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Simple Summary: Members of the poly (ADP-ribose)-polymerase (PARP) enzyme family regulate
a broad range of cellular functions related to carcinogenesis, tumor growth, cell death, replicative
immortality, and metabolism. In the companion paper (part 1) to this review, we covered how the
17 members of the PARP1 family affect these intrinsic cancer cell hallmarks. Here, we explore the
PARP association of cancer hallmarks that derive from tissue-level reorganization in tumors and
interactions of cancer cells with the tumor stroma. Thus, the focus of this review will be on the roles
played by PARPs in tumor invasion, metastasis, anticancer immune responses, and tumor-associated
inflammation. We present mechanisms that may enhance or weaken the therapeutic efficiency of
PARP inhibitors and discuss the potential targeting of non-DNA dependent PARPs.

Abstract: Poly (ADP-ribose) polymerases (PARPs) modify target proteins with a single ADP-ribose
unit or with a poly (ADP-ribose) (PAR) polymer. PARP inhibitors (PARPis) recently became clinically
available for the treatment of BRCA1/2 deficient tumors via the synthetic lethality paradigm. This
personalized treatment primarily targets DNA damage-responsive PARPs (PARP1-3). However, the
biological roles of PARP family member enzymes are broad; therefore, the effects of PARPis should
be viewed in a much wider context, which includes complex effects on all known hallmarks of cancer.
In the companion paper (part 1) to this review, we presented the fundamental roles of PARPs in
intrinsic cancer cell hallmarks, such as uncontrolled proliferation, evasion of growth suppressors, cell
death resistance, genome instability, replicative immortality, and reprogrammed metabolism. In the
second part of this review, we present evidence linking PARPs to cancer-associated inflammation,
anti-cancer immune response, invasion, and metastasis. A comprehensive overview of the roles of
PARPs can facilitate the identification of novel cancer treatment opportunities and barriers limiting
the efficacy of PARPi compounds.

Keywords: hallmarks of cancer; poly (ADP-ribose) polymerase; oncogenes; angiogenesis;
inflammation; anticancer immunity; evasion of immune response; metastasis; invasion

1. Introduction

In two seminal papers, Hanahan and Weinberg proposed a set of quintessential
traits that define cancer [1,2]. Six of these cancer hallmarks describe altered behaviors of
transformed cells compared to their normal counterparts. According to these six hallmarks,
cancer cells are characterized by genomic instability, sustained proliferative signaling,
evasion of growth-suppressive signals, replicative immortality, altered metabolism, and
resistance to cell death. In addition to these intrinsic cancer cell traits, four additional
hallmarks/enabling characteristics define interactions between cancer tissue and the host
organism [1]. This second set of hallmarks emphasize our view that cancer is a systemic
disease, and cannot be adequately understood by scrutinizing only cancer cells. In other
words, a tumor is closer to a complex organ than a lump of hyperproliferative cells. This
second set of hallmarks arises from the derangement of signaling pathways arising from
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both the transformed cell and the homo- and heterotypic interactions between cancer
cells, immune cells, and parenchymal or stromal cells. In the past decade, the interplay
between the tumor and its microenvironment has become the prevailing direction of cancer
research and the area from which the newest therapeutic modalities are emerging. The
first regulatory body approval of a cancer immunotherapy in 2008; the approval of the first
immune checkpoint inhibitor antibody by the FDA in 2011, followed by six others to date;
the first approved chimeric antigen receptor (CAR) T-cell treatment in 2017; and hundreds
of ongoing clinical trials all highlight promising new avenues for cancer treatment involving
manipulation of the immune system’s interaction with transformed cells.

All hallmarks of cancer are closely intertwined with poly (ADP-ribose) polymerase
(PARP)-mediated activities, and hallmarks related to cancer-host crosstalk are no ex-
ception. The PARP enzyme family, also known as ARTD (diphtheria toxin-like ADP-
ribosyltransferase) enzymes [3], modify proteins with a single ADP-ribose residue (mono-
ADP-ribosylation, MARylation) or poly(ADP-ribose) polymers (poly-ADP-ribosylation,
PARylation) [4]. These enzymes are implicated in the regulation of the most fundamental
cell functions, including genome maintenance, DNA repair, cell death, cell proliferation,
and transcription [5-11]. In the first part of these twin reviews, we presented the funda-
mental roles of PARPs in intrinsic cancer cell hallmarks [12]. In the second part, we present
evidence linking PARPs to cancer-associated inflammation, anti-cancer immune response,
invasion of surrounding healthy tissues, and metastasis to remote organs.

2. Role of PARPs in Hallmarks Related to the Interplay between Cancer and Host
2.1. Angiogenesis

For continued growth and survival, a tumor must promote angiogenesis. In addition
to the delivery of oxygen, nutrients, and growth factors, the neovasculature provides
communication channels for cancerous cells to disseminate [13].

