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Targeting PLOD2 suppresses invasion and metastatic potential
in radiorecurrent prostate cancer
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BACKGROUND: Metastatic relapse of prostate cancer after radiotherapy is a significant cause of prostate cancer-related morbidity
and mortality. PLOD2 is a mediator of invasion and metastasis that we identified as being upregulated in our highly aggressive
radiorecurrent prostate cancer cell line.
METHODS: Patient dataset analysis was conducted using a variety of prostate cancer cohorts. Prostate cancer cell lines were
treated with siRNA, or the drug PX-478 prior to in vitro invasion, migration, or in vivo chick embryo (CAM) extravasation assay.
Protein levels were detected by western blot. For RNA analysis, RNA sequencing was conducted on PLOD2 knockdown cells and
validated by qRT-PCR.
RESULTS: PLOD2 is a negative prognostic factor associated with biochemical relapse, driving invasion, migration, and extravasation
in radiorecurrent prostate cancer. Mechanistically, HIF1α upregulation drives PLOD2 expression in our radiorecurrent prostate
cancer cells, which is effectively inhibited by HIF1α inhibitor PX-478 to reduce invasion, migration, and extravasation. Finally, the
long non-coding RNA LNCSRLR acts as a promoter of invasion downstream of PLOD2.
CONCLUSIONS: Together, our results demonstrate for the first time the role of PLOD2 in radiorecurrent prostate cancer
invasiveness, and point towards its potential as a therapeutic target to reduce metastasis and improve survival outcomes in
prostate cancer patients.

BJC Reports; https://doi.org/10.1038/s44276-024-00085-3

INTRODUCTION
Prostate cancer (PCa) is the second most prevalent cancer in men
worldwide, with over a million cases being diagnosed every year
[1–3]. External beam radiation therapy is a primary treatment
modality for localized PCa. However, over half of high-risk patients
will experience biochemical relapse (BCR) signaling a recurrence of
their cancer (radiorecurrent PCa) –the majority of which will
develop metastatic disease within ten years [4]. Metastatic PCa is a
devastating disease that remains incurable despite advances in
systemic therapy [5]. With a 5-year survival rate as low as 30%
[6, 7], metastatic PCa emerges as a leading cause of cancer-related
mortality in men worldwide [8].
Metastasis is a lethal development in human cancers [9] that is

generally conceptualized through five key steps: local invasion of
tumor cells from the primary site into the surrounding tissue;
intravasation into nearby lymphatic or blood vessels; transit
through the circulation; and subsequent extravasation from the
vasculature to initiate the final step of colonization and growth in
a distant organ [10]. These five phases of metastasis, termed the
“metastatic cascade”, offer several fronts at which the metastatic
dissemination of cancer may be further investigated. There are
multiple mechanisms by which cancer cells adopt a metastatic

phenotype; cellular reprogramming such as epithelial to mesench-
ymal transition (EMT) can alter adhesion and motility of cells [11],
while the dysregulation of genes involved in collagen remodeling
have gained recent attention as a means by which cancer cells
promote survival in and invasion through the extracellular matrix
(ECM) [12].
The mechanisms by which radiorecurrent cancer acquires

heightened metastatic propensity are poorly understood [13]. To
explore this phenomenon, our group previously generated
radiorecurrent DU145 PCa cells (DU145-CF), which in addition to
being more radiation-resistant than their treatment-naïve parental
cells (DU145-PAR), are also significantly more invasive [14].
Subsequent proteomic analysis [15] comparing the two cell lines
revealed thousands of dysregulated proteins, including the
upregulation of procollagen-lysine 2-oxoglutarate 5-dioxygenase
2 (PLOD2) in the DU145-CF cells. The PLOD2 gene encodes the
protein lysyl hydroxylase 2 (LH2), an enzyme that hydroxylates the
lysine residues of collagen precursor molecules in the endoplas-
mic reticulum. Outside of the cell, these hydroxyl residues are
converted to aldehydes by lysyl oxidases (LOXs), then undergo
further reactions that crosslink the collagen molecules. The fibrillar
collagen structures formed by these reactions ultimately
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constitute the major structural component of the ECM [16]. Within
the context of cancer progression, PLOD2 has been reported to
remodel the collagen around tumors and enhance cell motility; as
a result, it is implicated as a driver of invasion, migration, and
metastasis in numerous different cancers such as undifferentiated
pleomorphic sarcoma [17], non-small cell lung cancer [18], and
cervical cancer [19], among others [20–24].
Herein, we identified PLOD2 as a negative prognostic factor

driving invasion and metastatic propensity in radiorecurrent PCa.
Notably, we demonstrated that PLOD2 promotes extravasation in
our DU145-CF cell line. Mechanistic investigations revealed HIF1α
as a key regulator of PLOD2 expression upregulated in our DU145-
CF cells. Treatment of DU145-CF cells with HIF1α inhibitor PX-478
reduced both HIF1α and PLOD2 protein expression, and
significantly attenuated invasion, migration, and extravasation,
thereby exhibiting potential as a targeted therapy against PLOD2
to reduce metastasis. Finally, RNA sequencing of PLOD2 knock-
down DU145-CF cells revealed the long non-coding RNA LNCSRLR
to be a novel downstream target of PLOD2, involved in promoting
the invasive phenotype associated with PLOD2.

