 kbp of insertions. Only alignments that had a LTR-
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chromosome junction and met additional criteria as previously described [18] were
considered as provirus integration sites.

Candidate Gene Identification and Analysis

cDNA microarray datasets available in the Oncomine database (http://www.oncomine.com)
[19] were used to systematically assess the differential gene expression in normal versus PC
patients. We performed a meta-analysis of 16 datasets [20-35] to determine the expression
pattern of the genes identified in our screen. cBioportal of cancer genomics was used to
examine the genetic alteration of the candidate genes in PC patient samples [36, 37].To
investigate the clinical outcome and prognostic relevance of candidate genes we used the
online biomarker validation tool Survexpress (http://bioinformatica.mty.itesm.mx:8080/
Biomatec/SurvivaX.jsp) [38]. Seven PC datasets are available in SurvExpress and for our
analysis we only used the two datasets [20, 39] that contained all of our candidate gene
records and had data for recurrence after prostatectomy.

Doxycycline-induced shRNA lentiviral vector

LV plasmid expressing doxycycline-inducible shRNA sequence, pTRIPZ vectors, were
purchased from Dharamcon (Pittsburgh PA). pTRIPZ shRNA (pTsh)-LV vectors were
produced as described previously [7]. LNCaP cells were transduced with pTsh-LV vectors at
an MOI of 2.5 and were puromcyin (2 pg/ml) selected for 1-2 weeks. For shRNA induction,
the pTsh-LV vector transduced cells were cultured in media containing doxycycline (500 ng/
ml). While the pTsh-LV vector transduced LNCaP cells cultured in absence of doxycycline
was used control. Knockdown efficiency was confirmed by RT-PCR and western blot
analysis. Total RNA was isolated from pTsh-LV vector transduced cells cultured in presence
or absence of doxycycline using TRIzol reagent (Invitrogen, Carsbad, CA). cDNA synthesis
and RT-PCR analysis was performed as described previously [7]. Sequences of the primers
used in the current study are: GLYATL1: Forward primer (For) 5’-
GGCCTCAAAAGCAGGAGATG-3’, reverse primers (Rev) 5’-
AGCCACTCTTATCCCCTCACC-3’; FAM83H: For 5~GCTACAGCTTCATGTGGT
CCT-3’, Rev 5’- CATACGGAGCCAGGGCATAG-3’; STRA13: For 5’-
GGTCTTCGTTGTG GAAGCAGC-3’, Rev 5’-ATCAGAGGCCGCTGGAAACA-3’;
KDM2A: For 5’-GAAAGGTC TTCTGGCTCATCC-3’, Rev 5’-
TGAATCCAGCCTGAGGGAATG-3’, and GAPDH: For 5’-
GATTTGGTCGTATTGGGCGC-3’, rev 5’-AAATGAGCCCCAGCCTTCTC-3’. For
western blot analysis, total cell lysate was isolated from pTsh-LV vector transduced LNCaP
cells cultured in media with or without doxycycline for at least 72 hr. Thirty ug of total
protein was resolved on SDS-PAGE, transferred onto PVDF membrane and probed with
specific antibodies at a dilution of 1:1000. Blots were washed and incubated in species
specific secondary 1gG conjugated to HRP, developed using ECL western blot substrate
(Thermo Scientific, Rockford, IL) and imaged using ChemiDoc™ XRS (Bio-Rad, Hercules
CA). Antibodies used in the present study were: FAM83H (Novus Biologicals, Littleton,
CO), KDM2A, GLYATL1, pB-actin (Santa Cruz Biotechnology, Santa Cruz CA). All the HRP
conjugated secondary antibodies were purchased from Santa Cruz Biotechnology.
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Clonogenic assay

To determine the effect of the candidate gene knockdown on proliferation rate of LNCaP
cells an /n vitro clonogenic assay was performed [40]. Briefly, 2000 pTsh-LV vector
transduced LNCaP cells were plated in 6-well plate and cultured for 3 weeks in media with
or without doxycycline. Cells were fixed with methanol, stained with 0.1% crystal violet
solution, rinsed with water, air dried and number of colonies were counted.