2.1.1. Drivers of Angiogenesis in Tumors

A pivotal stimulus that drives the angiogenic process is the deregulation of oncogenic
pathways. For example, the mutant RAS-RAF-MAP kinase signal transduction pathway
can directly upregulate vascular endothelial growth factor (VEGF), transforming growth
factor (TGF)-oc/ 3, other growth factors, and cytokines that initiate vessel infiltration
(Figure 1). In addition to the triggers inherent to the oncogenic process, angiogenesis is
promoted by hypoxia, due to the increasing distance between capillaries and proliferating
cancer cells as solid tumors grow [14]. Cells respond to hypoxia with a transcriptional
program mediated by hypoxia-inducible factors (HIFs). The tumor suppressor protein,
von Hippel-Lindau factor (VHL), is part of the Cul2-Rbx1-EloBC-VHL ubiquitin E3
ligase complex. Under normoxic conditions, VHL is responsible for the continuous
removal of HIFs. In response to low oxygen tension or high levels of reactive oxygen
species (ROS), this regulation is suspended and HIFs accumulate, translocate to the
nucleus, dimerize, and upregulate their target genes. The most important angiogenic HIF
target genes include VEGF-A, placenta growth factor (PGF), angiopoietin-2 (ANGPT2),
chemokine (C-X-C motif) ligand (CXCL) 12 [15], hepatocyte growth factor (HGF) [16,17],
and platelet-derived growth factor-B (PDGF-B) [18].
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Figure 1. The contribution of PARPs to tumor angiogenesis. Angiogenesis is mainly promoted by low oxygen tension and
altered metabolism in the interior of solid tumors. The response in cancer and the endothelial cells is primarily mediated
by HIFs, which upregulate an array of angiogenesis-stimulating genes (e.g., VEGF, ANGPT2, CXCL12, HGF, PDGF-B).
PARP-1 protects HIF1 and HIF2 from VHL-mediated ubiquitylation and proteasomal degradation, and also functions as a
transcriptional co-activator for both. NRF2 stimulates mitochondrial oxygen consumption and enhances HIF1 activation
by further reducing the intracellular O, level. Although VEGF and VEGEF?2 are destabilized by PARylation, they can be
preserved within the tumor because lactate, produced in excess by poorly oxygenized cancer cells with a rewired metabolism,
reduces the NAD* available for PARylation. PARP-1 also licenses the expression of c-MYC, another angiogenesis-related
factor. The formation of new blood vessels begins with the EndoMT of a few endothelial cells in the vascular bed of
the tumor site. The loss of apical-basal polarity and the adoption of a migratory phenotype, together with changes in
molecular markers, are promoted by the TGF- and WNT/ 3-catenin pathways (upper and middle callout circles). TNKS1/2
activate 3-catenin by PARylating and targeting AXIN for proteasomal degradation. PARP-10 also stimulates 3-catenin by
MARylation-mediated inactivation of GSK3f3, another negative regulator of WNT/-catenin signaling. VEGF-stimulated
endothelial cell migration depends on AP-1 signaling, and PARP-1 supports the AP-1 transcriptional response by activating
JNK (upper callout circle). PARP-1 is involved at multiple levels in the positive regulation of SNAIL1, one of the most
important transcription factors driving EndoMT (bottom callout circle). VIM: vimentin, KRT15/18: keratin 15/18.

PARylation has been implicated in angiogenesis by numerous publications. PARP
inhibition with GPI15427 blunts the endothelial response to angiogenic stimuli both in vitro
and in vivo [19]. Defective growth factor-induced angiogenesis in PARP-1"/~ mice [19]
and reduced angiogenesis marker expression of PARP1-depleted melanoma cells has pro-
vided further evidence for the role of PARP-1 in angiogenesis [20]. PARP-1 also contributes
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to HIF-1a accumulation in response to hypoxia, and this response is mediated by nitric
oxide [21,22]. PARP1 physically interacts with HIF-1«, PARylates the transcription factor,
and functions as a stability regulator and transcriptional coactivator in HIF-1x-dependent
gene expression [23-25] (Figure 1). Accordingly, the expression of key HIF-1 target genes
and the transcriptional activity of HIF-1 are compromised by PARP inhibition or in PARP-
1=/~ cells [26]. PARP-1 also interacts with HIF2« and protects it from VHL-mediated
ubiquitylation and degradation. Additionally, PARP-1 is required for the activation of
HIF2 responsive genes and HIF-2oc mRNA and protein expression [24]. PARP-1 inhibi-
tion reduced the vessel formation rate and vessel density count in subcutaneous HepG2
xenograft tumors in mice. This was associated with reduced expression of a number of
tumor angiogenesis-related factors, including HIF2x, c-Myc, JunD, osteopontin, endoglin,
VEGFR], angiopoietin 2, MMP28, ADAM12, PDGE, and EGER [27]. In a model of 12-O-
tetradecanoylphorbol-13-acetate-induced skin carcinogenesis, arising papillomas exhibited
decreased vessel density in PARP inhibitor-treated mice [26]. This effect on angiogenesis
may be partially responsible for the somewhat paradoxical resistance of PARP-1~/~ mice
against chemically-induced skin carcinogenesis. The differences in tumor vascularity likely
account for decreased tumor size [28]. PARP inhibitors may dose-dependently reduce
VEGF or bFGF-induced proliferation, migration, and tube formation in human umbilical
vein endothelial cells (HUVEC) and the sprouting of rat aortic rings in vitro, suggesting
that PARPs interfere with angiogenic signaling at a downstream point in the VEGF sig-
naling pathway [27,29,30]. VEGF-induced endothelial migration is mediated primarily by
the AP-1 transcription factor [31]. PARP-1 promotes the AP-1 transcriptional response by
activating c-Jun N-terminal kinase (JNK), and AP-1 signaling is reduced in a PARP-1~/~
background [32,33]. Lactate, a prominent product of the rewired tumor metabolism, re-
duces PAR-synthesis by decreasing intracellular NAD" content in the cells of the tumor
microenvironment through LDH [34]. Exogenous lactate upregulates VEGF and VEGFR2
in HUVEC cells, and increases VEGF angiogenic potency by reducing its PARylation [35].

