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ABSTRACT: Defects in DNA repair lead to genomic instability and play a critical role in cancer development. Understanding the process by which DNA

damage repair is altered or bypassed in cancer may identify novel therapeutic targets and lead to improved patient outcomes. Poly(adenosine diphosphate-

ribose) polymerase 1 (PARP1) has an important role in DNA repair, and novel therapeutics targeting PARP1 have been developed to treat cancers with

defective DNA repair pathways. Despite treatment successes with PARP inhibitors (PARPI), intrinsic and acquired resistances have been observed. Pre-

clinical studies and clinical trials in cancer suggest that combination therapy using PARPi and platinating agents is more effective than monotherapy in

circumventing drug resistance mechanisms. Additionally, identification of biomarkers in response to PARPi will lead to improved patient selection for

targeted cancer treatment. Recent technological advances have provided the necessary tools to examine many potential avenues to develop such biomarkers.

'This review examines the mechanistic rationale of PARP inhibition and potential biomarkers in their development for personalized therapy.
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Introduction

Genomic instability plays a pivotal role in both cancer
initiation and progression. DNA repair is a cellular mecha-
nism that critically maintains a balance between genomic
integrity and cell survival.! Low-fidelity repair processes or
escape of DNA damage surveillance and repair may result in
survival of cells with genomic abnormalities. In the former
case, cells employ the DNA damage tolerance (DDT) path-
way, which recruits a specialized low-fidelity translesion syn-
thesis polymerase to bypass lesions for repair at a later time
point. Thus, DDT is not a repair pathway per se, but it pro-
vides a mechanism to tolerate DNA lesions during replication.
Paradoxically, DDT is also associated with increased muta-
genesis. As such, DDT function represents a double-edged
sword. In addition to tumor promotion, ineffective or defi-
cient repair processes in cancer cells may lead to generation
of tumor subclones with unique mutations and/or phenotypes
including difterential growth rates, metastatic potential, and
response to therapy. The resulting genomic heterogeneity
may provide cancer cells a selective advantage against drug

therapies but may also offer an avenue for therapeutic inter-
vention.? Understanding the process by which DNA damage
repair is altered or bypassed in cancer cells may identify novel
therapeutic targets and use of genomically guided therapeutics
to overcome resistance and lead to improved patient outcomes.

Links between genomic instability and cancer were vali-
dated upon the discovery that breast cancer 1 (BRCAI) or breast
cancer 2 (BRCA2) tumor suppressor genes play a critical role in
DNA repair.® Further, somatic mutations and altered expression
of DNA repair genes have been shown to occur in cancer cells as
well. In general, DNA repair can be divided into two pathways,
those that repair damage affecting one strand of DNA and those
that repair damage affecting both strands. Homologous recombi-
nation (HR) and nonhomologous end joining (NHE]) are repair
mechanisms for double-strand breaks (DSBs), while nucleotide
excision repair, base excision repair (BER), and mismatch repair
(MMR) are repair mechanisms for DNA single-strand breaks
(SSBs).* Extensive research has shown that BRCA1/2 proteins
help maintain genome integrity as critical factors in HR and
transcriptional regulation in response to DNA damage. More
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recently, a number of germline alterations in other DNA repair
genes, for example, RAD51 recombinase (RAD5I), partner
and localizer of BRCA2 (PALB2; Fanconi anemia comple-
mentation group N [FANCN]), BRCAl-interacting protein 1
(BRIPI; Fanconi anemia complementation group J [FANC]]),
ataxia telangiectasia-mutated (47M), and ataxia telangiec-
tasia and Rad3-related protein (47R) have also been shown
to predispose to hereditary cancers.” In the setting of defects
in DNA damage, the physiologic milieu uses poly(adenosine
diphosphate-ribose) polymerase (PARP) enzymes to repair
DNA damage. In the absence of DNA repair through PARP
enzyme function, cells have reduced viability. Therefore, the
inhibition of PARP is a promising strategy for targeting can-
cers with defects in DNA damage repair, including BRCAI-and
BRCA2-mutated cancers. Several PARP inhibitors (PARPi) are
currently being evaluated in clinical trials for the treatment of
subsets of ovary, breast, pancreas, lung, and colon cancers and
one Food and Drug Administration (FDA)-approved inhibitor
for the treatment of BRCAI1/2-related ovarian cancer. Hence,
this review provides a discussion of the role of PARP in DNA
repair, the mechanistic rationale of PARPi alone or in combi-
nation with platinating agents, and potential biomarkers in the
development of PARPI for personalized therapy.

PARP is a Key Player in DNA Repair
The PARP family of proteins includes over 17 proteins. Each

family member contains a highly conserved catalytic domain.

PARP has many roles in the cell, including DNA repair,
replication fork arrest, transcription, metabolism, chroma-
tin dynamics, apoptosis, and protein degradation. While a
number of these proteins have been studied, PARP1 is the
most extensively studied, and it is the most abundant and cat-
alytically active member of this family of enzymes. PARP1
catalyzes the synthesis of poly(ADP ribose) (PAR) polymers
that become covalently attached to histones, other proteins, or
PARP itself in response to a variety of signals but especially
DNA damage.

