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Abstract: Skin cancers, including basal cell carcinoma (BCC), cutaneous squamous cell carcinoma
(SCC), and melanoma, are the most common malignancies in the United States. Loss of DNA repair
pathways in the skin plays a significant role in tumorigenesis. In recent years, targeting DNA repair
pathways, particularly homologous recombination deficiency (HRD), has emerged as a potential
therapeutic approach in cutaneous malignancies. This review provides an overview of DNA damage
and repair pathways, with a focus on HRD, and discusses major advances in targeting these pathways
in skin cancers. Poly(ADP-ribose) polymerase (PARP) inhibitors have been developed to exploit
HRD in cancer cells. PARP inhibitors disrupt DNA repair mechanisms by inhibiting PARP enzymatic
activity, leading to the accumulation of DNA damage and cell death. The concept of synthetic
lethality has been demonstrated in HR-deficient cells, such as those with BRCA1/2 mutations, which
exhibit increased sensitivity to PARP inhibitors. HRD assessment methods, including genomic scars,
RAD51 foci formation, functional assays, and BRCA1/2 mutation analysis, are discussed as tools
for identifying patients who may benefit from PARP inhibitor therapy. Furthermore, HRD has
been implicated in the response to immunotherapy, and the combination of PARP inhibitors with
immunotherapy has shown promising results. The frequency of HRD in melanoma ranges from 18%
to 57%, and studies investigating the use of PARP inhibitors as monotherapy in melanoma are limited.
Further research is warranted to explore the potential of PARP inhibition in melanoma treatment.

Keywords: skin cancer; DNA repair; homologous recombination deficiency; PARP inhibitors; syn-
thetic lethality; genomic scars; immunotherapy; melanoma

1. Introduction

Skin cancers are the most common type of cancer in the United States, and over
100,000 cases are diagnosed each year [1,2]. There are several main groups of cutaneous
malignancies; with basal cell carcinoma (BCC) comprising the majority of new diagnoses,
followed by cutaneous squamous cell carcinoma (SCC) and melanoma. The natural history
and prognosis of skin cancers are variable, but advanced or metastatic disease can cause
significant morbidity and mortality [3–5]. The skin is continuously exposed to carcinogenic
and environmental insults such as sun damage and chemical exposures. As such, the loss
of the DNA repair pathways in the skin can play a major role in tumorigenesis. Only
a few studies have explored the possibility of targeting DNA repair pathways in cuta-
neous cancers as an avenue for treatment. This review discusses DNA damage and repair
(DDR) pathways, highlighting major advances in targeting DDR pathways—especially
homologous recombination deficiency—in cutaneous malignancies.
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2. DNA Damage and DNA Damage Repair Pathways

The ability to repair DNA damage is critical to maintaining genomic integrity within a
cell. The disruption of normal DNA structure or sequence can lead to DNA damage [6].
This can be caused by both endogenous and exogenous factors such as UV radiation,
chemical agents, and errors in DNA replication. When DNA damage occurs, it can lead to
mutations, chromosomal abnormalities, and even cell death. To maintain the integrity of
the DNA molecule, cells have evolved several mechanisms to repair DNA damage. These
mechanisms include:

1. Nucleotide excision repair (NER): NER is the primary DNA repair mechanism in-
volved in removing UV-induced DNA damage, such as cyclobutane pyrimidine
dimers (CPDs) and 6–4 pyrimidine–pyrimidone photoproducts (6–4 PPs), which are
the most common DNA adducts formed in sun-damaged skin [7,8]. NER involves a
multi-step process of recognition, incision, and removal of the damaged DNA strand
followed by re-synthesis and ligation. Xeroderma pigmentosum (XP) is a rare genetic
disorder characterized by defects in NER. Individuals with XP are highly susceptible
to developing skin cancers, as their impaired NER function leads to the accumulation
of UV-induced DNA damage [9].

2. Base excision repair (BER): BER is involved in repairing DNA damage caused by
reactive oxygen species (ROS) and other small base lesions. It primarily deals with
single-base lesions, including oxidized bases and DNA base modifications. BER in-
volves the recognition and removal of the damaged base, followed by DNA synthesis
and ligation [10].