MATERIALS AND METHODS
Bioinformatic patient analysis
ICGC PRAD-CA patients with pathologically confirmed prostate cancers
were used in this study. Fresh-frozen samples of treatment and hormone
naïve tumors were sequenced and processed as described before [25–28].
Patients were treated with either radiotherapy or radical prostatectomy.
Following radiotherapy, BCR was defined as an increase of more than
2.0 ng/mL above the nadir serum PSA abundance. Following radical
prostatectomy, BCR was defined as two consecutive measurements of
more than 0.2 ng/mL after surgery. CNAs were defined as previously
described [29] in 380 ICGC patients. A Cox proportional hazard model was
used to assess the relationship between PLOD2 amplification and BCR risk,
using the survival R package v3.2-10. ICGC PRAD-CA CNA data is made
available in a previous publication [29].
RNA sequencing was performed as previously described in 140 ICGC

patients who received radical prostatectomy treatment [27], and
transformed transcript per million (TPM) RNA values were used. Spearman
correlations were calculated to evaluate the relationship between PLOD2
and LNCSRLR RNA abundances. Visualizations and statistical analysis were
conducted in the R statistical environment v4.2.0. Related plots were
created using the BPG package v7.0.3 [30]. ICGC PRAD-CA RNA data is
made available in a previous publication [27], and has been deposited in
the Gene Expression Omnibus (GEO) under the accession number GEO:
GSE84043.
Comparison of PLOD2 RNA expression between localized prostate tumor

samples (n= 65), and metastatic castrate-resistant prostate cancer
(mCRPC) samples (n= 25) derived from metastatic sites of 4 patients,
was conducted using a dataset accessed from the Gene Expression
Omnibus (GEO) under the accession number GEO: GSE6919. RNA was
extracted and gene expression was analyzed as previously described [31].
The Student’s t test was used to assess statistical significance.
Evaluation of PLOD2 RNA expression in benign, localized, and mCRPC

patients was performed using data from the Prostate Cancer Transcrip-
tome Atlas (PCTA; http://www.thepcta.org/), an online database comprised
of 1321 clinical specimens computationally assembled from 38 distinct
cohorts [32]. The One-way ANOVA test was used to assess statistical
significance between subsets.
The Cancer Genome Atlas (TCGA) prostate cohort comprises samples

from 333 primary prostate carcinomas [33], and was downloaded from the
cBioPortal website (https://www.cbioportal.org) to assess PLOD2-HIF1α
RNA-RNA correlation. Spearman correlations were calculated to assess the
relationship between PLOD2 and HIFα mRNA expression (RNA Seq
V2 RSEM).

Cell culture
The human prostate adenocarcinoma cell lines DU145, PC3, and 22RV1
were purchased from the American Type Culture Collection (ATCC), and
tested negative for mycoplasma contamination. The DU145-CF cell line
was generated as previously described [14]. Cells were grown on tissue-
culture flasks in Dulbecco’s modified Eagle’s medium containing 4.5 g/L

D-glucose and GlutaMAX (DMEM; Gibco, USA) supplemented with 10%
Fetal Bovine Serum (FBS) and 1% Penicillin-Streptomycin. The cells were
kept at 37°C in a humidified incubator with 5% CO2 and passaged upon
reaching 80% confluency.

Primary cell derivation and culture
Targeted biopsy core sample was taken from the primary tumor (Gleason
7) at time of brachytherapy treatment and immediately transported to the
laboratory. Sample was washed with PBS, finely minced, then digested
overnight in collagenase I solution (Worthington Biochemical). The
following day, the biopsy was further trypsin digested, and cells were
ultimately plated on a collagen-coated 10 cm dish (Corning) in human
prostate culture media for derivation [34]. Cells tested negative for
mycoplasma contamination.

siRNA transfection
To knockdown PLOD2 expression in the experimental cell lines, cells were
seeded in 6-well plates and transfected with scramble control (CAT#:
SR30004; Origene Inc., USA) or PLOD2 siRNA (CAT#: SR321350; Origene Inc.,
USA) using siTran 2.0 Transfection Reagent (CAT#: TT320001; Origene Inc.,
USA). Cells were assayed 24 hours after transfection. To knockdown
LNCSRLR expression, the same protocol was implemented using LNCSRLR
siRNA from Invitrogen using the previously published sequence: 5′-
GUUACUGUACAUCAGGAAUTT-3′ [35].

PX-478 treatment
Experimental cell lines were seeded in 6-well plates and left to incubate
overnight, then treated with H2O control or 20 μM PX-478 (Catalog No.
S7612; Selleckchem) reconstituted in H2O. Cells were assayed 24 h after
treatment.