The role of PARP1 in DNA repair mechanisms was ini-
tially described in BER.®” The damage of DNA bases and
SSBs induced by reactive oxygen species, radiation, alkylat-
ing agents, and other DNA-damaging agents activates the
BER process for DNA repair (Fig. 1). While PARP1 null or
PARP1-deficient cells were shown to have defective BER,
other studies suggest that PARP1 is not necessary for effi-
cient BER.®? Although the exact role of PARP1 in BER is
still under investigation, the most widely accepted function
is that PARP1 produces accumulation of PAR chains which
then recruits proteins involved in BER such as X-ray repair
cross-complementing protein 1.1°

Catalytic activation of PARP1 is triggered upon
sensing  DNA  breaks. Activated PARP1 then medi-
ates PARylation of substrate proteins. While a variety of
PARP substrates have been identified in vitro, the major
in vivo substrates are histones and PARP itself.! A number of
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Figure 1. Role of PARP in DNA damage repair. (A) In response to single-strand breaks (SSBs), PARP binds to DNA and recruits the DNA repair complex
of scaffold proteins and enzymes to the site of DNA damage. The SSB is repaired mainly by BER and to a lesser extent by nucleotide excision repair and
mismatch repair (MMR). (B) In the presence of PARPi, SSBs remain unrepaired resulting in the formation of double strand breaks (DSBs). In cells without
defects in DNA damage repair, the DNA is repaired by homologous recombination (HR). However, in HR-deficient cells, for example, BRCA1/2-mutated
cells, the DNA damage is unable to be repaired. This leads to the accumulation of DSBs and ultimately cell death.
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downstream proteins, for example, amplified in liver cancer 1
(ALC1), aprataxin (APTX), and polynucleotide kinase
3-phosphatase (PNKP)-like factor, recognize PARylated
PARP1 and are recruited to the sites of DNA breaks.!>15
These proteins act to remodel chromatin and/or recruit other
proteins, which in turn facilitate DNA repair. Concomitant to
the initiation of this signaling cascade, PARylation, by virtue
of the repulsion caused by its negative charge, is also believed
to relax the local chromatin structure to facilitate repair.!®
At these sites, PARP1 can add PAR to histones to relax
the chromatin structure, facilitating access to the damaged
DNA by the repair proteins and PARylate the DNA repair
proteins themselves.!»1”18 PARP1 activity also leads to the
recruitment of tripartite motif-containing 33 (TRIM33) to
the sites of DNA damage. The E3 ligase activity of TRIM33
regulates the PARP-dependent systematic sequence of repair
proteins recruited to damaged chromatin,' including the two
important helicases, known as ALC1% and chromodomain-
helicase-DNA-binding protein 4 (CHD4).2® While these
changes in the local chromatin landscape have been initiated
and downstream signaling proteins recruited, PARP1 is sub-
sequently dislodged from the DNA due to its accumulating
negative charge. PARP1 thus loses its catalytic activity and
stalls any further auto-PARylation. Simultaneously, PAR gly-
cohydrolase acts to degrade the PARylation-restoring PARP1
to its unmodified form.

More recent work has implicated PARP1 in the repair
of DNA DSBs by HR and non-homologous end joining
(NHE]).?*?? During HR-mediated repair, PARP1 binds to
DSBs and initiates PARylation at these sites, which recruits
protein complexes involved in DNA DSB repair by HR.
PARP1 has been shown to physically interact with proteins
important for NHE]. However, the exact mechanism of
PARP1 in NHE] is still unclear. PARP1 has also been asso-
ciated with a role in binding and restoring stalled replication
forks.??

Therapeutic Relevance of PARP Inhibition

Early preclinical studies with PARPi demonstrated that
they induce synthetic lethality in cancer cells with the loss-
of-function mutations in BRCA1 and BRCA2.>*?° As a result
of PARP inhibition, persistence of SSBsleads to stalled replica-
tion forks and DSBs. Cells with the loss-of-function mutations
in BRCAI or BRCA2 are deficient in HR, and the resultant
accumulation of unrepaired DSBs leads to cell death (Fig. 1).
However, recent data suggest that trapping of PARP on DNA
may be more important for cytotoxicity than catalytic inhibi-
tion of PARP activity. Thus, the critical DNA lesion is not
repaired due to the trapped PARP1-DNA-inhibitor interme-
diate complex, which leads to obstruction in replication fork
progression. Although BRCA1/2-dependent HR repairs this
lesion, BRCA1/2-deficient cells are unable to repair this dam-
age. Another model suggests that PARP is directly involved

in catalyzing the replication repair.?® Despite the unresolved

mechanism of action of PARPI, the synthetic lethal effect
of PARPi in tumors with a defective HR pathway has been
successfully exploited in the clinical setting for the treatment
of breast, ovarian, and other cancers.

Several PARPi have been developed for investigation in
preclinical and clinical studies. Iniparib was one of the first
PARPi to enter late-phase clinical trials. However, clinical
trial results were very disappointing and at first suggested that
the inhibition of PARP may not be an effective cancer therapy.
However, more recent data show that iniparib does not inhibit
PARP activity, suggesting that it is not a true PARPi. This
led to the reemergence of other PARPI as targeted anticancer
therapy.?” Early phase I clinical trials were conducted to deter-
mine the safety and tolerability of olaparib (an oral PARPj)
following chemotherapy in patients with germline mutations
in BRCA1/2-mutated cancers. These studies established the
maximum tolerated dose with mild toxicity when compared
with the standard of care and showed promising response
rates.’®?® This prompted phase II trials to evaluate the effi-
cacy of olaparib in patients with BRCA1/2-mutated breast
and ovarian cancers.?3% These initial phase II trials demon-
strated the effectiveness of PARPi monotherapy for patients
with this genetic background. Moreover, another phase 11
trial compared olaparib with placebo control in platinum-
sensitive, relapsed, serous ovarian cancer, and the results
show that patients treated with olaparib had an increase in
progression-free survival, especially in the subset of patients
with BRCA1/2 mutations.3H32

A number of other PARP}, including niraparib, rucapa-
rib, veliparib, and talazoparib, are being investigated as sin-
gle-agent treatment in phase IT and phase III clinical trials to
determine the efficacy in BRCA1/2-mutated breast and ovar-
ian cancers, triple-negative breast cancers, and a wide range of
other cancer types (Table 1).

