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Abstract

Vasculogenic mimicry (VM) describes the ability of highly aggressive tumor cells to develop pseudovascular struc-
tures without the participation of endothelial cells. PARP1 is implicated in the activation of hypoxia-inducible fac-
tors, which are crucial in tumor neovascularization. We have explored the role of hypoxia and PARP inhibition in VM.
In uveal melanoma xenografts, the PARP inhibitor olaparib improved in vivo pericyte coverage specifically of VM
channels. This was concomitant with reduced metastasis in olaparib-treated VM™ tumors. PARP inhibition and hyp-
oxia modulated melanoma tube formation in vitro, inducing a more sparse and regular tubular architecture. Whole-
transcriptome profiling revealed that olaparib treatment under hypoxic conditions modulated the expression of
genes implicated in vasculogenesis during tube formation, enhancing the endothelial-like phenotype of VM™ uveal
melanoma cells. PARP inhibition, especially during hypoxia, upregulated PDGFP, which is essential for pericyte
recruitment. Our study indicates that PARP inhibitors may enhance the endothelial characteristics of VM™ cells,
modulate pericyte coverage, and reduce metastatic spread in VM melanoma.
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Introduction

Tumor neovascularization is an essential prerequisite for
the progression of solid tumors, since it provides the
blood supply required to sustain tumor growth. The
best-known form of tumor neovascularization is angio-
genesis, where new blood vessels sprout from pre-
existing vasculature [1]. Angiogenesis was first pro-
posed as a potential therapeutic target in cancer treat-
ment 50 years ago [2], and more than ten different
drugs that interfere with vascular endothelial growth fac-
tor (VEGF) signaling are now clinically approved for the
treatment of several cancer types [3]. However, the clin-
ical benefit of anti-angiogenic therapies is limited, and
resistance often arises within a few months. One of the
reasons is the appearance of alternative forms of
neovascularization, such as vasculogenic mimicry

(VM), also known as vascular mimicry. VM, which
was first reported by Maniotis ef al in 1999 [4], is a
tumor neovascularization mechanism that does not
involve endothelial cells. Instead, VM channels are lined
by highly aggressive tumor cells, which acquire molecu-
lar traits of endothelial cells, including the expression of
a variety of vascular genes. For instance, the aberrant
expression of vascular endothelial (VE) cadherin by
tumor cells is a frequent hallmark of VM [5]. The pres-
ence of VM has been associated with metastasis and
poor prognosis in cancer patients [6], but there is cur-
rently no way to target VM in clinical settings.

Tumor neovascularization is part of the adaptation of
tumor cells to their poorly oxygenated microenviron-
ment, commonly known as tumor hypoxia. Low oxy-
genation leads to the stabilization of hypoxia-inducible
factors (HIFs), which trigger the expression of multiple
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genes involved in vascular dynamics, as well as in glu-
cose metabolism, invasion, stemness, and immune eva-
sion, overall favoring malignant transformation [7].

Poly(ADP-ribose) polymerase 1 (PARPI1) catalyzes
the synthesis and transfer of poly(ADP-ribose) (PAR)
to itself or to other target proteins, a process known as
parylation. PARPI has been implicated in the control
of many cellular processes. Its crucial role in DNA repair
has led to the approval of four different PARP inhibitors
(PARPi) for the treatment of homologous recombina-
tion-deficient tumors [8]. Moreover, PARP1 has been
shown to modulate gene expression in a variety of ways,
such as modulating chromatin structure or interacting
with sequence-specific transcription factors [9]. We have
reported a role for PARPI in regulating the hypoxia
response by modulating HIF-1a [10] and HIF-2a [11].
Given the relevance of hypoxic signaling to VM [5],
we hypothesized that the interplay between PARPI1
and hypoxia might affect VM formation.

In this study, we have investigated the influence of
PARP inhibition and hypoxia on VM in uveal and cuta-
neous melanoma cells, and we have evaluated the effect
of PARPi olaparib on VM™ and VM~ uveal melanoma
xenografts. Our results suggest that PARP inhibition
promotes the endothelial-like phenotype of VM mela-
noma cells, improves pericyte coverage of VM channels
in vivo, and reduces metastasis in VM melanoma.
These findings put forward a new potential target for
the control of tumor vasculature that is independent of
VEGEF signaling, and so could represent an interesting
alternative to anti-VEGF therapies in resistant tumors.

