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ABSTRACT

Collagen prolyl hydroxylases (C-P4HAs) are a family of enzymes involved
in collagen biogenesis. One of the isoforms of P4HA, Prolyl 4-hydroxylase, alpha
polypeptide I (P4HA1), catalyzes the formation of 4-hydroxyproline that is essential
for the proper three-dimensional folding of newly synthesized procollagen chains.
Here, we show the overexpression of P4HA1l in aggressive prostate cancer.
Immunohistochemical analysis using tissue microarray demonstrated that P4HA1
expression was correlated with prostate cancer progression. Using in vitro studies,
we showed that P4HA1 plays a critical role in prostate cancer cell growth and tumor
progression. Expression profiling studies using P4AHA1-modulated prostate cells
suggested regulation of Matrix metalloprotease 1. The invasive properties of P4HA1
overexpressing cells were reversed by blocking MMP1. Our studies indicate P4HA1
copy number gain in a subset of metastatic prostate tumors and its expression is also
regulated by microRNA-124, MiR-124 in turn is negatively regulated by transcriptional
repressors EZH2 and CtBP1, both of which are overexpressed in aggressive
prostate cancer. Chick chorioallantoic membrane (CAM) assay and mice xenograft
investigations show that P4HA1 is required for tumor growth and metastasis in
vivo. Our observations suggest that P4HA1 plays a critical role in prostate cancer
progression and could serve as a viable therapeutic target.

INTRODUCTION

Prostate cancer is the most common malignancy
and the second most common cause of cancer death
among men in the United States [1]. While multiple
molecular events characterize prostate cancer initiation,

growth, invasion, and metastasis, the exact mechanism
of tumorigenesis remains unclear. Thus, identification
of oncogenic drivers and potential therapeutic targets is
critical for both early diagnosis and effective treatment.
Gene expression profiling studies and high throughput
transcriptome sequence analyses have revealed tumor-
specific gene signatures and multiple oncogenic drivers [2-
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10]. In this study, we characterized prolyl 4-hydroxylase,
alpha polypeptide I (P4HA1) as overexpressed specifically
in aggressive prostate cancer. PAHA1 is a key enzyme
in collagen biogenesis. The proper triple helical
collagen formation involves extensive post-translational
modifications including hydroxylation of prolyl and
lysyl residues [11, 12]. PAHAL1 catalyzes the formation
of 4-hydroxyproline that is essential for the proper three-
dimensional folding of newly synthesized procollagen
chains.

Hypoxia, an essential feature of the neoplastic
microenvironment, is known to play a critical role in
regulating collagen biosynthesis and regulating P4HAs.
Hypoxia also induces hypoxia-stabilized HIF 1o (Hypoxia
inducible factor-1a) protein that promotes tumor growth,
angiogenesis, and metastasis [13]. In hypoxic fibroblasts
HIF-1 induces extracellular matrix (ECM) remodeling
by activating expression of PAHA1, PAHA2 and PLOD2
leading to changes in cancer cell morphology, adhesion
and motility that promote invasion and metastasis [14].
Prolyl 4-hydroxylases are shown to play a role in breast
cancer metastasis and serve as prognostic marker [15].

In this study, we present evidence suggesting that
overexpression of PAHA1 plays critical role in prostate
cancer progression. In a subset of prostate cancer we
found copy number gain of P4AHA1. Our knockdown
studies demonstrated that PAHA1 expression is required
for prostate cancer cell proliferation and invasion. In
addition, we showed that P4HA is a miR-124 target gene.
MiR-124 in turn is regulated by transcriptional repressor
Enhancer of Zeste Homolog 2 (Drosophila) EZH2 and
transcriptional co-repressor C-terminal binding protein
1 (CtBP1), genes that are overexpressed in aggressive
prostate cancer [7, 16]. Furthermore, mouse xenograft
studies demonstrated a role for PAHA1 in tumor growth
in vivo. We also observed altered expression of Matrix
metalloproteases (MMP1 and MMP2) and Fibronectin
leucine rich transmembrane protein 3 (FLRT3) upon
P4HA1 perturbation in cancer cells. With multiple MMP1
inhibitors in clinical trials, MMP1 could potentially
serve as a surrogate target and benefit the prostate cancer
patients that overexpress PAHA1. Our studies provide
a rationale for targeting PAHA1 in aggressive prostate
cancer.

RESULTS

Prolyl hydroxylase P4HA1 is overexpressed in
aggressive prostate cancer and predicts disease
progression

Gene expression profiling studies and transcriptome
sequence analysis showed up-regulation of PAHA1 in
metastatic prostate cancer (Figure 1A) [17-19]. In order to