3. Mismatch repair (MMR): MMR corrects errors that occur during DNA replication,
such as mismatches and small insertion/deletion loops. MMR proteins recognize and
excise the incorrectly paired base(s), and the DNA is then resynthesized and ligated
to restore the correct sequence [11]. Germline mutations in MMR-related genes, as
seen in Lynch syndrome, can lead to an increased risk of developing certain types of
skin cancer, including sebaceous gland carcinoma.

4. Non-homologous end joining (NHEJ): NHEJ is an error-prone DNA repair pathway
that primarily repairs double-strand breaks (DSBs) in DNA. NHEJ operates by di-
rectly joining the broken ends of DNA strands without requiring extensive sequence
homology [12]. It involves the binding of Ku proteins to the broken DNA ends, the
recruitment of additional factors, the processing of the ends, and ligation [13]. NHEJ
plays a crucial role in repairing DSBs induced by various factors, including ionizing
radiation and reactive oxygen species. It is considered an important repair mechanism
in non-dividing cells, such as differentiated cells in the skin.

5. Homologous recombination (HR) repair: HR is a high-fidelity repair mechanism
involved in repairing double-strand breaks (DSBs) in DNA. It utilizes an undamaged
sister chromatid or homologous DNA sequence as a template for accurate repair [14].
HR is crucial for repairing DSBs induced by ionizing radiation and certain chemother-
apeutic agents.

3. PARP Inhibition

PARP inhibitors are a class of drugs that target poly(ADP-ribose) polymerase (PARP)
family enzymes, specifically PARP1 and PARP2 [15]. PARP enzymes play a crucial role
in DNA repair processes, particularly in the repair of single-strand breaks (SSBs) through
the base excision repair (BER) pathway. PARP inhibitors exert their therapeutic effect by
inhibiting the enzymatic activity of PARP and disrupting DNA repair mechanisms.

When DNA sustains SSBs, PARP enzymes are activated and bind to the damaged
site. PARP utilizes nicotinamide adenine dinucleotide (NAD+) to synthesize and attach
poly(ADP-ribose) (PAR) chains to itself and other acceptor proteins [16]. This PARylation
process attracts and recruits various DNA repair factors to initiate the repair of SSBs through
the BER pathway [16]. PARP inhibitors bind to the catalytic domain of PARP enzymes,
preventing their enzymatic activity and inhibiting the PARylation process. By doing so,
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PARP inhibitors impede the repair of SSBs, leading to the accumulation of unresolved SSBs
and their conversion into double-strand breaks (DSBs) during DNA replication [16].

4. Homologous Recombination Deficiency and Associated Pathways

Homologous recombination deficiency (HRD) refers to a cellular state in which the
ability of cells to repair double-strand DNA breaks (DSBs) via the homologous recombina-
tion (HR) pathway is impaired [12]. HR is a high-fidelity repair mechanism that uses an
undamaged sister chromatid as a template to repair DSBs. In HRD cells, the HR pathway
is either absent or impaired, leading to the accumulation of genomic alterations and chro-
mosomal abnormalities. HRD is of particular interest in the field of cancer research, as it is
associated with increased sensitivity to PARP inhibitors [17].

5. Assessment of HRD

The assessment of HRD can help identify patients who may be sensitive to specific
therapies, such as PARP inhibitors. Several assays have been developed to measure
HRD, including:

1. Genomic scars/signatures: HRD can leave characteristic genomic scars or signatures,
which are specific patterns of genetic alterations or rearrangements detected in the
cancer genome [18]. These include large-scale state transitions (LST), telomeric allelic
imbalance (TAI), and loss-of-heterozygosity (LOH) events. These genomic scars can
be detected using various genomic profiling techniques, such as next-generation
sequencing (NGS).

2. RAD51 foci formation: RAD51 is a key protein involved in the HR repair pathway.
HRD can be assessed by examining the formation and accumulation of RAD51 foci,
which represent ongoing HR repair activity in cells [19]. Immunofluorescence mi-
croscopy is commonly used to visualize RAD51 foci.