Materials and methods

Cell culture

Human uveal melanoma cells Mum2B and Mum2C were
cultured in RPMI 1640 medium supplemented with 2 mm
L-glutamine, 10% fetal bovine serum, and 1% penicillin/
streptomycin  (PAA Laboratories, Colbe, Germany).
Human cutaneous melanoma cells SKMEL-147 were
cultured in high-glucose DMEM supplemented with
2 mM L-glutamine, 10% fetal bovine serum, and 1% pen-
icillin/streptomycin stock solution (PAA Laboratories).
Historical mislabeling of human melanoma cell
lines resulted in the publication of a report which
reauthenticated Mum2B and Mum2C as C8161 meta-
static melanoma cells and OCM-1 uveal melanoma
cells, respectively [12]. Taking this into account, we
performed a short tandem repeat (STR) analysis for all
our human melanoma cell lines, which confirmed the
identity of the Mum2B and Mum2C cells used in the
present research. Human umbilical vein endothelial
cells (HUVECs; Cell Applications, San Diego, CA,
USA) were grown in endothelial cell growth medium
(Cell Applications/Sigma). Human Retinal Pericytes
(Innoprot, Derio, Bizkaia, Spain) were cultured in
pericyte medium (Innoprot). All cell lines were cultured
in a cell incubator at 37 °C and 5% CO,. For hypoxic
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conditions, cells were placed in a sealed hypoxic work-
station (InvivO, 200; Baker Ruskinn, Sanford, ME,
USA) in an atmosphere of 1% O, and 5% CO, at
37 °C. Hypoxic incubation took place for 24 h.

Reagents and antibodies

For in vitro experiments, olaparib (Selleckchem,
Planegg, Germany) was used at 5 pm for 24 h. For in vivo
experiments, olaparib (MedChemExpress, Monmouth
Junction, NJ, USA) was dissolved in DMSO and further
diluted in 10% (2-hydroxypropyl)-p-cyclodextrin
(Sigma Aldrich, Darmstadt, Germany) in PBS. Olaparib
was administered intraperitoneally at a dose of 50 mg/
kg. Treatment with olaparib or vehicle took place three
times a week for 3 weeks.

Antibodies and dilutions for tissue immunofluores-
cence staining were rat CD34 (BD553731; BD Biosci-
ences, Franklin Lakes, NJ, USA), 1:25; rabbit VE-
cadherin (ab205336; Abcam, Cambridge, UK), 1:500;
mouse S100B (52532; Sigma Aldrich), 1:100; mouse
SMA-Cy3 (C6198; Sigma Aldrich), 1:200; donkey
anti-rat immunoglobulin (Jackson Immunoresearch,
Ely, UK), 1:200; donkey anti-rabbit immunoglobulin
(Jackson Immunoresearch), 1:200; and horse anti-mouse
immunoglobulin (Vector Laboratories, Burlingame,
CA, USA), 1:100.

Tube formation assay and cell recovery

96-well plate wells were covered with 50 pl of ice-cold
growth factor-reduced Matrigel (Corning, Corning,
NY, USA), and plates were placed in a cell incubator
at 37 °C for 30 min. 10,000 Mum2B or 15,000
SKMEL-147 cells were seeded on Matrigel in the pres-
ence of DMSO or 5 pm olaparib. All cells were incubated
under normoxia for 1 h before being incubated in
normoxia or hypoxia conditions for 24 h. Images were
taken on an Olympus CKX41 light microscope (10X
objective magnification) coupled to an Olympus E-330
camera (Olympus, Hamburg, Germany). For analysis
of gene expression during tube formation assays, 35-
mm culture dishes were coated with 770 pl of Matrigel
and 380,000 Mum?2B cells were seeded on the Matrigel.
After a 24-h treatment in the absence or presence of 5 pm
olaparib and hypoxia, Mum2B cells were recovered
from Matrigel using Cell Recovery Solution (Corning)
following the manufacturer’s instructions. RNA was
extracted from pelleted cells using an RNeasy Mini Kit
(Qiagen, Hilden, Germany) following the manufac-
turer’s instructions.

RNA sequencing and data analysis

Library preparation and Illumina sequencing were
performed at the Genomics Facility of the Institute for
Parasitology and Biomedicine ‘Lépez-Neyra® (CSIC,
Granada, Spain). Data analysis was performed at the
Bioinformatics Facility of the same institute. Total
RNA quality was verified using Bioanalyzer RNA
6000 Nanochip electrophoresis (Agilent Technologies,
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Santa Clara, CA, USA). All RNA samples showed an
RNA integrity number (RIN) value above 9.6. RNA
sequencing (RNAseq) libraries were elaborated from
800 ng of input total RNA using a TruSeq Stranded
mRNA kit (Illumina, San Diego, CA, USA). A
Bioanalyzer high sensitivity DNA assay was performed
in order to assess the quality and size distribution of
PCR-enriched libraries. Concentration was measured
using a Qubit fluorometer (Thermo Scientific, Waltham,
MA, USA). Finally, four types of samples (DMSO
+ normoxia, olaparib + normoxia, DMSO + hypoxia,
and olaparib + hypoxia) were sequenced. From each
sample type, three biological replicates were made, giv-
ing 12 libraries in total. These were pooled in an
equimolecular manner and subsequently diluted and
denatured following the Illumina NextSeq 500 library
preparation guide. The 75 X 2 nt paired-end sequencing
was carried out on a NextSeq 500 sequencer, generating
an average of 30,059,075 paired reads per sample.
Transcriptomes were analyzed using the miARma-Seq
pipeline [13]. First, raw sequence data were submitted
for evaluation on FastQC software, which provided a
thorough report about the quality of the reads [14]. Then
the number of reads per sample was homogenized using
the software Seqtk [15]. After sample filtering and trim-
ming, a mean of 28,765,495 fragments per sample were
obtained with 49% GC content on average. Second,
miARma-Seq aligned all processed and quality-filtered
sequences using HISAT2 [16], giving a result of
95.86% of adequately aligned reads against Homo sapi-
ens Gencode version 26, genome-build GRCh38.p10. In
order to obtain expression values, the software
featureCounts was used to attribute sequence reads to
specific genes [17]. The reference gene annotations were
obtained from Gencode from the assembly and genome
build indicated above.