validate this observation, we performed real-time qPCR
using RNA from multiple prostate cancer and benign
tissue samples. Real-time qPCR analysis confirmed the
overexpression of P4HAI in metastatic prostate cancer
tissues relative to benign prostate samples (Figure 1B) as
did immunoblot analysis using P4HA 1-specific antibody
(Figure 1C). We conducted Oncomine Platform (Life
Technologies, Ann Arbor, MI) database analyses on
publicly available microarray datasets and found that
P4HAI is over-expressed in prostate adenocarcinoma
(Supplementary Fig. S1A; p=8.57E-4) and metastatic
samples (Supplementary Fig. S1B; p=2.22E-7) compared
with normal tissues [20, 21]. Similarly, elevated levels of
P4HA1 protein was observed in metastatic prostate cancer
cell lines relative to benign cell lines (Supplementary
Fig. S1C). However, P4HA2 mRNA expression levels
were relatively lower than P4HA 1 in malignant prostate
cancer tissues and cell lines (Supplementary Fig. S1D,
E). Moreover, no appreciable difference was observed
in P4HA2 levels between benign and metastatic
tissues and cell lines (Supplementary Fig. S1D, E),
suggesting non-overlapping functions between the two
isoforms. We investigated the expression of P4HAI
protein in large number of prostate cancer samples by
immunohistochemical (IHC) analysis that showed weak
or no reactivity in benign tissues but strong staining in
the aggressive prostate cancer tissue and metastatic
prostate tumors (Figure 1D). Statistical analysis of the
tissue microarray IHC analysis suggested a significant
progressive increase in P4AHA1 expression with disease
progression (p=0.001) (Figure 1E). Fluorescence in situ
hybridization using P4HAI locus specific FISH probe
revealed copy number gain in aggressive prostate cancer
cell line PC3 (Figure 1F). Similarly, a small subset of
metastatic prostate cancer tissues were found to have copy
number gains of P4HAI (Figure 1G, right panel).

P4HA1 plays an essential role in prostate cancer
cell proliferation and invasion

To determine the functional significance of
P4HAT1 overexpression in prostate cancer we perturbed
P4HAT levels in prostate cells and tested them in cell
proliferation, migration and invasion assays. We utilized
both transient RNA interference and stable knockdown
strategies targeting PAHA1 in aggressive prostate cancer
cell lines, DU145 and PC3. The efficiency of PAHAI
knockdowns were confirmed by immunoblot (Figure 2A,
B; Supplementary Fig. S2A) and qPCR (Supplementary
Fig. S2B; Supplementary Fig. S3) analyses. We observed
significant decrease in cell proliferation upon transient or
stable knockdown of PAHA1 compared to control cells
transfected with non-targeting si/sh RNAs (Figure 2A,
B; Supplementary Fig. S2C, D, respectively). Next, we
tested cell motility after stable PAHA1 knockdown in
prostate cancer cells using wound healing assay. PAHA 1
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knockdown showed a wider wound area 24 hours post-
wound generation relative to control cells, the delayed
time to heal indicating an inability of PAHA1 knockdown
cells to migrate (Supplementary Fig. S2E, F). Additionally,
P4HA1 knockdown in DU145 and PC3 reduced the
invasive potential of these cells as assessed by Boyden
chamber matrigel invasion assay (Figure 2C, D). Together,
these observations demonstrate the involvement of PAHA1
in the proliferation, migration and invasion of prostate
cancer cells in vitro.
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MicroRNA miR-124 targets P4HA1 and is down
regulated in prostate cancer

Several miRNAs (miRs) act as tumor suppressors by
targeting multiple oncogenes leading to their repression.
In order to determine if PAHAT1 is subject to regulation
by miRs in prostate cancer, we utilized microRNA
target prediction software programs TargetScan [22],
miRanda [23] and miRSearch V3.0 [24]. After integrating
the results, we identified 3 common miRs that could
potentially target PAHA1, namely miR-122, 124 and 499a
(Figure 3A). Since miR-124 had earlier been implicated
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Figure 1: Collagen prolyl hydroxylase P4HA1 is overexpressed in prostate cancer and is associated with disease
progression. A, P4HAI gene expression from NGS data and B, quantitative real-time PCR of RNA from benign, prostate carcinoma
(PCa) and metastatic prostate cancer (MET) tissues. C, PAHA1 protein expression by immunoblot analysis of prostate tissue extracts
using PAHA1 antibody. B-actin was used as a loading control. D, Immunohistochemical analysis of PAHA1 in benign prostate epithelia
(left), primary PCa (center) and metastatic PCa (right). E, PAHA1 staining intensity product scores for benign, primary prostate cancer and
metastatic prostate cancer. A progression box plot representing the mean + SEM values of PAHA1 protein expression in the tissue microarray
for each of the indicated groups. PAHA1 expression progressively increases with the severity of the disease (p=0.001). F, Fluorescent in situ
hybridization (FISH) using P4HA1 locus specific probe in PC3 cells showing 5-10 copies of P4HA1 on the isochromosome 10q. G, FISH
analysis showing 4-5 copies of P4HAI (green) in a metastatic prostate cancer sample (right) compared to a normal prostate sample with
two copies of P4HA1 and control probe (red, left). See also Supplementary Figure S1.
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as tumor-suppressor, we sought to determine its role
in PAHAT regulation by 3’-UTR luciferase assay. The
binding site for miR-124 at 3’-UTR of P4HA1 is depicted
(Figure 3B). HEK-293 cells co-transfected with miR-124
and pMir-REPORT-P4HA1 3’-UTR plasmids showed
substantial reduction in luciferase reporter activity
compared to non-targeting control miR (Figure 3C).
This effect is reversed by mutating miR-124 target site
(Supplementary Fig. S4A, B; Figure 3C). These results
indicate that PAHA1 is a direct target of miR-124.