3. Functional assays: Functional assays measure the ability of cells to undergo HR repair
by introducing exogenous DNA substrates harboring specific DNA lesions or DSBs.
These assays assess the efficiency and accuracy of HR repair and can provide direct
evidence of HRD. Commonly used HRD functional assays include:

a. Homologous recombination reporter assay: In this assay, a reporter construct
is introduced into cells, which contains a disrupted fluorescent protein gene
(e.g., GFP) between two direct repeats [20]. The cells are then treated to induce
DSBs or DNA lesions. HR repair restores the intact fluorescent protein gene by
using the intact copy located in the direct repeats. The restoration of fluores-
cence indicates successful HR repair and can be quantified by flow cytometry
or fluorescence microscopy. Decreased HR repair efficiency or impaired HR
function in HRD cells results in reduced fluorescence signal.

b. DR–GFP assay: The DR-GFP assay (direct repeat–green fluorescent protein) is a
variation of the homologous recombination reporter assay [21]. In this assay,
cells are stably transfected with a GFP-based reporter construct containing a
recognition site for the I-SceI endonuclease. Introduction of the I-SceI endonu-
clease induces a site-specific DSB in the reporter construct. HR repair using
an exogenously provided donor DNA template results in the restoration of a
functional GFP gene. The efficiency of HR repair can be assessed by measuring
GFP-positive cells using flow cytometry.

c. Sister chromatid exchange (SCE) assay: The SCE assay measures the exchange
of genetic material between sister chromatids, which is indicative of HR activ-
ity [22]. Cells are exposed to a DNA-damaging agent, such as a cross-linking
agent or a DNA intercalating agent, which induces DNA lesions and subsequent
repair. During repair, sister chromatids can exchange DNA segments through
HR repair. The frequency of SCEs is assessed by staining the chromosomes
and examining them under a microscope. A decreased frequency of SCEs may
indicate HRD.



Int. J. Mol. Sci. 2023, 24, 10771 4 of 13

4. BRCA1/2 mutation analysis: HRD is strongly associated with mutations in the BRCA1
and BRCA2 genes, which are key players in the HR repair pathway. Testing for
BRCA1/2 mutations can provide information on the presence of HRD. This can be
done using various methods, including DNA sequencing, gene panel testing, or
specific BRCA1/2 mutation detection assays.

These functional assays provide quantitative and qualitative measurements of HR
repair activity in cells and can help identify HRD.

6. PARP Inhibitors: Synthetic Lethality in HR-Deficient Cells

PARP inhibitors exhibit synthetic lethality in cells with homologous recombination
deficiency (HRD) [23]. In normal cells with functional homologous recombination (HR)
repair, DSBs are primarily repaired through HR using an undamaged sister chromatid or
homologous DNA as a template. However, in HR-deficient cells, such as those with BRCA1
or BRCA2 mutations, HR repair is compromised. In these cells, the inhibition of PARP
further impairs the alternative repair pathway, leading to the accumulation of unrepaired
DSBs and, eventually, cell death.

The concept of synthetic lethality with PARP inhibitors extends beyond BRCA1/2-
mutated cancers [24]. Other DNA repair deficiencies, such as mutations in other HR
pathway genes (e.g., PALB2) or deficiencies in other repair mechanisms such as NER, have
also shown sensitivity to PARP inhibitors. These deficiencies create a context in which
cancer cells become reliant on PARP-mediated repair pathways, making them susceptible
to PARP inhibition.

In breast and ovarian cancer, HRD is associated with a better response to platinum-
based chemotherapy and PARP inhibitors. In fact, HRD is a biomarker that is used to predict
the response of ovarian cancer to PARP inhibitors [17,25–27]. Patients with ovarian cancer
who have germline or somatic BRCA1 or BRCA2 mutations, or those patients with high
levels of genomic scarring, a hallmark of HRD, have been shown to have better response
rates and longer progression-free survival when treated with PARP inhibitors [28,29]. In
addition, HRD has been implicated in the response to neoadjuvant chemotherapy, which is
provided before surgery to reduce the size of the tumor. Patients with breast cancer who
have HRD have been shown to have higher pathologic complete response rates, which is a
surrogate endpoint for better survival outcomes [27].

