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The Poly (ADP-ribose) polymerase-1 (PARP1) enzyme is involved in several signalling pathways related to ho-
mologous repair (HR), base excision repair (BER), and non-homologous end joining (NHEJ). Studies demon-
strated that the deregulation of PARP1 function and control mechanisms can lead to cancer emergence. On the
other side, PARP1 can be a therapeutic target to maximize cancer treatment. This is done by molecules that can
modulate radiation effects, such as DNA repair inhibitors (PARPi). With this approach, tumour cell viability can
be undermined by targeting DNA repair mechanisms. Thus, treatment using PARPi represents a new era for
cancer therapy, and even new horizons can be attained by coupling these molecules with a nano-delivery system.
For this, drug delivery systems such as liposomes encompass all the required features due to its excellent
biocompatibility, biodegradability, and low toxicity. This review presents a comprehensive overview of PARP1
biological features and mechanisms, its role in cancer development, therapeutic implications, and emerging
cancer treatments by PARPi-mediated therapies. Although there are a vast number of studies regarding PARP1
biological function, some PARP1 mechanisms are not clear yet, and full-length PARP1 structure is missing.
Nevertheless, literature reports demonstrate already the high usefulness and vast possibilities offered by com-
bined PARPi cancer therapy.

the overall molecular features that provide a solid base to start to grasp
the intricacy of cancer biology. However, the hallmarks are disputed and
others defend the “tissue organization” theory as the most comprehen-

1. Introduction

Cancer as a multifactorial disease represents nowadays the human

pathology with highest incidence and lethal consequences for the world
population. This pathology is described as a disease from the genetic
field, where the deregulation of tumour cells englobes multiple levels of
genetic and epigenetic controls [1-3]. Common genetic alterations
associated to cancer are structural alterations (e.g. inversions, trans-
locations, among others) and numeric chromosomal alterations, punc-
tual mutations and epigenetic variations. During cancer progression,
such mutations will accumulate and be transmitted to the cell progeny
[1]. This disease includes more than 200 forms, with environmental (e.
g. radiation and exposure to chemical compounds), genetic and epige-
netic factors being involved in its development and progression [2,3].
A comprehensive overview of the complexity involved in tumour
development and progression is described by Hanahan and Weinberg, in
their 2011°s hallmarks of cancer [4]. In this work, the authors include
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sive, where: (1) cancer cells must be understood in their complex tissue
environment, (2) assume cellular proliferation and motility as the cell
default state, as well as realize the (3) importance of cellular microen-
vironment interplay [5].

Nevertheless, the stepping stone for carcinogenesis is the hallmark
associated with genomic instability and mutation [4]. In this category,
mutations or epigenetic alterations to specific genes may lead to the
activation of oncogenes and/or silencing of genome caretakers. These
caretakers are usually responsible for the maintenance of genome sta-
bility and cellular homeostasis through their intrinsic role in DNA
damage detection and repair [4].

Several DNA repair mechanisms are in action in normal cells,
through which cell viability is preserved and achieved by the mainte-
nance of genomic integrity. The innate repair mechanism that operates
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to preserve genome integrity is dependent and activated based on the
sustained damage type. For vertebrates, double-strand breaks (DSBs) are
usually repaired by homologous repair (HR), but this is not the only
repair route. Non-homologous end joining (NHEJ) (e.g. C-NHEJ and A-
NHEJ) and single-strand annealing (SSA) can also repair these types of
damage, however, they are error-prone mechanisms that lead to DNA
loss and rearrangements. This in turn due to excessive DNA damage/
alteration accumulation, can lead to cell cycle arrest and cell death [6].
As for single-strand break (SSB) repair, different mechanisms come into
play, namely the base excision repair (BER), nucleotide excision repair
(NER), and mismatch repair (MMR). If not repaired in time of replica-
tion, SSB can evolve to DSB damage [6], which in turn can only be
properly repaired by the HR pathway [7].

Among the extensive number of proteins involved in the repair
pathways, the one in the “first line of action” and with great prepon-
derance in cancer progression/survival belongs to the poly(adenosine
diphosphate ribose) polymerase (PARP) enzyme family, more specif-
ically the Poly (ADP-ribose) polymerase 1 (PARP1) [8].

In this work, one intends to review the multiple aspects of PARP1
performance in DNA repair and cancer and show how this protein is
involved in multiple biological processes. Additionally, we want to give
an overview of how PARP1 may be used as a therapeutic target for
cancer therapy, and what is known, done, and available in this review.
This review stands out from those in the literature because it gives a
broad picture that crosses all fields of knowledge regarding PARP,
PARP1, and PARP therapy. Here, both fundamental knowledge
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concerning biological and structural aspects of PARP1 as well as applied
PARP1 knowledge will be emphasized. Additionally, the reader will find
information on applied technology that takes advantage of PARP1 as a
therapeutic target for cancer treatment, and what has been done in the
field of nanotechnology and nano-delivery systems. Questions as to how
combination therapy emerges as the next evolutionary step in PARPi
therapy, with the combination of PARPI1, radiation, and nano-
formulations will be discussed. Moreover, the impact on the safety
and long-term efficacy of PARPi therapy will be surfaced.

2. The extensive PARP protein family

The human PARP family includes a total of 17 proteins [9]. Origi-
nally, this superfamily was referred to as consisting of 18 members,
however, the Tankyrase 3 protein proved to be a splice variant of
Tankyrase 2 [10]. PARP homologous proteins have also been detected
across the three domains (bacteria, archea, higher eukaryotes) of life
and in double-stranded DNA (dsDNA) viruses (Aeromonas phage Aehl,
Anticarsia gemmatalis nucleopolyhedrovirus, Invertebrate iridescent virus 6
and Cellulophaga phage phi4:1) [11]. In eukaryotes, PARP expression
spans from plants to vertebrates’ cells. Relatively to the human PARP
family members, they have all been grouped and cataloged by their
intrinsic cellular roles in the following subfamilies: DNA dependent (3
proteins), tankyrase (TNKS) (2 proteins), CCCH Zn Finger (3 proteins),
MacroDomain members (3 proteins) and the unclassified members (6
proteins) [9]. Due to the homology of the CAT domain to the diphteria

Table 1
Human PARP superfamily depiction and additional information regarding cellular compartment localization, enzymatic activity, and function.
Subfamily Protein Alternative  Cellular Compartment Enzymatic Function References
Name name Localization Activity
Nucleus and MARylation DNA repair, transcription, chromatin structure modulation -
PARP1 ARTD1 mitochondria PARylation, epigenetics, cell cycle, programmed cell death, membrane [9,13-24]
with branching repair, adipogenesis, innate immunity and cell stress response
Nucl )t PARylati
DNA PARP2 ARTD2 ucleus and -cytop asm ‘Ry amm’A DNA repair, chromatin structure modulation - epigenetics [9,13,17,25-28]
dependent (centrosome in Go/G1) with branching
P DNA repair regulator, DNA damage surveillance network,
PARP3 ARTD3 Nucleus and Fytoplasm MARylation chroma'tm strl'lcture 'modulat.lon - eplgen§t1C§, tfans.crlptlon [9,12,17,26,29,30]
(centrosome in Go/G1) regulation, epigenetics and link to the mitotic fidelity
checkpoint
TNKS1 . . - ,
PARPSa ARTDS Cytoplasm (centrosome) PARylation DNA repair and telomere length [9,12,17,31]
Tankyrase
TNKS2 Cytoplasm (mitotic . DNA repair, signalling pathway, telomere length and intracell
PARP5b PARylat 9,12,17,32-36
ARTD6 spindle and spindle pole) ylation vesicle traffic 912,17, !
tPARP Transcription regulation, Cell structure, adhesion and
PARP7 ARTD14 Nucleus and cytoplasm MARylation 1Scrip! g . § [9,12,17,27]
RM1 motility, innate immunity, and cell stress response
CCCH ARTD12
PARP12 1 1gi MARylati 11 9,12,17,27
Zn Finger RP ZC3HDCI Cytoplasm (Golgi) Rylation Cell stress response [9,12,17,27]
ZAP1 No activit
PARP13 ARTD13 Cytoplasm reported y Innate immunity [9,12,17,27]
ZC3HAV1 eporte
BAL1 Nucl d cytopl: Ni tivit
PARP9 ueteus and cytoplasm 0 actvity Innate immunity [9,12,17,27,371
ARTD9 (primarily) reported
BAL2 Nucleus and cvtoplasm Focal adhesion, actin cytoskeleton, transcription regulation,
MacroDomain PARP14  ARTDS8 (primarily) ytop MARylation signal transduction pathways, cell motility and innate [9,12,17,27,37]
CoaSt6 P Y immunity
BAL: Post- lational ificati f i i
PARP1S 3 Nucleus (nucleosome) MARylation ost-translationa HTOd,l cation of proteins and negative [9,12,17,37,38]
ARTD7 regulator of transcription
PARP
PARP4 XRTD 4 Nucleus and cytoplasm MARylation Cell transportation and vault particle regulation [9,12,17,27]
11 hesi ili indl 1 lati
PARP6 ARTD17 Cytoplasm MARylation Ce stru.ctulje, adhesion, motility, spindle pole regulation and [9,12,17,27]
cell replication
Nucleus (nuclear envelop
PARP8 ARTD16 and centrosome spindle MARylation Membrane (organelles) and nuclear envelope formation [9,12,17,27]
Unclassified poles)
PARPIO  ARTDIO Cytoplasm MARylation Slgn.al tljansductlon pathways, spindle pole regulation and cell [9.12,17,27]
replication
Nucl )k
PARP11  ARTDI1 ucleus and cytoplasm MARylation Spermatogenesis [9,12,17,27]
(centriole)
PARP16  ARTDIS CyFoplasm (endoplasmic MARylation Unfolded protein response, cgll stress response, membrane [9,12,17,27]
reticulum) and nuclear envelope formation
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toxin ART fold, PARP members are also named as ART diphteria toxin-
like enzymes (ARTDs) (Table 1) [12].