Cell proliferation recovery assay

To investigate the effect of the candidate gene knockdown on proliferation of LNCaP cells in
androgen depleted media, we used proliferation recovery assay that was previously used to
demonstrate the association of genes with AIPC [41]. Briefly, we pre-cultured 2 x 10° pTsh-
LV vector transduced LNCaP cells in charcoal treated serum for eight days that induces a
proliferation arrest. After eight days, cells were counted and 10° cells were re-cultured in
complete media supplemented with or without doxycycline for another seven days allowing
the cells to recover from the proliferative arrest. Number of cells at the end point were
enumerated to determine the effect of candidate gene knockdown on the proliferation
recovery rate.

Statistical analysis

To confirm the effects of doxycycline-induced shRNA knockdown effect on the clonogenic
assay and proliferation recovery assay a student’s t-test was used. P-values <0.05 were
considered to be significant.

RESULTS

LV Mutagenized LNCaP Cells Induce Androgen Independent Orthotopic Tumors in Mice

We previously showed that we could identify novel AIPC genes in vitroand in subcutaneous
tumors using a replication-incompetent LV [7]. In this study we used LV to induce mutations
in LNCaP cells, an androgen dependent PC cell line, and investigate the genes associated
with androgen independent growth. LNCaP cells transform into androgen independent cells
(LNCaP-Al), potentially by acquiring genetic alterations (activation of oncogenes and
suppression of tumor suppressor genes) [42, 43]. Here we performed a screen to identify
AIPC genes using orthotopic PC tumors. LV-mutagenized LNCaP cells were injected into
NSG mice, forming tumors approximately 20 days post injection (Figure 1). Once the tumor
volumes reached 0.2 cm3, mice were surgically castrated. Post-castration the tumors
regressed, as measured by the tumor volumes (Figure 1B and 1C). As expected, after 3-4
weeks of initial regression the tumors re-grew in the castrated mice, modeling what occurs
in human PC patients treated with ADT. AIPC tumors that regrew in castrated mice were
collected for analysis of LV-vector integration sites and nearby candidate genes.

LV Proviral Integration Site Analysis and ldentification of Nearby Genes

Genomic DNA isolated from primary tumor samples were analyzed for provirus integration
sites using MGS-PCR [15]. Sequence reads were mapped to the human genome (hg38)
using the VISA bioinformatics server [17]. From over 4,657,000 total sequence reads, only
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459,979 sequence reads met our selection criteria [17, 18] and were considered as provirus
integration sites. A total of 394 unique proviral integration sites were recovered from the two
tumors. The unique integration sites were captured at varying frequencies ranging from one
to 78,139 times. To prioritize the integration sites, the top 20% of captured integration sites
from each tumor, comprising a total of 79 unique integration sites, were selected for
additional analysis. Genes near the provirus integrations were determined by two criteria: 1)
genes containing an integration and 2) the three closest genes with transcription start sites
within 50 kb of a provirus integration site.

Meta-analysis of Genes Near Vector Proviruses to Identify Candidate PC Genes

To identify which genes near vector proviruses are candidate AIPC genes, we explored their
expression in PC patient tumors using publically available microarray data (Oncomine) [19].
Oncomine comprises a collection of more than 16 gene-expression datasets related to PC
alone. To reduce the biases of an individual study/dataset, a meta-analysis of 16 different
datasets was performed to determine the differential expression pattern of the genes in
normal human prostate tissues and human PC tissues [20-35]. Only genes with p-values
<0.01 and gene rank less than 2000 were considered as candidate genes. Eight promising
candidate genes that were differentially expressed in PC patients were identified by meta-
analysis: GLYATL1, FLNA, STRA13, WHSC1, FAM38H, CLDN7, CNOT6 and B3GNT6
(Table 1 and supplementary figure 1). Genes GLYATL1, STRA13, WHSC1, FAM83H,
CLDNY7 and CNOT®6 were significantly overexpressed in PC tissues compared to normal
tissue, whereas FLNA and B3GNT6 were under expressed in PC tissue (Table 1).
Supplementary figure 2 shows the eight proviral integration sites mapped on the human
genome using the University of California, Santa Cruz (UCSC) genome browser [44].