In preclinical studies, the mechanism of PARP inhi-
bition by niraparib was shown to be dependent on the con-
version of sublethal SSBs into lethal DSBs as a consequence
of BER inhibition. In translational studies of tumor cells in
primary culture, germline BRCA1/2 mutations or other defi-
ciencies in HR were associated with sensitivity to niraparib.33
Another small molecule PARPi, rucaparib, is currently in
phase III studies for patients with high-grade serous ovarian
cancer, which is not related to germline BRCA1/2 mutations.
Preliminary results show that the overall response rate is sig-
nificantly higher in BRCAI/2-mutated ovarian cancer when
compared with BRCA1/2 wild-type cancers.’* Rucaparib is
in phase II study for BRCA1/2-related, metastatic pancreatic
cancer that has progressed after one or two lines of therapy. It
is also in phase I trials for patients with advanced solid tumors
(Table 1). Additionally, another potent anticancer drug namely
veliparib (ABT-888) causes PARP inhibition by preventing
auto-PARylation, which is known to promote the dissocia-
tion of PARP from DNA. It is under investigation in phase

I1T trials in combination with chemotherapy for patients with

BIOMARKERS IN CANCER 2016:8(S1) l 17


http://www.la-press.com
http://www.la-press.com/biomarkers-in-cancer-journal-j154


8

N\

Ganguly et al

(eisejoaibue|el-eixele
pue ‘swoo|g ‘4-y sdnoib uonejuswa|dwoo
luooue4) sAemyied Jiedal YN 109|9S ul sauab

10 uoissaldxa Jo/pue uoneInw ‘s|ans| Yvd unejdoqgued —/+ ueossjodo] quediion
Jledas PIHN
redal §SQ ‘s|eAs| Yvd ‘1903 XVZH-A ‘Lsavy apluiojozows]|
SONdd ul
S|eAd] XV ZH-4 'SOINgd Ul ANAIOE PIHN 10 dHVd jOplWoj0ZowWs) pue uolielpey
sniejs uopejAyaw | NOIN quedijap
‘AuAnoe P3HN ‘seuab uoneoridal Jo Jiedal YNQ pue
4gPOIBIS|0] [|oMm uoljeUIqWOD ‘I WO ‘Ld&Vd Ul suonels)e onausabide Jo oneus 159PIWOjOZOWa |
uonIqIyul 4¥vd -uois
ygolinadelsayy -saidxa XVZH-* ‘NILd “HININ ‘shieis uonejAylew
ale |Ng9 juaiinodal ul quiede|o Jo S[aAs| [eJownieliu] 1INOIN ‘sniess |SIN (190} LgpeY AQ) sniels ayH aplwojozowsa | quede|Q
c9S}Nsal Buljyoid JBINO8IO| ¢gi0)IS Dlje}SBIOW pue
Arewud usamiaq snjejs S 3 JO 8OUBPIOJUOD % /6 uoissaldxa Yvd auosjupaid pue ajejeoe auolajeliqy quedijop
2gAHAIIOR JOWN}-1JUB BWOS YHIM Pa}e.s|o} |9 aplwojozowsa|
CAHO/IMHO/ELV/INLY pue 190} gzgoue
190} LGpeY ‘(621S)VZH ‘XVZH-A “HVd JO S|aAd)
OHI :snjejs uoneinw NgN ‘LLIHW ‘€0083 ‘SHTN
goOWN} DU} Ul S}0840p Jledas YN Yim paje 1Savy TOVaH ‘291vd ‘TMIHO ‘YONVH WLV
-100sse Ajjueoniubis si quede|o Jo AJIAIIO. Jown)iuy ‘(onewos Jo auljwiab) sniejs uonenw z/Lyoyg pOUON quede|Q
18SI9A3| SSOP || 1 J§dudq |edlul|d JO dOUSpIAT JoNqiyul Meld
0gOSEOsIp Jue)sisal quede|0
-wnuneld ul syjuow 4 pue %9 ‘aaiisuas-wnuie|d ’
Ul Syluow G'¢ pue %9¢ JO Sdd Uelpaul pue yy unejdoque)d
shjejs uolieinw ¢/Lyodg qe®UON quedozele]
uolissaldxa | dYvd apiweydsoydo|oA)
quedijap
Ananoe | 4yvd seuneidogen
snjejs uoneinw g/Lvyodg SUON quede|O
yeSiuaned mo| HOT/M g/LvOoN g %l L pue (HO7 21Wwouab Jowny jo Judxa Agq painseaw Bull
‘UYBIY HOT/MM Z/LV DT %6E MW Z/LVOHd %69 *HHO -1e9s, olwousb Jo Junowe uo paseq) snjeis AYH 2OUON quedeony
snjejs uofenw z/Lyoyg ~,qewnzioenag
quedesiN
snjejs QyH ‘(eulwisb) snyejs uoneInw z/Lyoyeg »8UON
Zv0yg 1o LyDyg ul sjusw  ,qewnzioeasq pue ‘uiejdogies ‘eplojyo
-abuelieal Jo/pue suoljela)je ‘suoneinw auljwias)  -olpAy uioignioxop [ewosodi| pajejAbad
SOINEd Ul uomqgIyul dyvd ul sebueyo ,qewnzioeAsq pue quedijap
‘(onewos Jo auljwiab) sniejs uoneinW z/LyoMg |joxeyijoed ‘uiejdogqied
6,SUIUOW 8|’ :S4d UBIpa| "ojel asuodsal %92 o'qe®UON
Aesse YH-z/LlvOug
‘(onewos Jo suljw.sb) sniejs uoneINw z/LyoHeg 2qO}edjEeW qluelipad quede|0