7. HRD and Genome-Wide Loss of Heterozygosity (LOH) in Cutaneous Cancers

In cutaneous cancers, HRD can be defined by several molecular and genomic charac-
teristics, including loss of function mutations or epigenetic silencing of key genes involved
in the HR pathway, such as BRCA1, BRCA2, RAD51, and PALB2. In addition, HRD can be
inferred from the presence of genomic scars, which are genomic rearrangements and copy
number alterations that result from impaired DNA repair [18].

Genome-wide loss of heterozygosity (gLOH) is a marker of HRD in multiple can-
cers [30]. From a database of over 4500 real-world patient samples submitted to Caris Life
Sciences for molecular profiling, we investigated the proportion of cutaneous cancers ex-
hibiting a gLOH-High genomic signature, defined as LOH at ≥16% of segments analyzed.
gLOH was detected in 8.29% of all cutaneous melanoma samples (Figure 1). In cuta-
neous SCC and BCC patients, gLOH-High was detected in 10.03% and 10.2%, respectively
(Figure 1). While only 8.57% of cutaneous melanoma were identified as gLOH-High, a
notably higher frequency of gLOH-High (14.16%) was observed in acral melanoma samples
(Figure 1).
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cancer (acral, basal cell carcinoma (BCC), cutaneous squamous cell carcinoma (cSCC) and melanoma)
patient samples profiled at Caris Life Sciences (n = 4953).

8. HRD, PARP Inhibition, and Immunotherapy

Homologous recombination deficiency (HRD) has been implicated in the response to
immunotherapy in various cancer types, including breast and ovarian cancer [31]. HRD
can influence the tumor microenvironment, immune cell infiltration, and the expression of
immune-related genes, which can impact the response to immunotherapy. HRD, partic-
ularly in the context of BRCA1/2 mutations, can lead to an increased tumor mutational
burden (TMB). TMB is associated with a higher likelihood of neoantigen formation, which
can enhance immune recognition and potentially increase the response to immune check-
point inhibitors [32]. In addition, HRD tumors may exhibit an increased infiltration of
immune cells, such as T cells and natural killer (NK) cells [33]. These infiltrating immune
cells can contribute to an enhanced antitumor immune response, leading to improved
response rates to immunotherapy.

PARP inhibitors have been found to induce immunogenic cell death and promote an
immune response [34]. Combining PARP inhibitors with immunotherapy, such as immune
checkpoint inhibitors, has shown synergistic effects in preclinical and clinical studies [35].
HRD status has been investigated as a potential predictive biomarker for response to
immune checkpoint inhibitors [36].

9. HRD Frequency and PARP Inhibition in Melanoma

The incidence of HRD in melanoma patients has been estimated to range from 18–57%
in various patient cohorts [37–40]. The difference in HRD frequency in these studies may
be related to the HR–DDR genes that were used for mutation analysis. BRCA1, ARID1A,
ATM, ATR, and FANCA, along with concurrent NF1, BRAF, and NRAS mutations, were
used in many cases [37,38]. Compared to breast, prostate, and ovarian cancer, there was a
higher proportion of melanoma patients with HRD that had BAP1 mutations [38,41]. For a
detailed analysis of PARP inhibitor use in melanoma, see [41].

10. Clinical Studies

PARP inhibition used as monotherapy has been well-studied among various cancers,
including prostate, pancreatic, breast, and ovarian cancers; however, there is limited
literature on this relationship in melanoma [42]. Literature on the alterations of HR–DDR
mechanisms and the subsequent therapeutic implications has been established in cutaneous
melanomas. One study identified that an increased expression of DNA repair genes in
melanoma was associated with increased relapse rates and lower chances of responding
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to chemotherapy [43], highlighting the need for combination therapy in these patients in
targeting resistance. A separate study suggested that HR–DDR alterations in cutaneous
melanoma are associated with a higher TMB, a known biomarker in predicting response to
melanoma immunotherapy [44]. Given the prevalence of HR–DDR in cutaneous melanoma
and the promising role of PARP inhibition in targeting HR–DDR melanomas in preclinical
models, exploring the clinical efficacy of PARP inhibition in melanoma patients with
HR–DDR mutations is strongly warranted.