Clonogenic survival assay
Scramble control and PLOD2 siRNA-transfected cells were plated in
triplicate on 6-well plates and mock-irradiated at 0 Gy or irradiated with 4,
6, and 8 Gy, then incubated at 37 °C in a humidified incubator with 5% CO2.
After 14 days, the cells were stained with crystal violet (Sigma) and
colonies of >50 cells were counted. Surviving fraction of each cell line was
determined by dividing the plating efficiency of irradiated cells by the
plating efficiency of mock-irradiated cells. The surviving fraction data was
fitted to the linear quadratic formula s = e−αD-βD2 to produce a dose-
response curve.

Proliferation assay
Cells transfected with scramble control or PLOD2 siRNA were seeded at a
density of 0.5 × 105 cells per well in triplicate. After 5 days of incubation,
cells were trypsinized and viable cells were counted using trypan blue dye
exclusion on the Countess automated cell counter (Invitrogen, USA). Fold
change in proliferation was calculated by normalizing treated cell count to
control cell count.

Transwell invasion and migration assays
Cells were serum-starved in FBS-free DMEM and seeded in the upper
chamber of 8μm-pore transwell inserts (Corning, USA) precoated with
1mg/ml Matrigel (Corning, USA) for invasion assays, or uncoated for
migration assays; DMEM supplemented with 10% FBS was added to the
lower chamber as a chemoattractant. After 24 hours, cells that invaded or
migrated through the transwell membrane were fixed and stained using
the Kwik-Diff Stain kit (Thermo Fisher Scientific, USA). Quantification of
cells was achieved by counting the number of invaded or migrated cells on
the transwell imaged at ×4 magnification using the BioTek Cytation 5 Cell
Imaging Multimode Reader (Agilent, USA).

CAM assay
The chicken CAM assay was performed as previously described [36].
DU145-CF cells stably expressing GFP were transfected or drug-treated in
6-well plates. Upon growing to 80–90% confluency 24 h post-treatment,
cells were resuspended in phosphate-buffered saline (PBS) (Wisent,
Canada) at a concentration of 5 × 105 cells/ml; 100 μl of either control or
treated DU145 cells were injected into randomly selected CAMs of day 13
embryos via microinjector (n > 5 per group). Intravascular cells were
counted at T= 0 h in a region of interest (ROI) demarcated by a 0.5 × 0.5-
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inch aluminum foil window, and extravasated cells were counted in the
same ROI at T = 24 h. The extravasation efficiency of each embryo was
calculated by dividing the number of extravasated cells at T= 24 h by the
number of initial intravascular cells at T= 0 h within the ROI. Mean
extravasation efficiencies were calculated using extravasation efficiencies
of individual control or treatment embryos.

Western blotting
To assess protein reduction by siRNA knockdown, cells were transfected
with siRNA and lysed after 48 h. For protein detection after PX-478
treatment, cells were treated for 24 h then lysed. For protein detection of
untreated cell lines, cells were lysed 24 h after seeding. Cells were lysed
using RIPA lysis buffer mixed with Complete Mini protease inhibitor
cocktail and PhosSTOP phosphatase inhibitor cocktail (Roche Diagnostics,
USA). Lysates were separated on a 4-20% polyacrylamide gel (Bio-Rad,
USA), and wet transferred to a polyvinylidene difluoride (PVDF) membrane
(Thermo-Fisher Scientific, USA). Membranes were blocked with 5% bovine
serum albumin (BSA) in Tris-Buffered Saline Tween-20 (TBST) and
incubated overnight at 4 °C with primary antibody. The next day,
membranes were incubated at room temperature with horseradish
peroxidase-conjugated secondary antibody (1:5000 dilution) for 1 hour.
PLOD2 protein was detected using PLOD2 antibody (1:1000 dilution) (Cat.
# 44709 S; Cell Signaling Technology, USA), and β-actin was detected as a
loading control using β-actin antibody (1:2000 dilution) (Cat. # 4967 S; Cell
Signaling Technology, USA). HIF1α protein was detected using HIF1α
antibody (1:1000 dilution) (Cat. # 36169 S; Cell signaling Technology, USA).
Blots were imaged using ECL substrate (Bio-Rad, USA) on the ChemiDoc
Imaging System (BioRad, USA).

Quantitative real-time PCR (qRT-PCR)
Quantification of RNA expression was done by extracting total RNA from
cells using RNeasy Mini Kit (Qiagen, USA), which was then converted to
cDNA for amplification using SuperScript VILO Master Mix (Thermo-Fisher
Scientific). TaqMan Fast Advanced Master Mix (Thermo-Fisher Scientific,
USA) was combined with cDNA and predesigned Taqman Gene Expression
Assay primers for PLOD2 (Assay ID: Hs01118200; Thermo-Fisher Scientific,
USA) and GAPDH (Assay ID: Hs99999905, Thermo-Fisher Scientific, USA) to
initiate the qRT-PCR. For quantification of LNCSRLR expression, Power Up
SYBR Green Master Mix (Thermo-Fisher Scientific, USA) was combined with
cDNA and SYBR Green primers from Thermo-Fisher Scientific using the
previously published sequence: (FW: 5ʹ-CACTGTTCCAGGCACCAAGG-3ʹ) (RV:
5ʹ-TGTCGCCAAAGAAGAGAACAGG-3ʹ) [35]. RNA expression was deter-
mined by comparative Ct method using QuantStudio 3 Design and
Analysis Software (Thermo-Fisher Scientific, USA). GAPDH was used as an
endogenous control to assess relative levels of the RNA of interest within
each cell line.