Many of the PARP proteins are capable of catalyzing ADP-ribosyl
post-translational modifications onto specific cellular targets [39]. The
ADP-ribose is a signalling molecule that is produced by the transferase
activity of PARPs while using NAD™ as a substrate [40]. The attachment
of ADP-ribose is primally done to proteins; however, evidence have
shown that it can also be found on DNA/RNA ends and small chemical
groups (e.g. acetate or phosphate) [40,41]. Usually, the PARPs trans-
ferase activity is linked to mono- or poly (ADP-ribosyl) modification
(MARylation and PARylation, respectively), but most of these members
transfer only a single ADP-ribose molecule to their targets [42], as seen
in Table 1. The members 1, 2, 5a, and 5b are responsible for the addition
of large polymer chains of ADP-ribose [17], but only PARP1 and 2 are
capable of promoting branching points onto the PAR chain [28,40].
Fig. 1la depicts the array of possible patterns for ADP-ribosylation on
target proteins.

The cofactor nicotinamide adenine dinucleotide (NAD™) molecule is
usually covalently linked to the acceptor protein, primarily to the
glutamate (E) and aspartate (D) residues [9,17,41], but further studies
have proved that serine (S), arginine (R), lysine (K),and cysteine (C)
amino acid residues can also be involved [9,17,43-46], as seen in
Fig. 1b. In the case of arginine, ADP-ribosylation has been in part or
completely associated with non-PAR ARTs, such as the human arginine
ADP-ribosyltransferase 1 (ART1) [46,47], that mediates mono-ADP-
ribosylation, however some indications point to a possible involve-
ment of PARP10, which still needs further validation [17]. Nevertheless,
the majority of the identified ADP-ribosylation modifications in cyto-
plasmatic and nuclear proteins is substantially associated with the PARP
family members [46]. More recently, threonine and tyrosine have also
been pointed out as novel PAR acceptors [44,46,48,49]. The ADP-
ribosyl modification of each amino acid residue involves a specific set
of proteins [43-46,48,49], and some of these associations are depicted
in Fig. 1b, as well as the acceptor (Fig. 1b1) and donor bond (Fig. 1b2)
molecules involved. The ADP-ribose modifications are essential in the
regulation of multiple cellular processes such as DNA repair, transcrip-
tion, cell fate and stress response [40]. Through the addition of poly
(ADP-ribose) modifications, the biochemical properties and biological
activity of the target proteins are modified, facilitating processes such as
protein ubiquitination and degradation [42].

Like other tightly regulated post-translational modifications, PAR-
ylation employs several players. These are classified as writers, readers,
and erasers. The first englobes the overall PARP family members, the
second includes proteins capable of recognizing and binding to the PAR
chains, and the latter encompasses enzymes capable to trim and remove
the ADP-ribose chains [40,51,52,54]. PARylation is known to facilitate
protein-protein interactions, with the branched chains serving as scaf-
folds for the binding of proteins that present WWE domain (e.g. PARP14,
PARP11, and PARP12), PAR-binding motif (PBM) (e.g. Xeroderma pig-
mentosum complementation group A (XPA), DNA ligase III, X-ray repair
cross complementingl (XRCC1), Ku70, ataxia telangiectasia mutated
(ATM), p21 and p53), PAR-binding zinc finger (PBZ) (e.g. CHFR and
APLF) or Macro domains (MacroH2A variants, PARP15 and PARP14).
On the other hand, MARylation only promotes the binding of proteins
that contain Macro domains [42,51-53], as depicted in Fig. lc.

The use of the NAD™ cofactor by PARP proteins has a profound effect
at multiple cellular levels, and because of this the enzymatic activity of
PARP proteins is tightly regulated in its activation, to avoid complete
NAD™ depletion from the cellular energy centers (e.g. mitochondria)
[40].

In human cells, PAR and MAR modifications are reversed by a spe-
cific set of hydrolase proteins (Fig. 1c). The first is reversed by the poly
(ADP-ribose) glycohydrolase (PARG) isoforms (99, 102, and 111 kDa
isoforms) and ADP-ribosyl hydrolase 3 (ARH3), while single modifica-
tions are reversed by the ARH1, MacroD1, MacroD2 and terminal ADP-
ribose protein glycohydrolase 1 (TARG1l or OARD1) [41,50,51].
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Moreover, several evidences have shown that some phosphodiesterases
(e.g. NUDT9, NUDT16 and ENPP1) present ADP-ribose eraser capability
[50]. Further information regarding ADP-ribose hydrolases activity,
specificity and cellular localization can be found in Table 2.

2.1. The DNA repair PARPs — PARP1, PARP2 and PARP3

The PARP family was first presented 60 years ago by Chambon et al.,
[69,70], with the first report of the immediate ADP-ribosylation
response to DNA damage induced by alkylating agents, ionizing radia-
tion, or oxygen/nitrogen radicals. Over the years, the cellular role and
localization of these members were revealed to be far more complex,
and wider than what was initially perceived (Table 1).

Among the 17 members, PARP1, PARP2, and PARP3 are the ones
more commonly associated with repair of DNA damage [40,71]. In
structural terms, these proteins present several similarities in two main
domains, as seen in Fig. 2. The catalytic domain (CAT) of the three
PARPs includes a regulatory alpha-helical domain (HD) and an ADP-
ribosyl transferase (ART) fold, which are conserved and responsible
for the addition of the ADP-ribosyl molecules to the target molecules
[72-75]. The PAR polymer addition is done using the NAD™ cofactor as a
substrate, and results in the subsequent release of a nicotinamide
molecule per NAD" (Fig. 1c) [71,76]. Besides the CAT domain, PARP1,
2, and 3 share a common tryptophan (W) — glycine (G) - arginine (R)
motif, which is generally called the WGR domain. This domain is
capable of interacting with DNA and functions as a key regulator of DNA
dependent catalytic activity [40,71,75]. Furthermore, PARP1 presents
four additional domains; three zinc fingers (Zn1, 2 and 3) and a BRCA-C-
terminus (BRCT) domain, while PARP2 and 3 present only a small N-
terminal tail [40,73-75], as depicted in Fig. 2. This tail is not essential
for PARP 2 and 3 enzymatic activity; however, it is involved in the DNA
binding interface [77,78]. For these two proteins the WGR domain acts
as the regulatory center for DNA binding, sensing the nature of the DNA
break, and their enzymatic activity can be triggered by DNA breaks
carrying a phosphate group in the 5’ end [78,79]. However, PARP3 ac-
tivity appears to be most sensitive and reactive to 5 phosphorylated
single-strand nicks [78,80]. Recent crystal structure data, revealed that
PARP2’s WGR domain links two DNA breaks, which has led to the un-
derstanding that this protein may serve as a connecting bridge between
DNA ends [80].

In the case of PARP1, the DNA binding capability is primarily trig-
gered by the zinc finger domains, which contain zinc ions to stabilize the
fold, and contrary to PARP2 and 3 the DNA binding capability and
enzymatic activity is insensitive to the DNA break phosphorylation state
[75,77,78]. PARP1 indiscriminately binds DNA, however, the interac-
tion stoichiometry between these biological molecules can vary
depending on the type of damage [18,81-83]. Previous reports have
shown that PARP1 binding affinity/stoichiometry is dependent on DSBs,
with the protein’s DNA binding domain presenting a stoichiometry of
two proteins to one DNA molecule to the 5'-recessed DNA end, and a 1:1
stoichiometry to the 3"-recessed end and dsDNA. Protein dimerization
event was found to be a requisite for high enzymatic activity [81].

PARP1’s BRCT domain is viewed as the protein centre for auto-
modification and the WGR domain for DNA binding/interaction and
allosteric activation [72-75]. It is proposed that the overall structure of
PARPI1 resembles a “beads-on-a-string” assembly in the absence of DNA
damage [8] and the detection of strand breaks leads to the partial
displacement and unfolding of the HD sub-domain [74]. In this way,
access to the ART pocket is granted to NAD™, leading to the activation of
PARP1’s enzymatic activity. PARP2 and 3 activation appears to be
governed by the same allosteric mechanism [72].

Even though PARP1 and 2 present overlapping functions in DNA
damage response, the first prevails over all the family members, since it
is responsible for 80-90 % of DNA repair related PAR modifications
[84,85]. Among the PARP family, PARP1 is the best characterized and
studied isoform [84].
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Fig. 1. Ilustrations of NAD" polymer chain formation and NAD" bonding with protein residues. a) Representation of possible patterns for MARylation and chain
patterns PARylation taking into consideration [50]; b) Identification of possible donor and acceptor bonds in NAD™ (b2) and common amino acid residues (b1), that
are involved in the ADP-ribosylation. PARP proteins responsible for bond formation and subsequent residue modification are identified in their respective target,
taking into consideration [43-46,48,49,51]; c¢) Schematics of MARYlation and PARylation reactions with indication of PARP family members involved. Additional
identification of readers domains’ recognition sites in the ADP-ribosylation mono/polymer, taking into consideration [42,51-53].
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Table 2
Compilation of human PAR and MARylation erasers, with information regarding cellular localization, substrate, bond, type of reversal and catalytic activity.
Name Alternative Classification Cellular Substrate Target bond Type Catalytic References
Names Localization of Activity
reversal
Nucleus (111 kDa)
PARG Cytoplasm (60, 99, :r?fi (1919 1’ ll{gi)
(99, 102, 111 - Macrodomain 102 kDa) PAR O-glycosidic Partial [50-52,55,56]
. R . No (55 and 60
kDa isoforms) Mitochondrial (60, KDa)
55 kDa)
Nucleus
Cytopl MAR
MacroD1 LRP16 Macrodomain 4 .Up afm Carboxyl ester Complete Yes [50-52,57,58]
(primarily (D/E)
mitochondrial)
Nucl MAR
MacroD2 C200rf133 Macrodomain ucieus Carboxyl ester Complete Yes [50-52,57,58]
Cytoplasm (D/E)
OARD1 Nucleus MAR
TARG1 C60f130 Macrodomain ~ Cytoplasm PAR Carboxyl ester Complete Yes [50,51,58-60]
(Stress granules) (D,E, OAADPr)
MA
ARH1 ADPRH ARH fold Cytoplasm ®) R N-glycosidic Complete Yes [50,51,61]
MAR
Nucleus PAR
ARH3 ADPRHL2 ARH fold Cytoplasm (OAADPr, S O-glycosidic Complete Yes [50,51,59-61]
Mitochondria and PAR)
NUDT9 ADPR-PPase NUDIX Mitochondria PAR Phosphodiester ~ Partial Yes [50,51,62]
IDPase
Nucl MAR
NUDT16 U8 snoRNA-binding NUDIX ucieus Phosphodiester  Partial Yes [50,51,63-65]
. Cytoplasm PAR
protein H29K
Pl -cell b MAI
ENPP1 asma-cell MEmBIane  pNpp (PDNP)  Cell Membrane R Phosphodiester  Partial Yes [50,51,66-68]
glycoprotein PC1 PAR

Note: D — aspartate; E- glutamate; OAADPr - O-acetyl-ADPr; R — arginine; S — serine; ADPRH — ADP-ribosylarginine hydrolase; ADPR-PPase — adenosine diphos-
phoribose pyrophosphatase; NUDIX - nucleoside diphosphates linked to moiety-X; ENPP1 — ectonucleotide pyrophosphatase/phosphodiesterase family member 1;

IDPase — IDP phosphatase.