There have been several clinical trials assessing the effect of combinatory PARP inhibi-
tion (with rucaparib or veliparib) with chemotherapy (temozolomide) in treating advanced,
chemo-resistant, metastatic melanoma (Table 1) [45,46]. Both studies observed a trend
in improvement in progression-free survival (PFS) that ultimately was not statistically
significant. Of clinical relevance, both studies observed bone marrow suppression to be a
dose-limiting toxicity, and an 80% dose reduction was necessary for safe delivery of the
combinatorial treatments. While the trend towards significance implies that future studies
with larger sample sizes may unearth this relationship, the authors in these highlighted
studies did not categorize patients based on their HR–DDR statuses, an effect modification
that may very well have led to statistical significance. For example, a case report evaluating
olaparib monotherapy in treating a patient with HR–DDR metastatic melanoma (PALB2
mutation) identified a partial response, despite initial progression on immunotherapy
(ipilimumab and nivolumab) [47], highlighting the importance of considering HR–DDR
status in optimizing melanoma management.

Table 1. PARP Inhibitor Therapies.

PARP Inhibitor PARP Target Other Therapy (if
Applicable) Clinical Study HRD Cancer Types

Rucaparib PARP1, 2 & 3 Temozolamide [46] metastatic melanoma

Veliparib PARP1 & 2 Temozolamide [45] metastatic melanoma

Niraparib PARP1 & 2
Bevacizumab [48] platinum-sensitive

epithelial ovarian cancer

Radiotherapy [49] melanoma

Talazoparib PARP1 & 2 Radiotherapy [49] melanoma

Fluzoparib PARP1 n/a [50] chemo refractory
metastatic cSCC

Olaparib PARP1 & 2

n/a [27,29] BRCA mutated breast
cancer

n/a [28] advanced ovarian cancer

n/a [47] metastatic melanoma

Nivolumab [51,52] relapsed metastatic
melanoma

Bevacizumab [53] ovarian cancer

n/a means not applicable.

Among patients with melanoma, 40–60% develop acquired or de novo resistance to
immunotherapy [54,55], thus necessitating newer treatment modalities such as combinatory
PARP inhibition and immunotherapy. In 2021, we published a case report describing a
near-complete response in a patient with HRD metastatic melanoma (germline CHEK2
mutation and somatic BRCA2, TP53, NF1, and ATRX mutations) undergoing combinatory
treatment with olaparib and nivolumab (after initial progression on nivolumab mainte-
nance monotherapy), with clearance of all somatic mutations following treatment [52].
Similarly, another HRD patient (LOH 32.9%) with metastatic melanoma showed a near-
complete response when treated with combinatory olaparib and nivolumab [51]. This
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patient progressed on initial nivolumab monotherapy and mutational clearance was ob-
served after combinatorial therapy [51]. Unlike in our previous case report, this patient had
LOH 32.9%, despite not having any HR–DDR gene mutations, suggesting that other DDR
mutations can contribute to “HRDness” and still benefit from PARP inhibition therapy,
further highlighting the importance in designating HRD status in melanoma patients.

In a recently published case series, we documented the response of three additional
melanoma patients with HRD–LOH score ranging from 28–58% to PARP inhibitor therapy
after initial failure of immune checkpoint therapy, with a durable response observed in one
patient (Zhou JNCCN 2023). Several studies have also identified utility in combinatory
PARP inhibition (niraparib or talazoparib) and radiotherapy, via the induction of G2/M
arrest and subsequent cell death, suggesting that PARP inhibition can sensitize melanoma
to varying therapeutic modalities [49,56].

11. PARP Inhibition in Non-Melanoma Skin Cancer (NMSC)

Unlike melanoma, there are few studies assessing the prevalence of HRD alterations
in NMSCs. Zhang et al.’s 2022 pan-cancer analysis of 45,604 patients with diverse tumors
identified non-melanoma skin cancers having the highest frequency of PARP1 mutations
among cancer types (8.98%, 44/490) [57]. Advanced stages of NMSCs are more prone to
PARP alterations when compared to early-stage disease, which raises concern for possible
de novo PARP inhibitor resistance [57].