Identification of CISs and Nearby Genes

In past insertional mutagenesis studies, identification of CISs has been the most common
method to identify loci or genes dysregulated by provirus integrations [10]. In order to
identify CISs, we analyzed the top 30% of captured unique integrations sites and looked for
integration sites that existed within a 100 kb window of one another. We identified three CIS
within chromosome 1, 11 and 22. In chromosome 1 two integration sites were observed in
the gene OBSCN, which are separated by ~30.3 kb (Table 2, Supplementary figure 3A). In
chromosome 11 proviruses integrated at three distinct sites within a window of 78.6 kb in
the gene KDM2A (Table 2, Supplementary figure 3B). In chromosome 22 proviruses were
observed in the ARFGAP3 gene twice within a window of 5.9 kb (Table 2, Supplementary
figure 3C). These CISs (within OBSCN, KDM2A and ARFGAP3 genes) had no other gene
transcription start sites within 50 kb of the CISs (Table 2). These three genes were included
in our list of candidate AIPC genes based on the presence of a CIS. Oncomine analysis
showed that KDM2A and OBSCN genes were under expressed, while ARFGAP3 gene was
overexpressed in PC patients samples compared to normal prostate tissues samples
(Supplementary figure 1).

Candidate Genes are Recurrently Altered in PC Patients

To investigate whether the candidate genes we identified are genetically altered in PC
patients, we examined distinct genetic alterations including mutations, copy number
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variations and mRNA expression levels in PC patients in the TCGA dataset (http://
cancergenome.nih.gov/) using tools available in cBioPortal of Cancer Genomics. We chose
the TCGA dataset because it has all three of these data types, and it has a large number of
patient tumors. This analysis showed that all 11 candidate genes had genetic alterations in
PC patients. Among the candidate genes, we observed that FAM83H gene was most
frequently altered. 39 out of 257 (15%) of PC patients showed genetic alteration in
FAMB83H, out of which 36 tumors had either copy humber gain (amplification) or mRNA
upregulation, while the remaining three tumors each had a copy number loss, missense
mutation or truncated mutation in FAM83H gene (Figure 2). For comparison, TCGA data
showed 21% and 31% of tumors have alterations in TP53 and PTEN, respectively. Analysis
of the TCGA dataset showed that 11-4% of prostate tumor samples had genetic alterations in
CLDN7, KDM2A, ARFGAP3, OBSCN, CNOT6, WHSC1, B3GNT9, FLNA, STRA13 and
GLYATLL, respectively (Figure 2). We also queried the occurrence of genetic alteration in
PC patients in five other datasets [20, 21, 45-47] available in cBioPortal. Alteration
frequencies of the candidate genes in six datasets is shown in supplementary figure 4. We
observed that FAM83H was recurrently altered in PC patients across all the six datasets
available in cBioPortal (Supplementary figure 4). OBSCN, CLDN7 and STRA13 were
frequently altered among PC patients in at least 4 datasets (Supplementary figure 4). In
summary we demonstrated that all 11 genes identified in our screen were recurrently altered
in PC patients, implicating these genes in PC progression.