PARP1 ' N ' Znl Zn2
1 94 106 202 218 359 387
PARP2 | N

PARP3 | N

CAT C
HD ART
484 530 646 661 786 1014
CAT C
HD ART I
87 212 228 353 583
CAT c
HD ART
45 155 177 308 533

Fig. 2. Schematic illustration of DNA dependent PARP1, PARP2 and PARP3 domains, with indication of amino acid boundaries in accordance with suggestions of
Suskiewicz et al., 2023 [86], van Beek et al., 2021 [71] and Steffen et al., 2015 [87].

3. PARP1 the canonical PARP

PARPI1 is an abundant nuclear enzyme, which primarily acts as a
transferase and is closely associated with DNA repair, mostly Base
Excision Repair (BER) [9]. The key involvement of this protein in the
DNA repair pathways has led to its denomination as the DNA “guardian
angel” [88].

Solely in the nuclear compartment, where the PARP representation is
high, PARP1 concentration values were reported to be around 7-100 pM
(2 x 10°-10° copies/nucleus), which translates into a nuclear-cell ratio
of 0.08 [71]. These values are a clear indication of PARP1s great nuclear
representation and its importance in maintaining genomic stability and
cellular homeostasis.

PARP1, a 114 kDa multi-domain protein, orchestrates vital biolog-
ical processes such as inflammation, hypoxic response, transcriptional
regulation, maintenance of chromosome stability, DNA repair, and cell
death [73,84]. The most extensively studied property so far is the
response of this protein to DNA damage and subsequent repair of
genomic anomalies. PARP1 is also capable of binding to chromatin ends
in a DNA strand break, stabilizing the site, and recruiting repair and

chromatin remodelling factors to the break loci [73,75]. The catalytic
activity of PARP1 is 500-fold stimulated by either SSB or DSB recogni-
tion [89]. Upon damage recognition and binding, PARP1’s six main
domains (Fig. 2) reorganize, change its folding, and trigger enzymatic
activity. This activity translates into the formation and increase of PAR
chains onto specific targets (either DNA/RNA, other proteins such as
histones - trans/hetero-modification — or PARP1 itself — cis/auto-modi-
fication) [71,76,84]. Through an overall change in surface charge,
subsequent steps are triggered thus leading to strand break repair [74].
PARP1 auto-modification occurs predominantly on E/D and S residues,
namely in E488, E491, S499, S507 and S519 [45,90-92], and promotes
the release of PARP1 from the break sites through electrostatic and steric
repulsion [46,74].

The removal of PAR modifications is essential to prevent the trapping
of PAR-recruited proteins and permit access by downstream repair ef-
fectors to the damaged site. For the turn-over of PARP1’s PAR chains,
the two main human proteins involved are the PARG and ARH3, which
are responsible for the cleavage of the O-glycosidic bond between ADP-
ribosyl subunits [59], as depicted in Table 2 and Fig. lc.

The inhibition of PARP1 transferase activity, and subsequent release,
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in the repair of SSB is met with the accumulation of these damages, that
through the collision with the replication fork will evolve into a DSB
[93]. Thus, demonstrating how PARP1 auto-modification may have a
profound impact on genome integrity.

The key function of PARP1’s auto-modification activity is closely
related to the release of the protein from the damage sites, where the
bind interaction between PARP1 and DNA breaks serves as a stabilizing
element until repair effectors are recruited [94,95]. As previously
explained in Section 2, PAR chains also serve as a scaffold for effector
recruitment and protein complex building blocks. Any type of interfer-
ence with PARP1’s PAR activity has profound consequences in cellular
homeostasis, which leads to PARP entrapment and DNA repair preven-
tion. This mechanism is described as the one behind clinical PARP1
inhibitors that are used in cancer therapy. These catalytic inhibitor
molecules are employed to promote PARP1 trapping on the chromatin
matrix, thus preventing DNA break repair and promoting cytotoxicity in
cells that have their repair systems already compromised [46,59].
PARP1 is viewed as an attractive target for cancer therapy since this
protein is usually upregulated in several tumours and is critical in cell
survival [96]. Data regarding PARP1 inhibitors, and their therapeutic
potential will be explained and discussed in another subsection.

Even though among the PARP family, the PARP1 isoform is the
member that is most studied and characterized, some questions remain
to be answered regarding full-length structure. Due to its flexible multi-
domain nature and the presence of several linkers, only X-ray crystal
structures of truncated or engineered versions of this protein have been
published [75,97]. These structures comprise mainly interaction studies
of CAT with known therapy inhibitors [76,97-99], as well as some
interesting new potential molecules [100-116]. Besides inhibitor in-
teractions, several attempts were made to understand PARP1 and DNA
interaction at a structural level, however, all the structures remain single
domain or truncated versions of PARP1 [75,117-119]. Furthermore, the
structures of PARP1 bound to NAD and BAD co-factors were also
determined, but still no full-length protein structure was assessed
[72,103]. In other inquiries, the focus was on putative PARP1 protein
interactors, where published structures include PARP1 CAT and PARP1-
CAT AHD interacting with TIMELESS [120] and HPF1 [121], respec-
tively. Even though attempts to determine native human PARP1 X-ray
crystal structure have rendered results for single domains and truncated
protein versions [122], in other organisms single domain structures have
been determined from Gallus gallus [103] and Rattus norvegicus [123].

The history behind the PARP family structural unwinding can be
referred to the first publishing of PARP1 in 2004 [106], followed by
PARP2 in 2010 [124] and PARP3 [125], with these being the central
focus for the majority of PAR transferase activity.

Structures of PARP1 domains were also determined by nuclear
magnetic spectroscopy (NMR) namely the Zn1-Zn2 interacting with SSB
and Zn1-Zn2-Zn3 [82,126], full-length with dumbbell DNA [72,86], the
BRCT domain [86], the WGR domain [126] and CAT in complex with
inhibitors (Veliparib, Olaparib and Talazoparib) [98].

In 2019, an electron density map of a dimeric form of PARP1 asso-
ciated to DNA (dsDNA and nicked-dsDNA) was described using single-
particle electron microscopy (EM). However, the resolution was very
low (28 10\) [127]. Nevertheless, these results reinforced the hypothesis
that PARP1 forms a dimer upon binding to DNA. Using the same tech-
nique, the structure of full-length PARP2 associated with the histone
PARylation factor 1 (HPF1) was unveiled in 2020 [128]. The cryo-EM
structure of PARP1 has yet to be determined.

In recent years, the rise of the artificial intelligence (AI) structural
prediction systems AlphaFold (with its newly released AF2) [129] and
RoseTTAFold [130], have presented an enormous advance in the pre-
diction of structured and unstructured (or intrinsically disordered)
protein regions. These tools can predict models of highly complex and
large proteins, with an elevated degree of accuracy [129,131]. Pre-
dictions are made taking into consideration the amino acid sequence
and, for example, the AF2, resort to deposited Protein Data Bank (PDB)
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structures and multiple sequence alignment to detect evolutionary re-
lationships in the protein of interest [129,131].

Taking advantage of this tool, and coupling it with experimental
assays, Suskiewicz et al., 2023 [86] present an in-depth analysis of PARP
family structural models and unveil possible new information regarding
biological functions (possible PARP14’s RNA-binding and RNA ADP-
ribosylation). The AF2 models of PARP1 suggest that its BRCT domain
is relatively flexible and independent of the remaining domains (Fig. 3a)
[86]. Moreover, the authors state that the predicted model appears to be
more consistent to PARP1’s multi-domain DNA-bound crystal structures
[86]. However, due to the experimental analysis done by the authors, it
is stated that the “free” form of PARP1 behaves as a “beads-on-a-string”
(that is the consensus idea over many years) (Fig. 3b) and that it col-
lapses into a more rigid form upon DNA binding, with BRCT being
excluded from the bound form (Fig. 3c) [86].

4. PARP1s vast intracellular functions, partners and regulation

PARP1 through its ADP- ribosylation activity, either on itself and
other targets, can modulate and orchestrate several intracellular path-
ways. In these pathways, some of the most important cellular functions
include: chromatin modification, transcription regulation, DNA damage
repair, and cell death [134,135]. However, due to the nature of the PAR
modification, the accumulation of these chains is met with cytotoxic
effects if not properly regulated. Studies in mice verified that a target
disruption of PARG had lethal consequences, with activation of
apoptotic cell death in blastocysts [134,136]. Thus, the PARP1 inter-
actors are vast and can be rationalized into 3 categories: 1) PARP1 li-
gands and activity regulators; 2) enzymes that modify PARP1, and 3)
PARP1 substrates and binding partners. In Fig. 4 all the players involved
in PARP1 biological functions are summarized.

4.1. Ligands and regulators of the engymatic activity of PARP1

One of the ligands and regulators of PARP1 activity is the nicotin-
amide by-product from NAD™ consumption [134]. These molecules are
known to have a mild inhibitory effect on PARP1’s ADP-ribosylation
transferase activity, and it is from this interference that clinical PARP1
inhibitors were first conceived and later optimized [134,137,138].

Moreover, the size of the added PAR chains helps in reducing PARP1
activity, through their excessive negative charge. When PAR chains
become very long and branched, repulsion forces from DNA lead to
PARP1 release, and NAD" consumption is thus limited [134]. Also,
another negative regulator of the enzymatic activity of PARP1 is the
nuclear stress protein (NUPR1), which is done by physical interaction
with the protein [139].

Another off-switch of PARP1 enzymatic activity is the presence in
DNA of the octamer motif 5’-RNNWCAAA-3' (where R is adenine (A) or
guanine (G), N can be any nucleotide base and W is A or timine (T)). This
sequence is present in the promoters of several genes and the interaction
with PARP1 suppresses the enzymatic activity and other dependent
functions of the later [140]. Here it is proved that other than its affinity
to and DSB/SSB dependent activity, PARP1 is regulated by other
nucleotide singularities.