Gene enrichment analysis

A functional enrichment study was carried out using the
clusterProfiler Bioconductor package [18]. Differen-
tially expressed genes (DEGs) were compared against
all expressed genes in the RN Aseq assay. Gene ontology
terms for each gene were obtained from the
Bioconductor Homo sapiens database and were associ-
ated with Entrez gene identifiers in an orgDB R object
through the AnnotationForge package to be used with
clusterProfiler. Gene ontology enrichment analysis was
performed for Biological Process, Molecular Function,
and Cellular Complex terms. KEGG enrichment was
also calculated from Homo sapiens gene names previ-
ously acquired from Gencode. A gene set enrichment
analysis (GSEA) was performed between DMSO
+ normoxia and olaparib + hypoxia samples [19].
Gene sets from the Molecular Signatures database
(MSigDB) v6.2 were used for GSEA [KEGG: 186
canonical pathways from the Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway database; CS5:
825 gene sets based on the gene ontology term]. Default
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parameters were used to identify significantly enriched
gene sets [false discovery rate (FDR) ¢ < 0.25].

RT-qPCR

500,000 Mum2B or 600,000 SKMEL-147 cells were
seeded in 60-mm culture dishes and incubated over-
night. Cells were treated with DMSO or olaparib at
5 pM and incubated in normoxia or hypoxia conditions
for 24 h. Total RNA was extracted using an RNeasy
Mini Kit (Qiagen) following the manufacturer’s instruc-
tions. RNA extracts were subjected to a digestion step
with DNAse I (Invitrogen, Waltham, MA, USA) and
reverse-transcribed using iScript Reverse Transcription
Supermix (BioRad, Hercules, CA, USA) according to
the manufacturer’s instructions. Target sequences were
amplified with iTaq Universal SYBR Green Supermix
(BioRad) using the following primers: CDHS5 forward
5’-AACTTCCCCTTCTTCACCC-3’, CDH5 reverse
5’-AAAGGCTGCTGGAAAATG-3’, NRPI forward
5’-AAAACGGTGCCATCCCT-3’, NRPI reverse 5'-
AAGAAGCAGAGTGGGTCGTT-3’, TIEI forward
5’-GTGCCACCATTTTGACACTG-3’, TIE] reverse
5’-CAGGCACAGCAGGTTGTAGA-3’, PDGFB for-
ward 5’-CATTCCCGAGGAGCTTTATG-3’, PDGFB
reverse 5’-CTCAGCAATGGTCAGGGAAC-3’, 36B4
forward 5’-CAGATTGGCTACCCAACTGTT-3’, and
36B4 reverse 5’-GGCCAGGACTCGTTTGTACC-3’,
where 36B4 was used as a positive and normalization
control.

Enzyme-linked immunosorbent assay (ELISA)

200,000 Mum?2B cells were seeded in the wells of a six-
well plate and incubated overnight. Cells were treated
with DMSO or olaparib at 5 pm and incubated in
normoxia or hypoxia conditions for 24 h. Conditioned
media were recovered and concentrated using Amicon
Ultra-2 centrifugal filter units (Millipore, Burlington,
MA, USA) with a 10 kDa nominal molecular weight cut-
off. ELISA was performed using the commercial human
PDGF-BB Mini ABTS ELISA Development Kit
(PeproTech, London, UK), following the manufac-
turer’s instructions.

siRNA-mediated knockdown

PDGFB expression was knocked down with
predesigned siRNA  SASI_Hs01_00121961 and
SASI_Hs01_00121962 (Sigma Aldrich), which were
co-transfected. As a negative control, we used a scram-
bled siRNA (Sigma Aldrich): 5’-CUUUGGGUGAU-
CUACGUUAIAT]-3’. siRNAs were transfected using
the transfection reagent jetPRIME (Polyplus, Illkirch,
France) following the manufacturer’s instructions.