Next, to determine whether miR-124 represses
P4HA1 expression, we treated prostate cancer cells with
precursor miRs, miR-124 as well as other miRs such as
miR-23a, 23b, 29a, 29b, 29c¢, 122, and 499a and measured
P4HAI1 protein levels. As shown in Figure 3D, miR-
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124-treated cell showed significant reduction in PAHA1
protein level, while the control miR precursors did not
alter the P4HAT1 expression. qPCR analysis in prostate
cancer cell lines showed that benign prostate epithelial
cell line PrEC expressed greater amounts of miR-124 and
lower PAHA1 levels in contrast to aggressive prostate
cancer cell lines DU145 and PC3 that express lower
miR-124 and higher P4HA1 levels (Supplementary Fig.
S4C). Consistent with the results from cancer cell lines,
metastatic prostate cancer tissue samples also expressed
low miR-124 and high P4HA1 mRNA compared to benign
samples (Supplementary Fig. S4D). Based on these results
we hypothesized that miR-124 acts as tumor suppressor
in prostate cancer. We next examined the functional role
of miR-124 using DU145 and PC3 cancer cells that were
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Figure 2: P4HAL is essential for prostate cancer cell proliferation and invasion. A and B, Transient knockdown of P4HAT in
prostate cancer cell lines reduces prostate cancer cell proliferation. Immunoblot analysis of protein using lysates from aggressive prostate
cancer cell lines DU145 and PC3 treated with two specific and independent PAHA 1 siRNA duplexes. B-actin was used as a loading control.
Cell proliferation assay of DU145 and PC3 cells transfected with either PAHA1 siRNA duplex or non-targeting siRNA (Non-T siRNA)
control. C and D, Knockdown of PAHA1 reduces DU 145 and PC3 cell invasion. Boyden chamber matrigel invasion assay of DU145 or PC3
cells where PAHA1 was transiently knocked down using two independent PAHA1 siRNA duplexes. Non-T siRNA treated cells served as
control. Invaded cells were stained with crystal violet and the absorbance was measured at 560 nm. All bar graphs are shown with = SEM.

See also Supplementary Figures S2 and S3.
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transiently transfected with miR-124 precursor. MiR124
expression dramatically inhibited proliferation of DU145
and PC3 cells compared to control non-targeting miR
(Figure 3E; Supplementary Fig. S4E). Similarly, we
observed decrease in cell proliferation in androgen-
dependent LnCaP cells, suggesting a broad role for miR-
124 and its target PAHA1 in both castration-resistant and
hormone-sensitive prostate cancer cells (Supplementary
Fig. S4F). Furthermore, ectopic over-expression of miR-
124 in DU145 (Figure 3F) and PC3 cells (Supplementary
Fig. S4G) significantly reduced the ability of these cells to
invade through matrigel compared to the cells expressing
control non-targeting miR. Our data suggest that miR-
124 targets PAHAT1 and acts as tumor suppressor miR in
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Hypoxia inducible factor HIF1a regulates PAHA1
by regulating miR-124

To identify upstream regulators of P4HAI,
we analyzed the P4HAI promoter sequences using
Genomatix Matlnspector and found several transcription
factor binding sites including HIFla that is known to
transactivate PAHA1 [14, 25]. P4HA 1 promoter sequence
contains multiple HIFla binding hypoxia-response
elements (HRE) “C(G/A)(T/G)G” sites. In addition
to inducing protein coding gene expression, hypoxia
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Figure 3: miR-124 targets and down-regulates PAHA1. A, Integrated prediction algorithms displayed as a Venn diagram showing
miRNAs computationally predicted to target PAHA1 including miR-124. B, The predicted miR-124 binding sites in the 3’-UTRs of PAHAT.
C, Luciferase reporter assay of PAHA-3’-UTR. HEK-293 cells were transfected either with pre-miR-124 or non-targeting pre-miR (NT-
pre-miR) along with either PAHA1-3’UTR wild-type, mutant-1 or mutant-2 luciferase constructs. pRL-TK vector was used as an internal
control. D, Immunoblot analysis showing PAHA1 protein expression in DU145 and PC3 cells treated with a panel of miRNAs. E, miR-124
reduces prostate cancer cell proliferation. Cell proliferation was measured in DU145 cells ectopically over-expressing either pre-miR-124
or NT-pre-miR. F, Pre-miR-124-treated DU145 cells showed reduced invasion as assessed by Boyden chamber matrigel invasion assay.
Invaded cells were stained with crystal violet and the absorbance was measured at 560 nm. All bar graphs are shown with + SEM. See also

Supplementary Figure S4.
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is known to modulate expression of several miRNAs
[26-29]. Here we investigated the effect of HIFla on
P4HA1 and miR-124 expression. In addition, Genomatix
Matlnspector analysis showed that transcriptional
repressor EZH2 and co-repressor CtBP1, both of which
are overexpressed in prostate cancer, contain HIFla
binding sites at their promoters. Thus, we also investigated
the role of HIFla in regulating these transcriptional
repressors. We performed knockdown of HIF1a in DU145
and PC3 cells and treated these cells with CoCl, to induce

A

hypoxic conditions and performed immunoblot analysis.
Knockdown of HIFla significantly reduced PAHA1 and
CtBP1 and moderately EZH2 protein levels, indicating
HIFla role in transactivation of these genes (Figure 4A).
Moreover, miR-124 levels were increased in these samples
as assessed by qPCR (Figure 4B, C). To further investigate
the HIF1a-P4HA1 axis, we incubated benign prostate
RWPE cells under hypoxic conditions in the presence
of CoCl, a chemical inhibitor of HIFla degradation that
leads to HIF 1o protein accumulation [30]. As expected,
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Figure 4: HIF1a modulates PAHA1 expression by down-regulating miR-124. A, Immunoblot analysis of HIFla -DU145
and -PC3 knockdown lysates under normoxia or in the presence of the hypoxia-mimetic agent CoCl,. HIFla knockdown significantly
reduced PAHAT1, CtBP1 and EZH2. B-actin was used as a loading control and * denotes an additional band detected by the antibody. B and
C, qPCR analysis of miR-124 in HIF 1a-stable knockdown DU145 and PC3 cells. D, Benign prostate cancer cell line RWPE was treated
with indicated concentrations of CoCl, for 12 h and HIFla, CtBP1, EZH2 and P4HAI protein levels were measured by immunoblot
analysis. E, Immunoblot analysis of HIFla and PAHA1 in CoCl,-treated normal prostate cell line PrEC. F, miR-124 is down-regulated
under hypoxia-mimicking conditions. qPCR analysis of miR-124 in samples from (E); ns, not significant. G, Conventional Chromatin
immunoprecipitation (ChIP)-PCR analysis for the HIF1a occupancy on miR-124-1 promoter in PC3 cells following induction with 100 uM