For example, small nucleolar RNAs were shown to affect PARP1
activity, more specifically the SNORA74A and SNORA73 [141,142]. The
first was reported to interact with PARP1 and serve as a positive regu-
lator of PARP1 activity [141], while the second restrains PARP1’s auto-
PARylation and leads to genome instability in hematopoietic malig-
nancies [142].

Some proteins can be included in this section such as the nuclear
nicotinamide mononucleotide adenylyltransferase (NMNAT), that en-
hances PARP1 activity. This protein associates with PAR chains and is
capable to synthesise new NAD' molecules, which are fed into the
transferase cycle of PARP1 [143]. Other proteins that are also involved
in the regulation of PARP1’s catalytic activity are the histone variant
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PARP1 “beads-on-a-string” free form
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PARP1 collapsed form

Fig. 3. Insights into PARP1 structure. a) PARP1 full-length predicted structure retrieved from AlphaFold (AF) [129,132] and figure prepared in PyMOL [133]; b)
Model of PARP1 “beads-on-a-string” free form, taking into consideration [84]; c¢) Model of PARP1collapsed/rigid form when bound to a DNA break, taking into

consideration [86].
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Fig. 4. Schematic summarizing the various levels of PARP1 regulation and regulator effect on multiple biological levels. The molecules that bind and regulate PARP1
activity (green box), enzymes that regulate PARP1 activity through post-translational modifications (PTMs) (orange box), and PARP1’s catalytic activity targets or
binding partners in transcription regulation and DNA repair pathways (yellow box) are also identified in the scheme. (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)

mH2A1.1, KIF4, TSG101, PACMP, HMGB3, SPINDOC, and CSB
[144-150]. The PNUTS protein was also reported to aid PARP1 in its
DNA repair activity [151]. This protein acts as a binding partner, and it
is required for the recruitment of PARP1 to DSBs and damage site
PARylation in the NHEJ repair pathway [151]. Moreover, Lee et al.,
verified that the Ewing sarcoma protein (EWS) promoted the dissocia-
tion of PARP1 from the chromatin, thus suppressing its enzymatic

activity, and leading to the prevention of excessive accumulation of
PARP1 on DNA. [152]. In the case of the DNA-binding protein Banfl,
Bolderson and colleagues verified that the activity of PARP1 was
inhibited by direct interaction with the NAD" binding domain, which
translated in the flawed repair of oxidative lesions [153].

One of the most important discoveries that set a new stage for PARP1
activity regulation was the description of the interactor histone
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PARylation factor 1 (HPF1), which was revealed to be the major medi-
ator of PARP1’s serine target modifications [91,128,154]. HPF1 proved
to be able to model the activity of PARP1 at micromolecular concen-
trations (in vitro assays) and to form a joint active site with PARP1/2,
which leads to the aa specificity switch of PARP1/2 from E/D to S
[91,92,121,128,154,155] (Fig. 1b1). HPF1 was also proved to influence
the target of PARP1’s enzymatic activity towards histone modification,
instead of being directed mostly to auto-PARylation function [156].

4.2. Enzymes that are able to modify PARP1

Various post-translational modifications (PTMs) are known to regu-
late PARP1 enzymatic activity; phosphorylation, acetylation, methyl-
ation, ADP-ribosylation, SUMOylation, and ubiquitination [134,157].
Among these, disruption/dysregulation of PARP1’s phosphorylation,
acetylation, and methylation are met with severe cellular consequences
[157].

PARP1’s ADP-ribosylation is carried out by itself, PARP2, and
PARP3. Even though, evidences have shown that PARP1 auto-
modification occurs predominantly on E/D and S residues (E488,
E491, $499, S507 and S519) [45,90-92], the K498, K521 and K524 (all
within the auto-modification loop — 466-525aa), were also reported to
be potential auto-modification sites [157,158]. Extensive auto-
modification (chains >200 units in length) inhibits the DNA binding
capability and enzymatic activity of PARP1, while less extensive chains
are suggested to affect exclusively its enzymatic activity [157,158].
PARP1 and PARP2 can form a heterodimer and through this, associated
PTMs are exerted onto each other. On the other hand, PARP3 promotes
mono (ADP)-ribosylation of PARP1, and by direct physical interaction
the first can activate PARP1’s transferase activity in the absence of DNA
[157].

Furthermore SIRT 6 was proved to promote mono-ADP-ribosylate
PARP1 on K521, in oxidative stress conditions [159]. Mao et al.
(2011) verified that in mammalian cells subjected to oxidative stress
SIRT 6 is recruited to DSB sites and strongly stimulates NHEJ and HR
[159]. This is promoted by its physical interaction with PARP1 leading
to the activation of PARP1 enzymatic activity. Those authors proposed
that SIRT 6 serves as a mediator of hormetic and acts as a regulator of
oxidative stress signalling and DNA damage response [159].

Phosphorylation may have positive and negative impacts on the
cellular activity of PARP1. Modification of the serine and threonine
residues (S372 and T373) by the extracellular signal-regulated kinases
1/2 (ERK1/2) [160], and S785/786 by the hormone-activated kinase
CDK2, cyclin E and progesterone receptor complex (CDK2-cyclin E-PR)
[161], produces activation or further enhancement of PARP1 enzymatic
activity. The phosphorylation of PARP1 in S785 and S786 results in a
loosening of the NAD"-binding pocket within the CAT domain [161],
thus making indispensable the enzymatic activities of PARP1 and CDK2
for their hormone-dependent recruitment chromatin and Histone 1 (H1)
displacement in the chromatin [157,161]. Similarly, phosphorylation of
PARP1 by the calcium-dependent protein kinase (CAMKII) activates its
enzymatic activity during neuronal development, and consequently
leads to nuclear export of KIF4 [162]. On the other hand the phos-
phorylation of PARP1 by the insulin-like growth factor-1 (IGF-1) and
protein kinase C (PKC), is linked to the inhibition of PARP1’s ADP-
ribosylation activity and attenuation of its DNA binding capability and
enzymatic activity, respectively [157].

Methylation of PARP1 amino acids was reported in the K528 and
K508 residues. The first was associated with the activity of the lysine
methyltransferase SMYD2 and the second to SET7/9 [163,164].
Methylation of the mentioned lysine residues was associated to signifi-
cant enhancements of PARP1 enzymatic activity [163,164]. A negative
feedback on SET7/9 methylation of K508 was verified upon auto-
PARylation of PARP1 [163].

Acetylation of PARP1’s lysine residues (K498, K505, K508, K521 and
K524) was demonstrated by Hassa et al. [165]. These modifications are
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conducted by the p300/CBP protein complex and are considered of the
essence for PARP1 interaction and coactivation (with p300 and CDK8/
MED14 complex) of the NF-xB protein complex, in inflammatory
response [157,165]. On the hand, protein acetylation by lysine acetyl-
transferase 2B (PCAF) was reported to enhance auto- and hetero-
modification activities of PARP1, and it was deemed as essential for
stress-induced cell death pathways [157,166]. Deacetylation of PARP1
promotes cell survival [166] and can be conducted by sirtuin 1 (SIRT1),
in the 1-214 aa region and 477-524 aa, or by histone deacetylase 1
(HDAC1) in the 477-524 aa region [165,166]. HDAC 2 and 3 were also
proved efficient in PARP1 deacetylation in vivo [165].

Crosstalk between PARP1 acetylation and SUMOylation was
observed, with the modifications promoted by SUMO1 and 3 contrib-
uting to the prevention of PARP1 acetylation by p300 [167]. Addi-
tionally, crosstalk between the PARP1’s ubiquitination and
SUMOylation hints to a possible regulation mechanism on PARP1’s
transcriptional role. Martin et al. [168] verified that SUMO-targeted
ubiquitin ligase ring finger protein 4 (RNF4) mediates heat-shock-
inducible ubiquitination of PARP1 (that is SUMOylated) and functions
as a positive regulator of HSP70.1 gene. The authors state that the results
obtained pointed to a novel mechanism that regulates PARP1 tran-
scriptional function, in response to heat shock, where the SUMOylation
and RNF4-mediated ubiquitination of the protein is in rule [168].

Moreover, Zhang et al., [169,170] uncovered that the Nedd4 family
member WWP2 was a specific E3 ubiquitin ligase of PARP1, contrib-
uting to the discovery of a new ubiquitin-proteasome degradation
pathway of PARP1. The authors verified that WWP2 mediated-
ubiquitination occurred in K418 and K249, in the myocardium tissue
and cells of mouse [170].

PARP1 activity is also regulated by proteases in cell death pathways.
The degradation of PARP1 is conducted by caspase 3 and 7 in apoptosis,
by granzyme A and B in immune responses and several cathepsins in
autophagic and necrotic cell death [134].

4.3. PARPI protein substrates and binding partners

Over the years, many proteins were described as PARylated by
PARP1 and have contributed to a better understanding of the many
biological functions of PARP1. Besides proteins, nucleic acids are also
depicted as PARP1’s catalytic targets and a comprehensive review can
be found in [171]. The focus in this section is going to be on proteins that
PARP1 regulates by either physical interaction or by its PARylation
activity.

Even though, PARP1’s major acceptor of PAR chains is itself; this
protein has long been associated with several intracellular players. The
extensive PAR chains act as scaffolds to attract and assist in the assembly
of large protein complexes. These are usually involved in chromatin
remodelling, DNA repair and cell cycle checkpoints [134]. The role of
PARP1 in chromatin remodelling is varied, where chromatin relaxation
or condensation is promoted by interaction with nucleosomes and
PARylation of histones H1 and H2B [135]. Also, PARP1 is closely
associated with transcription regulation by direct interaction with
transcription factors or by PAR activity [134,135]. In the first are
included Cox-2, Octl, E2F-1 and Ap2, and in the second are englobed
p53 and RNA polymerases I/1II [135]. In the case of NF-xB, PARP1 may
act in both manners with p50 and p65 sub-units, thus regulating the
transcriptional function of NF-xB [134].

However, one of the best-described functions of PARP1 is its role in
detecting and initiating DNA repair, which will be discussed further in
this section. This protein initially was associated exclusively with BER
pathway, where PARP1 role is best characterized, but over the years it
has been proved its involvement in other repair pathways, such as MMR,
HR, NER and NHEJ [135,172,173].