g M Z/LVOHE "SAJW ¢/LyDH g Ul Hjdudq Sdd J9jeslo
SLINS3Y AYVNINITIYd LNINILYTd

J3SS3ASSV SUIMUVINOIL 40 STTdNVXE

2'q'e®UON

*NOILVNIGINOD

AOLIGIHNI ddvd

ol60j0jewaH

SNO

a1e1s0.d

uelieAQ/isealg

1sealg

uelieAQ

ddAL JONNL

*J90UBD JO JUBW}eal) B} JO} UOIJBUIqUIOD Ul 10 SUO|E SI0}gIYUl dYYd 4O S|El) [eoIUljo aAlejuasalday | a|qel

18 l BIOMARKERS IN CANCER 2016:8(S1)



http://www.la-press.com
http://www.la-press.com/biomarkers-in-cancer-journal-j154


Biomarkers in the development of PARP inhibitors

‘JNOYNM JO YlM ‘-/+ ‘adA) plim ‘I A\ (1eoued Jsealq aanebau oiduy ‘OGN L ‘eouelequi O1j9||e dLBWO|S) ‘YL ‘Jeoued bun| |90 jlews ‘Q7OS ‘el asuodsal ‘Yy [[eAIAINS 28y

-uolssalboud ‘S4d {199 Jesjonuouow poojq [esaydiiad ‘QNgd ‘[BAIAINS [[e1dA0 ‘SO ‘eel asuodsal [|esano ‘YO ‘Buluiof pus snobojowoyuou ‘LPIHN JueInW ‘| | AJjIgeISUl }ij|9)esoudlW |SIA ‘Suollisuel) a)e)s a|eas-ablie)
‘187 ‘AusobAzousiay Jo sso| ‘HOT ‘Adisiwaydoisiyounwwi ‘QH| ‘Aouaiolep uoljeuiquiodal snobojowoy ‘gyH ‘uoneuiquodal snobojowoy ‘YH ‘ewuoyinw ewolse|qollb ‘Ngo Healq puels-a|gnop ‘gsq :suoljeiraiqqy
Jusiolep Aemyied elwsue luodue, ‘eAnebau ZyJHs ‘@Aleu Jusw)eal), ‘Juswiesal) Jueanipe, ‘Juswieal) Jueanipeoau,

‘aAlIsuas wnuije|d, ‘Juejsisal wnuied, ‘yuswalinbas ANiqiBIe ue ale suoHEINW Z/L YDy g. UsWIBaJ Jusw)esal) SIY) Y)M [el) SUO JSed] Je 104 "Pajou SSIMIBUI0 SSB|UN SIOWN) D1}e)Se}aW ‘PaOUBADE 1O JUBW)EI] , (SBJON