12. Cutaneous Squamous Cell Carcinoma

A few studies have documented the involvement of PARP in cSCC while investigating
other therapies [58,59]. A large study of 1873 patients reported an increased risk of invasive
cutaneous SCC among men with a family history of BRCA1 mutations [60]. Despite having
a wide confidence interval (6.02; 1.96–14.05), this relationship between cSCC risk and
BRCA1 mutations is clinically interesting. In addition, previous studies have implicated
BRCA1-alterations in the development of cSCC [61,62]. Clinical studies on PARP inhibition
in cSCC are lacking. A recent case report assessed the efficacy of fluzoparib in the treatment
of immunotherapy refractory, BRCA2 positive, PD-L1 negative metastatic cSCC (Table 1).
The authors observed a progression-free survival of five months, tumor stability, and
regression of lung metastasis after fluzoparib monotherapy [50]. These promising results
highlight the importance in subtyping SCC in guiding management—BRCA-altered SCC
can display sensitivity to PARP inhibition despite resistance to immunotherapy.

13. Cutaneous Basal Cell Carcinoma

While p53 mutations (commonly via UV and ionizing radiation) are common in BCC,
genetic alterations have been shown to underlie BCC pathogenesis, namely the hedgehog
(Hh) pathway. The alteration of the Hh pathway, which typically plays a role in embryonic
development [63,64], has been shown to contribute to BCC development, particularly
through mutations in the PTCH1 gene, an integral part of the Hh signaling pathway [65].
Interestingly, PARP1 has been shown to interact with PTCH1 in the pathogenesis of BCC,
particularly in response to environmental stressors such as radiation. Tanori et al. observed
Ptch+/− mice with PARP1 deletion to be highly prone to developing radiation-induced
BCCs [66]. However, studies involving other DDR-associated genes, such as XRCC1-3,
whose protein products have been shown to interact with PARP1, observed that alterations
conferred a decreased risk for BCC [66–68]. These contradictory results highlight a gap
in knowledge on PARP inhibition and BCC development and treatment, thus warranting
more studies to identify specific interactions between various DDR genes and PARP in
BCC pathogenesis. Currently, no clinical studies were identified assessing PARP inhibition
in cutaneous BCC; however, more preclinical data are warranted before attempting a
transition to clinical studies.
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14. Merkel Cell Carcinoma

Merkel cell carcinoma (MCC) is a rare and aggressive neuroendocrine skin cancer
whose exact cell of origin and pathogenesis are unknown; however, its development is
associated with Merkel cell polyomavirus (MCPyV) and UV radiation [69,70]. As such,
MCC can be subdivided based on pathogenesis into MCPyV-positive and MCPyV-negative
where MCPyV-negative MCC have a high number of UV-associated DNA mutations, partic-
ularly in tumor suppressor genes (RB1, TP53), which lead to uncontrolled cell division [69].
It has been noted that MCPyV-negative MCC shares a similar mutational profile to that of
small cell lung cancer (SCLC) [70], which demonstrates a high expression of DNA repair
proteins, particularly PARP1 [71], thus prompting investigation by Ferrarotto in 2018 into
the use of PARP1 as a therapeutic target for MCC. This small retrospective study found that
74% (N = 19) of MCC samples expressed high levels of PARP1, 64% were positive for muta-
tions in DNA damage repair genes (indicative of MCPyV-negative MCC), and sensitivity
to olaparib was seen in the Merkel cell carcinoma line with highest PARP1 expression [70].
These clinical findings should prompt clinical trials into the use of PARP inhibitors as
monotherapy or combination therapy for MCC, especially the MCPyV-negative subtype.