PARP-1 represses CXCL12 expression by changing the epigenetic control of its pro-
moter. In PARP-1~/~ mouse embryonic fibroblasts, the expression of the 10~11 translo-
cation (Tet) demethylases is increased, and the CXCL12 gene becomes demethylated and
highly transcribed [36]. Another transcription factor, through which PARP-1 promotes an-
giogenesis, is nuclear factor erythroid 2—related factor 2 (NRF2). NRF2 and HIF signaling
are intricately connected. NRF?2 is activated by increased ROS in the tumor microenvi-
ronment. NRF2 silencing suppresses HIF1 activation, tumor vascularization, and growth
under hypoxic conditions. Thus, reduced mitochondrial oxygen consumption in NRF2-
inhibited cells prevents the stabilization of HIF1 [37]. PARP-1 stimulates the DNA-binding
of NRF2 and the expression of its target genes upon binding to transcription factor MafG,
the heterodimerization partner of NRF2, and its antioxidant response element (ARE) [38].

The function of c-MYC is also necessary for the angiogenic switch required for tu-
mor progression. Expression of VEGEF, angiopoietin 2, and other angiogenic factors re-
quires c-MYC. Thus, vasculogenic defects develop in c-MYC~/~ mice embryos and ES cell
xenografts [39]. PARP-1 promotes the transcription of c-MYC by PARylating the chromatin
over its promoter when serum-starved cells are allowed to reenter the cell cycle [40].

2.1.2. The Endothelial Response

During angiogenesis, endothelial cells (ECs) reenter the cell cycle, begin to divide,
and migrate into the surrounding tissues. ECs then organize into hollow tubes, reestab-
lish stable contacts with the extracellular matrix (ECM) with the help of integrins, and
evolve into a mature network of blood vessels. A precondition of angiogenic sprouting is a
partial endothelial-to-mesenchymal transition (EndoMT) of the endothelial cells, similar
to the process of epithelial-to-mesenchymal transition (EMT). These transitions entail the
loss of apical-basal polarity, degradation of the ECM, and adoption of a migratory phe-
notype, which involves the shedding of endothelial molecular markers (CD31, vascular
endothelial (VE)-cadherin), and the acquisition of mesenchymal markers (smooth muscle



Cancers 2021, 13, 2057

50f21

actin (SMA), vimentin). The TGF- and the Wnt/—catenin pathways are the most im-
portant regulators of EndoMT. PARPs impact both of these pathways. Tankyrases 1 and 2
(TNKS1/2; also known as ARTDS5 and ARTD6, PARP5a and PARP5b) activate 3-catenin by
poly (ADP)ribosylating AXIN, the scaffold protein in the 3-catenin destruction complex,
promoting its ubiquitylation by RNF146 E3 ubiquitin-ligase and thereby targeting it for
proteasomal degradation. TNKS inhibition is known to stabilize AXIN and inhibit Wnt
signaling [41]. PARP-10 has been shown to MARylate, and thus, inactivate the kinase
GSK3p. GSK3p is another component of the (3-catenin destruction complex that prevents
the accumulation, nuclear translocation, and transcriptional activity of -catenin [42].
A notable mesenchymal marker upregulated by (3-catenin/TCF is vimentin [43]. PARP
inhibition leads to the downregulation of vimentin, up-regulation of VE-cadherin, and
the reversal of EndoMT in endothelial cells. Thus, PARP inhibition prevents malignant
melanoma cells from developing vasculogenic mimicry [44]. SNAIL1, SNAIL2, and their
downstream target, ZEB1, are major EMT- and EndoMT-inducing transcription factors.
SNAILs repress E- and VE-cadherin, while they induce SMA and vimentin. PARP-1 is in-
volved in the regulation of SNAIL expression at multiple levels. PARP-1 interacts with the
SNAIL1 promoter and induces its transcription via PI3K-integrin-linked kinase (ILK)-Akt
signaling. This signaling pathway integrates cues from the surrounding ECM. PARP-1 also
PARylates and interacts with SNAIL1 [45]. Both PARP-1 knockdown and PARP inhibition
lead to the accelerated degradation of SNAIL1 [46]. In contrast, PARylation also plays a
pro-angiogenic role; Smad function is negatively regulated by PARP-1. PARP1 is assisted
by PARP-2 in this pro-angiogenic role, and is positively regulated by PARG during the
course of TGF-f3 signaling [47,48].

2.1.3. Open Questions and Prospects

Altogether, PARPs appear to be proangiogenic by many accounts. However, the
extent to which the antiangiogenic effects of PARPis contribute to the anticancer effect
of these drugs is unclear. This effect is unlikely to result in a dramatic reduction in
tumor vascularization, although it has not been investigated systematically. Nonetheless,
numerous clinical trials are underway to test the efficacy of PARPi in combination with
angiogenesis inhibitors.

