Dissecting PARP inhibitor resistance with functional genomics
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Functional genomics of PARP inhibitor sensitivity and resistance

Abstract

The Poly-(ADP-ribose) polymerase (PARP) inhibitor (PARPI) olaparib was the first
licenced cancer drug that targeted an inherited form of cancer, namely ovarian
cancers caused by germline BRCA1 or BRCA2 gene mutations. Multiple different
PARPI have now been approved for use in a wider group of gynaecological cancers
as well as for the treatment of BRCA-gene mutant breast cancer. Despite these
advances, resistance to PARPi is a common clinical phenotype. Understanding, at
the molecular level, how tumour cells respond to PARPI has the potential to inform
how these drugs should be used clinically and since the discovery of this drug class,
multiple different functional genomic strategies have been employed to dissect
PARPI sensitivity and resistance. These have included genetic perturbation via
classical gene targeting, gene silencing by siRNA or shRNA or transposon
mutagenesis techniques. Recently, CRISPR-Cas9-based mutagenesis has greatly
expanded the available range of relevant preclinical models and the precision of
mutagenesis. Here, we review how these approaches have been used either in low-
throughput, hypothesis-testing experiments or in the setting of large, hypothesis-
generating, genetic screens aimed at understanding the molecular basis of PARPI

sensitivity and resistance.
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Introduction — PARP inhibitors in cancer treatment

Four different PARPI (olaparib, rucaparib, niraparib and talazoparib) are now FDA-
approved [1]. These clinical PARPi primarily target PARP1 (Poly(ADP-ribose)
polymerase 1) a DNA binding protein that is involved in sensing, signalling and
mediating the repair of single or double stranded DNA breaks. Upon DNA binding via
its N-terminal zinc finger domains, conformational changes in PARP1 structure
activate PARP1’s C-terminal catalytic domain which hydrolyses B-NAD+ to add
successive ADP-ribose moieties onto target proteins, producing poly-(ADP-ribose)
chains (PAR) [2,3]. Synthesis of PAR on PARP1 itself and other substrates recruits
factors that mediate repair of damaged DNA, and ultimately leads to dissociation of
PARP1 from DNA [2]. As well as inhibiting PARP1 catalytic activity, clinical PARPI
block PARPL1 dissociation, “trapping” PARP1 on damaged DNA [4-6]. Although the
precise mechanism by which PARPI Kill tumour cells remains to be elucidated, a
working model suggests that either trapped PARP1 and/or the loss of DNA repair
normally mediated by PARP1 causes a form of DNA damage, such as replication-
associated double strand breaks, that is normally repaired by DNA repair processes
such as homologous recombination (HR). HR is controlled by proteins including
BRCA1 and BRCAZ2, leading to the hypothesis that tumours with mutations in the
genes encoding these proteins are unable to effectively process the DNA damage
that PARPi cause, leading to large scale genomic rearrangements and selective
tumour cell death [7,8]. From a functional genomics perspective, isogenic cell lines
with BRCA1 or BRCA2 gene targeting events were used to initially demonstrate the
synthetic lethality between PARP inhibitors and BRCA-gene defects, as was the use
of BRCAL1 or BRCA2 gene silencing [7-9]. Following this, genetically engineered
mice with either Brcal or Brca2 mutant mammary tumours were used to confirm the
synthetic lethality in an in vivo setting [10,11]. Subsequent studies have revealed
other cancer gene defects that cause PARPI sensitivity, including those in additional
genes that control HR, such as PALB2, RAD51C, RAD51D [12-17], CDK12 [16] and

Ewing’s sarcoma gene fusions [18,19].

High grade serous ovarian cancers appear to be enriched for defects in HR,
including tumours with mutations in either BRCA1, BRCA2, CDK12, RAD51C and
RAD51D. These HR defects can often be seen clinically as sensitivity to platinum
salts, drugs that also cause DNA damage that requires HR for repair. As such,
olaparib, rucaparib, and niraparib are now approved for the treatment of ovarian

cancers that are “platinum sensitive” [20]; here PARPi are used to prevent
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recurrence of disease as a maintenance therapy after the initial use of a platinum
salt. Furthermore, the PARPi talazoparib has recently been approved for the
treatment of BRCAL or BRCA2 mutant breast cancers [21]. Nevertheless, in many
patients treated with PARPIi, de novo or acquired resistance is observed.
Understanding the causes of this resistance is thus very important. In this article we
review recent studies that have used functional genomics approaches to identify
PARP inhibitor resistance mechanisms.