Cell migration assay

Pericyte migration in the presence of Mum?2B-condi-
tioned media was assessed in vitro using 6.5-mm
Transwell inserts with an 8.0-um pore size (Costar,
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Corning). In brief, 150,000 Mum2B cells were seeded in
six-well plates and transfected with scrambled or
siPDGFB siRNA. After 24 h, transfection medium was
replaced with fresh growth medium containing DMSO
or olaparib. Conditioned media were collected 24 h later
and placed in the lower chamber of Transwell plates.
Recombinant human PDGF-BB (PeproTech) was added
at 1 ng/ml as a positive control for pericyte migration;
8,000 retinal pericytes were placed on the upper chamber
of the Transwell and allowed to migrate for 6 h.
Transwell inserts were then washed in PBS and non-
migrated pericytes were removed from the upper side
of the Transwell with a wet cotton swab. Inserts were
fixed in 4% paraformaldehyde solution (ChemCruz,
Dallas, TX, USA) for 15 min and washed in PBS. Inserts
were then stained with crystal violet (Sigma Aldrich) for
30 min and washed in PBS. Images of migrated
pericytes were taken on an Olympus CKX41 light
microscope (10x objective magnification) coupled to
an Olympus E-330 camera (Olympus).

Human uveal melanoma xenografts

Five-week-old female Swiss nude mice received a sub-
cutaneous injection of 4,000,000 VMt Mum2B or
VM™ Mum2C cells in 100 pl of PBS. Tumor volumes
were measured using a caliper and applying the formula
V=nx[D x dz]/6, where D is the major tumor axis
and d is the minor tumor axis. Once tumors grew to
approximately 100 mm?, tumor-bearing mice were ran-
domized for further treatment with vehicle or olaparib
(50 mg/kg, intraperitoneal) three times a week for
3 weeks. Mice were then anesthetized and perfused with
saline followed by 4% paraformaldehyde via intracar-
diac injection. Internal organs were examined to detect
the presence of metastasis. The experimental protocols
of this study conform to European Union Directive
2010/63 and followed the ethical guidelines for investi-
gations with experimental animals approved by the
Ethics Review Committee for Animal Experimentation
of the Spanish Council of Scientific Research. These
procedures were performed at the Animal Facility at
the Institute for Parasitology and Biomedicine ‘Lopez-
Neyra’ (CSIC, Granada, Spain). Local and metastatic
tumors were harvested, fixed in formalin, and embedded
in paraffin by Dr Francisco O’ Valle’s group (Anatomical
Pathology Department, University of Granada). Tumor
samples were then sectioned at 7-pm thickness at the
Histology unit of Dr Peter Carmeliet’s research group.

Tumor hypoxia

In order to assess in vivo tumor hypoxia, pimonidazole
hydrochloride (Cayman Chemical Company, Ann
Arbor, MI, USA) was dissolved in vehicle and injected
intraperitoneally in tumor-bearing mice at 60 mg/kg
60 min before sacrifice. Hypoxic pimonidazole adducts
were detected with Hypoxyprobel-Mab1 (Chemicon,
Temecula, CA, USA), following the instructions pro-
vided by the manufacturer. The staining was performed
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by the Histology team of Dr Peter Carmeliet’s research
group. Images were acquired using a Leica DMI6000
B microscope (Leica Microsystems, Wetzlar, Germany).

Image analysis

Tube formation images from Mum2B and SKMEL-147
cells (at least three images per condition) were analyzed
using the online software WimTube (Wimasis,
Onimagin Technologies, Cérdoba, Spain), which quan-
tifies a number of parameters of tubular networks,
namely covered area, branching points or tube length,
among others.

Images of Transwell inserts (at least three images per
insert) were analyzed using Fiji [20]. The amount of
transmigrated pericytes was quantified as the area with
positive staining for crystal violet.

Images from tumor CD34/VE-cadherin/a-smooth
muscle actin (aSMA) staining (ten random optical fields
per tumor section, more than five tumors per experimen-
tal group) were analyzed using Fiji. A threshold for
CD34", VE-cadherin®, and oaSMA™" staining was
established independently. VM formation was assessed
as the ratio between total CD34" staining and total
VE-cadherin® staining. CD34"/VE-cadherin® struc-
tures were classified as endothelial vessels, whereas
CD347/VE-cadherin™ structures were classified as VM
channels. The integrity of intercellular contacts was
quantified as the percentage of VE-cadherin® area
within the total vessel area. Pericyte coverage was deter-
mined as the percentage of vessel perimeter that was
positive for aSMA staining.

Statistical analyses

All data from in vitro results (RT-qPCR, tube formation
parameters, etc.; n = 3) were subjected to two-tailed
Student’s #-test or ANOVA analysis. Results are shown
as mean + SEM. Data from tumor volumes and tumor
hypoxia (n >5) were subjected to ANOVA analysis.
Results are shown as median + interquartile range.
Regarding tumor metastasis (n > 5), metastasis-positive
mice were assigned a value of 1, while metastasis-nega-
tive mice were assigned a value of 0. Data were subjected
to ANOVA analysis. Data from pericyte coverage were
analyzed using Mann—Whitney two-tailed tests. Results
are shown as median + 90% confidence interval.