Validation of the Candidate Genes

To confirm the implication of the novel candidate genes in PC progression, we selected four
top candidate genes (GLYATL1, FAM83H, STRA13 and KDM2A) identified in our
insertional mutagenesis screen and determined the effect of gene knockdown on clonogenic
ability and proliferation rate in androgen depleted conditions. RT-PCR analysis confirmed
efficient knockdown of KDM2A, FAM83H and GLYATL1 mRNA levels in the doxycycline
induced pTsh-LV vector transduced LNCaP cells compared to respective control cells
(Supplementary Figure 5). Whereas, STRA13 pTsh-LV vectors tested in the present study
had no effect on STRA13 mRNA levels. Further, western blot analysis confirmed that
doxycycline induction reduced KDM2A, FAM83H and GLYATL1 protein levels in pTsh-LV
vector transduced LNCaP cells compared to respective control cells (Figure 3 A-C).

In vitro clonogenic assay is a widely used technique to determine the survival and
proliferative ability of the cells, including cancer and cancer-stem cells [48]. Indefinite
proliferative ability of the single cells to grow into a colony is a characteristic biological
property of cancer cells including cancer-stem cells. Fedr et al, [48] demonstrated the ability
of the clonogenic assay in characterizing different phenotype and biological properties of
stem cells and cancer stem cells. Our clonogenic assay indicated that suppression of
KDM2A, FAM83H and GLYATL1 significantly inhibited the colony forming ability of the
LNCaP cells (Figure 3D). We observed that knockdown of KDM2A, FAM83H and
GLYATL1 showed reduced number of colonies by 53%, 62% and 37%, respectively when
compared to the respective control cells. As expected, STRA13 pTsh-LV vector transduced
LNCaP cells cultured in presence or absence of doxycycline showed no effect on the colony
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numbers (Figure 3D). This result confirm that the candidate gene identified in our insertional
mutagenesis screen could significantly effect proliferation and survival of LNCaP cells.

One of the key step involved in AIPC progression is the recovery of the androgen sensitive
cells from the adverse effects induced by androgen depletion, including proliferative arrest
[49]. In order to investigate the association of the candidate genes with AIPC progression,
we used proliferation recovery assay described by Barakat et al, [41]. We observed that
KDMZ2A knockdown has significantly reduced the ability of LNCaP cells to recover from
proliferation arrest induced by pre-culturing the cells in androgen depletion conditions.
While FAM83H and GLYATL1 knockdown had no effect on the recovery rate of the LNCaP
cells. Collectively these results indicate that KDM2A, FAM83H and GLYATL1 could
promote proliferation of LNCaP cells, but KDM2A might have an impact on progression of
androgen dependent PC to AIPC.

Candidate Genes Predicted the Recurrence Risk of PC patients After Treatment

Prostate serum antigen (PSA) is the most widely used biomarker for screening, diagnosis
and prognostication of PC. However, lack of sensitivity and specificity of PSA results in
over-diagnosis and overtreatment in a large number of PC patients [50]. Given the
heterogeneous nature of PC, a single biomarker cannot provide accurate diagnosis and
prediction information among diverse PC patients. Therefore much research now is focused
on identify new biomarkers that could discriminate various forms of disease, indolent from
aggressive, and set the clinical parameter for treatment. With “-omics” technologies several
novel clinical markers for PC diagnosis and prognosis have been discovered [50]. Thus we
investigated the prognostic value of the candidate genes in predicting clinical outcome of PC
patients using SurvExpress [38]. Based on the differential expression of gene(s) in PC
patients, the tool stratifies the patient samples into low and high risk groups and derives
Kaplan-Meier curves defining the specified risk of the patients. Out of 7 published PC
datasets, 2 contained records of all 11 candidate genes and had expression data from
recurrent tumors following radical prostatectomy [20, 39]. The dataset generated by Taylor
et al. [20] had the largest number of patient tumor samples (140) and was thus used to
determine the prognostic value of the candidate genes in predicting recurrence risk in cancer
patients after prostatectomy. To identify gene sets that would efficiently predict clinical
outcome we analyzed prognostic values for each gene independently as well as 2-gene, 3-
gene and 4-gene combinations. The combination of OBSCN, FAM83H, CLDN7 and
ARFGAP3 was the most promising combination that predicted the recurrence risk of PC
patient after treatment with statistically significant values: p-value=5.3 x 10, concordance
index=74.37 and risk hazard ratio=6.12 (Figure 4 and Table 3). Several other gene
combination, especially the ones with CLDN7 and ARFGAP3 genes, significantly predicted
the clinical outcome of PC patients (Supplementary table 1). Moreover, the best 4-gene
combination (OBSCN, FAM83H, CLDN7 and ARFGAP3) was able to stratify the cohorts
available in the second database [39] and significantly predicted the clinical outcome of PC
patients, p=0.006281 (Supplementary figure 5). Overall we were able to demonstrate that the
candidate genes identified in our screen are of prognostic value that can predict the
recurrence risk of PC patients.
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DISCUSSION

