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ABSTRACT

This article discusses mutations in the BRCA1 and BRCA2 genes and resistance to PARP inhibitors.

AHHOTAIUA

B crartbe paccmatpuBatorcs mytanuu B reHax BRCA1 AND BRCA2 u pe3ncTeHTHOCTh K WHTHOUTOpam

PARP.

Key words: PARP inhibitors, BRCA1 and BRCA2 genes, resistance.
KiroueBbie ciioBa: narndutopsl PARP, reast BRCA1 u BRCA2, pe3ucTeHTHOCTS.

Germline pathogenic mutations in BRCA1 and
BRCAZ2 are associated with an increased lifetime risk
of breast and ovarian cancers [1]. The tumors that arise
in mutation carriers have almost always undergone loss
of the wild-type allele, leading to loss of BRCAL/2
function. This, in turn, leads to a profound defect in
homology-mediated DNA repair and inappropriate use

of error-prone repair pathways, which result in gross
genomic instability that contributes to tumorigenesis
[2]. This DNA-repair defect in BRCA1/2-mutant
cancers renders them exquisitely vulnerable to certain
kinds of DNA damage, including those caused by poly
(ADP-ribose) polymerase (PARP) inhibitors and
certain classic chemotherapy agents, including
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platinum.[3] The vulnerabilities of BRCA1/2-mutant
cancers to these agents have been translated
successfully into treatment approaches. PARP
inhibitors are now approved by the US Food and Drug
Administration for treatment of BRCA1/2- mutant
ovarian cancers [4], and data are accumulating that
suggest that PARP inhibitors are likely active in
BRCA1/2-mutant cancer regardless of the tissue of
origin. PARP inhibitors are thought to be toxic to
BRCA1/2-mutant cancers not only because of their
catalytic inhibition of PARP but by their ability to trap
PARP-1 enzyme on DNA.[5,6 ] The most potent PARP
inhibitors that induce cell death in BRCA1/2-mutant
cells are those that most efficiently trap PARP protein
on DNA, creating a bulky protein DNA adduct [7]. In
this sense, PARP inhibitors work similarly to
topoisomerase inhibitors, which trap topoisomerases to
create a bulky protein DNA adduct. Thus, in many
ways, PARP inhibitors function similarly to classic
DNA-damaging agents in the treatment of BRCA1/2-
mutant cancers. Other DNA-damaging agents
including platinum, mitomycin C, and topoisomerase
inhibitors, that also induce DNA adducts, are also
effective in the treatment of BRCA1/2-mutant cancers
in animal models and clinically.

Given the widespread use of germline and tumor
sequencing, and recent US Food and Drug
Administration approval of PARP inhibitors, more
patients who have tumors with pathogenic BRCA1/2
mutations are being treated with PARP inhibitors
and/or platinum agents. However, this has led to more
clinicians confronting the problem of acquired
resistance to PARP inhibitors and platinum agents in
these cancers. One important mechanism of acquired
resistance is reversion mutations in BRCA1 or BRCA2
that partly restore wild-type gene function. [8,9] The
three reports [10-12] of reversion mutations in BRCA2
in breast and prostate cancers that accompany this
editorial highlight the importance and increasing
awareness of this mechanism of resistance. The
presence of reversion mutations in BRCA1/2 also
reveals some insights about the role of BRCA1/2
function in tumorigenesis and chemosensitivity.

Most pathogenic mutations in BRCA1 and
BRCA2 are small insertion/deletions that result in a
frameshift. A frameshift will introduce a premature
stop codon, which leads to a truncated, nonfunctional
protein product. Often, frameshift mutations lead to
effective null mutations, because RNA transcripts
harboring premature stop codons can be recognized and
degraded by the nonsense-mediated decay pathway
[13]. Reversion mutations are secondary mutations,
often small deletions, in a mutant BRCA1/2 allele that
convert the initial frameshift mutation into an in-frame
internal deletion that still produces a partly functional
protein product. Splice-site mutations that induce exon
skipping can also result in in-frame reversions, as can

large deletions that encompass multiple exons.
Complex rearrangements or abnormal use of alternative
start sites that bypass the frameshift mutation may also
occur[14]. Rarely, there is full reversion of the
pathogenic mutation with restoration of the full wild-
type sequence [10]. Reversion mutations can occur in

the setting of either germline or somatic BRCA1/2
mutations, [12] and can lead to acquired resistance not
only to PARP inhibitors but to other classes of DNA-
damaging agents, such as platinum [11].

Intriguingly, the mechanism underlying many
reversion mutations is inappropriate use of the
nonhomologous end-joining pathway, resulting in
small deletions, as seen by presence of microhomology
at junction sequences [15]. Longer deletions associated
with single-strand annealing may also be present but
more difficult to detect. Thus, the DNA-repair defect
associated with BRCA1/2 loss may predispose these
cells to the kind of mutation that leads to reversion. It
is not clear whether treatment with DNA-damaging
agents, including PARP inhibitors, contributes to the
generation of reversion mutations. It is possible that
reversion mutations may already be present in a small
population of cells, especially if there is high tumor
burden as seen, for example, in ovarian cancer, and are
simply selected with ongoing treatment.