Single base modifications or nucleotide damage are the most com-
mon type of damage that can be found on DNA. SSB lesions arise
spontaneously, or from base modifications such as oxidated bases,
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abasic sites and others [172]. On the other hand, DSBs are produced
upon exposure to DNA-damaging agents, such as ionizing radiation,
collapse of replication forks or genome rearrangements (e.g. class-
switch recombination (CSR), V(D)J recombination and meiosis)
[134,172].

SSBs are readily repaired by BER, with PARP1 recognizing damage
loci and promoting the recruitment of effector protein complexes.
However, even though it is known that DSBs are repaired either by HR or
NHEJ, PARP1 mechanistic involvement in these two pathways is still not
fully understood. However, the choice between HR or NHEJ is known to
be ruled by cell cycle phase and chromatin context [134,172]. During
the cell cycle, NHEJ is active throughout its phases, but its activation is
most favoured in the G1 phase. On the other hand, the HR pathway is
most prevalent after DNA replication, since an identical sister chromatid
is available as a template [134,172,174]. Moreover, since DSBs occur
within the complex array of chromatin structures (e.g. genes, telomeres,
replication forks, intergenic regions and compact chromatin), the
detection and repair of these damages have significant barriers
[134,172,175]. As so, for DSB repair both post-translational modifica-
tions of nucleosomes and the concentration of DNA repair proteins at the
damage site are of most importance [134,172,175]. The “access-repair-
restore” model, first described by Smerdon (1991) [176], proposed the
minimal steps needed for chromatin recognition and repair. In general:
1) detect damage, 2) remodel chromatin architecture, 3) reorganize the
nucleosome-DNA template for processing and repair, and finally 4)
restore chromatin organization and condensation after repair
[134,172,175].

4.3.1. Base excision repair (BER)

BER serves as a route to repair SSBs and small lesions that may
appear in DNA. The latter are first transformed into SSBs through the
action of DNA glycosylases and APE1 [135,172]. The SSBs are sensed
and bound by PARP1, which after auto-modification recruits the repair
effector X-ray repair cross-complementing protein 1 (XRCC1) (Table 3).
The rapid recruitment of XRCC1 to SSBs is dependent on PARP1 and
PARP2 enzymatic activity and serves as a signal for the recruitment of
other effectors such as DNA ligase 3 (LIG3), DNA polymerase p and
bifunctional polynucleotide kinase 3'-phosphatase (PNKP). Only after
the recruitment and formation of the protein complex is the repair
process stimulated [134,135,172].

Additionally, it was shown that PARP1-mediated repair in “nick”
lesions requires the involvement of tyrosyl-DNA phosphodiesterase 1
(TDP1) [177] (Table 3). TDP1 is a target of PARP1’s catalytic activity
and after PARylation, the protein stability and recruitment to the
damaged site is enhanced. Nick lesions are known to result from the
abortion of DNA topoisomerase 1 (TOP1) activity, and TDP1 hydrolyses
the existing bond between TOP1 and DNA. This action helps in exposing
the lesion to PARP1 and repair is carried out through BER [177].

However, some reports suggest that PARP1 may not be essential for
BER repair in a specific subset of DNA lesions [178]. In the case of purine
base damage repair, it has been pointed out that this event may require
the presence of PARP1, however in the event of pyrimidine damage the
repair may be independent of PARP1 [179].

Moreover, it is important to note that PARP1s intracellular signalling
may act as a double-edged sword, since in inflammatory processes,
chronically activated repair pathways can induce DNA damage [135].

4.3.2. Nucleotide excision repair (NER)

UV irradiation is known to induce distorted DNA structures (e.g.
thymine dimers) and the repair of these anomalies is done through the
NER pathway [134]. This repair route involves a large set of proteins
that are responsible for damage recognition, damaged-DNA stretch
removal, gap filling and strand ligation [135]. Also, in recent studies, it
has been proved that PARP1 is involved in the initial stages of the NER
sub-pathway named global genome (GG)-NER, and that PARP1’s cata-
lytic activity is triggered by UV-B radiation [180].
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Table 3
PARP1 and PAR functions, regulation and protein partners in DNA repair
pathways.

DNA DNA Repair PARP1/PAR Repair References
strand Pathway function Factors
break that
interact
with
PARP1 or
PAR
XRCC1
Bind and II;L?;
Base'excmon stabilize ' PNKP [134,135,172,177]
repair (BER) damage site TDP1
Recruitment .
(nick
Single lesions)
strand Nucleotide Damage XPA
break . . detection, XPC 172,180-183]
(SSB) e;:smn repair recruitment DDB2 172, °
(NER) and activation ~ ALC1
MutSa
. EXO 1
xs;:gzMR) Interaction RPA [185,186]
RFC
PCNA
Homologous Bind, stabilize BRCA1/2
repair (HR and ) MRE11 [173,188-192]
recruitment ATM
Classical Non- Stimulate
D Z:Eﬁ | :s;nj"olﬁi‘; activity and ggg-zpkcs [172,190,194]
break (c.NHEJ) recruitment
(DSB) Alternative
Non- POL 0
homologous Recruitment MRN [196-198]
end joining complex
(alt-NHEJ)

The UV damages are initially recognized by the Xerodema pigmento-
sum complementation group C (XPC) and RAD23B (XPC-HHRAD23B)
complex, which subsequently associates with the DNA damage-binding
proteins 1 and 2 (DDB1-DDB2) complex. This induces the ubiquitylation
of core histones and leads to nucleosome displacement [172]. DDB2
promotes the recruitment of PARP1, by physical interaction, and stim-
ulates PARylation on histones [180,181] (Table 3). This results in
further chromatin relaxation by the recruitment of the chromatin-
remodelling helicase amplified liver cancer protein 1 (ALC1)
[181,182]. Additionally, because XPC binds to PAR through its specific
binding-motif (PBM), its recruitment to the damage site is further
enhanced [183]. Chromatin relaxation facilitates the access of the
remaining NER proteins to the UV lesions and further stimulates the
repair. Moreover, PAR synthesis was also suggested to be central in the
recruitment of NER damage recognition factor XPA [172] (Table 3).

Final repair steps involve: 1) DNA unwinding by the transcription
factor IIH (TFIIH) and verification by XPA and RPA; 2) damaged-DNA
stretch removal by endonucleases XPG and ERCC1/XPF (23-30 nt
fragment); and 3) gap filling by DNA polymerases 6 and &€ with PCNA,
RPA and RFC. Strand ligation (4) is done by DNA ligase I or DNA ligase
III-XRCC1, depending on the cell cycle stage [134,184].

The role of PARP1 in the NER pathway is biologically significant,
more specifically its interaction with DDB2 and ALC1 since inhibition of
PARP1 activity was revealed to induce cellular sensitization to UV-
irradiation [181].

4.3.3. Mismatch repair (MMR)

DNA mismatch repair is activated when single or double mismatch
bases, and loops, arise from insertions or deletions in the DNA strand
[134]. This pathway is initiated by the recognition heterodimer MSH2-



C.J.F. Conceigao et al.

MSH6 (MUTSa) and recruitment of the PMS2-MLH1 heterodimer
(MUTLa) [134]. The MUTSa-MUTLa complex slides and nicks DNA
strands near the damage site, thus promoting Exonuclease 1 (EXO1)
activity [134]. Afterwards, the recruitment of the replication clamp
PCNA and the clamp loader RFC (replication factor C) to the protein
complex, promotes mismatch-excision directed by 3’ or 5’ strand break
[185]. In the final stages DNA polymerases & and € promote gap filling,
and DNA ligation I leads to strand ligation [134,185].

In vitro studies revealed that PARP1 enhances mismatch dependence
of 5'-directed excision in MMR and that PARP1’s DNA binding and BRCT
domains are involved in MMR excision specificity [185]. It was also
revealed that PARP1 physically interacts with several MMR proteins
such as MUTSa, EXO1, replication protein A (RPA), RFC and PCNA
[185] (Table 3). Additionally, MSH6 protein was presented as a target of
PARP1 enzymatic activity [186]. Even with this data, much is still un-
certain about the exact role of PARP1 in MMR and further character-
ization studies are needed.

4.3.4. Homologous repair (HR)

HR repair is known as the high-fidelity repair route and is charac-
terized by the usage of the sister chromatid or homologous chromosome
as a DNA template for damage repair [134]. Moreover, homologous
repair is required to prevent the deleterious effect of perturbed repli-
cation forks, either stalled or collapsed [180].

After DSB end recognition, the MRE11l nuclease-RAD50-NBS1
(MRN) complex jointly with the CtIP-BRCA1l complex cooperates in
the generation of 3-overhangs on DBSs blunt ends. The generated
structure is then stabilized by the replication protein A1 (RPA1) and
PARP1 is also pointed to help in stabilizing these DNA structures
[172,180,187].

Activation of MRN complex contributes to cell cycle arrest, as well as
to DNA damage repair by activation of the ataxia telangiectasia mutated
(ATM) signalling through phosphorylation [187]. Afterwards, BRCA2
mediates the exchange of RPA1 for RAD51, which promotes the search
for a homologous DNA template (strand invasion) for lesion repair. DNA
polymerase extends the 3"-overhang strand, DNA ligase I connects the
strand ends, and the intermediate Holliday junctions are resolved by
resolvases [187].

If the DNA lesion is not easily repaired, the ataxia telangiectasia and
Rad3-related protein (ATR) signalling route is activated by the inter-
action of RPA1 with ATR-interacting protein (ATRIP). This is followed
by RFC-mediated loading of 9-1-1 clamp and successive activation of
topoisomerase II binding protein 1 (TOPBP1) [134].

PARPI role in the recruitment of HR proteins has been discussed over
the years and it has been highlighted the importance of PAR chains in
the recruitment of breast cancer type 1 susceptibility protein (BRCA1)
and breast cancer type 2 susceptibility protein (BRCA2) [173,188,189]
(Table 3). The first is promoted by BRCAl-binding partner BARDI1,
while BRCA2 recruitment is related to its own tandem oligonucleotide/
oligosaccharide (OB) - folds, that help in the detection of ADP-ribose
chains in the damage sites [173,188,189].

These specific interactions laid the foundations for the usage of
PARP1 inhibitors in the clinical treatment of BRCA1 or BRCA2 mutated
cancers [172]. In this line of treatment, the combined conditions (in-
hibitor + mutations) will expectedly result in synthetic lethality, which
will help to increment therapeutic efficacy [172]. By this approach the
inhibition of PARP1 leads to the accumulation of SSBs, which are further
processed into DSBs during replication. Because BRCA1/2-deficient cells
have their DSBs repair capabilities reduced, the synthetic lethality
approach with PARP1 inhibitors will culminate in cytotoxic effects and
cellular death [172].