Insertional mutagenesis screens are valuable tools for discovering novel genes associated
with cancer [51]. Here for the first time, we have performed a LV-mediated insertional
mutagenesis screen in an orthotopic mouse model to discover genes associated with PC.
Injection of LV-mutagenized LNCaP cells into the mouse prostate efficiently developed
tumors in mouse prostates approximately 3 weeks after injections and these tumors
regressed after castration. Similar to PC progression post ADT in cancer patients [2, 4, 52]
we observed that tumors reemerged in the castrated mice. Re-emergence of AIPC from
androgen responsive PC has been implicated due to various mechanism, including acquiring
genetic alteration that support progression of AIPC [5]. We reasoned that tumors that
develop in castrated mice have a selective advantage to proliferate in an androgen deficient
environment. We hypothesize that these tumors gain this advantage due to provirus
integrations dysregulating nearby genes, thereby triggering AIPC. Analyzing the proviral
integration sites, we identified 11 promising candidate genes. Three of the candidate genes
were identified in/near CISs and another eight candidate genes were identified by
performing meta-analysis of all genes in/near the 79 tumor unique integrations sites from
androgen independent primary tumor samples. Meta-analysis enabled us to prioritize the
candidate genes that are differentially expressed in human PC samples. In addition to
differentially expression, cancer-associated genes are mostly known to be genetically altered
in cancer patients. It has been shown that PC progression is most often the result of
chromosomal rearrangements and gene mutations [53]. The loss/mutations of TP53 and
PTEN are common genetic alterations found in AIPC [54, 55]. In addition to PTEN and
TP53, several other genetic alterations were reported to be important for AIPC emergence
[53]. Our analysis demonstrated that at least four of our candidate genes (FAM83H,
OBSCN, CLDNY7 and STRA13) were recurrently altered in PC patients (Supplementary
figure 2), suggesting that dysregulation of these candidate genes might have triggered AIPC
in our screen.

The candidate genes identified in our screen had various functions: cytoskeleton
organization (FLNA, CLD7, FAM83H and OBSCN), epigenetic regulation (WSHC1,
KDM2A), protein glycosylation (B3GNT9, GLYATL1), DNA damage repair (STRA13),
protein transport (ARFGAP3) and RNA regulation (CNOT®6) (Supplementary table 2). Of
the 11 candidate genes, only ARFGAP3, CLDN7, FLNA and WHSC1 were previously
shown to be involved with PC progression. Whereas, OBSCN, KDM2A, FAM83H,
GLYATL1 and STRA13 genes were associated with other cancer types. B3GNT9 and
CNOT6 genes are novel candidate genes which to our knowledge have not been previously
linked to any cancer. B3GNT9 gene encodes a protein with galactosyltransferase activity.
CNOT6 encodes the catalytic component of the CCR4-NOT core transcriptional regulation
complex, which has a 3’-5" RNase activity and play a role in miRNA-mediated repression,
MRNA degradation, and transcriptional regulation.