2.2. Invasion and Metastasis

The development of malignant tumors culminates in the most dreadful changes from
the perspective of the patient: Invasive growth and dissemination. Over 90% of cancer-
related deaths are due to metastatic disease. The process of metastasis incorporates a
number of steps, including invasion, intravasation, transport in the circulation, extravasa-
tion, survival at the metastatic site, micrometastasis formation, and colonization [49]. The
current understanding of the molecular events in invasion and metastasis was obtained
from malignancies of epithelial origin. The process begins with a phenotypic alteration
within individual cells or tumor cell collectives at the invasive front of the primary tumor.
EMT is an epigenetically directed program that does not require the acquisition of muta-
tions and is necessary for the development of embryonic germ layers during gastrulation
and neural crest formation [50,51]. EMT regulatory pathways and the main regulators
of this pathway were briefly introduced in the previous section. Molecular interactions
described above for EndoMT (e.g., PARP1’s involvement in SNAIL1/2 expression and
signaling, tankyrase 1 and 2-mediated activation of 3-catenin by AXIN PARylation, PARP-
10-catalyzed MARylation, and inactivation of GSK3f kinase) are also relevant for EMT.
Moreover, Yes-associated protein (YAP) is a proto-oncogene transcription factor elevated in
human cancers that promotes metastasis [52,53]. YAP is inhibited by the Hippo pathway,
which mediates cell-cell contact inhibition and tissue growth control [54]. The angiomotin
(AMOT) protein family are suppressors of YAP activity [55]. TNKSs interact with AMOTs
and promote their degradation through RNF146, similar to the regulation of 3-catenin [56].
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PARPs also exert EMT-suppressing effects. The homeobox transcription factor, HOXB?,
is upregulated in mammary carcinomas, and HOXB7 expression confers EMT-like pheno-
typical features in breast cancer cells [57]. HOXB? interacts with PARP-1 and undergoes
PARylation, resulting in reduced transcriptional activity [58]. PARylation of Smad proteins
by PARP-1 and PARP-2 and dePARylation by PARG are key negative and positive regula-
tory events controlling the strength and duration of Smad-mediated transcription during
TGE-f3 signaling [47,48]. Inactivation of PARP-1 in mice with transgenic prostate adenocar-
cinoma resulted in higher TGF-3-driven Smad signaling. This increased Smad signaling
correlated with the induction of EMT, loss of E-cadherin, and upregulation of N-cadherin
and ZEB-1 [59] (Figure 2). The complex interactions between PARPs and EMT-regulating
pathways are exemplified by the role of PARP-3 in TGF-f3 and ROS-dependent EMT, as
well as the stem-like feature expression in human mammary epithelial and breast cancer
cells. PARP-3 expression is higher in breast cancer cells with a mesenchymal phenotype
and correlates with the expression of vimentin, a mesenchymal marker. PARP3 inversely
correlates with the epithelial marker, E-cadherin. ROS generated in response to TGF-3
activation induces PARP-3 expression, which in turn upregulates transglutaminase 2, a
known regulator of the SNAIL and E-cadherin axis during EMT [60].

The genetic plasticity underlying EMT facilitates adaptation to cytotoxic or targeted
therapies, and may result in acquired drug resistance [61]. Genetic plasticity and PARP’s
effects on EMT-promoting pathways translates into a clinical response to PARP-inhibitor
therapy that is difficult to predict. A single dose of olaparib (a PARP inhibitor) quickly
upregulates EMT markers in treatment-naive BRCA1/2-mutant breast tumors. Thus, EMT
upregulation is one potential mechanism that may lead to treatment resistance during
PARP;] therapy [62].

At the invasive front, matrix metalloproteinases (MMPs) play a major role in tu-
mor cell escape from primary carcinomas by reorganizing the ECM components and
basement membrane [63]. Hepatocyte growth factor (HGF) expression plays a role in
the invasiveness of ovarian tumors in patients with hepatic metastases of colorectal
cancer relapsing after neoadjuvant chemotherapy. HGF also induces the acquisition of
CSC (cancer stem cell) characteristics in pancreatic cancer [64-66]. HGF promotes the
upregulation of PARP-1 connected to increased expression of MMP-2 [67]. PARP-1 is
also a direct transcriptional activator of MMP-9 [68] (Figure 2). PARPi treatment results
in decreased MMP-2 and MMP-9 expression and the induction of the tissue inhibitor of
metalloproteinases (TIMPs) [69-71]. The NF-«kB pathway, which is positively influenced
by PARP-1, stimulates MMP expression [72]. Although RNAi-mediated silencing of
PARG in colon cancer cells increases the level of phosphorylated Akt, PARG silencing
still inhibits metastatic potential due to decreased expression of NF-kB, MMP-2, and
MMP-9 [73]. An epistatic effect exist between the PARP-1 rs1136410 SNV that gives rise
to a Val762Ala sequence variant with reduced enzymatic activity, and the rs243865 SNV
of the MMP-2 gene promoter, which is accompanied by an increased risk of lymph node
metastasis in gastric cancer [74,75].
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Figure 2. The association of PARPs with tumor cell invasion. Tumor cell invasion begins with EMT, a phenotypic
transformation of the tumor cells. PARPs can have opposing effects on EMT. The Hippo pathway suppresses metastasis

initiation by regulating the transcription factor, YAP, through the AMOT protein family members. TNKS1 and TNKS2

inactivate the AMOT proteins in a manner similar to their effect on AXIN, allowing the accumulation, nuclear translocation,

and transcriptional engagement of YAP. PARP-1 interacts with HOXBZ, another EMT-promoting transcription factor, and
reduces its transcriptional activity. PARylation of Smad proteins by PARP-1 and -2 hinders TGF-§ signaling. The PARPs
are also involved in restructuring the ECM, which is necessary for the growth and dissociation of a tumor. Upregulation
of PARP-1 has been connected to the transcriptional induction of MMP2 and 9 and the downregulation of TIMP. These
effects are probably achieved through the stimulation of NF-«kB transcription factors. PARP-1 is involved at multiple levels

in the positive regulation of SNAIL1, one of the most important transcription factors driving dedifferentiation associated

with EMT.