Reversion mutations can be difficult to detect by
standard sequencing methods. Large deletions may be
completely missed by short-read sequencing, and even
small deletions have to be carefully curated to
determine in which allele they originate, and the effect
on the final reading frame. Some full reversions to
wild-type sequence may only be detected by careful
analysis of tumor purity and mutant allele frequencies
in serial samples over time, as demonstrated by Banda
et al. Heterogeneity of reversion mutations may also
hinder detection. Different tumor sites within one
patient may harbor different reversion mutations; this is
an example of convergent tumor evolution under
selection pressure of therapy. Analysis of circulating-
cell free DNA, such as reported by Cheng et al and
Carneiro et al, can detect multiple reversion mutations
simultaneously at the time of clinical resistance to
PARP inhibitors or platinum, each restoring the reading
frame and arising from a different small tumor-cell
population [16]. It is possible that only a fraction of
reversion mutations in BRCA1/2 are being identified
by current sequencing methods. New technologies,
such as long-read sequencing, and higher depth
sequencing may allow more robust detection of
reversion mutations and better define their frequency.

The selection for reversion mutations in BRCA1/2
under certain treatments does give us some insights into
the biology of BRCAL1. The induction of reversion
mutations by platinum is clear genetic evidence that
this agent acts on the DNA-repair defect associated
with BRCAZ1/2 loss and exerts direct selection pressure
to restore BRCA1/2 function. Thus, platinum agents,
and possibly some other classes of DNA-damaging
agents, are targeted therapy for BRCAL/2-mutant
cancers. This finding also suggests that perhaps, in
general, DNA-damaging chemotherapies function not
as gross metabolic poisons but as targeted therapies for
cancers with underlying defects in DNA repair and/or
checkpoint control. If this is true, we may need to
reconsider how to optimally dose and schedule
platinum and other chemotherapy agents, especially in
the setting of cancers with underlying DNA-repair
defects.
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The presence of reversion mutations demonstrates
that loss of BRCA1 or BRCA2 function and the
associated DNA-repair defect is only required for
initiation of tumorigenesis and is not required for
maintenance of the cancer phenotype. Thus, one cannot
treat BRCAL/2-deficient cancers by restoring
BRCAL/2 function. Thus, BRCAL and BRCA2 are not
like p53. Restoration of p53 function kills p53-mutant
cancers. Restoration of BRCAl in BRCAL-mutant
cancers will likely make these cancers more fit, not less
fit. This feature can be labeled “tumor-suppressor
tolerance” to place it in contrast to oncogene addiction.

Tumor-suppressor tolerance may operate in
cancers that have underlying mutations in genes critical
for genomic stability. Loss of tumor-suppressor
function of these genes may only be required for initial
tumorigenesis; once the tumor is established, there may
be selection pressure to restore the tumor-suppressor
function and reestablish DNA-repair function. Thus,
reversion mutations are seen in other tumor suppressors
associated with DNA repair, such as Fanconi anemia
genes including PALB2, as well as RAD51C and
RAD51D [17-20]. Selection for other mechanisms to
restore tumor-suppressor function can also occur. In
BRCA1-mutant cancers, resistance to PARP inhibitors
can occur not only by reversion mutations that directly
restore BRCAL function but also by compensating
mutations in other genes such as 53BP1 and its
downstream factors such as RIF1, PTIP and REV7,
which also can restore homology- mediated repair
pathways independent of functional BRCA1 [21-25].
Similarly, loss of PTIP and CHD4 may allow BRCA2-
mutant cells to reestablish replication fork stability and
become resistant to cisplatin and PARP inhibitors [26].
These findings suggest that to better predict sensitivity
to PARP inhibitors and platinum, we will need to
develop assays capable of distinguishing a cancer with
ongoing genomic instability from a cancer with just a
history of genomic instability followed by functional
reversion of a DNA-repair defect.

With increasing use of PARP inhibitors and
platinum for targeted therapy of BRCAL/2-mutant
cancers, we will likely see increased incidence of
acquired resistance that exploits tumor-suppressor

tolerance and restores BRCA1/2 function. This
mechanism of resistance is hard to target
therapeutically, because it restores DNA-repair

function. It is possible that some hypomorphic alleles
of BRCAL and BRCAZ that arise by reversion mutation
may still have some targetable vulnerability.
Alternatively, PARP inhibitors, or other DNA-
damaging agents such as platinum, will need to be
combined with other drugs that target a different
vulnerability in these cancers. Combination approaches
with immunotherapy or with targeted therapy against
other oncogenic drivers may lead to combined selection
pressure, reduced likelihood of acquired resistance, and
overcoming of tumor- suppressor tolerance.
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MOHUTOPUHI ®U3UYECKOT'O PASBUTHSA JETEM 10 I'OJA I'. EPEBAHA