snjejs uoljeinw L34 pue NJid ‘IS SUON quedozele] |eljswopus
96P31BID|0) [|oM pue Bjes BUON quede|0 ewooleg Buimg
,6UOI1BUIqUIOD pajela|o) |9 Splwojozows] —/+ 2¢.6-d30
4690UeD dljealoued pue ‘)seaiq ‘UelLIieAO
ul J38uaq [eoluljd Buisiwold yym pajela|ol ||IopA 2OUON quedeony
(3se) pelAN-LST pue ‘IYL ‘HOT Aq) smiess
ce190UBD aYH ‘uoneinwyuons|ep N1 d ‘(ssuab elwauy
}sealq pue UelBAO JueINW zZ/LyDyg auljwiab juooueH ‘LSEN ‘2g97vd ‘W.LY) suonelalje suab
unm sjuaijed ur AyiAnoe yuedyiubis pue 9108 Remuyyed g/L 70y !suone|ep dljewos g/ Yoy g
pajeal} Ajsnoinaid paoueape Ul AJIAIOE JoWNuY ‘(onewos Jo auljwiab) snieys uonenw z/Lyoyg £OUON quedozeje|
veAHIIGE}S 8SEBSIp ‘UoljEUIqWOD Pajesd|o} [IBA  OHI AQ YVd pue ‘ZvOdg ‘Lvyoyd 100dX 100d3 uoielipey
SONEd Ul S|9Ad] N1V £OUIge}oWan)
190} XVZH-A
‘Uoljew.IO} 190} goue4 ‘suollelinW gy oy g/Lvodg 4O UPAWONN —/+
esRIAIOE OHI Aq sjars] yOug 1414704
Jownyue Buisiwold ‘uoneuiquiod pajela|o} [[OAA {S|oAd| YV d Pue XV ZH-A ‘s1oajep Jiedas YNQ 10 ‘eloxeyjoed pue upejdogie —/+
4404 pue ugjoidodA|b-d ‘Ldal ‘LODYX ‘Zvodd
26SOINGd Ul S|9A8] XYZH-A Ul 8sealoul ‘IVOHg ‘dYVd ‘| 9seiawosiodo) Jo s|oAd| ‘snjejs quedijaA
‘SONEd PUB JOWN] 8U) Ul S|OAS| HYd Ul UONONPay  UONEINW Z/LyDyg ‘uonewloy JawA|jod asoqu-4ay »queoajodo] siownl pexin
LePasealoul
s|oAd| XV ZH-4 fiown) pue sONGd Ul peseslosp
Ajpueosiiubis Hyd ‘UoieuIquod palela|ol |9 apiweydsoydo|oAd olwouosBN
06SI0WN} IM 2/, VO g pue
Buissaidxa-z/L Dy g Ul0qg Ul AlAjoe Jownyjue ‘paje
~I9]0}-||9 ‘6eDENL MM 2/L 708 0) paledwiod siowny s|ans| pue
Buissaidxa-z/1 Dy g Ul quedijan yim AJIAOE Jownjijuy uoissaldxa Yvd ‘XVZH-A ‘uoissaidxa z/LyOHd qeOUON
Aemyyed 10850p HyH pue YO LW
/LMV/MEId Ul suoljeliage Jo 8ouUasqe J0 8ouasald Jojqgiyul 1 My 10 Z2/L0d01W
ggSiuaned Jaoued uelleno
Ul YO %Py "dHO PUB S4d papusixa uoljeuiquio) 29]edjew qiuelipan
uoissaidxe dyvd PUe Z/Llvoda ‘15avy ‘My3d JougIyur LMY quede|o
gzdledejo o} AjAnisuss seseaioap wnuije|d 0} 9oue}
-sIS9Yy ,o'SJ90UED Jue)sisal-wnune|d ‘pajeasaid Aji
-Aeay Buipnjoul JooUBd UBIBAO POOUBAPE Y)IM SIBlIIeD
uoneINW /L0y g aulwisb ul AjAioe Jowniuy o'qe®UON
9gANAOE Jownue
Aseujwiaid Buisiwold ‘pajess|o} ||om uojeulquiod ,uonelpel pue suigejoade) quedijap feunsajul
-0J)seo)
snjels |SIN SUON quede|Q
S|ans| Yvd ‘suoneinuw g/L 7oy g Jo suols
-19A81 01}oUBB ‘UoneINW ZgTVd/ZVOME/LYOd g une|dsio pue sulqeyowa s —/+ quedijap oljesoued

BIOMARKERS IN CANCER 2016:8(S1) l 19



http://www.la-press.com
http://www.la-press.com/biomarkers-in-cancer-journal-j154


Ganguly et al

2,

germline BRCA1/2 mutations with metastatic or advanced
human epidermal receptor 2-negative breast cancer. Phase
I and/or II study is being conducted to evaluate veliparib in
combination with chemotherapy for patients with metastatic
pancreatic cancer and in combination with chemotherapy
and radiotherapy for patients with non-small cell lung can-
cer (Table 1). Talazoparib is another potent PARPi under the
study for BRCA1/2-mutated solid tumors. It is active through
both inhibiting PARP catalytic activity and tightly trapping
PARP to DNA at sites of SSB.% Talazoparib is currently in
randomized phase III clinical trials for BRCAI/2-related,
metastatic breast cancer and in phase II trials for tumors
with somatic alterations in BRCA1/2, phosphatase and tensin
homolog (PTEN) mutation or loss, defects in HR, mutations/
deletions in other DNA repair pathway genes, and germline
BRCA1/2-related non-breast, non-ovarian cancers (Table 1).

PARPi continue to be developed as targeted therapy
for tumors harboring loss of function BRCA1/2 mutations.
Emerging evidence supports the use of PARP1 for tumors with
defects in HR or other DNA repair pathways independent of
BRCA1/2 mutations. Some preclinical and clinical studies
suggest that PTEN mutated cells or PTEN loss may induce
sensitivity to PARPi1.3¢37 However, the exact mechanism of
PTEN loss and its relationship with DNA repair deficiency
has not yet been elucidated. Furthermore, INPP4B loss results
in increased sensitivity to olaparib in preclinical studies pos-
sibly due to the loss of protein stability of critical components
of DNA damage response including BRCA1, ATM, ATR,38
and PALB2.% These findings extend the clinical utility of
PARPi to patients with cancers harboring HR repair defi-
ciency beyond the loss-of-function mutations in BRCA1/2.

PARPi have proven to be effective in other BRCA1/2-
related cancers such as prostate and pancreatic cancers.*%
Preliminary data from an open-label, single-arm study using
olaparib as monotherapy in germline BRCA1/2-associated can-
cers suggest that olaparib has broad activity regardless of tumor
type.3? Additional investigation of the potential spectrum of
olaparib activity is ongoing for a number of ovarian, breast, pros-
tate, lung, central nervous system, pancreatic, gastrointestinal,
and a variety of other tumor types (Table 1). Recently, a case
report of an exceptional response to velaparib in combination
with cytotoxic chemotherapy in a patient with metastatic cas-
tration-resistant prostate cancer underscores the potential clini-
cal relevance of PARPI across a range of tumor types.*