CoCl, for 12 h. All bar graphs are shown with = SEM. See also

Supplementary Figures S5 — S7.
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hypoxia increased the expression of HIFla, P4HAI,
CtBP1 and EZH2 as shown by immunoblot (Figure 4D)
and qPCR analysis (Supplementary Fig. SSA), and also
significantly repressed miR-124 levels (Supplementary
Fig. S5B (p=0.0004)). Consistent with Cao et al.,[26],
we also observed a down-regulation of miR-101 in these
samples (Supplementary Fig. S5B). In normal prostate
epithelial PrEC cells, we observed concomitant induction
of HIF1a and P4HAT protein levels in the presence CoCl,
(Figure 4E). Similar to RWPE, PrEC cells showed lower
levels of miR-124 in hypoxic condition (Figure 4F).

To determine whether HIF 1o, apart from directly
regulating PAHA1, also regulates miR-124, we performed
chromatin immunoprecipitation (ChIP) assays with
antibody against HIFla in PC3 and RWPE cells
following treatment with 100 pM CoCl, for 12 h. The
schematic showing P4HA 1, GLUT-1(Glucose transporter
1) and VEGFA (Vascular endothelial growth factor A)
chromosomal loci and ChIP amplicons is depicted in
Supplementary Fig. S6A. ChIP-qPCR assay showed
strong enrichment of P4HA 1 promoter regions (between
8 x 10° — 5 x 10* fold) by HIF1a antibody relative to IgG
control (Supplementary Fig. S6B, C) as did other known
targets of HIFla like GLUT-1 (Supplementary Fig. S6B,
C) and VEGFA (Supplementary Fig. S6B, C) that were
used a positive controls [31]. Furthermore, we observed
HREs in miR-124-1,-2 and -3 promoters. Our ChIP-qPCR
assay using miR promoter-specific primers demonstrated
strong enrichment of HIF Lo at miR-124-1, miR-124-2 and
miR-124-3 promoters in PC3 and RWPE cells (Figure 4G;
Supplementary Fig. S7A-C). Thus, our study indicates a
dual role of HIF1a in regulating PAHA1 expression both
as a transactivator and indirectly by acting as a repressor
of miR-124 expression.

Transcriptional repressors EZH2 and CtBP1
regulate miR-124 expression

Previous studies demonstrated that miR-124 is
down-regulated by epigenetic mechanisms, including
DNA methylation and histone modification in various
cancers [32-35]. Our previous work suggested EZH2-
mediated down-regulation of multiple tumor suppressor
miRs such as miR-26, 31, 181a, 181b, 200b, 200c and
203 [36, 37] in prostate and breast cancer. We had also
shown that transcriptional co-repressor CtBP1 plays a
role in prostate cancer progression by down regulating
multiple tumor suppressor genes [16]. We hypothesized
that EZH2 and CtBP1 may regulate PAHA1 expression
by repressing miR-124. We observed an up-regulation of
miR-124 in DU145 and PC3 cells upon stable knockdown
of CtBP1 and EZH2 (Figures 5A, B) and a decrease in
P4HA1 mRNA (Supplementary Fig. S8A, B) and protein
(Figure 5C). Overexpression of CtBP1 and EZH?2 resulted
in repression of miR-124 (Figure 5D) and a concomitant

increase in P4HA transcript (Supplementary Fig. S8C)
and protein (Figure 5E). SET domain mutant EZH2
(EZH2ASET) or control adenoviruses did not repress
the miR-124 expression. These data support the roles of
CtBP1 and EZH2 in maintaining PAHA1 expression by
down-regulating miR-124. Our study is corroborated
through Oncomine co-expression analysis that shows
CtBP1, EZH2 and P4AHAI1 are co- and over-expressed in
prostate carcinoma samples (Supplementary Fig. S8D).
EZH2 is a histone methyltransferase that tri-
methylates histone H3 at lysine 27 and represses target
gene expression. To demonstrate that CtBP1 and EZH2
target the miR-124 promoter region, we performed ChIP
assays with anti-CtBP1, EZH2 and H3K27me3 antibodies
(a mark of EZH2-mediated trimethylation of histone
H3 on lysine 27) in DU145 and PC3 cells. As expected,
CtBP1 (Figure 5F; Supplementary Fig. S9A-C), EZH2
(Figure 5G; Supplementary Fig. S9A-C) and H3K27me3
(Supplementary Fig. S10A-D) showed enrichment
at miR-124-1 as well as at miR-124-2 and miR-124-3
promoter regions. These data suggest that miR-124 is
transcriptionally repressed in prostate cancer.