Results

The combination of olaparib plus hypoxia enhances
vasculogenic gene expression in VM ™ uveal
melanoma cells during tube formation

We aimed to find out whether hypoxia or PARP inhibi-
tion could modulate the expression of genes involved
in vascular dynamics in VM tumor cells. We cultured
the highly aggressive uveal melanoma cell line Mum2B
on Matrigel in order to trigger capillary-like tube forma-
tion [4,21], and treated the cells with DMSO or 5 pm
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olaparib in normoxic or hypoxic (1% O,) conditions.
After 24 h, when tubular networks were established,
total RNA was extracted for whole-transcriptome profil-
ing (supplementary material, Table S1). In these condi-
tions, the resulting transcriptome represents gene
expression taking place during tube formation.

Treatment with olaparib significantly changed the
expression of 596 genes (supplementary material,
Figure S1A), hypoxia significantly modulated 1,897
genes (supplementary material, Figure S1B), while treat-
ment with olaparib plus hypoxia resulted in a significant
change in the expression of 4,780 genes (supplementary
material, Figure S1C), compared with normoxic controls
(FDR < 0.05). We examined side by side the genes that
were significantly modulated by olaparib and hypoxia
alone or in combination, with reference to normoxic con-
trols (supplementary material, Figure S1D). Remark-
ably, 2,859 genes were significantly modulated only by
the combination of olaparib plus hypoxia (supplemen-
tary material, Table S1).

GSEA did not identify global modulation of any path-
ways related to vascular function after olaparib treatment
or hypoxia alone. However, GSEA highlighted a total of
12 gene ontology terms related to vessel formation that
were globally altered in the olaparib plus hypoxia condi-
tion, compared with untreated normoxic controls
(Figure 1A—C and supplementary material, Figure S2
and Table S2). Overall, GSEA detected 140 genes impli-
cated in vascular biology whose expression was signifi-
cantly upregulated in this condition (supplementary
material, Table S2, Sheetl), suggesting a promotion of
the vasculogenic gene expression profile. Among these,
we found a number of genes with crucial roles in endo-
thelial and vascular development, such as VEGFA/B/C,
PECAMI, RHOJ, CD34, PDGFB, CDH5, ROBO4,
KDR (VEGFR2), NRP1/2, PTPRB (VE-PTP), or TIE]
[1,22,23].

We validated the RNAseq results for some vascula-
ture-related genes in Mum2B (Figure 1D) and also in
the cutaneous melanoma cell line SKMEL-147
(Figure 1E). The expression of PECAMI and CD34
could not be detected by RT-qPCR in either cell line,
but we measured the expression of CDHS5, NRPI,
TIEI, and PDGFB. Consistent with the RNAseq data,
all of these genes were significantly upregulated by
olaparib plus hypoxia in Mum2B, compared with
normoxic controls, and in some cases by olaparib or hyp-
oxia alone. In SKMEL-147, the expression of vascular
genes was lower (TIEI expression could not be
detected), but the expression of CDH5 and PDGFB
was significantly upregulated by olaparib plus hypoxia
as well. Protein expression of PDGFp was further vali-
dated by ELISA (Figure 1F), measuring its concentra-
tion in Mum2B-conditioned media. PDGFf secretion
was significantly increased by olaparib during both
normoxia and hypoxia. As a reference for gene expres-
sion in endothelial cells, we also measured gene expres-
sion in HUVECs (Figure 1G). Interestingly, we found
that olaparib and hypoxia had the opposite effect on
the expression of CDH5, NRP1, and TIE1 in endothelial
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cells, with all three being significantly downregulated
after combined treatment. However, the expression of
PDGFB did not undergo any significant changes in
HUVECs.

PARP inhibition and hypoxia modulate melanoma
tube formation on Matrigel

In order to assess whether treatment with PARPi and
hypoxia had an effect on the tube formation ability of
VM melanoma cells, we cultured Mum2B (Figure 2)
and SKMEL-147 (supplementary material, Figure S3)
on Matrigel in the absence or presence of PARPi and
hypoxia and analyzed tube formation parameters. We
also analyzed tube formation parameters in the same
conditions in HUVECs (supplementary material,
Figure S4), as an endothelial control.

In Mum?2B, olaparib or hypoxia alone (Figure 2A,
second and third panels) did not seem to have any major
effect on tube formation. Nevertheless, combined treat-
ment with olaparib during hypoxia (Figure 2A, fourth
panel) affected the overall morphology of the tubular
networks, which now appeared more regular and
presented a better tube structure. Quantitatively
(Figure 2B-D), treatment with olaparib during hypoxia
significantly reduced the covered area, total branching
points, and total tube length. There was also a significant
gain in the loop area (the empty spaces between tubes),
meaning that tubes were more dispersed. Altogether,
these changes represent a reduction in the density of
tubular networks, and a network morphology that
evokes vessel normalization. Tube formation assays in
SKMEL-147 provided very similar results (supplemen-
tary material, Figure S3): the combination of olaparib
plus hypoxia caused a significant decrease in the covered
area, total branching points, total loops, and total tube
length. An increase in the mean loop area seemed to take
place too, though it was not statistically significant. Still,
the changes detected after olaparib plus hypoxia in
SKMEL-147 also reveal a reduction in the density of
tubular networks, and this reduction was also accompa-
nied by a visible improvement in tube structure.