RNA sequencing analysis
Samples for sequencing were prepared by extracting total RNA from
DU145-CF cells transfected with scramble control or PLOD2 siRNA using
RNeasy Mini Kit (Qiagen, USA). RNA library preparation, sequencing, and
bioinformatic analysis was performed by Novogene Co., LTD.
(Sacramento, USA).

Statistical analysis
All statistical analysis was performed with GraphPad Prism 10.0 (GraphPad
Software Inc., USA). The Student’s t test was used to assess difference in
mean values between two groups, with significance defined as P < 0.05
(*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001). Unless otherwise stated,
all data is presented as mean values with standard deviation.

RESULTS
PLOD2 is overexpressed in radiorecurrent prostate cancer
cells and associated with biochemical relapse and metastatic
disease
To generate the radiorecurrent DU145-CF cell line, we previously
treated DU145 cells with a daily 2 Gy fraction of ionizing radiation
over several weeks, to simulate the clinical scenario of resistance
to conventional fractionation [14]. Proteomic analysis was
conducted on DU145-CF cell lysates, which identified PLOD2 as

an upregulated protein involved in pathways previously impli-
cated with radiation resistance [15]. To investigate PLOD2 as a
potential driver of radiorecurrent PCa metastasis, we first sought
to validate the results of the proteomic analysis. By western blot,
we confirmed that PLOD2 protein is upregulated in our radio-
recurrent DU145-CF cells compared to DU145-PAR cells (Fig. 1a).
Since PLOD2 has been associated with poor survival outcomes in
other cancers [24, 37], we analyzed the data of 380 PCa patients
from the ICGC PRAD-CA (CPC-GENE) study, which revealed PLOD2
genomic amplification to be significantly associated with reduced
BCR-free survival time (Fig. 1b). A positive association of PLOD2
expression was also seen in metastatic disease (Fig. 1c, d).
Together, this data suggests that PLOD2 is a negative prognostic
factor in PCa, and may be involved in driving aggressive
phenotypes.

PLOD2 drives invasion and migration in prostate cancer
in vitro
We performed radiation clonogenic survival assays to test whether
PLOD2 conferred resistance to radiation. However, knockdown of
PLOD2 with siRNA in DU145-CF and DU145-PAR cells did not alter
sensitivity to radiation (Supplementary Fig. 1A, B). DU145-CF cells
possess enhanced proliferative capacity [14], however PLOD2
knockdown in DU145-CF and -PAR cells had no effect on
proliferation (Supplementary Fig. 2A, B).
To assess whether PLOD2 contributes to the aggressive

metastatic phenotype observed in our radiorecurrent cells [14],
we conducted Matrigel invasion assays. Consistent with previous
studies implicating PLOD2 in invasion [19, 22, 23], knockdown of
PLOD2 by siRNA significantly reduced invasion in our radio-
recurrent DU145-CF cells (Fig. 2a). PLOD2 knockdown also
suppressed invasion in DU145-PAR, PC3, and 22RV1 PCa cells
(Fig. 2b–d). Further, PLOD2 knockdown significantly reduced
invasion in a primary PCa cell line derived from the biopsy of a
patient with intermediate (Gleason 7) PCa (Fig. 2e). Validation of
siRNA-mediated PLOD2 knockdown in each cell line was
confirmed by western blot (Supplementary Fig. 3).
As PLOD2 is a collagen-modifying enzyme, it may enhance

invasion by interacting with collagen present in Matrigel [38]; we
therefore conducted transwell migration assays without Matrigel
to investigate whether PLOD2 can promote cell-intrinsic motility
in the absence of external collagen barriers. PLOD2 knockdown
significantly reduced migratory capacity in DU145-CF, DU145-PAR,
and 22RV1 PCa cell lines (Fig. 2f, g, i). A strong trend towards
reduction in migration was observed with PLOD2 knockdown in
the primary 107-I7 cell line, although non-significant (Fig. 2j).
Surprisingly, PLOD2 knockdown had no effect on migration in PC3
cells (Fig. 2h), suggesting the existence of distinct mechanisms by
which PLOD2 promotes either invasion or migration, that may
vary between cell lines. In summary, these findings reveal that
PLOD2 promotes invasion and migration in radiorecurrent PCa
and numerous other PCa cell lines, including a primary cell line.
These results also suggest a role for PLOD2 in promoting invasion
in vivo.