P4HA1 modulates MMP1 and FLRT3 expression

In order to evaluate P4HAl-mediated effects
in prostate cancer progression, we performed gene
expression analysis using RNA from P4HA1 knockdown
prostate cell lines. We identified multiple genes that were
induced or repressed upon PAHA1 knockdown including
those involved in tumor growth and invasion such as
MMP1, MMP2 and FLRT3, among others (Figure 6A).
We validated the activation of FLRT3 and the down-
regulation of MMP1 both at mRNA and protein level upon
P4HAT1 stable (Supplementary Fig. S11A, B) and transient
(Supplementary Fig. S12A, B) knockdown. MMP1 and
FLRT3 are known to play a role in metastasis, cell de-
adhesion and wound healing [38, 39]. To test the role
of FLRT3 in cell migration, we performed a phenotype
rescue experiment where we knocked down FLRT3 in
DU145-P4HA1 stable knockdown cell lines using two
independent duplexes targeting FLRT3 (Supplementary
Fig. S11C). FLRT3 knockdown cells healed the gaps
faster than in control and P4HA1 stable knockdowns in
wound healing assay indicating a critical role for FLRT3
in PAHA 1-mediated cell migration (Supplementary Fig.
S11D).

Next, we generated stable PAHA1 expressing RWPE
cells using lentivirus (Figure 6B, Inset; Supplementary
Fig. S13A). Overexpression of P4HAI1 resulted in
increased cell proliferation (Figure 6B) and wound
healing (Figure 6C) confirming the critical role of PAHA1
in prostate cell proliferation. Furthermore, P4HAI1
overexpression resulted in increased MMP1 protein
expression and reduction in FLRT3 levels in these cells
(Figure 6D; Supplementary Fig. S13A, respectively).
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and C, Immunoblot analysis of PAHA1 in CtBP1 and EZH?2 stable knockdown DU145 and PC3 cells. D, qPCR analysis of miR-124 and
E, Immunoblot analysis of PAHA1, CtBP1 and EZH2 in RWPE cells following infection with control, lacZ adenovirus or CtBP1, EZH2 or
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respective knockdown cells. ChIP was performed using antibodies against CtBP1, EZH2 and a control IgG. Inset: Schematic representation
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Figure 6: Over-expression of PAHAT increases cell proliferation and invasion. A, Microarray data of selected genes in stable
P4HA1 knockdown in DU145 cells. B, Immunoblot analysis showing PAHA1 in RWPE cells (Inset). Stable RWPE-P4HA1 over-expressing
cells showed increased cell proliferation than untreated or lacZ over-expressing cells. C, Wound healing assay in stable RWPE-P4HA1
over-expressing cells. An artificial wound was created using a 0.2 ml pipette tip on a confluent monolayer of cells. Images were taken at 0
and 72 h after scratching. The black lines show the margin of scratched area in which double headed arrow indicates scratch width (W) and
black arrow indicates complete healing (H) of scratch wound. D, Immunoblot and qPCR analysis of MMP1 in RWPE cells over-expressing
lacZ and PAHA1. E, Matrigel invasion assay was performed using lenti-lacZ or lenti-P4HA1 cells. Untreated cells, Non-T siRNA, three
independent MMP1 specific siRNA treated cells or in the presence of MMP1 inhibitor were also used in the invasion assay and the invaded
cells were counted. Inset, photomicrographs of invaded cells. F, Immunoblot analysis of PrEC cells expressing PAHA1 and qPCR analysis
of MMP1 in PrEC cells that are uninfected or lacZ and adeno-P4HA1 infected. G, Matrigel invasion assay using uninfected PrEC cells or
cells that are infected with lacZ, adeno-P4HAT1 alone or in the presence of 10 uM MMP1 inhibitor. Inset, photomicrographs of invaded
cells and H, Matrigel invasion assay using parental RWPE cells or lacZ, adeno-P4HA1 infected cells and adeno-P4HA 1 infected cells in the
presence of 10 uM MMP1 inhibitor. Inset, photomicrographs of invaded cells and immunoblot analysis of PAHA1. I, Immunoblot analysis
of the secreted MMP1 from RWPE cells transiently over-expressing lacZ or PAHA1. The recombinant MMP1 (thMMP1) served as positive
control for MMP1 and CALR is used as a loading control. All bar graphs are shown with £ SEM. See also Supplementary Figures S11 -14.
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To investigate the role of MMP1 in P4HA1-mediated
invasion, we treated stable PAHA1 expressing RWPE cells
with MMP1 siRNA or MMP1 inhibitor FN-439 [40, 41]
and analyzed PAHA1 and MMP1 levels (Supplementary
Fig. S13B). Both MMP1 knockdown and MMP1 inhibitor
reduced the invasiveness of PAHA1 expressing cells as
demonstrated by Boyden chamber matrigel invasion
assay (Figure 6E). Similarly, transient overexpression of
P4HA1 in normal prostate epithelial cells PrEC as well as
RWPE cells with adenovirus increased MMP1 levels and
invasion that could also be inhibited by MMP1 inhibitor
(Figure 6F-H; Supplementary Fig. S13C, D). While
PrEC-P4HA1 and RWPE-P4HA1 cells showed increased
invasion, MMP1 inhibitor (10 uM) attenuated the invasion
of these cells (Figure 6G, H, respectively). Apart from
positive regulation of MMP1 by P4AHAL, it also reduced
FLRT3 expression (Supplementary Fig. S13C, D). Our
immunoblot analysis suggested that apart from increased
cellular expression of MMP1, cell culture supernatant
from these adeno-P4HA1 over-expressing RWPE cells
contained secreted form of MMP1 while untreated or lacZ
expressing cells had no detectable level of secreted MMP1
(Figure 61).