15. Adverse Effects of PARP Inhibitors

PARP inhibitors use synthetic lethality to specifically target malignant cells by effec-
tively binding to PARP enzyme. This interaction inhibits the process of PARylation and
causes PARP to trap in cancer cells, leading to cell death in DNA repair-deficient cells [72].
PARP proteins are a family of proteins that each have similar yet different functions; thus,
the adverse effects vary based on the affinity of a PARP inhibitor for a particular PARP
protein [73]. PARP inhibitors can also be differentiated by their PARP-trapping abilities,
with greater PARP trapping being associated with high myelosuppression [73]. Therefore,
each PARP inhibitor should be treated as a unique entity.

The adverse effects of PARP inhibitors have not been well studied in cutaneous can-
cers, but the adverse effects reported in other types of malignancies have yielded similar
results. A meta-analysis compared the safety and tolerability of approved PARP inhibitors
(fluzoparib, olaparib, rucaparib, niraparib, or talazoparib) in 10 head-to-head phase II and
phase III randomized controlled trials (RCTs), with either placebo or chemotherapy, in
cancer patients [72]. The four PARP inhibitors were comparable in terms of serious adverse
events (SAE) and adverse events (AE) leading to discontinuation of treatment [72]. This
suggests that there is a similar toxicity profile; however, statistically significant differences
were seen in the interruption of treatment and dose reduction due to AE, with the highest
risk seen in talazoparib and the lowest risk seen in niraparib [72]. Exploring and comparing
adverse events between PARP inhibitors (niraparib, olaparib, and rucaparib) found that
hematologic toxicity was common across the PARP-inhibitors drug class, with anemia being
the most common and likely associated with activity against PARP 2. Compared to olaparib
and rucaparib, niraparib was associated with more hematologic toxicities with more severe
and increased incidence of neutropenia and thrombocytopenia [73]. Gastrointestinal (GI)
toxicities, especially nausea, have also been noted in all PARP inhibitors; these are treated
similarly to those of chemotherapy-induced GI toxicities. PARP inhibitors are associated
with an increase in creatinine concentration (except for niraparib), but this may not reflect a
true decline in renal function, so GFR should be monitored to avoid inappropriate dose
reductions or discontinuation [73]. As rucaparib carries the greatest risk of increasing crea-
tinine, its use should be avoided in patients with pre-existing kidney disease [74]. Despite
niraparib’s lack of renal toxicity, it is associated with cardiovascular toxicity (hypertension
and myocardial dysfunction). As such, blood pressure and heart rate should be monitored
closely, especially in patients with cardiovascular disease [73,74]. The development of sec-
ondary malignancies such as myelodysplastic syndrome and acute myeloid leukemia have
been reported. However, these are rare complications, and it is unclear whether they are
directly related to PARP inhibitors. Furthermore, some patients had prior platinum-based
chemotherapy/DNA-damaging therapies or a history of bone marrow dysplasia/other
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primary cancer [73]. The highlighted differences between PARP inhibitors should be taken
into consideration in order to individualize and optimize treatment for patients.

Despite the above-mentioned adverse effects, the use of PARP inhibitors has been
shown to improve patients’ overall quality of life (QOL). QOL studies have attributed
this to a decrease in disease-specific symptoms following disease regression, drug tol-
erability while on maintenance PARP therapy, and delayed deterioration, compared to
chemotherapy [73,75]. Even though PARP inhibitors are not without their adverse effects,
their adverse effects are similar to those of other currently available therapies and are man-
ageable with adjunctive therapies, but they have the benefit of improved QOL. Therefore,
PARP-inhibitor therapy in cutaneous cancers is likely to be well-tolerated.