PLOD2 promotes extravasation of radiorecurrent prostate
cancer in vivo
Extravasation is a critical step in the metastatic cascade required
for cancer cells to exit the circulation and colonize distant organs
[10]. PLOD2 has been speculated to be involved in extravasation
as a known mediator of metastatic dissemination [17]. However,
investigation of the role of PLOD2 in extravasation has been
limited to date. To this end, we employed the chorioallantoic
membrane (CAM) assay, a validated method of evaluating
invasion in vivo by quantifying cancer cell extravasation from
the CAM vasculature into the surrounding stroma [36]. GFP-
labeled DU145-CF cells transfected with control or PLOD2 siRNA
were injected into CAM embryos and allowed to extravasate over

G. Frame et al.

3

BJC Reports



a 24-hour period (Fig. 3a). Corroborating our previous invasion
and migration results, PLOD2 knockdown in our radiorecurrent
DU145-CF cells resulted in an approximate 50% reduction in
extravasation efficiency (Fig. 3b). Collectively, these results directly
implicate PLOD2 as a driver of extravasation and overall metastatic
potential in radiorecurrent PCa, warranting investigation of
targetable upstream pathways driving PLOD2 expression.

PX-478 suppresses PLOD2 expression through HIF1α
inhibition
It is well-established that PLOD2 is upregulated in hypoxic
conditions by hypoxia-inducible factor-1α (HIF1α) [17,
19, 21, 24, 37, 39]. Therefore, we investigated the relationship
between PLOD2 and HIF1α in the PCa patient cohort of The
Cancer Genome Atlas (TCGA) database [33], which revealed a
significant positive association in RNA expression between these
two targets (Fig. 4a). Our prior proteomic analysis indicated
enrichment in hypoxic signaling in DU145-CF cells relative to
DU145-PAR cells [15]. Strikingly, western blot analysis revealed
greatly increased HIF1α protein in DU145-CF cells compared to
DU145-PAR under normoxic conditions, which corresponded to
elevated PLOD2 levels (Fig. 4b). To confirm that PLOD2 expression
was regulated by hypoxic signaling in our radiorecurrent cells, we
incubated DU145-CF cells under hypoxic conditions (1% O2)
overnight. We observed a further increase in PLOD2 protein under
hypoxic conditions, concomitant with intense increase of HIF1α
(Fig. 4c).

Next, we explored the possibility of suppressing PLOD2 expres-
sion with a HIF1α inhibitor. To test this hypothesis, we treated
DU145-PAR and DU145-CF cells with 20 μM of the validated HIF1α
inhibitor PX-478 [40, 41] for 24 h under normoxic conditions, which
substantially inhibited the expression of both HIF1α and PLOD2 in
the two cell lines (Fig. 4d, e). Following this, we examined whether
PX-478 could maintain its inhibitory effects on HIF1α and PLOD2 in
hypoxic cells; DU145-CF cells were therefore treated with 20 μM of
PX-478 and incubated under hypoxic conditions overnight. Despite
high levels of HIF1α and PLOD2 protein in response to hypoxia, PX-
478 retained its ability to inhibit expression of both proteins, by
approximately 25% (Supplementary Fig. 4A–C). In summary, we
have identified HIF1α as an upstream driver of elevated PLOD2
expression in our DU145-CF cells, and as a result, attenuation of both
HIF1α and PLOD2 protein expression was achieved through
treatment with HIF1α inhibitor PX-478. These results therefore
suggest a potential function of PX-478 in suppressing the metastatic
phenotype of radiorecurrent PCa.

PX-478 treatment reduces invasion, migration, and
extravasation in radiorecurrent prostate cancer
To investigate the prospect of administering PX-478 as an anti-
metastatic therapy against PLOD2 in radiorecurrent PCa, we
treated DU145-CF cells with 20 μM of PX-478 for 24 h before
evaluating their invasion and migration. Although no effect on cell
viability was observed at this concentration (Supplementary Fig. 5),
20 μM of PX-478 significantly reduced in vitro invasion and
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migration in DU145-CF cells (Fig. 5a, b). Similar results were
obtained in PX-478-treated DU145-PAR cells (Supplementary
Fig. 6). To assess its ability to decrease in vivo invasion, DU145-
CF cells were treated with 20 μM of PX-478 24 h prior to injection
into CAM embryos. Consistent with its inhibitory effects on

invasion and migration, PX-478 significantly diminished extravasa-
tion in DU145-CF cells (Fig. 5c). Overall, these results demonstrate
the potential of PX-478 as a pharmacological therapy to abrogate
invasion, migration, and extravasation in radiorecurrent PCa.
These findings therefore prompted us to further consider the
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cellular mechanisms downstream of PLOD2 that are suppressed
by PX-478.