Time spent in circulation is a risky period for circulating or disseminated tumor
cells (CTCs/DTCs). Circulation exposes tumor cells to shear forces and immune system
attack [49]. Cancer cells cover themselves with platelets to avoid harmful interactions
with NK cells and neutrophil granulocytes [76,77]. TGE-§3 secreted by platelets transmits
suppressive signals to immune cells and maintains EMT in the traveling tumor cells.
PARylation may be involved in the expression of cell adhesion molecules [78] that mediate
interactions with platelets (Figure 3A). Silencing of PARG in CT26 colorectal carcinoma
cells increases the phosphorylation of AKT and decreases the expression of NF-«B and the
cell adhesion molecules, ICAM-1 and P-selectin [79]. The CTCs/DTCs educate neutrophils
and monocytes in the vasculature with C—C motif chemokine 2 (CCL2) to enhance vascular
permeability, facilitating transmigration after homing at a potential metastatic site. PARP-1
induces CCL2 expression through NF-kB p65 [80] (Figure 3A).
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Figure 3. PARPs and metastasis. (A) In circulating disseminated tumor cells (DTCs), PARylation is involved in the
downregulation of adhesion molecules (e.g., ICAMI, P-selectins), which establish contacts between tumor cells and platelets,
offering protection from NK cells and granulocytes. PARP-1 is also instrumental in the expression of CCL2, a cytokine
that educates granulocytes to not recognize DTCs. (B) DTCs lodged at metastatic sites must rely on cell death avoidance
mechanisms to resist the hostile reactive stroma and attacks from innate immune cells (see also [12] and Figure 4). DTCs
have a predilection for environments rich in survival factors characteristic of the primary tumor site. PARP-1 can reinforce
Src signaling in the metastases of primary breast tumors, in which the Src pathway has been activated by estrogen. PARP-1
shuts down the CXCL12 promoter, which negatively affects the metastatic potential of CXCL12-dependent breast tumors in
bone marrow. The complex interactions between tumor cells and stromal cells at a metastatic site can profoundly affect the
outcome of chemotherapy. This is the case in BRCA1/2-negative breast cancer with a bone marrow metastasis, where the
inhibition of PARP-1 is therapeutically beneficial, but the simultaneous inhibition of PARP-2 regulates CCL3 in osteoclasts,
leading to colonization of the bone marrow, with immune-suppressive T cells facilitating the survival of the tumor cells.

A fortunate bottleneck exists in the invasion-metastasis cascade at the tumor initiation
stage once the CTCs/DTCs reach the metastatic site. Most cells succumb due to a lack of
supportive stroma, insufficient survival stimuli, and exposure to specific pro-apoptotic
molecules, like tumor necrosis factor-related, apoptosis-inducing ligand (TRAIL) and FasL.
Anti-apoptotic pathways need to be upregulated in metastatic stem cells to decrease their
vulnerability and resist hostile signals from the local reactive stroma and innate immune
cells [12]. PARP-1-mediated resistance to TRAIL and the additional impact of PARPs on

survival and death pathways may come into play at this point [12,81].

The predisposition of certain tumors to consistently develop distant metastases in
particular organs results from the selection for a metastatic phenotype in the primary tumor.
If the stroma of the primary tumor contains a signaling signature, the CTCs/DTCs will be
primed to thrive in a similar environment. Estrogen-induced, proto-oncogene, tyrosine—
protein kinase Src (Src) signaling and a CXCL12 and IGF1-rich stroma imprint luminal
breast tumors to metastasize into the bone marrow [82]. Cytoplasmic PARP-1 is associated

with sustained activation of Src-mediated survival signaling, whereas PARP-1 knockdown
inhibits Src in pancreatic cancer cell lines [81] (Figure 3B). On the other hand, PARP-1
suppresses CXCL12 expression by increasing the methylation of the Cxcl12 promoter
DNA in rat pancreatic beta cells through the recruitment and PARylation of TET1 [36,83].
Broader epigenetic changes underlie the role of PARP-1 in tumor-associated calcium signal
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transducer 2 (TROP2) expressing neuroendocrine prostate cancer (NEPC) metastasis. NEPC
is a particularly aggressive subtype of castration-resistant prostate cancer that usually arises
in response to hormonal therapy. TROP2-driven prostate cancer xenografts are sensitive to
PARP inhibition [84]. TROP2 induces the expression of PARP-1 through c-MYC. This is
accompanied by DNA condensation and a decrease in histone methylation (H3K27me3)
that can be reversed the PARP inhibitor, talozaparib. In a recent study, PARP inhibition
in BRCA1/2-negative breast cancer orchestrated a tumor-supporting microenvironment
by inactivating PARP-2. PARP-2 deficiency in the tumor leads to increased RANKL and
decreased osteoprotegerin expression. These cytokines trigger osteoclast differentiation and
bone resorption. Inhibition of PARP-2 in the osteoclasts results in CCL3 downregulation
due to the loss of activating NF-«B, facilitating access of repressive (3-catenin to the CCL3
promoter. The compromised CCL3 production, in turn, creates an immune-suppressive
milieu by altering local T cell subpopulations [85]. These results raise a warning about
the potentially detrimental adverse effects of PARP1/2 dual inhibitors, highlighting the
importance of PARP;i effects on non-cancerous, normal cells (Figure 3B).

Open Questions and Prospects

PARP1 generally promotes invasion and metastasis formation, due predominantly
to its effect on EMT and the maintenance of a stem cell-like state. A key issue in the
intersection of PARP biology and cancer biology may be the targetability of PARPs for
metastasis reduction/inhibition. The current area of approved indication for PARPis al-
ready encompasses advanced stage/metastatic ovarian, breast, prostate, or pancreatic
cancers. Tankyrase inhibitors, which are in development for cancer therapy, may hold
promise for the inhibition of metastasis-promoting Wnt/ 3-catenin and Hippo signaling.
Paradoxical, metastasis-enhancing effects of chemotherapy are not uncommon, and may
go unrecognized among seemingly non-responding or relapsing cases [86]. PARP1/2 dual
inhibitors, as all PARPis in current use are, may facilitate a tumor-supportive microenvi-
ronment and result in the growth of breast cancer bone metastases. Given the isoform
polypharmacology of PARPis and the pleiotropic functions of the PARPs in essentially all
cells, there is a likelihood that such undesirable outcomes might surface in other tissue
contexts as well. Whether PARP1-specific inhibition offers greater safety than non-isoform
specific PARP inhibition needs further investigation.