16. Resistance to PARP Inhibitors

The use of PARP inhibitors has not been without challenges, due to the development
of resistance in HRD tumor cells. While not explored in cutaneous malignancies, it has
been a point of clinical concern in other HRD-deficient tumors [76]. Interestingly, resistance
to platinum-based chemotherapies is a strong predictor for PARP-inhibitor resistance [76];
thus, this could be used to predict the likelihood of PARP-inhibitor resistance in this specific
subset of cancers. Resistance develops via four main mechanisms: (1) drug availability,
(2) ability to affect (de)PARylation enzymes, (3) restoration of homologous recombination
(HR), or (4) restoration of replication fork stability [76–79]. Targeted approaches to combat
tumors with PARP-inhibitor resistance are limited, but the data seem promising. Combi-
nation therapies with PARP inhibitors aimed at targeting alternative HR pathways, such
as the 53BP1–RIF1–REV7–shielding end-protection pathway, have led to the development
of RAD 52 inhibitors [77]. RAD 52 is a small DNA repair protein whose depletion has
been associated with a different type of synthetic lethality in HRD tumor cells, compared
to PARP inhibitors; this area requires further study in human models [80]. The indirect
inhibition of HR with the use of therapies targeting EGFR, IGF1R, VEGF, or the PI3K–AKT
pathway in conjunction with PARP inhibitors seems to be another viable strategy [77].
In a cohort study looking at the use of bevacizumab (anti-VEGF) with olaparib or nira-
parib in patients with ovarian cancer, there was an increase in median progression-free
survival in two cohorts, even those with HR-proficient tumors [48,53]. This combina-
tion therapy results in the additive effects of cell-cycle progression disruption and was
found to be superior to placebo and monotherapy [48,53,77]. PARP-inhibitor resistance has
been associated with an increase in ATR-CHK1 pathway activity, due to PARP1 trapping,
which results in the phosphorylation of several proteins that aid replication fork stability
and facilitates the progression of DNA synthesis in PARP-inhibitor resistant tumor cells
by overriding cell-cycle checkpoint signaling [77,79,81], thus increasing the sensitivity
to ATR inhibitors [82]. It was also demonstrated that a PARP-inhibitor–ATR-inhibitor
combination was superior to ATR-inhibitor monotherapy in PARP-inhibitor resistant
cells [82]. Compared to placebo in the preclinical setting, ATR inhibitor showed a five-fold
increase in apoptosis of PARP inhibitor/platinum resistant BRCA mutated cells (p < 0.001),
while the PARP-inhibitor–ATR-inhibitor combination led to 1.8-fold and 1.6-fold increases
(p < 0.001) in apoptosis vs. the ATR inhibitor [82]. The currently ongoing phase 2 clinical
trials, OPALCO and CAPRI, are considering the combination of olaparib with the ATR in-
hibitor, AZD6738, in metastatic solid tumors and recurrent ovarian tumors, respectively [81].
Another potential approach is the combination of PARP inhibitors with immune-checkpoint
inhibitors, such as anti-PD-1 antibodies in BRCA-deficient tumors [77]. PARP inhibitors
have been shown to induce the expression of PDL-1 and to enhance the antitumor effects
of anti-PD-1 antibodies in mouse models of breast and ovarian cancer; only a small cohort
of patients have been studied with this combination; thus, this requires further investi-
gation [77]. DNA polymerase θ (POLQ) inhibitors have become an area of considerable
research interest in the field of PARP-inhibitor resistance [77]. BRCA-deficient cells are able
to upregulate microhomology-mediated end-joining (MMEJ) as a compensatory mecha-
nism to facilitate DSB DNA repair in the absence of HR [77]. MMEJ is driven by POLQ,
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which joins two broken DNA strands based on short regions of sequence homology, and
this creates a detectable MMEJ-characteristic pattern of mutations in BRCA1/2-deficient
tumors [77]. POLQ has not only demonstrated efficacy in tumors with acquired PARP-
inhibitor resistance, but also in preventing the emergence of PARP-inhibitor resistance in
PARP-inhibitor-naive HR deficient cells [77]. These inhibitors have a synthetic lethality
mechanism, and they also suppress the genomic instability that arises from HRD, thereby
promoting the emergence of HR-deficient cancers of a “mutator phenotype” [77,83]. As
PARP inhibitor therapy is now being considered as a treatment modality for cancers that
have failed current lines of therapy, there is an urgency for further insight into preventing
and overcoming PARP-inhibitor resistance.

In conclusion, we have explored recent findings on HRD and PARP inhibitors in
cutaneous malignancies and highlighted parallels from breast and ovarian cancer. In
addition, we have discussed the therapy complications from PARP inhibitor. Additional
randomized controlled studies using PARP inhibitor in patients with HRD as single or
combined therapy may improve therapeutic options in cutaneous malignancies.
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