Reversion mutations and 53BP1-mediated mechanisms identified by functional

genomics

The application of functional genomics has also been used to identify a number of
mechanisms of PARPI resistance. The first mechanism of PARPI resistance was
identified by the genomic and proteomic analysis of PARPi-resistant BRCA2 mutant
tumour cells generated by chronic in vitro exposure to olaparib [22]. These
experiments identified secondary, reversion, mutations in BRCA2 that restore the
open reading frame of the gene and cause PARPi and also platinum salt resistance
by restoring the ability of BRCA2 to mediate HR [22-24]. Similar reversion mutations
in BRCAL, BRCA2, RAD51C, RAD51D or PALB2 have now been seen in patients
with either PARPI or platinum salt resistance, demonstrating that this process

operates in the clinical disease and is not restricted to BRCA2 [23,25-33]

Using a systematic approach to identify the genes that restore HR in cells with
BRCA-gene defects, Bouwman and colleagues used an in vitro transposon
mutagenesis screen to identify Trp53bpl (encoding p53 binding protein 1, 53BP1)
disruption as a suppressor of cellular lethality caused by Brcal deletion [34]. Loss of
wild type Trp53bpl restores HR in Brcal deleted cells and also causes PARPI
resistance [34,35]. One role of BRCAL in HR is to promote DNA resection at double
strand breaks via recruitment of the MRN (MRE11, RAD50, NBN) complex, resulting
in the generation of single stranded 3' overhangs that are eventually converted into
RAD51 nucleoprotein filaments, the substrate for the strand invasion step of HR. In
the absence of BRCALl this resection is lacking and 53BP1 promotes
nonhomologous end joining at double strand breaks instead, leading to chromosomal
rearrangements and eventual p53-dependent cell death. Loss of 53BP1 alleviates
this repression of resection and allows HR to occur. Other studies have identified

further genes encoding factors that counteract resection as PARPI resistance genes,
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including REV7 (MAD2L2), RIF1 and PTIP [36-38] and a series of genes, discussed

later, identified by CRISPR-Cas9 mutagenesis screens.

PARP1-mediated mechanisms of resistance

The use of transposon mutagenesis also highlighted the potential for alterations in
PARPL1 itself being a cause of PARPI resistance. We used genome-wide transposon
mutagenesis of mouse ES cells using the piggyBac transposon, followed by in vitro
exposure of cells to a PARPI, to show that deletion of the Parpl gene, and complete
loss of Parpl expression, caused profound PARPI resistance [39]. This observation
mirrored a similar observation made using a panel of DT40 chicken cells with
different genetic defects generated by gene targeting [4]; this showed that deletion of
Parpl caused PARPI resistance, whilst deletion of DNA polymerase B, orthe
nuclease FENL (flap structure-specific endonuclease 1) normally associated with
processing of the 5' ends of Okazaki fragments in lagging strand DNA synthesis,
caused PARPI sensitivity [4]. These observations supported the PARP trapping
hypothesis, which proposes that PARP1/DNA nucleoprotein complexes are stabilised
in the presence of PARPI and these are more likely to explain the cytotoxicity of
PARPI rather than the impairment of single strand break repair that might be caused
by inactivation of PARP1’s catalytic activity [4,40].

We recently applied a CRISPR-Cas9 mutagenesis screening approach to further
investigate the role of PARP1 in PARPI-induced cytotoxicity [41]. Using one of the
first genome-wide CRISPR-Cas9 guide RNA libraries to be described [42], we
mutagenised Brca wild-type mouse ES cells and used a strong selective pressure
(Surviving Fraction (SF) ~ 0) of the PARPI talazoparib to select PARPI-resistant
CRISPR-Cas9 mutagenised clones. Such an approach allows direct analysis of the
resistant mutants, but is likely to miss weaker resistance phenotypes. Nine out of the
24 talazoparib-resistant clones bore a Parpl sgRNA vector and most of these had
lost Parpl protein expression. However we identified one talazoparib-resistant
mutant clone that expressed Parpl protein despite the presence of the Parpl
SgRNA,; this clone proved to have a CRISPR-Cas9-induced deletion of a methionine
residue at position 43 in the first zinc finger domain of Parpl. The resulting Parpl

protein was unable to bind DNA or to be trapped by talazoparib [41].