Resistance to PARPi is Mediated Through Multiple
Mechanisms

Preclinical studies and clinical trials using PARPi as mono-
therapy or in combination therapy for some cancers have
shown encouraging results.*? The use of PARPi therapy for
cancer treatment is predicted to increase in the future based
on these results and recent approval of olaparib for the treat-
ment of advanced ovarian cancer with BRCA1/2 mutations.
Despite these clinical successes, the development of resistance

to PARP inhibition has been documented. Understanding
mechanisms of resistance would open avenues for the devel-
opment of subsequent therapies in PARPi-resistant tumors.
There are at least four potential mechanisms of resistance to
PARP:. First, tumor cells display increased capacity for HR
that can be achieved by reversion mutations in BRCA1/2
which restore BRCA1/2 function or by compensating muta-
tions in 53 binding protein 1 (53BPI) that can partially restore
HR function in BRCA1-deficient cells, or increased activity
of RAD51 (Fig. 2). A second mechanism of resistance involves
an altered NHE] capacity. Upregulation of the error-prone
NHE] pathway, normally suppressed by PARP1, is one of the
causes of synthetic lethality of PARPi in HR-deficient cells.
A decrease in NHE]J capacity in these cells would increase
their resistance to PARPi.¥ Alternatively, decreased levels
or activity of PARP1 may lead to resistance. Even though
PARP1 is present in abundance and binds to DNA strand
breaks, it will not have the active form of PAR to facilitate
DNA repair breaks. Finally, decreased intracellular bioavail-
ability of PARPi may occur due to the upregulation of perme-
ability glycoprotein (PgP) pumps, which leads to an increased
PARPi efflux out of the cell and decreased intracellular drug
concentrations.*?**

In an attempt to screen for novel drugs that selec-
tively kill BRCA2-deficient cells, 6-thioguanine (6T'G) was
identified.* This drug has similar efficacy as PARPi in killing
BRCA2-deficient tumors. When 6TG induces DNA DSBs,
cells that are deficient in HR cannot repair the DNA dam-
age, which leads to cell death. The importance of this drug
is that cells that have acquired resistance to PARPI or cispla-
tin through genetic reversion of the BRCA2 remain sensitive
to 6TG. Although HR is reactivated in cells with a BRCA2
reversion mutation, it is not fully restored for the repair of

6TG-induced lesions.

Platinum Agents as Alternatives to PARP Inhibition
Since the discovery of cisplatin >50 years ago, other platinum
drugs have been developed. Besides cisplatin, only oxaliplatin
and carboplatin have been approved by the FDA for clinical use
in the USA*%%7 and are believed to function in a manner similar
to that of cisplatin. The mechanism of action of platinum salts
has identified their potential benefit in tumors with defects
in DNA repair. Activated platinum complexes can react with
nucleophilic centers on purine bases of DNA. 'The two labile
coordination sites on the platinum center permit cross-linking
of adjacent guanine bases. The platinum center can coordinate
with guanine bases from different DNA strands to form inter-
strand cross-links. The major intrastrand dGpG cross-link
induces a significant distortion in the DNA double helix.
Despite the clinical benefit of cisplatin, significant side
effects including nephrotoxicity, fatigue, emesis, ototoxicity,
peripheral neuropathy, and myelosuppression, can limit its
use.*®* Carboplatin has been shown to have reduced toxicity
when compared with cisplatin. Also, two new platinum
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Figure 2. Currently known mechanisms of resistance to PARPI include secondary BRCA1/2 mutations that restore BRCA1/2 function, increased drug
efflux mediated by P-glycoprotein and reduced/absent 53BP1 expression resulting in partial restoration of HR (Reprinted by permission from the American
Association for Cancer Research: Fojo T, Bates S. Mechanisms of resistance to PARP inhibitors—three and counting. Cancer Discov. 2013;3:20-23.

doi: 10.1158/2159-8290).

drugs, that is, LA-12 and dicycloplatin (improved prodrug
formulations of platinum agents), have entered clinical tri-
als. These new drugs have been designed using encapsulation
with macrocycles. This unique structure provides high affinity
and selectivity for protein targets and prevents degradation by
other proteins, allowing them to be more potent platinum ana-
logs.**7 Clinical use of platins has been successful in the treat-
ment of patients with different types of cancers including small
cell lung cancer, ovarian cancer, cancers of soft tissue, bones,
muscles, blood lymphomas, bladder cancer, and cervical can-
cer. This success had led to the development of different metal-
based antineoplastic compounds until severe side effects were
encountered.’® Carboplatin is also used to treat a varied spec-
trum of cancers and in preparation for a stem cell or bone mar-
row transplant. Oxaliplatin has its activity in a broad spectrum

51,52 and

of tumors that are resistant to cisplatin and carboplatin
has more limited use in the treatment of gastrointestinal malig-
nancies. It is notable that MIMR deficiency, which is common
in colon cancer, may confer resistance to cisplatin and carbo-

platin and not to oxaliplatin.’® Oxaliplatin is only effective

when combined with 5-fluorouracil (SFU). The mechanism is
believed to downregulate or inhibit dihydropyrimidine dehy-
drogenase, slowing the catabolism of 5FU, not the creation of
DNA adducts as in the case of carboplatin or cisplatin.