As seen for gene expression, olaparib and hypoxia
exerted the opposite effect on tube formation by
HUVECS (supplementary material, Figure S4). In these
cells, olaparib plus hypoxia significantly increased the
number of branching points, loops, and total tube length,
while the mean loop area was significantly reduced.

Taking the above results together, we have shown that
PARP inhibition and hypoxia, especially in combina-
tion, can enhance endothelial-like gene expression and
favor a structural normalization of tubular networks in
VM" melanoma cells. In HUVECs, however, PARP
inhibition during hypoxia decreased the expression of
several endothelial genes (CDH5, NRPI, and TIE], but
not PDGFB), while increasing the density of tubular net-
works on Matrigel. These findings suggest that the regu-
lation of endothelial-like characteristics is different in
melanoma cells compared with primary endothelial
cells.
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Figure 1. The combination of PARP inhibition plus hypoxia modulates vasculogenic gene expression in VM™ melanoma cells. (A-C) RNAseq
data comparing gene expression after olaparib plus hypoxia with normoxic controls were subjected to GSEA and enrichment plots were gen-
erated. (D) Mum2B, (E) SKMEL-147, and (G) HUVECs were treated with DMSO or olaparib and incubated under normoxia or hypoxia for 24 h.
Total RNA was extracted and gene expression was measured using RT-qPCR. (F) Mum2B cells were treated with DMSO or olaparib and incu-
bated under normoxia or hypoxia for 24 h, and the concentration of PDGFB in conditioned media was measured using ELISA. *p < 0.05;
**p < 0.01; *™p < 0.001 (Student's t-test, n > 3).
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Figure 2. PARP inhibition and hypoxia modulate tube formation by VM™ uveal melanoma cells. (A) Mum2B cells were cultured on Matrigel in
the absence or presence of olaparib and incubated under normoxia or hypoxia for 24 h. (B-D) Tube formation parameters (covered area,
branching points, loops, tube length, and loop area) were quantified using the image analysis software WimTube (Wimasis). *p < 0.05;

*p < 0.01;*p < 0.001 (Student's t-test, n > 3). Scale bar: 100 pum.

Olaparib treatment favors pericyte migration in vitro
in a PDGFB-dependent manner

PDGFp reportedly triggers pericyte recruitment towards
endothelial vessels [24]. We hypothesized that increased
PDGFp expression (Figure 1D,E) and secretion
(Figure 1F) in melanoma cells after olaparib treatment might
entail changes in pericyte behavior. We knocked down
PDGFB expression (supplementary material, Figure S5) in
Mum?2B in the absence and presence of olaparib and subse-
quently performed Transwell migration assays in order to
evaluate the ability of Mum2B-conditioned medium to stim-
ulate pericyte migration in vitro (Figure 3).

Conditioned medium of olaparib-treated Mum2B
cells significantly increased pericyte migration com-
pared with control conditioned medium. However, this
increase did not take place when PDGFB expression
was knocked down. The addition of exogenous PDGFf
to the conditioned medium restored the increase in
pericyte migration.

These results show that olaparib treatment can
enhance the ability of uveal melanoma cells to recruit

© 2022 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd
on behalf of The Pathological Society of Great Britain and Ireland. www.pathsoc.org

pericytes in vitro and that this recruitment depends on
the expression of PDGF}.

Olaparib affects the incidence of metastasis in VM ™"
tumors

We generated human uveal melanoma xenografts using the
cell lines Mum2B and Mum?2C. The poorly aggressive cell
line Mum2C was used as a negative control for VM forma-
tion (supplementary material, Figure S6A) [25]. Tumor-
bearing mice were treated with olaparib (50 mg/kg) or
vehicle in order to explore the effect of PARP inhibition
on the progression of VM and VM~ tumors.

Final tumor size was similar in all the experimental
groups, with no significant effect that could be attributed
to treatment or to the different cell lines (Figure 4A).
However, careful examination of internal organs
revealed a variation in the incidence of metastasis
(Figure 4B). In particular, olaparib treatment signifi-
cantly reduced the incidence of metastasis in Mum2B-
bearing mice. Furthermore, treatment with olaparib
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Figure 3. PARP inhibition increases pericyte migration in vitro in a PDGFB-dependent manner. (A) Mum2B cells with PDGFB expression
knocked down were treated or not with olaparib. Conditioned medium was placed in the lower chamber of Transwell plates. Human PDGF
was added as a positive control for pericyte migration. Human retinal pericytes were placed on the upper chamber of Transwell plates and
allowed to migrate for 6 h. Migrated pericytes were stained with crystal violet. (B) Migrated pericytes were quantified using Fiji as the area
with positive staining by crystal violet. N.S., not significant. *p < 0.05; **p < 0.01 (Student's t-test, n = 3). Scale bar: 100 um.

seemed to affect not only the presence of metastasis but
also the size of metastatic tumors (supplementary mate-
rial, Figure S6B); the only metastasis found in
Mum?2B-bearing mice treated with olaparib was consid-
erably smaller than metastases found in mice treated
with vehicle. All metastases in the different groups were
found in the peritoneal cavity.