Additionally, the role of PARP1 regarding the recruitment of MRE11,
in HR, is a topic of much debate, with evidence revealing that a complex
regulation system is in play at replication forks [190]. Ying et al. [190]
verified that MRE11 is recruited through PARP1 activity in a small
portion of stalled replication forks, particularly not easily resected forks.
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In the case of easily resected forks, MRE11 recruitment was considered
independent of PARP1 [190]. It was also demonstrated that PARP1
could act as a replication fork protectant against MRE11-mediated
resection, with a distinctive stabilization role [190]. Furthermore, the
authors uncover that the resolution of unresected forks required PARP1
and DNA-dependent protein kinases catalytic subunit (DNA-PKcs) for
the relocation of XRCC1 proteins [190]. In this way effective repair and
replication fork restart is enabled [190] (Table 3).

Studies have also revealed that PARP1 physically interacts and
PARylates with ATM, during DNA damage response [191,192]
(Table 3). Additionally, PARP1-ATM interaction was considered
important in the phosphorylation kinetics of downstream proteins (e.g.
p53 and H2AX) [191-193]. Knockdown and inhibition of PARP1 were
revealed to delay ATM activity [192].

4.3.5. Non-homologous end joining (NHEJ)

NHEJ is an error-prone mechanism that is active throughout the cell
cycle, but it is the preferred mechanism in G1 phase when a DNA tem-
plate is not available [172].

In classical NHEJ (c-NHEJ) the Ku heterodimer (Ku70/Ku8) ring
binds to the DNA strand-break ends and recruits the DNA-dependent
protein kinase (DNA-PK), XRCC4 and DNA ligase IV (LIG4). DNA-PKcs
binding to DNA activates the protein and leads to a phosphorylation
cascade onto ATM, p53 and itself. In the meantime, the Artemis DNA
end-processing enzyme prepares DNA strands for ligation [134].

PARP1 acts in this sub-pathway (c-NHEJ) either by physical inter-
action with DNA-PKcs or by further stimulating protein kinase activity
by PARylation [172]. Additionally, it was proved that PARP1 potenti-
ates the efficiency of c-NHEJ repair by the recruitment of the chromo-
domain helicase DNA-binding protein 2 (CHD2) to DSB sites, to promote
the assembly of the XRCC4-containing repair complex [194] (Table 3).

Besides c-NHEJ, several reports point to a key function of PARP1 in
alternative NHEJ (alt-NHEJ) [172,180,195]. alt-NHEJ is characterized
by end resection and utilizes sequence micro-homology regions, which
makes it an inherently mutagenic pathway and leads to the generation of
insertions and deletions [172,180,195]. This process is dependent on
PARP1, XRCC1, LIG3, MRE11, NBS1 and Flap endonuclease 1 (FEN1)
[195]. Strand-end ligation is independent of LIG4 and Ku complex,
while DSB processing is done by the MRN complex [172,180].

PARP1 is indicated to be involved in the promotion of alt-NHEJ
[169,190,191]. This is done by competing for access to DNA breaks
with Ku proteins and favouring the recruitment of the MRN complex
(Table 3) [169,190,191]. Additionally, PARP1 is also suggested to be
involved in the recruitment of DNA polymerase 6 (Pol 0), which displays
a terminal transferase-like activity [196,197]. In a recent study done by
Luedeman et al. [198], these authors suggest that PARylation indirectly
promotes Pol 0 recruitment and repair, by increasing the frequency of
end resection and leading to the redirection from c-NHEJ to Pol
6-mediated alt-NHEJ in the repair of these specific ends [198] (Table 3).

The PARP1-Pol 6 mediated repair thus serves as an additional justi-
fication for the synthetic lethality effect of PARP1 inhibition and BRCA1-
mutation therapy. It was also experimentally verified that BRCA1-
deficient malignancies are extremely dependent on Pol 6 — mediated
damage repair [196].

When DNA damage is minimal PARP1 role results in the activation of
any of the repair pathways that were previously described. However, if
DNA damage is too extensive to be repaired, PARP1 is rapidly cleaved by
caspases [199]. The cleavage of PARP1 results in two specific fragments:
a C-terminal fragment of approximately 89 kDa (comprising the cata-
lytic domain) and a N-terminal fragment of around 24 kDa (comprising
the DNA binding domains) [199]. The first fragment is known to be
translocated from the nucleus to the cytosol, while the N-terminal is
retained within the nucleus, irreversibly bound to DNA. The 24 kDa
fragment, in its bound form, acts as a trans-dominant inhibitor of
remaining active PARP1 and other repair enzymes [199]. The degra-
dation mode of PARP1 and the intracellular localization of its fragments
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is believed to be a conservation energy (cellular ATP pools) requirement
for apoptosis [199].

Curiously, PARP1 is also capable of mediating a different form of
cellular death, which is named parthanatos [200,201]. Under patho-
physiological conditions, the over-activation of PARP1 can lead to the
accumulation of PAR polymers and subsequentially to the nuclear
translocation of the apoptosis-inducing factor (AIF) [200,201]. This
cascade of events will then trigger this non-apoptotic programmed cell
death. Parthanatos is reported to be widely involved in several patho-
logical processes such as ischemic-reperfusion injuries, septic shock,
neurodegenerative diseases (e.g. Parkinson’s and Alzheimer), cardio-
vascular diseases, diabetes and cancer [200,201].

5. PARP1 and cancer

PARP1 has been implicated in several human pathologies, but cancer
is still the disease where PARP1 has been shown to be implicated in
numerous pathways. As we have shown so far, PARP1 is implicated in
many of the biological functions and processes that are of essence for
tumour development and growth.

This protein has been identified in the nucleus and cytoplasm of
cancer cells and PARP1 expression studies have revealed that this pro-
tein is found to be upregulated in a multitude of tumours [202]. The
determination of the expression levels of PARP1 is considered to be
important for the determination of therapeutic potential, effect and side-
effect of clinical inhibitors [202].

A study of over 8000 surgical samples from cancer and healthy pa-
tients, carried out by Ossovskaya et al. [203], revealed that PARPI is
overexpressed in several malignant tissues. Among them significant re-
sults were verified in patients with breast, uterine, lung, ovarian, skin
cancers and non-Hodgkin’s lymphoma. Of these, breast cancer attracted
the most attention, since the authors verified that PARP1 overexpression
was detected in over 30 % of breast infiltrating ductal carcinoma (IDC)
samples, when in normal tissues values were of 2.9 % [203]. Addition-
ally, the same study demonstrated that PARP1 gene was up-regulated
>2-fold in approximately 70 % of primary breast adenocarcinomas,
including triple-negative breast cancer, where gene upregulation was
consistent with increased protein expression [203]. In other assess-
ments, high levels of PARP1 expression was related to poor prognosis
and decreased survival rates in breast cancer patients, for patients with
worse clinical outcome and in less aggressive clinical conditions [204].

High expression levels of PARP1 were also verified in lung carci-
nomas, however differences were retrieved when comparing small cell
(SCLC) and non-small cell lung (NSCLC) carcinomas. mRNA and protein
levels were higher in the first, than the last [205].

In Ewing’s sarcoma, an aggressive malignancy that is characterized
by the EWS-FLI1 or EWS-ERG genomic fusions, PARP1’s expression was
revealed to be maintained in a positive feedback loop by the EWS-FLI1
fusion genes [206]. The expression loop was also revealed to be required
for EWS-FLI-mediated transcription. This findings led to the suggestion
by the authors that EWS-FLI1:PARP1 intersection presented a thera-
peutic strategy to increase treatment efficacy of Ewing’s sarcoma pa-
tients [206].

Zuo and colleagues verified that PARP1 mRNA levels in epithelial
ovarian cancer patients (EOC) was higher in a platinum-resistant ther-
apy group, than a platinum-sensitive group [207]. This was associated
with a worse prognosis and the authors suggest that PARP1 may serve as
potential biomarker to predict the resistance to platinum chemotherapy
and the prognosis of EOC patients [207].

In a recent study, Puentes-Pardo et al. [208], attempted to analyse
the expression of PARP1 in colorectal cancers (CRC) with different p53
status in order to evaluate the influence on the cancer stem cells (CSC)
phenotype. These are a subset of cancer cells that are also considered
important for cancer initiation and metastasis [208]. The authors
confirmed that PARP1 gene was overexpressed in tumour tissues from
cancer patients, when compared to healthy mucosa, and that it was
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correlated with the differentiation grade [208]. However, this associa-
tion was only upheld in tumours with wild-type p53. In patients with
p53 mutation, PARP1 served as an independent prognostic survival
factor [208]. The authors affirmed that PARP1 could be a clinical tool
for personalized medicine, since patients with high PARP1 expression
and wild-type p53 would benefit from PARP1 inhibitor therapy, while
this could be adverse for patients harbouring p53 mutations [208].

Comprehensive studies were also done to understand the molecular
role of PARP1 and its association with key features of cancer initiation
and progress.

Demény et al. [41,209], has done a two-part review about the
involvement of all PARP family members in ten hallmarks of cancer:
(Part.1) 1) uncontrolled proliferation, 2) evasion of growth suppressors,
3) cell death resistance, 4) genome instability, 5) reprogrammed energy
metabolism, 6) escape from replicative senescence; (Part. 2) 7) angio-
genesis, 8) invasion and metastasis, 9) evasion of immune response and
10) tumour-promoting inflammation. Within Demény’s review, it was
extensively debated how poly (ADP-ribose) polymerases are involved in
the microevolution process and survival of tumours, and how PARP1
appears again as a player with vast contribution and interconnections in
all ten hallmarks. The authors also highly controversies and do an
interesting introspection about open questions and future prospects
related to the wide roles of PARPs in cancer biology [41,209].

Cancer survival can be regulated in several levels by PARP1 via DNA
repair pathways [202]. For cancer survival, cell will activate PARP1 to
repair mild damages and in this way maintain carcinogenic mutations
that permit its tumour phenotype [202]. When in the presence of
excessive DNA lesions, normal PARP1 activation will lead to insufficient
repair and culminate in cellular apoptosis [202]. However, in the case of
PARP1 overactivation, cancer cells will face further mutagenesis,
metastasis, energy depletion, necrosis, and autophagy, which in turn
will promote increased inflammation (cancer hallmark) [202].