AKTyaJIbHOCTb

OoOecrieueHne OXpaHbl 3JJ0POBbs JIETEH SBISETCS
OJHOM M3 BaXHEHIIMX LeJeld TIOoCyIapCTBEHHON
nomtukn B PecnyOnmke ApmeHns, a IpUHINI
npodunakTIyecKon MEULHBI ABIISETCSA
NPUOPUTETOM B 00JACTH JETCKOM MeauiuHbL Llens
npodumakTHdecko  meamaTpum - 00ecHedYuTh

TapMOHUYHOE Pa3BUTHE U JOCTHKEHHE ONTHMAIBHOIO
COCTOSIHMSI 3/10pOBbsi peOeHKa. 370poBbE OyILyIINX
MOKOJIGHUH  OmIpezAemnsieTcss COCTOSIHHEM 3J0POBBS
JIeTCKoro HaceseHus. [1].

dusnyeckoe pa3BUTHE JI€TEN ABISETCS OJHUM U3
BEAYIINX KPUTEPUEB OLEHKU 370POBbS PACTYIIETO
OpraHu3Ma , KOTOPBIH SBISETCA YyBCTBUTEIHHBIM
MHJMKaTOPOM  Pa3iIMYHBIX  BHEIIHUX  (DAKTOPOB
OKpyXxatouieu cpensl [4].

Juis  kaxJoW JAETCKOW BO3pacTHOM TIpymIbl
XapakTepHbl crenuduyeckue ocoOEHHOCTH poOcTa U

pa3BHUTHsI, KOTOpbIE CIIOCOOCTBYIOT HOPMAaJILHOMY
TEUCHHIO MOp}oPYHKINOHAIBEHOTO pas3BUTHA
opranm3Ma Ha Ooyee mToO3mHEW craamu (eciau

HCKYCCTBEHHO HE MHTMOMPOBATh WM HE aKTHBHPOBATH
€ro eCTeCTBeHHOE TeueHue) [2,3].

B mepBrIit ron ku3HM (OH BKIIFOYaeT B ce0s /Ba
Mepuoa - HOBOPOXKACHHOCTH M TPYJHOM) pemIarTcs

3aJa49u IIOArOTOBKH K peanmmnsanun
AHTUTPABUTALIUOHHBIX peaKHI/Iﬁ 5 NEPBUIHOMY
OBJIAZICHUIO MHKpOCOHHaHbHOﬁ CpCHOﬁ €ro
CYIIECTBOBAHUS, (bOpMHpOBaHI/IIO MpEeANnOChIIIOK

JABHEHIET0 (PU3HYECKOTO, HEPBHO-TICHXHYECKOTO
pa3sBUTHA M COMATHYECKOTO 310pOBbi. PeOeHKy mo
MEPBOTO TO/AA JKU3HU XapaKTepHBI OCOOCHHOCTH, HE
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BCTpEYAIOIIHMECs B 00JIee CTapiieM BO3pacTe: OBICTPHIi
TEeMI (U3MYSCKOrO Pa3BUTHS, B3aWMO3aBHCHMOCTh
HEPBHO-TICUXUYECKOTO W (PU3UYECKOTO Pa3BUTHS;
HU3Kas PE3UCTEHTHOCTh K METE0- M SKOIOTUYCCKUM
YCIOBHAM, Ne()eKTaM yX0J1a M BCKapMIIUBaHU [3,5]

Marepwuasnsl 1 METOIBI

beutn  o6crmenoBanbl 520 HOBOPOXIEHHBIX, W3
KOTOpbIX 260 MaJbYMKOB.

B cootBerctBHM ¢ Kimaccupukanmeir FO.A.
Kuszesa (1993) antponomerpudeckue JaHHBIE AeTel
pazzaenuiy o Mmopdotuny [2]

Hopmocomus, mpu KOTOpOii Macca u JJIMHA Tela
HaXOAWTCS B MPOMEXKYTKE OT 25 1m0 75 UEHTWIA U
COOTBETCBYET CPEIHECTATUCTHUECKON HOpME

[Maxucomuss — nmnwHAa Tenma B mpedenax 25-75
LIEHTWJIEH, Macca Teja MPEBBILAET 75 HEeHTUIsA

Jlentocomusi- nnwHa Tena B mpenenax 25-75
LeHTUJIeH, Macca Tejla MeHee 25 IEeHTHIIS

l'unepcomus — naMHA M Macca Tesa MPEeBbIILAET
75 HEeHTUIIA

MakpocoMusi —ajguHa Tejla IpeBbILAeT 75
LIEHTWJISA, Macca Tejla B mpezesiax HOPMbI

Makposentocomusi — AJMHA TeNa npeBblIaeT 75
LIEHTUJISA, a Macca Tejia MeHee 25 IEeHTHIIS

MukpocoMusi — AUHA Telna MeHee 25 NMEHTHIIA,
Macca B TipeJieiax HOPMBI

MukponaxucomMuss — JUIMHA Tejaa MeHee 25
LIEHTHIISA, Macca Ooliee 75 LEHTHIIS
MuxkponenTocomMusi — JAJMHAa W Macca Tela

HaXOJISITCS HIDKE HIDKHEH rpaHuIbl HOpMBI( MeHee 25
LEHTHUIISN).
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