As might be predicted, BRCA1/2-mutated ovarian carci-
nomas are initially sensitive to platinum compounds, a stan-
dard of care drug for all types of ovarian cancer.**> However,
BRCAI1/2-mutated ovarian cancer eventually develops plati-
num resistance. In the cisplatin-resistant BRCA2-mutated
breast cancer (HCC1428) and pancreatic cancer (SW1990/
GZ) cell lines, the development of a BRCA2 reversion
mutation rescues BRCA2 function.”® Reversion mutations
have been observed in vivo and are believed to arise under
selective pressure. Therefore, a second mutation in BRCA2 can
restore the wild-type reading frame and can be a major clinical
mediator of acquired resistance to platinum-based chemother-
apy.*” Tumors with reversion mutations would also be resistant
to PARPI due to partial blockage of the HR pathway.

In the absence of germline BRCA1/2 mutations, ovar-
ian and other cancers may exhibit a phenotype designated
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as “BRCAness”>*°7 “BRCAness” is defined by an HR DNA
repair defect in the absence of germline BRCA1/2 mutation
that occurs in up to 50% of ovarian cancers. This phenotype
has become the basis for the design of clinical trials that
include BRCA1/2 wild-type tumors and includes all cases
with somatic mutations in BRCAI/2 as well as other genes
such as PALB2, ATM, BRCAl-associated really interesting
new gene (RING) domain 1 (BARDI), BRIPI, checkpoint
kinase 1 (CHEKI), checkpoint kinase 2 (CHEK?2), family
with sequence similarity 175, member A (FAMI175A4), mei-
otic recombination 11 homolog A (MREI114), Nijmegen
breakage syndrome (VBS), RAD51C, and RADS51D. Both
germline and somatic mutations in HR genes were recently
shown to predict not only platinum response but also survival
rates in ovarian, fallopian tube, and peritoneal carcinomas.*®
Although platinum-resistance confers PARPi resistance,
PARPi-resistant tumors may still retain sensitivity to plati-
num drugs. It is believed that there is a high prevalence of
alterations in the HR pathway, which result in resistance to
PARPi, but not affect sensitivity to platin drugs. The results
suggest that platinum sensitivity may be used as a surrogate

marker for HR deficiency.>*¢0

Combinatorial Therapy with Platinating Agents

and PARPi

PARPi, such as cisplatin and carboplatin, have proven to be
promising in both preclinical and early clinical studies as
therapy for subsets of cancer. However, not all BRCA1/2-
deficient tumors respond favorably to either PARPi or plati-
num as monotherapy.?® Moreover, despite their toxicity and
the development of resistance,*?* PARPi and platinating
agents are used as combination therapy in multiple clinical tri-
als for a variety of tumor subtypes (Table 1). The major benefit
of combination treatment with PARPi and platinum drugs is
the achievement of a greater efficiency while limiting toxicity,
thereby increasing the therapeutic index.

Recent studies using a PARPi concurrent with platinum
drug in BRCA1- or BRCA2-deficient tumor mouse models
support the use of this combination.®*~% The rationale under-
lying these studies is that PARPi and platinum drugs have
shown synergistic interactions and specificities because of the
lack of HR repair only in BRCA1/2-deficient tumor cells. The
treatment of xenografts using a PARPi/carboplatin combina-
tion has been conducted using only BRCA1/2-deficient mod-
els and have shown promising results with enhanced tumor
growth delay when compared with either of the drugs alone.

The combination of PARPi and platinum drugs has
also been tested in clinical trials for prostate and BRCA1/2

40,6466 Ty clinical trials, the combina-

mutated solid tumors.
tion therapy of PARPi, gemcitabine, and cisplatin have shown
synergistic effect in basal-like breast cancers but not in lumi-
nal breast cancers.?” Clinical studies strongly suggest that the
combination of cytotoxins with PARPi would have clinical

benefit in this breast cancer subtype.

Biomarkers Used in PARPi Trials

Predictive biomarkers have increased our potential to improve
cancer treatments by identifying a priori the subset of patients
most likely to derive benefit from a specific targeted drug,
including PARPi. It is worthy to note that, currently, the
only validated biomarker of cancer sensitivity to PARP1 is the
presence of germline mutation in either BRCAZ or BRCA2. In
general, biomarkers for PARPi can be classified into several
subcategories, including markers of DNA repair deficiency,
transcription regulation, and cell cycle control. In the case of
DNA repair, BRCA1/2 loss-of-function mutation impairs HR
repair and induces PARP hyperactivation, which is reflected
in an increased abundance of PAR. A number of clinical tri-
als using BRCA1/2 mutation as a biomarker in response to
PARPi are in progress (Table 1). HR damage may occur with-
out BRCA1/2 mutation in the context of “BRCAness”. The E26
transformation-specific (ETS) fusion genes are overexpressed
in prostate cancer and induce DNA damage. This damage is
potentiated by PARP1 inhibition in a manner similar to that
of BRCA1/2 deficiency. The ETS fusions are currently under
investigation as potential biomarkers in metastatic castration-
resistant prostate cancer, as preclinical work suggests that
prostate cancers harboring the ETS fusion have increased sen-
sitivity to PARPi® (Table 1). As the main effectors of the HR
pathway, 53BP1, PARP-binding protein, MRE11 from the
MRN protein complex (MRE11, RAD50 and NBS1), and
RAD51%78 are also being evaluated as biomarkers in clini-
cal trials with olaparib, veliparib, and talazoparib (Table 1).
In metastatic prostate cancer, the association of olaparib
with DNA repair defects has been evaluated in a cohort of
49 patients. In this cohort, functional mutations or genomic
alterations in DNA repair genes including BRCA1/2, ATM,
CHEK?2, and PALB2 were identified by next-generation
sequencing in 16 of 49 tumors® While validation in larger
cohorts is needed, these mutations are significantly associated
with clinical response to olaparib suggesting that DNA repair
genes may be valuable biomarkers in response to PARPi.