2.3. Tumor-Promoting Inflammation

Tumors are often compared to wounds that do not heal [87,88]. This surprising
but pertinent statement reflects the dominant role of inflammation in the formation and
progression of cancers. Indeed, tumors are infiltrated to varying degrees by virtually
all types of inflammatory cells, including granulocytes, macrophages, myeloid-derived
suppressor cells, mast cells, NK cells, and T and B lymphocytes. Although the presence
of immune cells in the tumor microenvironment permits anti-tumor immune responses
to develop, inflammation is now viewed as an enabling characteristic that promotes,
rather than protects, cells from cancer progression. Inflammatory cells are rich sources of
soluble growth factors, angiogenic factors, proteases, and reactive oxygen/nitrogen species
(ROS/RNS) that boost tumor cell proliferation, improve tumor blood supply, facilitate
invasion and metastatic properties, and contribute (via the mutagenic effects of ROS) to
genetic evolution and the increased malignancy of cancer [89].

How do PARP enzymes affect inflammation? Many PARP family members are known
to positively or negatively regulate the inflammatory response [90]. The effects of PARP-1
are clear: PARP-1 unequivocally promotes inflammation in virtually all animal models
tested [91]. PARPi treatment or genetic inactivation (knockout) of PARP-1 suppresses
acute and chronic inflammation in organ-specific models (colitis, experimental allergic
encephalopathy, dermatitis, arthritis, hepatitis, pancreatitis, asthma, etc.) and general-
ized inflammation (e.g., septic, endotoxin, or flagellin shock) [6,11,92-105]. These anti-
inflammatory effects are characterized by reduced inflammatory cell migration and low-
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ered expression of inflammatory cytokines, chemokines, inducible nitric oxide synthase,
adhesion molecules, and metalloproteinases. Moreover, suppression of ROS/RNS pro-
duction and oxidative lipid, protein, and DNA modifications are common features of the
anti-inflammatory actions of PARPi or PARP-1 knockout. The key factor underlying the
inflammation-promoting role of PARP-1 is its coactivator effect on NF-«B [106,107] and
other inflammatory transcription factors (e.g., AP-1, AP-2, YY1) [33,108] (Figure 4). Con-
versely, PARylation of SP1 by PARP-1 interferes with the binding of this anti-inflammatory
transcription factors to its consensus sequence, which may suppress inflammation (a co-
repressor function). Moreover, the functional consequences of PARP-1-NF-«B interactions
may also be context-dependent. For example, the histone methyltransferase polycomb
repressive complex 2 (PRC2) is often mutated in cancers [109]. Inhibition or knockout of
PARP-1 on an inactive PRC2 background leads to NF-«B activation, increased angiogenesis,
and macrophage polarization to the tumor-promoting M2 phenotype [110]. Furthermore,
in immune-mediated inflammation, the immunomodulatory roles of PARPs (see below)
should also be taken into account.

As for other PARP family members, PARP-9 and PARP-14 regulate macrophage polar-
ization [111]. Macrophages are highly plastic cells and display a continuous spectrum of
phenotypes, ranging from proinflammatory M1 to anti-inflammatory M2 macrophages [112].
PARP-9 and PARP-14 cross-regulate these polarization processes. PARP-9 promotes M1
polarization and PARP-14 mediates M2 polarization. PARP-14 MARylates STAT1, leading
to the inhibition of STAT1 phosphorylation, whereas PARP-9 interferes with STAT1 MARy-
lation [111]. Thus, the interplay of these two PARP enzymes regulates M1/M2 balance, a
critical control point of inflammation.

While studying the molecular mechanisms underlying cherubism, a bone disease
characterized by systemic inflammation, a link was identified between tankyrases 1 and
2 and tumor necrosis factor alpha (TNF«) expression [113]. The typical disease-causing
mutations that occur in SH3 binding protein 2 (SH3BP2) prevent tankyrases from binding to
SH3BP2, resulting in ubiquitination-mediated degradation of SH3BP2 by the E3-ubiquitin
ligase RNF146. In turn, SH3BP2 stabilization triggers pathological signaling, including
increased TNFo production by macrophages [113].

Moreover, PARP10 acts as a corepressor of NF-kB in response to TNFa and IL-1f.
PARP-10 MARylates NF-«B essential modulator (NEMO, a subunit of the IkB kinase
complex that activates NF-kB), preventing its ubiquitination [114].

A role of PARP-2 in inflammation has also been proposed [115]. The severity of chronic
colitis was lower in mice treated with an antisense, oligonucleotide-targeting PARP-2 [116].
Moreover, experimental allergic encephalomyelitis (a model of multiple sclerosis) was less
suppressed in PARP-2~/~ mice [117].

PARP-4 is also known as vPARP (vault PARP), because it was identified as an inter-
acting partner of the major vault protein (MVP) [118]. Vaults are poorly characterized
cellular ribonucleoprotein assemblies. Although PARP-4 has not been linked to inflam-
mation, its interacting partner, MVP, regulates TNFe, IL6, and IL8 production in various
cell types [119,120]. MVP can also suppress NF-«kB signaling [121]. Thus, the role of
MVP appears to be context-dependent and controversial. Nonetheless, PARP-4 may play a
pro/anti-inflammatory role as a modulator of MVP, a possibility that is worth investigating.