We next determined expression levels of MMP1
and FLRT3 in prostate tissue utilizing transcriptome
sequencing data in prostate cancer (Supplementary Fig.
S14A, B). Furthermore, we observed an inverse correlation
of FLRT3 and direct correlation of MMP1 with P4HAI
in Oncomine co-expression analysis (Supplementary Fig.
S14C) [17, 42]. We validated the FLRT3 results across
benign, prostrate carcinoma and metastatic prostate cancer
tissues by immunoblot analysis (Supplementary Fig.
S14D) which confirmed the inverse correlation between
P4HAT1 and FLRT3. Thus, these data suggest a role for
MMPI1 and FLRT3 in P4AHA1-mediated prostate cancer
cell migration and invasion.

P4HAT1 plays a role in prostate tumor growth and
metastasis

To assess the role of P4AHA1 on tumor growth in
vivo, we employed a chick chorioallantoic membrane
assay (CAM) and measured spontaneous metastasis,
including local invasion, intravasation, and metastasis
to distant organs. CAM was performed as described
previously [16] using PAHA1 knockdown DU145 and
PC3 prostate cancer cells. Depletion of PAHA1 resulted
in significantly reduced tumor weight compared to non-
target shRNA-transfected control cells (Figure 7A).
P4HAT1 knockdown of DU145 and PC3 cells impaired
their ability to invade the CAM basement membrane and
resulted in significantly decreased number of intravasated
cells in the lower CAM compared to control cells (Figure
7B). Furthermore, livers of chicken embryos displayed
attenuated metastasis in the P4AHA1 knockdown group

compared to the control group (Figure 7C). Next, we
examined P4HA1-mediated tumorigenesis in a murine
PC3 xenograft model using non-targeting shRNA or two
independent PAHAT1 stable knockdown PC3 cells. Both
P4HA1-shRNA 1 and 2 cells showed significantly reduced
tumor growth and weight in mice (Figure 7D, E) relative
to control animals demonstrating that PAHAT1 inhibition
attenuates tumor growth and metastasis in vivo. These
observations clearly suggest that PAHA1 plays a role in
prostate tumor growth in vivo.

DISCUSSION

Recent developments in high throughput
technologies have paved the way for the identification of
new cancer biomarkers for screening and prognostication.
In the present study, we investigated the expression and
role of prolyl hydroxylase PAHAT1 in prostate cancer. Our
study showed that PAHA1 serves as a progression marker
and potential enzymatic therapeutic target. Furthermore,
our studies implicate a role for PAHA1 in prostate cancer
progression and invasion in vitro and in vivo.

Hypoxic conditions in tumor microenvironment are
important trigger for metastasis. A recent study by Gilkes
et al., [15] showed that hypoxia-induced collagen prolyl
hydroxylases promote collagen deposition and induce
invasion leading to lymph node and lung metastasis in
breast cancer. One of the roles of HIF1a is up-regulating
EZH2 expression under hypoxia in breast tumor initiating
cells (BTICs) that contribute to cancer progression; HIF
inhibitors may potentially be effective in suppressing
EZH2 oncogenic function in these cells to prevent
cancer recurrence [43]. HIFla also induces genes that
promote angiogenesis, anaerobic metabolism, survival
pathways while down-regulating tumor suppressive miR
expression [26-28, 44]. In this study, we demonstrated
that HIF 1o induces P4HA 1, EZH?2 and CtBP1 expression.
HIF1a, a critical mediator of hypoxia-related metastatic
response, was shown earlier [25] and here to induce
P4HAI expression by directly binding to its promoter.
HIF1a therefore up-regulates PAHA1 expression through
multiple mechanisms; by directly binding to its promoter
and transactivating P4HAI promoter or binding to
miR-124 promoter and repressing its expression and
thereby indirectly sustaining PAHA1 levels. However,
the mechanism of HIFla-mediated repression of miR-
124 gene expression is not completely elucidated. It is
possible that the binding of HIFla to the HRE recruits
histone modification complex or other corepressors to
miR-124 promoter and suppresses its transcription. CtBP1
corepressor complex, consisting of histone deacetylases,
(HDAC1/2), histone methyl transferases and demethylases
is recruited by a large number of transcription factors to
mediate sequence-specific transcriptional repression [45].
This explains the enrichment of miR-124 promoter regions
with HIF1la, CtBP1 and EZH2 as well as H3K27me3
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Figure 7: P4AHA1 knockdown reduces prostate tumor growth in vivo. A, Tumor growth of DU145 and PC3 P4HA1 stable
knockdown cells or control Non-T shRNA cells in the chick chorioallantoic membrane (CAM) tumor assay. Extra-embryonic tumors were
harvested and weights were measured after 72 h of post-implantation of cells. B and C, PAHA1 knockdown reduces metastasis of DU145 and
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PCR. D, P4HA1 knockdown in PC3 cells inhibits tumor growth in a mouse xenograft model. Plot of mean tumor volume at indicated time
points for mice inoculated with Non-T shRNA (solid line with filled diamonds) or two independent PAHA1 stable knockdown shRNA 1
(solid line with filled squares) and 2 (solid line with filled triangles) cells. E, Tumor weights of corresponding mouse xenograft models. n
= 8 mice per group. All bar graphs are shown with + SEM. F, Proposed model of P4AHA1, HIF1a and miR-124 regulatory axis in prostate
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induces cell proliferation, invasion and metastasis via MMP1 and FLRT3. All bar graphs are shown with + SEM.
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mark in the ChIP DNA. Further studies to identify HIFla
interacting partners will elucidate the mechanism of miR-
124 down-regulation.