Of the genes which were previously implicated with PC, ARFGAP3 was reported as a novel
androgen-regulated gene that promotes PC cell proliferation and migration [56]. Using a
reporter gene assay, the authors showed that ARFGAP3 enhanced androgen receptor-
mediated transactivation activity of PSA in LNCaP cells [56]. FLNA, actin-binding protein
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that links actin with membrane glycoproteins, was previously reported to correlate with
proliferation and invasive properties of several human cancers including melanoma [57],
renal [58], breast [59], lung [60], leukemia [61], gastric [62] and PC [63]. Castoria et al.
(2011) and Giovannelli et al. (2014) demonstrated that FLNA/androgen receptor complex
activates signaling associated with cell migration and motility in PC [64, 65]. Moreover,
nuclear localization of FLNA was reported to enhance androgen responsiveness of PC [66].
WHSC1, a chromatin binding protein with histone-lysine N-methyltransferase activity, was
reported to epigenetically regulate the expression of TWIST and other metastatic-related
genes to promote progression of prostate [67] and lung cancers [68]. Recently, WHSC1 was
reported to promote squamous cell carcinoma of the head and neck via regulating NIMA-
related kinase-7 activity through H3K36me2 mediated regulation [69]. CLDN7, a membrane
protein and component of tight junctions, was reported to be differentially expressed in
several cancers [70]. CLDN7 was shown to regulate prostate specific antigen (PSA)
expression in LNCaP cells [71, 72]. Identifying these four genes (ARFGAP3, CLDN?7,
FLNA and WHSC1) which were previously implicated with PC establishes the ability of our
insertional mutagenesis approach to discover PC-associated genes.

FAMB83H, the candidate gene most recurrently altered in PC, was reported to associate with
casein kinasela to regulate keratin cytoskeleton rearrangement and contribute to
progression of colorectal cancer [73]. GLYATL1 encodes glycine N-acyltransferase likel
protein and is reported to play a role in carcinogenesis in liver cancer [74]. STRA13 isa
double-strand DNA binding protein that interacts with Fanconi anemia (FA) nuclear core
complex which regulates DNA damage response and repair and genome maintenance [29,
75]. OBSCN is highly mutated in various cancers including breast [76] and colorectal
cancers [77]. Loss of OBSCN was reported to disrupt cell-cell contact and enhance
mesenchymal transitions in breast carcinoma [76]. KDMZ2A binds to CpG islands and
demethylates histone residues in H3K36 protein, highlighting its role in heterochromatin
modulations and gene regulation by epigenetic modifications. KDM2A expression was
reported to promote cell growth and migration in gastric cancer [78] and activate ERK1/2
signaling promoting lung tumorigenesis and metastasis [79]. Frescas et al. (2008) reported
low levels of KDM2A in PC tissues using Oncomine. Low levels of KDM2A were
suggested to contribute in centromeric rearrangements and mitotic aberration that play a
crucial role in PC progression [80]. The above described function of KDM2A combined
with our observations showing the enrichment of clones with CISs targeting KDM2A gene,
suggests that dysregulation of KDM2A might have played a crucial role in progression of
PC in an androgen deficient environment.

We wanted to determine the direct implications of the candidate genes on Al growth. For
this, four genes, which include three top candidate genes (GLYATL1, STRA13, FAM83H)
and a gene that had CISs (KDM2A) were selected for validation. An additional criteria was
that these genes were not been previously implicated with PC progression. First an /n vitro
clonogenic assay was performed to determine the effect on proliferation of LNCaP and next
investigated the implications gene knockdown on AIPC progression. Significant reduction in
the clonogenic ability of the LNCaP cells by knocking down KDM2A, FAM83H and
GLYATL1 suggest that these three genes might be associated in promoting proliferation of
LNCaP cells. We were the first to show that KDM2A, FAM83H and GLYATL1 knockdown
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reduces proliferation rate of PC cells. Further, in the proliferation recovery assay it was
KDMZ2A gene knockdown that had a significant effect on recovery, indicating that KDM2A
might play a role in recovering of PC cells from the proliferative arrest induced by
castration. Interestingly, our proviral integration site analysis revealed CISs in the KDM2A
gene and each of these integration site was recovered at a high frequency (See Table 2).
These results suggest that the clones with a dysregulation of KDM2A gene by the proviral
integration might had a growth advantage and were enriched in the castrated mice.
Previously KDM2A was reported to be upregulated in gastric and lung cancers, and the
knockdown of KDM2A was shown to suppress tumorigenicity and invasion of gastric cancer
[78] and non-small cell lung cancer cells [79]. Though FAM83H and GLYATL1 had not
shown any effect in the proliferative recovery assay, implication of these gene in AIPC
progression needs further investigations. Migration and invasion studies could shed some
more light regarding the association of the candidate genes in AIPC progression.