As can be perceived, PARP1 is involved in multi-level biological
controls, and its activity can either enhance carcinogenic features or
lead to cellular death.

Additionally, PARP1 can promote tumour development through its
transcriptional regulation role. This is achieved by the interaction with
transcriptional factors, transcription machinery and chromatin modu-
lators [202]. PARP1 transcriptional regulation effect, may be positive
and negative. On one hand leading to the transcriptional activation of
oncogenes (e.g. vascular endothelial growth factor receptor 1 (VEGFR1),
hypoxia-inducible factor 1o (HIF1a) and 2 A (HIF2A), androgen recep-
tor, melanocyte-lineage survival (MITF)), or have repressive effects on
tumour suppressors (e.g. p53 and Adenomatous polyposis coli (APC))
[202,209]. PARP1 is also capable to influence chromatin remodelling by
the activity and location of histones. This can be done by interaction
with the nucleosome leading to a suppression of transcription, or by
dissociation of H1 promoting RNA polymerase II-mediated gene tran-
scription [202].

When PARP1 is hyperactivated, it promotes a positive feedback cycle
that leads to the upregulation of inflammatory signal factors, such as NF-
kB [202,209]. The interaction of PARP1 with NF-kB upregulates pro-
inflammatory cytokines like tumour necrosis factor a (TNFa) and
interleukin 6 (IL6) [202,209]. These are involved in the initiation of
tumour-promoting inflammation processes. Chronic inflammation con-
ducts to a higher degree of cell malignancy, which in turn helps with
immune surveillance evasion [202,209]. It was also demonstrated that
the NF-kB signal factor has a major role in cancer progression, metastasis
and angiogenesis [202].

PARP1 is also capable to modulate the cell cycle of tumour cells, by
regulating cellular mitosis and programmed cell death pathways
[202,209]. Additionally, PARP1 can activate pro-angiogenic/metastasis
factors (e.g. c-MYC, VEGF, platelet/endothelial cell adhesion molecule
(PECAM1/CD31) and HIF), thus inducing angiogenesis and metastasis
[202,209].

In Fig. 5 it is depicted the multifactorial roles of PARP1 in
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tumorigenesis, giving a better image on its span in cancer biological
processes.

6. PARP1 the desirable therapeutic target

PARP1 is one of the more interesting targets used in anti-cancer drug
design. The abundant data proving its involvement in carcinogenesis
reinforced the need for the development of better clinical inhibitors and
treatments.

The therapeutic strategy behind the design of PARP1 inhibitors
(PARPi) is based on the synthetic lethality theory, where cell survival is
severely hindered by the simultaneous blockage of SSB repair and HR
repair [210]. Since PARP1 was considered an ideal target in treating HR-
deficient cancers, initial studies found that PARPis were effective in
killing BRCA1/2-mutated tumours [210]. However, in more recent
times it has been described that some non-mutated BRCA1/2 tumours
are also sensitive to PARPI treatment [210].

Most PARP inhibitors were designed to mimic and compete with the
cofactor NAD' for the protein catalytic domain of PARP1
[96,137,211,212]. These molecules are included in the monoaryl am-
ides and bi—/tri—/tetracyclic lactam compound group [211], and their
common pharmacophore features are the aromatic ring and carbox-
amide moiety [213]. The last interacts with CAT through three crucial
hydrogen bonds with glycine-G863 and S904. Additionally, it was re-
ported that the phenyl moiety of Y907 is involved in a n- & stacking
interaction with the nicotinamide of NAD™" [213].

In Malyuchenko’s 2015 review [137] the rationality behind the
design of PARPi and how their structure has evolved from first-
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generation compounds until the third-generation ones is extensively
explained. This last category includes the FDA-approved inhibitors:
Olaparib, Rucaparib, Niraparib and Talazoparib; and Veliparib, that is
currently being tested in clinical trials [138,212,214-216]. Table 4 in-
cludes pertinent information regarding these inhibitors, namely their
structure (with identification in red of nicotinamide pharmacophore),
alternative designation, target protein and values regarding inhibitory
potential.

PARPi’s unique therapeutic potential, confers great advantage in
their usage in cancer treatment. They can either be used in synergistic
lethal strategies, as a coadjutant to DNA damage agents (e.g. radiation or
chemotherapeutics), or as mono-therapeutic agents (e.g. in tumours
with specific genetic profiles) [96,210,218]. The use of PARPi, not only
leads to the inhibition of PARP1’s catalytic activity, but also to the
prevention of its release from the damage sites. Moreover, it has been
proved that chemical inhibition of PARP1 sensitizes cells to UVA, UVB
and UVC treatment [180,210]. On the other hand, molecules such as
Veliparib and Niraparib were also proved to be capable to bind cDNA,
though intercalation in DNA grooves [219,220].

Over the years many X-ray crystal structures were determined for
PARP1’s CAT domain interaction with known inhibitors [76,97-99], as
well as with some potential new molecules [100-116].

However, PARP therapeutic resistance has been reported in some
cancers, which can be explained by the interplay effect of the c-MET
membrane receptor [221]. Through the phosphorylation of PARP1’s
Y907 residue, the CAT-inhibitor interaction is prevented [221]. By
blocking the c-MET-mediated phosphorylation of PARP1, the anti-
tumour effect of PARPi is enhanced [221]. Additionally, it was
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Table 4
Information regarding PARP1 clinical inhibitors. The nicotinamide pharmacophore that is common moiety among PARPi is highlighted in red.
Name Alternative Structure Target 1C50 Ky References
Name (nM) (nM)
Ao
i D
Olaparib AZD2281 ~ o PARP1/2 5/1 0.97/0.34
[
Talazoparib BMNG673 gl AN PARP1/2 1.2/0.9 0.012/0.18
’ ? “; P N
[214,217]
Rucaparib AG-014699 7~ 4 [ PARP1 1.4 0.09
Niraparib MK-4827 ) PARP1/2 3.2/4 1.2/——
- r
Veliparib ABT-888 [ [ :% PARP1/2 5.2/2.9 0.96/9.9

Note: IC50 - half maximal inhibitory concentration; K; — inhibition/binding constant.

revealed that the cooperation between c-MET and epidermal growth
factor receptor (EGFR) further enhances resistance to PARPi therapy in
hepatocellular carcinoma [222].

Nevertheless, it was also verified that PARPi resistance could be
circumvented by combination therapy. In NSCLC, it was established that
tumour cells could be sensitized to PARPi and ionizing radiation through
combination with DNA methyltransferase inhibitors [223].

Over the years a growing number of combination approaches with
PARPi was assessed [41]. These include the combination with inhibitors
of RTK, check-point kinase 1/2 (CHK1/2), ATR, Weel, PI3K, HDAC,
IGFR, Raf, MEK, or drugs that interfere with sex hormone synthesis [41].

Other drawbacks that have been associated with PARPi therapy,
include 1) cytotoxic effects on normal cells, 2) high compound clearance
rates in the organism and 3) drug interaction with plasma proteins
[224,225]. Values as high as 83 % binding with human plasma protein
have been reported for Niraparib, after entering the blood through the
digestive system [225]. One of the best approaches to circumvent these
drawbacks is by a combination therapy approach with nano-delivery
systems, such as liposomes.

7. PARP1 therapy evolution - combining ionizing radiation and
liposomal nano-delivery systems

As we have discussed so far, PARPi combination therapy opens new
horizons in cancer treatment. Until the present day PARPi clinical effi-
cacy is far from what is expected and some associate it to PARPi’s oral
administration, its relatively low accumulation in tumour mass, as well
as to the complexity of the cellular microenvironment [226]. The use of
nanotechnology helped to overcome most of these limitations and
several nano-formulations were reported in the treatment of cancers.
Among these are included liposomes, polymeric micelles, hydrogels,
nano-emulsions, nano-suspensions and nanoparticles (e.g. inorganic,
polymeric and solid lipid nanoparticles) [226,227]. Multiples are the
advantages of using drug delivery systems in cancer therapy. It has been
vastly showed that these systems are capable to carry drugs to its specific
targets by enhanced permeability and retention effects [226,227].
Moreover, these systems could also be designed to control the release
kinetics of drugs, thus retaining stability and drug concentration in the
bloodstream, leading to the improvement of drug bioavailability and
pharmacokinetics [226,227].

In this context, current PARPi monotherapy, which relies on frequent
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oral drug administration, can lead to several side effects such as anemia
and fatigue [228]. One good example is the Olaparib drug, which due to
its reduced pharmacokinetic values translates into low drug percentages
that reach the tumour mass [228]. For this reason and to maintain
effective drug concentrations, patients need to take up to 16 capsules per
day [228]. In this way, up to 80 % of patients report one or more of the
adverse effects, such as nausea, fatigue, or diarrhea [228].

Hao et al., (2021) analyzed several relevant clinical trials on patients
with advanced ovarian cancer to determine the efficacy and toxicity
profile of PARP inhibitors [229]. Their study indicated that the use of
PARP inhibitors provided high progression-free survival (PFS) benefits,
independently of BRCA mutation status [229]. However, all the patients
treated exhibited higher risks of all-grade and high-grade hematological
toxicities (e.g. anemia, leucopenia, neutropenia, thrombocytopenia),
all-grade gastrointestinal side-effects (e.g. constipation, diarrhea,
nausea, and vomiting) and high-grade nausea and vomiting [229].
Valabrega et al. (2021) also report in detail the various adverse effects
due to Olaparib, Niraparib, and Veliparib administration [230]. The
study states PFS rates of 3 years of 60 % and a reduction in the pro-
gression risk/death of 70 %, for BRCA-mutated patients with Olaparib
treatments [230]. Furthermore, the authors state that each inhibitor
presents substantial differences in their pharmacodynamic, pharmaco-
kinetic properties, and safety profiles, which must be considered by
clinicians while doing treatment administration [230].

More recently, Sun et al. (2024) revealed the benefits of maintenance
therapy in ovarian cancer patients, with significant improvements in
PFS, regardless of homologous recombination status. Additionally,
maintenance therapy with Olaparib or Niraparib was associated with a
significant extension in the overall survival of cancer patients. Never-
theless, this study has also detected that maintenance therapy signifi-
cantly increases the risk of side effects, such as fatigue, nausea, anemia,
neutropenia, and thrombocytopenia [231].

For these reasons, nanotechnology has been employed and set a new
stepping stone in cancer therapy. When compared to conventional oral
administration, the use of nano-delivery systems has the potential to
reduce toxicity and improve patient recovery by decreasing adminis-
tration frequency and dose [226].