In this study, we show that PAHA1 is regulated
by multiple mechanisms in prostate cancer. This
study shows copy number gains of P4HAI locus as
well as the enrichment of HIFla at P4HAI promoter.
Our investigation also indicated a role for histone
methyltransferase EZH2 in regulating miR-124 expression.
EZH2 has been shown to regulate tumor suppressor genes
and miRs through histone H3K27 trimethylation marks at
their promoters [37, 46]. Additionally, we show here that
transcriptional co-repressor CtBP1, which has been shown
to repress LCN2 (Lipocalin-2) and ARHGDIB (Rho GDP
Dissociation Inhibitor Beta) expression in prostate cancer
[16], regulates miR-124 expression.

We identified PAHA 1-modulated target genes such
as MMPs and FLRT3 by performing gene expression
profiling. MMP1 and 2 are known to be involved in
prostate cancer progression, invasion and metastasis
[25, 39, 47, 48]. We investigated the potential role of
P4HA1-induced MMP1 in prostate cancer invasion in
vitro using either specific siRNA or MMP1 inhibitor
(FN-439). Our studies indicated that in prostate epithelial
cells over-expressing PAHA1 either MMP1 knockdown
or addition of FN-439 significantly reduced MMP1
mediated prostate tumor cell invasion. Our study shows
that targeting the enzyme P4HA 1 through small molecule
inhibitors can achieve results similar to MMP inhibitors
in cancer and could be a promising novel therapeutic
option. In addition, FLRT3- (a P4HA1-down-regulated
gene) rescue experiments demonstrated its role in prostate
cancer migration as assessed by the wound healing
assay. Our observation is further supported by an earlier
study showing that the association of FLRT3 with its
cytoplasmic partner, the small GTPase Rndl leads to
localized down-regulation of C-cadherin to promote cell
movements in Xenopus [49]. Pharmacological inhibition
of PAHAT1 using small molecule will potentially allow re-
expression and activation of FLRT3 in tumors.

In summary, our study uncovers a complex
regulatory axis involving the transcription factor HIF 1 a,
transcriptional repressors CtBP1 and EZH2 that regulate
P4HA1 via miR-124 (Figure 7F). Overexpression
of P4HAI in turn attenuates the expression of tumor
suppressor FLRT3 and increase expression of genes such
as MMPs to trigger invasion and metastasis. This study
reveals multiple targets of therapeutic intervention in the
P4HA1 pathway in prostate cancer. Thus, as an enzyme,
P4HAL1 can serve as a promising therapeutic target in
prostate cancer.

METHODS

Cell Lines

Prostate cancer cell lines DU145, PC3, LnCaP were
grown in RPMI 1640 (Life Technologies, CA) with 0.023
IU/ml insulin and 10% FBS (Invitrogen) in 5% CO, cell
culture incubator. The HEK-293 (ATCC), PrEC (Lonza,
Conshohocken, PA) and RWPE-1(henceforth referred
as RWPE; ATCC, Manassas, VA) cells were grown in
their respective medium as specified by the suppliers.
Lentiviruses were generated by the University of
Michigan Vector Core. Prostate cancer cells were infected
with lentiviruses expressing PAHA1 shRNA or scramble
controls and stable cell lines were generated by selection
with 300 pg/ml puromycin (Life Technologies, CA).

Immunoblot Analyses

Antibodies used in the study are listed in Table S1.
All antibodies were employed at dilutions optimized in
our laboratory. For immunoblot analysis, 10 ug protein
samples were separated on a SDS-PAGE and transferred
onto PVDF membrane (GE Healthcare, USA). The
membrane was incubated for one hour in blocking buffer
(Tris-buffered saline, 0.1% Tween [TBS-T], 5% nonfat
dry milk) followed by incubation overnight at 4°C with
the primary antibody. After a wash with TBS-T, the blot
was incubated with horseradish peroxidase-conjugated
secondary antibody and signals were visualized by Pierce
enhanced chemiluminescence western blotting substrate
as per manufacturer’s protocol (Thermo Scientific Inc.,
USA).

Gene Expression Analysis

Global gene expression data were generated using
RNA isolated from PAHA1 shRNA knockdown DU145
as well as non-target control cells in profiling analysis as
well as transcriptome sequencing analysis [8]. Expression
profiling was performed using the Agilent Whole Human
Genome Oligo Microarray (Agilent, Santa Clara, CA)
analysis was performed according to the manufacturer’s
protocol. Expression values were identified as differential
on P4HA1 knockdown if the mean log2(Cy5/Cy3) ratio
across cell lines was significantly different from zero
as measured by one-sample two sided Student’s t tests
using a P-value cutoff of 0.05. The list of differentially
expressed genes was additionally filtered such that
the mean log2 (Cy5/Cy3) ratio exceeded log2(2.5) in
absolute value. The resulting list of modulated genes is
shown in Figure 6A as a heat map. To measure mRNA
expression levels, total RNA was isolated from prostate
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cell lines and prostate tissue samples using the RNeasy
Mini Kit (Qiagen, Valencia, CA). Quantitative real-time
polymerase chain reaction (qPCR) was performed as
described [16]. All primers were synthesized by Integrated
DNA Technologies (Coralville, IA) and PCR reactions
were performed in triplicates. Primer sequences used in
the present study are listed in Table S2.