PLOD2 promotes invasion through upregulation of LNCSRLR
It has previously been shown that PLOD2 promotes metastasis via
ECM remodeling in vivo as a procollagen-modifying enzyme
[42–45]. However, our in vitro transwell assays indicated that
PLOD2 can modulate cell motility independently of its interaction
with extracellular collagen; this suggests alternative mechanisms
by which PLOD2 regulates these dynamics. To investigate whether
PLOD2 is involved in the regulation of additional genes promoting
cell motility, we conducted RNA-sequencing on DU145-CF cells
transfected with PLOD2 siRNA and compared their gene expres-
sion to control siRNA-treated samples. Knockdown of PLOD2
caused widespread changes in transcriptional expression and
significant dysregulation of multiple pathways (Supplementary

Fig. 7). After false discovery rate (FDR) correction, 11 genes were
found to be significantly dysregulated, with the most down-
regulated (11.8-fold) being LNCSRLR (Fig. 6a). Sorafenib Resistance
In Renal Cell Carcinoma Associated (LNCSRLR) is a novel long non-
coding RNA first characterized in 2016 [46]. Although the full
extent of its cellular mechanisms remains largely unknown,
LNCSRLR has been previously identified as a promoter of invasion
and migration in hepatocellular carcinoma [35]; therefore, we
selected this gene candidate for further investigation. To validate
the results of the RNA sequencing, we assessed the expression
levels of both PLOD2 and LNCSRLR in our PLOD2-knockdown
DU145-CF cells by qRT-PCR, which confirmed significant down-
regulation of PLOD2 expression (Fig. 6b) and a corresponding
decrease in LNCSRLR expression (Fig. 6c). We examined the
association between these two genes in treatment-naïve PCa
patients receiving radical prostatectomy from the ICGC PRAD-CA
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database, which revealed a remarkably significant positive
association between PLOD2 and LNCSRLR RNA expression in the
clinical context (Fig. 6d).
To functionally validate LNCSRLR as a pro-metastatic gene, we

performed LNCSRLR knockdown in our DU145-CF cells (Fig. 6e)
and assessed their invasive and migratory capacity. LNCSRLR
knockdown significantly reduced invasion in our DU145-CF cells
(Fig. 6f); migration was slightly reduced but not significantly
(Supplementary fig. 8). Furthermore, treatment of DU145-CF cells
with 20 μM of PX-478 significantly reduced LNCSRLR expression
(Fig. 6g), implicating LNCSRLR as a downstream mediator of
invasion in the HIFα-PLOD2 regulatory axis. To summarize these
findings, we have identified a novel relationship between PLOD2
and LNCSRLR, whereby the expression of the pro-invasive
LNCSRLR is driven by PLOD2; therefore, LNCSRLR upregulation
acts as one mechanism by which PLOD2 induces a metastatic
phenotype in radiorecurrent PCa.

DISCUSSION
The molecular factors conferring metastatic potential in radio-
recurrent prostate cancer remain understudied, despite the critical
need for new therapeutic modalities that target the progression of
radiorecurrent metastasis. We identified PLOD2 as a negative
prognostic factor associated with biochemical relapse in prostate
cancer patients, that is overexpressed in our radiorecurrent
prostate cancer cell line DU145-CF. We revealed that PLOD2
contributes to the aggressive metastatic phenotype of DU145-CF
cells by promoting in vitro invasion, migration, and in vivo
extravasation; these metastatic mechanisms were effectively
inhibited by PX-478, a pharmacological agent that suppresses
PLOD2 expression through its upstream mediator HIF1α. Mechan-
istically, we demonstrated that the metastatic phenotype of
PLOD2 is driven in part by the pro-invasive long non-coding RNA
LNCSRLR, whose expression is promoted by PLOD2. We hereby
present a novel HIF1α-PLOD2-LNCSRLR regulatory axis that

confers an invasive phenotype in radiorecurrent prostate cancer.
Since knockdown of PLOD2 did not influence intrinsic radio-
sensitivity, as determined by radiation clonogenic assay, it is
unlikely that PLOD2 contributes to the development of radio-
recurrence. Instead, we propose that PLOD2 upregulation serves
as a driver of tumor progression following radiorecurrence,
namely through promotion of invasion and metastasis. Under-
standing such mechanisms is a crucial first step in expanding the
limited therapeutic options currently available to suppress the
aggressive clinical progression of radiorecurrent prostate cancer.
One of the first comprehensive investigations into the role of