Endothelial and VM vessels in vivo

The presence of VM in vivo was determined through
CD34/VE-cadherin/S100B co-immunofluorescence
staining (supplementary material, Figure S6C,D), where
CD34 was used as an endothelial-specific marker, VE-

© 2022 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd
on behalf of The Pathological Society of Great Britain and Ireland. www.pathsoc.org

cadherin as a dual marker for endothelial vessels and
VM pseudovessels, and S100B as a melanoma cell
marker [26]. Therefore, CD34"/VE-cadherin/S100B ™
vessels are genuine endothelial vessels, while CD34 7/
VE-cadherin"/S100B* structures represent VM chan-
nels. As expected, VM was observed in Mum2B- (sup-
plementary material, Figure S6C, arrows) but not
Mum?2C-derived (supplementary material, Figure S6D)
tumors. We quantified total CD34" and VE-cadherin™
staining independently in all tumor samples. The ratio
between CD34 and VE-cadherin staining (supplemen-
tary material, Figure S6E) was considered a measure
for the overall presence of VM. Indeed, the CD34/VE-
cadherin ratio was significantly higher in Mum2C

J Pathol 2023
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Figure 4. PARP inhibition affects the incidence of metastasis in
VM™ uveal melanoma xenografts. Human subcutaneous uveal mel-
anoma xenografts were generated in immunocompromised mice,
which were treated with vehicle or olaparib (50 mg/kg) for 3 weeks.
(A) Final tumor volume was measured with a caliper in all mice
before sacrifice. There were no significant differences among the
different experimental groups. (B) Upon sacrifice, mice were dis-
sected and examined for the presence of metastasis. *p < 0.05 (Stu-
dent's t-test, n > 8).

tumors, where there are no CD34 /VE-cadherin™ struc-
tures. Olaparib did not alter the CD34/VE-cadherin ratio
in any case, suggesting that PARP inhibition does not
affect the overall ability to develop VM structures.

Our in vitro results suggest that olaparib may have a
deeper effect on the vasculogenic phenotype under hyp-
oxic conditions, so we evaluated the oxygenation status
of the tumor xenografts (supplementary material,
Figure S6F). As expected in solid tumors, all samples
showed PIMO™ staining, revealing the presence of hyp-
oxic regions.

PARP inhibition has opposing effects on pericyte
recruitment to endothelial versus VM vessels in vivo

As discussed above, PARP inhibition promoted the
expression and secretion of PDGFp in VM melanoma
cells (Figure 1D-F), as well as their ability to stimulate
pericyte migration in vitro (Figure 3). We hypothesized
that this might influence pericyte recruitment to vascular
and pseudovascular structures in vivo. In order to explore
this possibility, tumor sections were stained for CD34,
VE-cadherin, and the mural cell marker aSMA [27]
(Figure 5 and supplementary material, Figure S7). In this
model, CD34/VE-cadherin/aSMA co-localization can

© 2022 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd
on behalf of The Pathological Society of Great Britain and Ireland. www.pathsoc.org

vessels was significantly higher after olaparib treatment
(supplementary material, Figure S7C). This suggests
that the effect of olaparib on pericyte recruitment is dif-
ferent in VM and VM~ tumors; olaparib improves the
pericyte coverage of endothelial vessels in the absence
of VM (Mum2C-derived tumors), but it selectively
improves the pericyte coverage of VM channels when
they are present (Mum2B-derived tumors).

Thus, PARP inhibition increased pericyte recruitment
specifically to VM pseudovessels, which may have
implications in pseudovessel maturation and function.

Discussion

Alternative neovascularization mechanisms, such as
VM, have been gaining attention in recent years. This
interest has been motivated by the limitations encoun-
tered by anti-angiogenic therapies. Several reports have
shown a positive correlation between anti-angiogenic
treatments, such as bevacizumab, and VM formation
[29,30], suggesting that VM can arise as an adaptive
response to enable tumor perfusion and elicit resistance.
Many important genes in endothelial and VM develop-
ment are direct targets of HIFs, making tumor hypoxia
a critical initiator of angiogenesis as well as VM [5,7].
In turn, we have reported a role for PARP1 in modulat-
ing the hypoxia response by modulating HIF1a [10]
and HIF2a [11], which prompted us to explore the inter-
play between VM, hypoxia, and PARP inhibition.

Our ‘-omics’ approach to understanding the role of
PARPi and hypoxia in the modulation of VM led to the
identification of thousands of genes that were regulated
by these conditions during tube formation in vitro. Inter-
estingly, the combination of olaparib plus hypoxia
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resulted in the significant modulation of over 2,000
genes that were not modulated by olaparib or hypoxia
alone. This suggests that there must be some sort of addi-
tive or synergistic interaction between olaparib treat-
ment and the hypoxia response regarding the regulation
of gene expression.