In addition to identifying genes related to PC progression, our study identified that these
candidate genes were prognostic for recurrence risk in PC patients after treatment. The
dataset we used for our prognostication studies [20] measured recurrence risk based on PSA
levels. Two of our candidate genes, ARFGAP3 and CLDN7, were previously shown to
regulate PSA in PC cells [71, 72]. This could be the reason why the prognostic value of
combinations comprising these two genes showed a highly predictive ability to predict the
clinical outcome of PC patients (see table 3; 8 out of the top 10 combinations uses
ARFGAP3 and CLDNY7). As expected using multiple biomarkers improved the predictive
accuracy of PC over the use a single biomarker.

Taken together our studies identified novel genes which are differentially expressed and
recurrently altered in PC samples. However these genes need further study to confirm their
involved in AIPC. Importantly, the candidate genes identified in our screen predicted the
recurrence risk in PC patients after prostatectomy, suggesting genetic testing of these
candidate genes might predict recurrence risk in the patients. Moreover, our validation
demonstrated that suppression of KDM2A could potential block the emergence of AIPC
cells following ADT, which might be used as a potential therapeutic target in AIPC. Further,
future studies on these genes might be explored to determine if they can be used to predict
the therapeutic options to have the best clinical outcome.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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LV-insertional mutagenesis screen to identify genes involved in AIPC using a orthotopic
mouse model. A) Schematic representation of the lentiviral vector (LV) used to mutagenize

LNCaP cells. SFFV: spleen focus forming virus promoter, EGFP: enhanced green
fluorescent protein, WPRE: woodchuck hepatitis virus posttranscriptional regulatory
element. LTR: long terminal repeats. B) Orthotopic model showing 1) injection of LV-
mutagenized LNCaP cells into the prostate gland of a male NSG mouse, 2) tumor

development, 3) surgical castration, 4) regression of tumor and 5) re-growth of androgen-
independent tumor. C) /n vitro tumor growth: Tumor volumes at various time points before
and after castration in mice injected with L\-mutagenized LNCaP cells were plotted. Dotted

line indicates the castration time.
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cBioportal data showing distinct genetic alteration in candidate genes in 257 PC patients
using data from TCGA dataset. Genetic alteration of TP53 and PTEN (boxed), were
included as the most frequently altered genes in PC patients. Each patient sample is
represented by a bar and each color indicates specific genetic alteration, as shown below the
figure. Only patients with alterations were shown (from 257 samples). The frequency of

gene alteration is represented in percentage.
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Figure 3. Validation of selected candidate genes using clonogenic assay and proliferation assay
LNCaP cells were transduced with pTRIPZ LV vector expressing inducible sShRNA