PLOD2 in cancer progression revealed its function as a critical
driver of migration and metastasis under hypoxic conditions in
undifferentiated pleomorphic sarcoma (UPS) [17]. It has since
been identified to promote invasion, migration, and metastasis in
a diversity of cancer types including carcinomas [18–24], gliomas
[39] and other sarcomas [47]. To our knowledge, we report for the
first time that PLOD2 promotes metastatic progression in prostate
cancer, and particularly in radiorecurrent prostate cancer. PLOD2
knockdown not only decreased in vitro invasion in the radio-
recurrent DU145-CF cell line, but this effect was also recapitulated
in numerous other PCa cell lines including DU145-PAR (radiation-
naïve DU145 cells), PC3, and 22RV1. DU145 is an androgen-
independent cell line derived from a brain metastasis of prostate
adenocarcinoma [48], thereby modeling advanced-stage prostate
cancer in its radiation-naïve form (DU145-PAR). The finding that
PLOD2 knockdown significantly attenuates invasion in the
significantly more aggressive DU145-CF cell line supports its
potential utility as a therapeutic target in patients whose
advanced prostate cancer has become non-responsive to
conventional local and systemic therapies [1]. Indeed, PLOD2
knockdown also reduced the invasive capacity of PC3 and 22RV1,
both of which are androgen-independent cell lines considered to
model aggressive, advanced stage prostate cancer [49, 50].
Additionally, PLOD2 knockdown consistently reduced migration
in every prostate cancer cell line, with the exception of the PC3
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cell line, underscoring its pivotal role in driving cell motility. PC3 is
unique among prostate cancer cell lines in that it expresses
features of prostatic small cell neuroendocrine carcinoma (SCNC),
a rare and aggressive form of prostate cancer that occurs in only
1% of cases [51]. Given that PC3 originates from neuroendocrine
carcinoma, it follows that the cell line would be functionally
distinct from other prostate adenocarcinoma cell lines. Particularly,
the failure to suppress migration by PLOD2 knockdown may
suggest the use of additional compensatory mechanisms to
maintain cell motility –a response which would be consistent with
the uniquely aggressive metastatic phenotype of neuroendocrine
prostate cancer.
Much of the characterization of PLOD2 as a metastatic driver

has been done in established cell lines modeling aggressive, late-
stage disease. However, the paucity of primary cancer cell culture
continues to be a critical limitation in the translatability of
preclinical research. Primary cell lines retain their heterogeneity
while also faithfully recapitulating the genetic and phenotypic
profile of the original cancer, thereby providing a more clinically
relevant in vitro model to test potential therapeutic avenues
[52, 53]. Cognizant of the scarcity in PLOD2 studies using primary
cancer cell culture, we also used 107-I7, a primary cell line derived
directly from the prostate biopsy of a patient with Gleason 7
(intermediate) castration-sensitive prostate cancer. The reduction
in invasion and migration induced by PLOD2 knockdown in 107-I7
cells further supports the therapeutic potential of targeting PLOD2

in prostate cancer. Our findings have also demonstrated the
potential utility of PLOD2 as a biomarker for poor prognosis and
recurrence in prostate cancer. More broadly, these studies
highlight the ubiquity of PLOD2 as a driver of invasion throughout
a diverse array of intermediate and advanced prostate
cancer cells.
Extravasation is a critical bottleneck in the metastatic cascade

where cancer cells in transit exit the hostile circulatory system to
establish distant metastatic colonies [10, 54], thereby posing as a
promising interface at which to inhibit metastasis. Being a
complex process that requires the execution of multiple
sequential steps, extravasation provides multiple mechanistic
fronts to target: cancer cell adhesion to the endothelial cells
lining the lumen of blood vessels; exiting of the blood vessels by
transendothelial migration; and invasion through the vascular
basement membrane into the adjacent stromal matrix [55]. Since
migration and invasion are integral features of this process, PLOD2
has been speculated to promote extravasation [17]. However, its
direct impact on extravasation has been scarcely studied, likely
due to the difficulty of quantitatively assessing extravasation in a
physiologically complex in vivo environment. Using the in vivo
CAM model, we demonstrate that PLOD2 knockdown significantly
reduces extravasation of radiorecurrent DU145-CF cells. These
findings further support its role as a critical driver of invasion
in vivo and as a key contributor in multiple stages of the
metastatic cascade.
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To date, there have been several pathways identified that
regulate PLOD2, prominent among these being the Transforming
Growth Factor β (TGFβ) [24, 56] and Hypoxia-Inducible Factor (HIF)
cell signaling pathways [21, 24, 57]. Initially, we considered the
possibility that PLOD2 overexpression in DU145-CF cells was
induced through the TGFβ pathway, since their proteomic analysis
indicated upregulation of TGFβ-associated proteins [15]. However,
subsequent investigations using TGFβ pathway inhibitors did not
reduce PLOD2 expression (data not shown). Studies linking PLOD2
expression to upstream hypoxic signaling have been conducted
mainly under hypoxic conditions, which led us to doubt that this
mechanism of regulation was occurring in our normoxic cells.
Despite this, hypoxic signaling was shown to be increased in the
proteomic profile of our radiorecurrent cells [15], leading us to the
compelling discovery that the HIF1α protein, normally degraded in
normoxic conditions [58], was significantly enriched in our DU145-
CF cells.
It has been well-established that hypoxia promotes radiation

resistance [59]. The presence of oxygen in cells is vital for the
permanent fixation of radiation-induced DNA damage that
ultimately leads to tumor cell death [60, 61]; therefore, hypoxic
conditions can mitigate the effects of radiation-induced DNA
damage while also initiating HIF signaling to promote survival of
tumor cells [62]. There are nevertheless various non-canonical
mechanisms by which HIF signaling is activated independently of
low cell oxygenation [63]. In fact, it has previously been shown
that HIF signaling can be upregulated in response to radiation-
induced reactive oxygen species (ROS) coinciding with tumor
reoxygenation [64]. This finding provides one mechanistic proof-
of-concept by which radiation treatment could increase HIF1α
expression in an oxygenated environment. In addition to PLOD2,
HIF signaling induces the expression of numerous other proteins
involved in ECM-remodeling and cell motility [13, 62]; with this in
mind, it is reasonable to infer that the aggressive metastatic
phenotype associated with our DU145-CF cells is in part conferred
by active HIF signaling resulting from repeated radiation exposure.
Future studies using other radiorecurrent cell lines are needed to
further explore the relationship between HIF1α, PLOD2, and
radiorecurrent metastasis.
With PLOD2 consistently demonstrating its promise as a