GSEA highlighted the upregulation of 140 genes
implicated in endothelial and vascular biology, indicat-
ing that the combination of olaparib and hypoxia may
enhance the endothelial-like phenotype of VM™ tumor
cells. The fact that olaparib and hypoxia collectively
modulate such a high number of vasculature-related
genes suggests that they might affect the activity of one
or a few master regulators of endothelial gene expres-
sion. In a recent report, we found that olaparib
upregulated long non-coding RNAs (IncRNAs) that
were predicted targets of the transcription factor ETS1
[31], in line with previous findings showing increased
ETS1 transcriptional activity after PARP inhibition
[32]. ETS1 has been extensively reported to modulate
endothelial function [33-36], making it an interesting
candidate for further research in VM regulation.

Notably, the effect of olaparib plus hypoxia on gene
expression is different in VM ™ melanoma cells and in
HUVECs. Indeed, most of our results show opposing
effects of olaparib on VM and endothelial cells, hinting
at a cell type-specific mechanism. We could hypothesize
that the behavior of tumor cells may differ due to the
deregulation of regulatory mechanisms that support the
pluripotency of these highly aggressive cells [37].

PDGFpP has a crucial role in pericyte recruitment
towards endothelial vessels [24] as well as VM channels
[28]. We have shown that PDGFf expression and secre-
tion were upregulated by olaparib in VM " melanoma cells
but not in HUVECs. Upregulated PDGFf secretion in
uveal melanoma cells after olaparib treatment enhanced

PARPI
- EC vessel == VM vessel tumor cell pericyte
vasculogenic gene expression T
PDFGB

density of tubular networks

pericyte recruitment

- — | |~ |>
— = |~ >

metastatic spread

Figure 6. PARP inhibition modulates VM in melanoma. PARP inhibi-
tion and hypoxia induce pro-vasculogenic gene expression in VM*
melanoma cells, including an upregulation of PDGFB. This may favor
a partial maturation of VM pseudovessels, as illustrated by
increased pericyte recruitment in vivo. These changes were concom-
itant with reduced metastasis in VM™ tumors. EC, endothelial cell.

© 2022 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd
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their ability to stimulate pericyte migration in vitro.
Indeed, our in vivo experiments demonstrated a significant
increase in pericyte coverage of VM channels in olaparib-
treated mice, showing a promotion of pericyte recruitment.

Surprisingly, olaparib treatment had opposing effects
on pericyte coverage of endothelial vessels, which was
reduced in VM ™ tumors but increased in VM ™ tumors.
This indicates that the presence or absence of VM influ-
ences vascular dynamics within the tumor. Focusing on
VM tumors, overall pericyte coverage was not affected
by olaparib treatment, meaning that the total number of
pericytes associated with tumor vasculature did not
change in response to olaparib. Hence, the observed
changes could represent a shift in the pericyte population
towards VM channels and away from endothelial ves-
sels, due to increased PDGFf secretion specifically by
VM cells. In other words, there might be a competition
between endothelial and VM vessels for the recruitment
of the pericytes available within the tumor, and olaparib
could tip the balance in favor of VM channels by
upregulating PDGFp. In contrast, this competition
would not take place in VM tumors, so pericyte cover-
age would not decrease in response to olaparib. On the
contrary, olaparib promoted pericyte coverage of endo-
thelial vessels in VM ™ tumors. Riedel et al reported that
the anti-cancer agent RAPTA-T, which seemingly
reduced PARP activity, could increase pericyte coverage
in mesothelioma xenografts, and this increase correlated
with reduced poly(ADP) ribose [38].

We show that olaparib can reduce metastatic spread
specifically in Mum2B-derived tumors, an effect that
we attribute to the modulation of VM. The promotion
of endothelial gene expression, the improved tube struc-
ture as seen in vitro, plus the stabilizing action of
pericytes in vivo after olaparib treatment may lead to
some degree of ‘pseudovessel maturation’ of VM chan-
nels. This could in turn hinder tumor cell intravasation
and hence metastasis, similarly to the effect reported
for the normalization of endothelial vasculature [39]. In
fact, we show reduced metastasis in response to olaparib
even if it appears to contribute to the abnormalization of
endothelial vessels, which show reduced pericyte cover-
age and weaker intercellular contacts in VM tumors.
This highlights the relevance of targeting not only endo-
thelial vessels but also VM channels in cancer therapy.

Conclusions

In summary (Figure 6), our study reveals a role for
PARP inhibition in the regulation of melanoma VM in
vitro and in vivo. In vitro, the PARP inhibitor olaparib
in the presence of hypoxia enhanced the endothelial-like
phenotype of VM melanoma cells during tube forma-
tion, while modulating tubular network architecture. In
vivo, olaparib affected pericyte coverage dynamics,
favoring pericyte recruitment to VM channels, which
was concomitant with a decrease in the incidence and
size of metastatic VM ™ tumors.
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