PARP-7 MARylates and coactivates Liver X receptor (LXR) [122]. Since LXR agonists
suppress inflammation [123], PARP-7 may play an anti-inflammatory role, a theoretical
possibility awaiting experimental confirmation. PARP-12 has also been loosely linked
to inflammation. PARP-12 associates with the innate signaling adaptor protein, p62, to
promote NF-«B signaling [124].
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Figure 4. PARPs in a tumor promoting inflammation. Low-grade chronic inflammation, sustained by environmental,
life-style, or disease-related factors, gives rise to elevated levels of pro-inflammatory cytokines and chemokines (IL-1, IL-6,
IL-8, TNF«, etc.) produced by various types of leukocytes. These mediators are involved in the early stages of cancer
development, promoting proliferation and invasion. TGF-f and interferons (IFNs) released from activated macrophages
and lymphocytes promote angiogenesis and advance metastasis. The key factor underlying the inflammation-promoting
role of PARP1 is its coactivator effect on NF-kB and other inflammatory transcription factors (e.g., AP-1, AP-2, YY1). ECM
remodeling by MMPs produced by inflammatory cells releases sequestered growth factors, which further promote tumor
growth and angiogenesis. One of the molecular markers of senescence is a senescence-associated secretory phenotype
(SASP), which entails the upregulation of a variety of pro-inflammatory cytokines, growth factors, and ECM remodelers
that act on other neoplastic and non-neoplastic cells in the tumor microenvironment, altering their behavior and response to
chemotherapeutic drugs. The p38 MAPK and NF-«B pathways are thought to be the main choreographers of SASP [125].
PARP-1 stimulates NF-«B signaling, activated during senescence in response to various stimuli, and configures a chemokine
ligand-2 (CCL2)-containing secretome that promotes tumor progression and metastasis, resulting in therapy failure.
Inhibition of PARP-1 or NF-kB prevents the proinvasive properties of the secretome [126].

Open Questions and Prospects

Inflammatory signaling is one of the key roles played by PARP-1. Moreover, many
other PARPs have the potential to modulate (promote or inhibit) inflammation. While some
molecular mechanisms underlying these pro/anti-inflammatory effects have been explored,
a systematic investigation of changes in the tumor-intrinsic inflammatory state upon PARPi
treatment is missing. Considering the mostly cancer-promoting effect of tumor-associated
macrophages (TAMs), which have a “tumor-friendly”, M2-like phenotype, inhibitors of
PARP-14 may have the potential to reverse M2 polarization of TAM, similar to models of
IL-4-induced M2 polarization.

2.4. Evading Immune Destruction

Tumor immunology is one of the hottest topics in cancer biology; advances in tumor
immunology have contributed to remarkable success stories, as represented by immune
checkpoint inhibitors (anti-CTLA4, anti-PD1, and anti-PD1L antibodies) and chimeric anti-
gen receptor (CAR) expressing engineered T cells (CAR-T). The tumor microenvironment
contains many effector immune cells and immune-modulatory cell types. As for effector
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immune cells, CD8+ cytotoxic T lymphocytes (CTLs), natural killer (NK) cells, and Th1
type helper T cells collaborate to kill cancer cells. On the other hand, MDSCs representing
immature myeloid cells, tumor-associated macrophages (polarized in the tumor to M2
phenotype), regulatory T cells (Treg), and granulocytes are viewed as tumors’ best friends,
mitigating antitumor immune responses. A delicate balance between these two arms
determines the effectiveness of anticancer immune attacks. Experiments involving the
transplantation of tumors that have arisen in either immunocompetent or immunodefi-
cient mice into immunocompetent or immunodeficient hosts suggest that tumors face
immune pressure that keeps them dormant, but escape mechanisms may develop with
time, triggering tumor growth [2,127,128]. An important hallmark of tumors is immune
response evasion by multiple complex mechanisms. Mediators of tumor-associated im-
mune suppression include, but are not limited to, the recruitment of immunosuppressive
cells (e.g., MDSC, Treg), the expression of immune checkpoint proteins, production of
TGF-B [129] or CCL21 [130], and induction of cell death in anti-tumor effector cells [2,131].
Under immune system pressure, a new neoplastic phenotype can be positively selected
in the tumor that is resistant to anti-tumor immunity. This selection process is known as
immune editing [127]. Thus, without interventions, effective anti-tumor immunity is more
like a theoretical opportunity rather than a friend to rely on. While this statement may be
true for established tumors that reach detection limits, the possibility cannot be excluded
that the immune system eradicates incipient neoplastic cells, preventing the appearance of
tumors. The idea of effective immune surveillance is supported by increased tumor forma-
tion in hosts lacking CTLs, NK cells, or Th1 cells [2,132]. Moreover, the success of recent
immunotherapy approaches clearly demonstrates the power of anti-cancer immunity, if we
manage to eliminate the brakes that tumors put on the immune system [133,134].