therapeutic target in multiple cancer models, there is significant
interest in the discovery of inhibitory compounds [65]. A common
compound used to inhibit PLOD2 preclinically is minoxidil
[17, 21, 24, 66], however treatment with minoxidil did not reduce
invasion or PLOD2 protein expression in our cell lines (data not
shown), suggesting an alternate mechanism of regulation. PX-478
is a well-validated inhibitor of HIF1α derived from the alkylating
agent melphalan –an approved chemotherapy in the treatment of
cancers such as multiple myeloma and ovarian adenocarcinoma
[67]– and is considered to be selective for HIF1α through its
multiple levels of inhibition at the transcriptional, translational,
and ubiquitination levels [40]. Treatment with PX-478 is known to
reduce HIF1α protein expression in DU145 cells, leading to
radiosensitization [41], and has previously been shown to reduce
PLOD2 protein expression in glioma cells [39]. Here we have
demonstrated that inhibition of PLOD2 by PX-478 also reduces
invasion, migration, and extravasation. PX-478 treatment has been
reported to mediate various biological effects such as reducing
cell proliferation and promoting apoptosis in vitro while suppres-
sing tumor growth in vivo [68, 69]; nevertheless, HIF1α is known to
influence multiple hallmarks of cancer, and thus these effects are
generally considered as being direct results of HIF1α inhibition.
Our findings therefore highlight PX-478 as a potential therapeutic
inhibitor of HIF1α-driven PLOD2 and radiorecurrent metastasis.
Despite limited progress in the clinical development of PX-478
beyond its phase I clinical trial (NCT00522652) [70], and reports of
toxicities such as neutropenia in mice treated with PX-478 [69],
numerous other HIF1α inhibitors are in various stages of clinical

trials [71], suggesting promising avenues for therapeutic
applications.
There are several downstream mechanisms by which PLOD2 is

reported to promote a pro-invasive phenotype, such as collagen
remodeling [17, 18], enhancing cell motility through integrin
stabilization [20], and induction of EMT [19, 22]. RNA sequencing
of PLOD2-knockdown cells did not indicate expression changes in
genes relating to these processes, however it did reveal a highly
significant association between PLOD2 and the long non-coding
RNA (lncRNA) LNCSRLR. Although unable to encode their own
proteins, a plethora of lncRNAs have been identified as
modulators of gene expression and cell signaling pathways, which
in many instances can contribute to cancer progression under
pathophysiological conditions [72]. In our study, we reveal that the
expression of LNCSRLR is promoted downstream of PLOD2, and
that their expression is strongly associated with each other
clinically. To our knowledge, this is first time LNCSRLR expression
has been linked to PLOD2.
Little is known regarding the function and regulation of

LNCSRLR, having only been recently characterized as a mediator
of sorafenib resistance in renal cell carcinoma [46]. Our functional
investigation identifying LNCSRLR as a pro-invasive RNA corrobo-
rates similar results of a study in hepatocellular carcinoma [35];
however, it remains unclear how LNCSRLR promotes invasion. As
lncRNAs can modulate gene expression at the level of translation,
future studies will be required to investigate its potential effects at
the protein level. Likewise, LNCSRLR is likely only one of several
factors contributing to the pro-invasive phenotype of PLOD2, and
it is reasonable to assume that PLOD2 interacts with other
proteins post-translationally to promote invasion [20].
In conclusion, our results reveal PLOD2 as a negative prognostic

factor for biochemical relapse that promotes migration and
invasion in a diversity of prostate cancer cell types. In vivo, we
confirm that PLOD2 plays a direct role in facilitating cancer cell
extravasation. Mechanistically, HIF1α is upregulated in our radio-
recurrent prostate cancer cells and promotes the expression of
PLOD2; LNCSRLR is expressed downstream of PLOD2 and
contributes a pro-invasive phenotype, thereby establishing a
novel HIF1α-PLOD2-LNCSRLR regulatory axis conferring metastatic
propensity to our radiorecurrent prostate cancer cells. Finally, we
demonstrate the clinical promise of HIF1α inhibitors in mitigating
metastasis, by inhibiting this regulatory axis to reduce migration,
invasion, and extravasation in radiorecurrent prostate cancer with
HIF1α inhibitor PX-478. Together, our findings pave the way for
future preclinical and clinical studies focused on reducing
metastatic propensity by targeting PLOD2, to ultimately
enhance survival outcomes for patients with radiorecurrent
prostate cancer.
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