The isolation of these zinc finger domain mutants from a genetic screen provided

direct evidence that the DNA binding activity of PARP1 is important for the
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cytotoxicity of PARP inhibitors, and is further evidence for the trapping hypothesis.
Furthermore, these experiments demonstrated that inspection of the exact mutations
generated in genome-wide CRISPR-Cas9 mutagenesis screens can provide further
detail on the mechanisms in play. This has also been shown in other studies,
including the identification of CRISPR-Cas9 generated MAP2K1 mutant alleles that
cause resistance to the MAPK kinase inhibitor selumetinib [43]. Isolation of such
mutants can be extremely informative, but is somewhat serendipitous, relying on the
presence of appropriate sgRNAs in the library and particular mutations being
tolerated by cells.

To discover other non-truncating mutations that might affect PARPi cytotoxicity, we
took a tiling mutagenesis approach to assess how a diverse set of PARP1 mutations
might alter PARPI resistance. Our strategy, which we termed “tag-mutate-enrich”
(Figure 1a) involves first introducing a C-terminal GFP tag into the endogenous gene
of interest (in this case PARP1) using the CRISPaint [44] approach. The method
enriches for small, in-frame, mutations such as the p.43delM mutation isolated in the

genome-wide screen described earlier.

Analysing the mutations in the PARPI resistant population provided a map of the
regions of PARP1 that mediate PARP inhibitor cytotoxicity [41]. As expected, several
clusters of mutations were identified in the DNA binding domains. Some contribution
from relative guide RNA effectiveness might be expected to skew the results;
however when mapping the DNA binding domains onto the zinc finger domain crystal
structure, we found that mutations were closely associated with protein-DNA
contacts, suggesting that their isolation was driven by function rather than
mutagenesis efficiency (Figure 1b). Interestingly we identified a number of other
mutation clusters outside the DNA binding domain associated with PARPI resistance,
including a cluster of mutations in the WGR domain that we predict mediates DNA
binding-driven conformational changes in PARP1. The map of PARP1 function
generated in this way showed good correlation with PARP1 mutations associated
with PARPI resistance identified via an ENU mutagenesis screen carried out in
haploid HAP1 cells [45]. Furthermore, a PARP1 variant of unknown significance
(p-R591C) that we identified in a de novo PARP inhibitor resistant patient mapped to

one of the most frequently mutated residues in the WGR region.

Experiments in wild type cells can be useful for studying mechanisms of drug action;

however questions about clinical resistance mechanisms are best studied in a
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relevant cell type which for PARPI, based on current clinical guidance, is breast or
ovarian cancer cells with a homologous recombination defect caused by either a
BRCAL1 or BRCA2 mutation. A number of groups, including ours, have recently
carried out CRISPR-Cas9 mutagenesis screens in such backgrounds that have
resulted in a more detailed understanding of how PARP inhibitors kill cells, and how

resistance might develop, in these contexts.

Functional genomics of PARPI resistance identifies new DNA repair proteins

As discussed earlier, previous work identified defects in 53BP1 or its effectors RIF1
and REV7, as a cause of PARPI inhibitor resistance in BRCA1l mutant cells via
restoration of resection and thus HR activity. A number of recent studies have
expanded the understanding of how 53BP1 defects mediate PARPI resistance by
using CRISPR-Cas9 mutagenesis screens in BRCA1-deficient cells. These included
screens in RPE1 (retinal pigment epithelial) cells with gene-targeted defects in
BRCAL and TP53 [46] but also screens in patient-derived cell lines, including those
in basal-like breast cancer cell lines with BRCA1 mutations, such as SUM149PT [46-
49] and MDAMBA436 [50], and the ovarian cancer cell lines UWB1.289 [50,51],
JHOS-2 [50] and COV362 [50,52]. The Jonkers and Rottenberg groups have also
made use of mouse embryonic stem cells and mouse mammary tumour cells with

Cre-engineered Brcal and Trp53 deletions [47].