In transcriptional regulation and cell cycle control,
aurora A kinase is an essential player of mitosis and cell cycle
regulation and is often overexpressed in tumors. The over-
expression of aurora A kinase inhibits RADS1 recruitment,
which is a necessary step in the function of the DNA damage
response (DDR) pathway. Apart from HR repair deficien-
cies, these two main players (ie aurora A kinase and RADS51)
of the final steps of the BER pathway may be of interest as
biomarkers and are being evaluated for this purpose. This
specific approach of identifying and validating single-gene
biomarkers for PARPI sensitivity is ongoing (Table 1) and
high-throughput systems are being developed to systemati-
cally and effectively identify these markers.®”7°

As a preponderance of studies has been carried out in the
setting of BRCAI or BRCA2 mutations, germline BRCA1/2
status is a major biomarker for PARPI treatment in clinical
trials. Somatic BRCA1/2 mutations and BRCAI promoter
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methylation also account for a sizable fraction of “BRCAness”
in cancers that could be targeted with PARPi. Assays are
being optimized to identify somatic BRCA1/2 mutations
in cancer.”>7? These assays, if validated, could be clinically
implemented to increase the identification of patients with
BRCA1/2-associated tumors that could be eligible to receive
and are predicted to have greater benefit from PARPi. BRCA1
promoter methylation has also been proposed as a marker for
HR deficiency, as functional methylation of the BRCAI pro-
moter leads to repression of BRCAI mRNA expression.”®”
Specific assays to detect BRCAI promoter methylation in
clinical samples have been developed and are being validated
in clinical trials. In addition, a functional assay for RADS51
foci®® formation by ionizing radiation has been investigated
as a tool to identify patients with HR-deficient tumors. This
assay has been evaluated using breast tumors and shows prom-
ise as an alternative method to select patients, whose tumors
may be sensitive to PARP1 in the absence of a known loss-of-
function BRCA1/2 mutation.®®

Recent studies have shown that the risk of breast can-
cer in females with germline PALB2 mutations is signifi-
cantly higher when compared with the general population.
Moreover, breast cancer risk for PALB2 mutation carriers

may overlap with that of BRCA2 mutation carriers.*7*7

PALB2-deficient cells (EUFA1341), similar to germline
BRCA2 mutated cells, are sensitive to PARPi. As a result of
their deficiency in HR, collapsed replication forks may not be
efficiently repaired in PALB2-deficient cells. These preclini-
cal studies establish PALB2 as a critical mediator of HR in
human cells, which is similar to that observed in BRCA2-
deficient cells. The fundamental understanding of the func-
tion of PALB2 may be beneficial for its use as a biomarker in
cancer treatments using PARPi.”

Additional studies have also been used to explore the
role of biomarkers in PARPi trials. One such method is
MyChoice™ HR deficiency (HRD) companion diagnostic
test (myriad®). This test is the first and only companion diag-
nostic to measure three modes of HRD, including loss of het-
erozygosity, telomeric allelic imbalance, and large-scale state
transitions in cancer cells. The HRD score is used to indicate
the inability of cancer cells to repair DNA damage and as such
may reflect tumor sensitivity to DNA-damaging agents such
as PARPI and platinating agents. Validation in the setting of
clinical trials is ongoing, but these biomarkers may help select
patients most likely to derive a therapeutic response to DNA-

damaging agents based on the biology of their tumor.”

Current Challenges and Future Directions

There are a number of challenges that researchers are cur-
rently facing in further clinical development of PARPI. First,
PARP1 will likely be more effective in a subset of cancers with
underlying defects in HR-mediated DNA repair opposed
to an unselected patient population. However, the selec-
tion of the relevant tumor subtypes based on preclinical data,

rational design, and biomarkers will increase the likelihood of
identifying the population likely to achieve the greatest benefit.
Second, more preclinical and clinical studies are needed to
determine the most effective approach for the incorporation
of PARP;, either as monotherapy or in combination therapy,
tumor subtype, and timing for maximal effectiveness, for
example, low tumor burden or post-platinum as maintenance
therapy. Additionally, there is a major need to determine an
effective schedule of administration of drugs, that is, continu-
ous versus intermittent dosing with chemotherapy, to effect
the best patient outcomes. Moreover, it is not clear at present
whether PARP1 will be better than optimally dosed platinum
agents. Finally, the development of new primary malignancies
is a key concern with drugs that inhibit DNA damage repair.
This is known to occur with the treatment of other cancers
with DNA-damaging agents, for example, anthracyclines and
platinum. Some cases of myelodysplastic syndrome and acute
myeloid leukemia have been reported in PARPI studies with
a frequency of <1%, warranting a high level of attention when
developing PARPi therapy.”’

Alternative strategies targeting DNA  repair either
directly with PARPI or indirectly through DNA-binding (eg,
trabectedin), damage potentiation (eg, iniparib), or prolifera-
tion signaling (eg, receptor tyrosine kinase inhibitors [TKIs]
and mammalian target of rapamycin [mTOR] inhibitors) are
currently being evaluated. Finally, approaches to treating
PARPi-resistant tumors will become more relevant as their
use as standard of care therapies or in clinical trials becomes
more universal. Examples such as 6T'G, which is already in
clinical trial for PARP-resistant tumors, demonstrate that
alternative approaches may be within reach.
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