The role of PARP enzymes in immunity is widespread, and begins with the early
steps of lymphocyte development. PARP2 regulates T cell development in the thymus,
as indicated by the reduced number of double-positive (CD4+ and CD8+) thymocytes
in the thymus. The development of regulatory T cells (Treg-s) is regulated by PARP1
(Figure 5), as indicated by the increase in functional Treg-s in PARP1 knockout mice [135].
Moreover, PARP1 and PARP2 cooperate to repair DNA breaks in proliferating T and B
lymphocytes [136,137]. Accordingly, T cell deficiency affects both CD4+ and CD8+ T cells
in mice with dual, but not single, deficiency in PARP1 and PARP2 [137]. Similarly, B lym-
phocytes are reduced in the bone marrow and the periphery, affecting the mature, follicular
B cell compartment of dual knockout animals. The role of PARP1 in immune-mediated
inflammation, such as asthma [69,101,138,139] and experimental allergic encephalopathy
(a model of multiple sclerosis), [140,141] also indicates the involvement of PARP1 in im-
munoregulation. The molecular mechanism underlying the T cell regulatory functions of
PARP1 likely involves nuclear factor of activated T cells (NFAT) (Figure 5). T cell activation
is accompanied by PARP1 activation in the absence of DNA breaks. Activated PARP1 inter-
acts with and PARylates NFAT, resulting in a shortened time in the nucleus and suppression
of its activation [142]. In contrast, another study found that PARP1-mediated PARylation
of NFAT is required for NFAT binding to its consensus sequence and activation of genes
encoding IL-2 and IL-4. Further clarification is needed concerning PARP1 activation during
T cell activation and the discrepancies regarding PARP1 involvement in T cell functions.
Another convergence point of T cell activation signaling pathways is Foxp3. Foxp3-positive
Treg-s are increased in PARP-1 knockout mice compared to wild-type animals. Furthermore,
PARP1 limits the immunosuppressive effects of Treg-s by reducing expression of the Foxp3
gene [143] and destabilizing the Foxp3 protein via PARylation [144].
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Figure 5. PARPs and tumor immune system evasion. The different PARP family members have variegated effects on the
interaction of the immune system with the tumor. The development of regulatory T cells (Treg-s) is regulated by PARP1.
PARP-1 PARylates nuclear factor of activated T-cells (NFAT); regulating its nuclear retention; binding to its consensus
sequence; and activating genes encoding IL-2, IL-4 and and Foxp3. PARP-1 PARylates Foxp3, a master regulator of Treg
development impeding the development of Treg-s. PARP-1 also controls antitumor immune responses at the level of innate
immunity. In tumor cells incurring genotoxic stress, DSBs fragment the genomic DNA. The released DNA is recognized by
the cytosolic innate nucleic acid sensor cGAS. Cyclic GMP-AMP produced by cGAS activates STING and IRF-mediated IFN
synthesis, leading to the inflammatory polarization of macrophages. PARP-1 and -2 counteract this process by enhancing
double-strand break repair (DSBR) and limiting the occurrence of DSBs. PARP-9 and PARP-14 regulate macrophage
polarization. PARP-14 MARylates STAT1, leading to inhibition of STAT1 phosphorylation, whereas PARP-9 interferes
with STAT1 MARylation, cross-regulating the balance of the M1/M2 polarization of macrophages. PARP-14, acting as
a promoter-bound co-regulator, stimulates STAT6-mediated GATA3 expression in T cells, directing them toward a Th2
phenotype. PARP inhibition was shown to induce the expression of the immune checkpoint regulator PD-1L in tumors.

PARP-1 also controls antitumor immune responses at the level of innate immunity.
In macrophages, PARP-1 is required for efficient Th1 and CTL responses in colon tumor-
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bearing mice [145]. Moreover, the recruitment of professional antigen-presenting dendritic
cells and natural killer cells to immune-mediated and viral inflammation sites depends on
PARP1 [146-148]. However, the same effect has not yet been observed in tumor models.
The modulation of macrophage polarization by PARP-14 and PARP-9 (Figure 5), as detailed
in the previous chapter, may also affect the activity of anticancer immune responses via
antigen presentation and Th cell activation.

Open Questions and Prospects

Overall, the presence of PARP-1 and PARP-2 in the tumor microenvironment appears
to limit anticancer immunity and support tumor growth. This is supported by studies
reporting limited tumor growth of PARP-1/PARP-2 proficient cancer cell lines in PARP-1
or PARP-2 knockout host mice [149,150]. The extent that this effect depends on PARP-
1/2 enzymatic activity is unknown. A systematic investigation into the contribution of
PARP enzymes to the composition of the tumor microenvironment with special regard to
various anti-tumor effector and suppressor cells is needed. One of the most interesting
aspects concerning the role of PARP-1 in tumor immunology was a report demonstrating
upregulation of the immunosuppressive cancer cell ligand PD-L1 in breast cancer cells
treated with the PARP inhibitors, olaparib, talazoparib, and rucaparib [151]. This finding
triggered a series of clinical trials assessing the effectiveness of combination therapies
involving PARPi and immune checkpoint inhibitors. The question of whether or not the T
cell-suppressing effect of PARPis (see above) limits the effectiveness of these combinations
in cancer patients is important. Several findings suggest that intra- and extracellular
NAD can modulate various aspects of antitumor immunity, ranging from macrophage
polarization to Treg survival and function [152]. Further studies are clearly needed to
unravel the complexity of mechanisms operating at the intersection of PARylation, NAD
homeostasis, and anticancer immune responses.

3. Conclusions

Our current understanding of the complex role of PARylation enzymes in cancer cell
non-intrinsic hallmarks is very limited. The most detailed picture we have is about the
proinflammatory role of PARP-1. However, there are a number of unknowns, including
(a) whether and how the proinflammatory effects of PARP1 impact cancer-associated
inflammation; (b) whether inhibition of cancer-associated inflammation by PARPis provides
therapeutic benefits, and (c) how spatiotemporal factors and tumor-specific differences
modulate such potential anticancer effects. PARPs other than PARP-1 also play widespread
roles in inflammation. However, none of these effects have been investigated in the context
of cancer-associated inflammation. Specific targeting tools are clearly needed to address
burning questions in this exciting field. One of the most promising lines of investigation
is focused on the crossroads of immune checkpoint regulation and synthetic lethality
by PARPi. However, the dependence of targeted anticancer cell therapy efficiency on
PARPs is unknown. Based on the information discussed in this paper, the possibility
that PARP/PARylation-targeted therapies may also help alleviate the most feared cancer
hallmark, invasion and metastasis, cannot be excluded.
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