sequences (pTsh-LV vector) targeting the candidate gene. Gene knockdown was confirmed
by western blot analysis of the total cell lysate isolated from transduced LNCaP cells
cultured with and without doxycycline for at least 72 hr and immune-probed specifically for
A) KDM2A, B) FAM83H and C) GLYATL1. All the blots were stripped and re-probed for
B-actin as an internal protein control. D) /n vitro clonogenic assay showing the effect of
knocking down KDM2A, FAM83H and GLYATL1 on LNCaP cells. Number of colonies in
doxycycline treated and untreated LNCaP cells were counted and represented graphically.
Open (white) and closed (black) columns represent pTsh-LV vector transduced cells cultured
in absence and presence of doxycycline, respectively. Error bars in each column indicates
the SD from triplicates, * p value is <0.01 and ** p value is less than <0.05. E) Proliferation
recovery rate of pTsh-LV vector transduced was determined to associate the candidate gene
with AIPC. LNCaP cells were pre-cultured in charcoal treated serum for 8 days and counted
and re-seeded 10° cells in complete media. After 7 days the cells were counted to determine
the proliferative ability of cells. Open (white) and closed (black) columns represent cells
cultured in absence and presence of doxycycline, respectively. Error bars in each column
indicates the SD from triplicates, * p value is <0.05.
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Figure 4.
Kaplan-Meier curves showing the ability of the candidate genes to predict the recurrence

risk in PC patients. The combination of OBSCN, FAM83H, CLDN7 and ARFGAP3 genes
stratified the cohorts into high risk (red) and low risk (green) groups based on the expression
levels of candidate genes. The combination of four genes showed a high ability to predict the
recurrence risk in the PC cancer patients treated by prostatectomy (p-value=5.3x109).
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Relative ability of the candidate genes to predict the recurrence risk in PC patients. All 11 candidate genes and
combinations of at least four-candidate genes were analyzed for their prognostic significance in predicting

clinical outcome in PC patients. Only top 10 combinations were represented in this table.

Gene combinations p-Value Concordancelndex Risk groupshazard ratio
OBSCN + FAM83H + CLDN7 + ARFGAP3  0.00005302 74.37 6.12
OBSCN + CLDN7 + B3GNT9 + ARFGAP3  0.00007988 75.14 5.3
WHSC1 + CLDN7 + KDM2A + ARFGAP3  0.00008705 74.51 5.24
OBSCN + CLDN7 + ARFGAP3 0.000101 74.78 5.16
OBSCN + CLDN7 + CNOT6 + ARFGAP3 0.000101 74.81 5.16
CLDN7 + ARFGAP3 0.0001031 74.05 5.16
FLNA + FAM83H + CLDN7 + CNOT6 0.0001047 74.92 4.57
CLDN7 + CNOT6 + ARFGAP3 0.0001238 74.56 5.06
FAMB83H + CLDN7 + CNOT6 + ARFGAP3  0.0001238 74.43 5.06
FAM83H + CLDN7 0.00013 71.05 4.63

Concordance index: Indicator whether subjects with higher risk prediction will experience the event after subjects of lower risk.

Risk groups hazard ratio: Used to interpret the chance of an event occurring in the higher-risk population divided by the chance of an event

occurring in the lower-risk population.

Mol Carcinog. Author manuscript; available in PMC 2017 April 17.



	Abstract
	INTRODUCTION
	MATERIALS AND METHODS
	Cell line Culture, Vector Production, and Transduction
	Orthotopic PC Mouse Model
	MGS-PCR Sequencing and Identification of Integration Sites
	Candidate Gene Identification and Analysis
	Doxycycline-induced shRNA lentiviral vector
	Clonogenic assay
	Cell proliferation recovery assay
	Statistical analysis

	RESULTS
	LV Mutagenized LNCaP Cells Induce Androgen Independent Orthotopic Tumors in Mice
	LV Proviral Integration Site Analysis and Identification of Nearby Genes
	Meta-analysis of Genes Near Vector Proviruses to Identify Candidate PC Genes
	Identification of CISs and Nearby Genes
	Candidate Genes are Recurrently Altered in PC Patients
	Validation of the Candidate Genes
	Candidate Genes Predicted the Recurrence Risk of PC patients After Treatment

	DISCUSSION
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Table 1
	Table 2
	Table 3