The combination of PARPi with chemotherapy agents has also
delivered interesting results, showing that therapies combining Olaparib
increased response rates in prostate cancer patients, that no longer
responded to single taxane drugs [232]. Similar data was also retrieved
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for platinum-based drug-resistant tumours, where PARPi sensitized
tumour cells to chemotherapeutic drugs [233]. However severe adverse
events such as anemia and fatigue were reported by 20 % of patients
[232]. These reports reinforce the need to employ nano-delivery systems
for drug co-delivery and combination therapy.

Multiple nano-systems have been developed for the delivery of
PARP1 inhibitors, with most studies and systems focusing on Olaparib
and Talazoparib. These are either used per se or in combination with
other chemotherapeutic drugs [226,227,234,235]. The nano-systems
described involve iron oxides, hydrogels, emulsions, polymer nano-
particles, implants and micelles, metal-organic frameworks, solid lipid
nanoparticles,  self-assembly  nanoparticles, and liposomes
[226,227,234,235]. Comprehensive reviews concerning these systems
and their production methods can be seen in [226,227], respectively.
Besides Olaparib and Talazoparib, combination liposomal systems were
also reported for Rucaparib [226] and Veliparib [236], with the first
being in clinical phase trials.

More recently, we have reported a new liposomal system for the
encapsulation and delivery of Rucaparib, Niraparib, and Veliparib in-
hibitors [237]. In that study, we have proved that 1,2-dipalmitoyl-sn-
glycero-3-phospho-rac-(1-glycerol) sodium salt (DPPG) liposomes is the
best lipid system to achieve high drug encapsulation efficiency (> 40 %)
and elevated particle stabilization [237]. Particle characterization
revealed that DPPG-encapsulating PARPi presented zeta-potential
values below —30 mV and increased population homogeneity. The
main population of interest presented diameter values around 130 nm
[237]. We were the first to report the specific application of DPPG lipids
for PARPi liposomal formulations and to uncover the preferable inter-
action/encapsulation mode of these inhibitors with the lipidic
membrane.

Liposomes are considered efficient transport systems and present
similar a structure to biological membranes, which makes them desir-
able for the delivery of clinical compounds through permeation [226].
Advantages related to the use of liposomes are: excellent biocompati-
bility, biodegradability, low toxicity, lack of immune system activation,
and incorporation capability for both hydrophilic and hydrophobic
molecules [238]. Several techniques can be used for their production,
such as thin-film hydration, detergent depletion, ethanol injection, and
reverse-phase evaporation [239]. These usually require a post-
processing step, either by extrusion or sonication to achieve the
required size, structure, and population heterogeneity [239]. Further-
more, liposomes can act as a protective barrier for photosensitive mol-
ecules, protecting their molecular integrity and therapeutic activity
[240]. Additionally, lipidic nano-formulations may serve as a bio-
mimetic system for interaction studies, to reduce drug cytotoxicity, and
for co-loading systems to attain a higher degree of drug synergistic
therapeutic effect [238]. Moreover, liposome surface can be function-
alized with other molecules (e.g. polymers, polyelectrolytes, antibodies,
or even conjugation with other nano-systems) [241-244], thus
increasing particle biocompatibility, stabilization, control drug release
and confer target specificity [242-244]. In sum, liposomes are believed
to be an adequate nano-delivery system to use in PARPi-related cancer
therapy, thus achieving a higher therapeutic efficacy and efficiency.

The use of nano-formulations permits to deliver clinical compounds
through oral, injection, and transdermal administration, thus opening
new possibilities for PARPi mono-therapy, their co-delivery with other
drugs, or even combining them with radiation and photodynamic
therapy [226]. Nano-systems combined with radiotherapy were previ-
ously reported with Olaparib and Talazoparib [226], while photody-
namic therapy (PDT) was reported in poly(lactic-co-glycolic acid)
(PLGA) nanoparticles co-loading Veliparib and methylene blue [236].

In the first case, Olaparib formulations were developed in injectable
nanoparticles to enhance sensitization to radiation therapy [245]. These
particles presented a mean size value of 31.96 + 1.54 nm, polydispersity
index of 0.13 + 0.01, and high radio sensitization effects (sensitization
ratio of 3.81) when compared to free Olaparib (sensitization ratio of
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1.66) [245]. Moreover, the combination of these formulations with ra-
diation in mice with human non-small lung cancer xenograft tumour
models showed: 1) inhibited tumour growth, 2) prolonged median sur-
vival rates (69.5 + 11.8 days vs 31.8 + 6.7 days), 3) increased cell
numbers arrested in G2/M phase, 4) decrease angiogenesis and 5)
without cytotoxicity effects on normal cells [245].

PDT resorts to light irradiation, which through the activation of
photosensitizer molecules triggers the generation of reactive oxygen
species (ROS) [236]. Through ROS generation cell damage is induced,
which leads to cell death [236]. In this way, PARPi and nanotechnology
were used to improve PDT by co-delivery of photosensitizers and PARPi.
An example of this was the co-encapsulation of Veliparib and methylene
blue in PLGA nanoparticles [236]. These formulations had mean size
values of 90 nm and polydispersity index of 0.08. They also displayed
controlled release of their cargo, with an initial burst profile and sus-
tained release over 450 h [236]. Through the use of B16F10-Nex2 cells,
it was confirmed the enhancement of photoactivity, with the release of
methylene blue resulting in photodamages to the cells, while veliparib
inhibited cell recovery [236]. Thus, providing further evidence for the
employment of PARPi nanotechnology combination therapy with PDT.

Additionally, conventional PARPi therapy was proven to increase
cell sensitization to UV irradiation [137] and positive feedback was
reported when irradiation was combined with PARPi
[96,210,218,246-248]. In this condition, a synergistic lethal effect is
generated, leading to cancer cell death [96,210,218,246-248]. More-
over, it was verified that even low-energy sources such as UVC light
were capable of activating PARylation, due to intracellular DNA dam-
age, and in turn PARP1 inhibition sensitized cells to UVC irradiation
[249].

Some preclinical evidence came to reinforce the notion that PARPi
provides tumour specific radio-sensitization, in specific biological con-
texts, and currently, some PARPi (e.g. Olaparib, Talazoparib, Rucaparib,
Veliparib, Niraparib, and Pamiparib) are in study in clinical trials while
in combination with radiotherapy [248].

Considering all the data depicted, it is proved that the combination of
PARPi + nano-system + irradiation therapeutic approaches (Fig. 6)
constitute an evolution and alternative to conventional cancer therapy.

However, the development of nanomedicines is pointed to be faced
with some challenges related to proper particle/formulation character-
ization, storage, manufacturing costs, and consumer compliance [227].
Nevertheless, these issues could be overcome by the advancement of
scientific methodologies and techniques used as well as with the in-
crease of the fundamental knowledge related to molecular mechanisms
and interactions [227]. In this way, the strategies related to cancer
treatment may evolve and possibly permit stalling, eradicating, and
preventing cancer development and/or progression.

8. Conclusion and future perspectives

PARP1 is a 114 kDa multi-domain enzyme, that orchestrates vital
biological processes such as inflammation, hypoxic response, tran-
scriptional regulation, maintenance of chromosome stability, DNA
repair, and cell death.

PARP1 presents multiple levels of intracellular regulation and any
imbalance in its functions and biomolecular interactions, may have
profound consequences at the cellular level. Moreover, PARP1’s func-
tion in intracellular signalling can be considered a double-edged sword,
since activated repair pathways may induce DNA damage in chronic
inflammatory processes.

Even though this protein has been implicated in several human pa-
thologies, cancer is the disease where PARP1 is more involved at mul-
tiple stages. Thus, PARP1 has been considered a desirable target for
cancer therapy. Several activity inhibitors were developed along the
way and currently four are FDA-approved for clinical application.
However, some drawbacks are associated with conventional PARPi
treatment, such as therapeutic resistance, cytotoxic side-effects, and
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Fig. 6. Schematic representation of PARPi combination therapy with nano-system and irradiation in the tumour cells treatment. PARPi encapsulation in liposomes
will increase drug circulation, protection, controlled release, and targetability to the tumour. Upon radiation exposure, DNA damage will be induced and by in-
hibition of PARP1 enzymatic activity, due to PARPi, damage repair will be prevented. Due to this SSB will evolve to DSB, leading to increased DNA damage, which in
turn will stall replication forks. Following this event cell cycle arrest will occur, leading to loss of cell viability and activation of programmed cell death.

high clearance rates, among others. Consequently, combination therapy
has emerged to circumvent PARPi therapy drawbacks and to increase
the efficiency of PARPi-mediated therapy. The combination of nano-
delivery systems and irradiation appears as a solution to span the
applicability of PARPi, as well as conduct to the design of personalized
treatments for the patient.

However, much is still needed to be done to better understand how
these therapies may be formulated. Solutions are needed to solve
problems related to proper particle/formulation characterization, stor-
age, manufacturing costs and consumer compliance.

In the near future, we believe that much will be uncovered regarding
already-known PARP1 biological functions and how this protein may be
involved in the intersection of several intracellular pathways. These
assessments will pass through the analysis of PARP1 interactors and
regulators, as we have seen with HPF1. This will also lead to a better
understanding of how to evolve in PARP1 targeted therapy. It will
possibly pass through new chemotherapeutic combination approaches,
such as with inhibitors of proteins involved in the cell cycle, cell divi-
sion, inflammatory processes, and energy metabolism among others.
Every day new inhibitor compounds are being designed, and we believe
that the next-generation compounds may be targeting alternative
PARP1 domains, besides CAT. Moreover, we hypothesize that the evo-
lution of PARP1 cancer therapy will pass through the combination of
PARPi + nano-systems + irradiation therapy. In this way, nano-
formulations, such as liposomes, may be designed to encapsulate
PARPi with complementary chemotherapeutic compounds, and through
liposome surface functionalization tumour target delivery may be ach-
ieved. Therefore, lower doses of irradiation therapy may be applied, thus
reducing cytotoxic side-effects and increasing tumour elimination.

The next big stepping stone in PARP1 knowledge will be the deter-
mination of its complete structure by cryo-EM. Even though a putative
molecular structure was determined with Al prediction software
(Alphafold), several uncertainties are still to be verified. Through the
structural determination of full-length PARP1, biological processes will
be better understood, and newer and more specialized clinical com-
pounds and therapies may be developed.
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