RNA Interference and miRNA Transfection

Small interfering RNA (siRNA) duplexes used
to inhibit P4HA1 expression was purchased from
Dharmacon, Lafayette, CO. Precursors of respective
microRNAs and negative controls were purchased from
Ambion (Austin, TX). Transfections were performed
with oligofectamine (Life Technologies, NY). Sequence
information of all the siRNAs used in this study is listed
in Table S3. Short hairpin RNA (shRNA) constructs
were generated using pGreen-puro vector for two of
the most efficient siRNA duplexes by SBI (System
Biosciences, Mountain View, CA). Lentivirus for the
stable knockdowns of CtBP1, PAHA1 and HIF1a ShRNA
(pGipz HIF-1 (V2LHS: 132152)) was generated by the
University of Michigan Vector Core. Lentivirus for the
stable knockdowns of EZH2 was generated as described
earlier [37]. For miRNA transfection or RNA inference, we
plated prostate cancer cell lines DU145, PC3 and RWPE
at 1 x 10° cells per well in a 6-well plate and twelve hours
later the cells were transfected either with siRNA duplexes
or miRNAs using Oligofectamine (Invitrogen, Carlsbad,
CA). A second identical transfection was performed 24
hours later. Seventy-two hours after the first transfection,
cells were harvested for RNA isolation or immunoblot
analysis.

In Vitro Over-expression

P4HA1 cDNA (Origene, MD; Cat# RC223831) was
cloned into Gateway expression system (Life Technologies
CA). To generate adenoviral and lentiviral constructs,
pCR8-P4HA1 (flag-myc tagged) was recombined
with  pAD/CMV/V5-Dest™  (Life  Technologies,
CA) or pLenti6/V5-Dest™ (Life Technologies, CA)
respectively using LR Clonase II (Life Technologies,
CA). Adenoviruses and lentiviruses were generated
by the University of Michigan Vector Core. Benign
immortalized prostate cells (RWPE) were infected with
lentiviruses expressing PAHAT or lacZ and stable clones
were selected with 3.5 pg/ml blasticidin (Santa Cruz
Biotechnology, Inc., Dallas, Texas). PrEC and RWPE cells
were infected with adenoviruses expressing PAHA1 or
lacZ for transient over-expression. EZH2, EZH2ASET and
CtBP1 adenoviruses were generated as described earlier
[37]. To check the secretary MMP1, the RWPE cells were
infected with adenoviruses expressing lacZ or PAHA1 and

in the presence or absence of MMP1 inhibitor. The culture
medium was collected after 48 h incubation and spun
down to remove the debris. Then the media is concentrated
using Amicon® ultra-4 centrifugal filter tubes (10 Kda
molecular weight cut-offs) after following manufacturer’s
instructions. The concentrate is sonicated and centrifuged
13,000 x g per 15 min. The protein concentration in
supernatant was determined using DC™ protein assay
(BioRad, USA). These samples were separated on a
SDS-PAGE and transferred onto PVDF membrane (GE
Healthcare, USA) and followed as described earlier in
immunoblotting section.

Matrigel Invasion Assay

Matrigel invasion assays were performed as
described earlier [16, 36, 50]. Various test cells were
seeded onto BD BioCoat matrigel matrix (BD, CA) in
the upper chamber of a 24-well culture plate. The lower
chamber containing respective medium was supplemented
with 10% serum as a chemo-attractant. After 48 h, the
non-invading cells and matrigel matrix were gently
removed with a cotton swab. Invasive cells located on the
lower side of the chamber were stained with 0.2 % crystal
violet in methanol, air-dried and photographed using an
inverted microscope (4X). Invasion was quantified either
by colorimetric assay or cell counting. For colorimetric
assays, the inserts were treated with 150 pl of 10% acetic
acid and the absorbance measured at 560 nm.

Chromatin Immunoprecipitation (ChIP) Assays

We screened the human P4HAI, VEGFA, GLUT-
1, miR-124-1,-2 and -3 promoters with Genomatix
Matlnspector and detected several HIF1a-binding sites.
Using UCSC (University of California Santa Cruz)
genome browser, we detected H3K27me3 marks and
EZH2 binding sites on miR-124-1,-2 and -3 promoters
[51]. A few microRNA promoters have been identified
experimentally; a 6-kb region (5 kb upstream and 1
kb downstream region of the 5’ end of the annotated
microRNA) was designated as a putative promoter
sequence [29]. For CtBP1, EZH2 and H3K27me3 ChIP
assay, we searched for possible binding sites in the miR-
124-1,-2 and -3 promoter regions within -4 to 0 kb of
the transcriptional start site (TSS) [52, 53] and designed
primers accordingly. ChIP assays were carried out with
respective antibodies (Table S1) using the EZ-Magna ChIP
kit (Millipore, Billerica, MA) as described [16]. Briefly, 5
x 10° cells were cross-linked by addition of formaldehyde
to a final concentration of 1 % for 10 minutes. Cross-
linking was terminated with glycine (final concentration of
0.125 M) followed by cell lysis and sonication, resulting in
an average fragment size of 500 bp. Antibody incubations
were carried out over-night at 4 °C. Reversal of cross-
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linking was carried out at 65 °C for 3 hours followed by
DNA isolation. The purified DNA was analyzed by gPCR
to determine fold enrichment relative to IgG. The primer
sequences for the promoters analyzed are provided in
Table S4 and S5 (for HIF1a-ChlIP), S6 (for CtBP1/EZH2-
ChIP) and S7 (for trimethyl-H3K27-ChIP).

Prostate Tumor Xenograft Model

All procedures involving mice were approved by
the University Committee on Use and Care of Animals
(UCUCA) at the University of Michigan and conform to
all regulatory standards. To evaluate the role of PAHALI
in tumor formation in vivo, we propagated stable PAHA 1
knockdown PC3 pools using two-independent shRNAs
and vector control cells, and inoculated 1 x 10° cells
subcutaneously into the dorsal flank of 5-week-old male
nude Athymic nude mice (n = 8§ for each group; Harlan
Laboratories, MI). Tumor size was measured biweekly,
and tumor volumes were calculated using the formula
(n/6) (L x W?), where L = length and W = width of the
tumor.
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