These screens have revealed several new components of the 53BP1 pathway that
act to suppress resection at DSBs in BRCA1-deficient cells. Most of these screens
identified sgRNAs targeting C200rf196 (now known as SHLD1), as well another
poorly characterised gene FAM35A (now known as SHLD2) as causing PARPI
resistance. Further study of these genes, and parallel proteomic profiling [49,53,54]
identified interactions between these proteins and REV7 and RIF1 as well as a
further uncharacterised protein (CTC534A2.2) encoded by an uncharacterised gene
(now named SHLD3) present in an intron of TRAPPC13. The complex of these
proteins, along with REV7, is now referred to as Shieldin. Shieldin is recruited to
DSBs in a 53BP1- and RIF1-dependent manner, and SHLD mutant cells also display
sensitivity to ionising radiation (IR) and defects in class switch recombination, both
characteristics of defective NHEJ. SHLD2 contains OB fold ssDNA binding domains
in its C terminus and is proposed to bind and protect exposed ssDNA at DNA ends
from further resection [46,49,53,55].
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Combining screen results identifies robust effects

An ever-present problem with genome-wide screens is how to prioritise hits for
further analysis. Effect size is one way to do this, but may suffer from sensitivity
issues — for example, in the screens described above C200rf196 and FAM35A were
not the top hits in any single screen judged purely by effect size, but were clearly
reproducible across the different cell types, CRISPR gRNA screening libraries, PARP
inhibitors (both olaparib and talazoparib were used in this set of screens) and
laboratories. Pathway and/or complex analysis of hits is another useful principle
where these are known — for example Barazas et al. identified CTC1, STN1 (OBFC1)
and TEN1 among the highly ranked genes in a set of PARPI resistance screens [47].
These are known to interact as the CST complex that acts to counteract resection at
telomeres [54]. Further validation of the screen results demonstrated that sgRNA
targeting Ctcl can restore IR-induced Rad51 focus formation in Brcal-mutant cells,
suggesting that this complex may also play a role in counteracting resection at non-

telomeric DSBs.

The principle of screening across multiple cell types has also been used to reveal a
role for the dynein light chain protein DYNLL1 in PARP inhibitor resistance [50]. He
et al screened a panel of BRCA1 mutant ovarian cancer cell lines for olaparib
resistance and identified DYNLL1 as a highly ranked gene across all three lines, and
the top ranked hit in COV362 cells. DYNLL1 knockout restored resection in BRCA1
mutant cells, which the authors suggest is due to DYNLL1 binding MRE11 and thus
inhibiting DNA resection. DYNLL1 also interacts with 53BP1 [56] and another recent
study has suggested that effects on 53BP1 recruitment and oligomerisation may also
play a role [57].

These studies clearly implicate the 53BP1-mediated suppression of resection as
being central to PARP inhibitor sensitivity in BRCA1 mutant cells, and identify a
number of nodes that can influence this process. However many of these screens
also identified PARP1 loss as a mediator of resistance. This is somewhat
unexpected at first glance, given the well-established synthetic lethal relationship
between PARP1 and BRCA1 [7-9], which might imply that PARP1 loss of function
mutations are not tolerated in BRCA1 mutant cells. PARP1 mutations were identified
in the SUM149PT and COV362 screens, but not in RPE1-BRCA1™ or mouse
Brcal” lines. We additionally found that MDA-MB-436 cells did not appear to
tolerate complete loss of PARP1. SUM149PT and COV362 cells both have
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frameshift mutations in exon 11 of BRCA1 [48,52], which can be bypassed by a
splice variant of BRCAL that skips exon 11 [58]. The BRCAL protein variant encoded
by this variant retains some HR activity. It has recently been shown that
overexpression of this variant can rescue PARP inhibitor sensitivity in SUM149PT
cells, and that knocking out the remaining BRCAL activity by mutation of the BRCAL
BRCT domain or siRNA knockdown results in even greater PARP inhibitor sensitivity
[59] and a lack of PARP1 mutation tolerance [41]. This may explain why PARP1
mutants are not recovered in cell lines with BRCT domain mutations (such as MDA-
MB-436) or large engineered deletions. In a similar vein, isolation of PARP inhibitor
resistant patient-derived xenografts has demonstrated fusion of C-terminal BRCA1
sequence to promoters of other genes as a potential resistance mechanism [60],
events that would be difficult to capture in a CRISPR-Cas9 screen.

PARPIi resistance in BRCA2 mutant cells

PARPI resistance in BRCA2 mutant cells has not been so extensively investigated as
mechanisms that operate in BRCAL1 mutant cells, in part because of a paucity of
relevant BRCA2 mutant tumour cell lines that are suitable for screens. Previous
studies have suggested a role for replication fork stabilisation in promoting PARPI
resistance in BRCA2 mutant cells [36]. Gogola et al recently published an shRNA
screen for PARPI resistance using a DNA repair focused shRNA library in mouse
Brca2 mutant mammary tumour cell lines and organoids [61]. This identified shRNA
targeting Parg (poly-(ADP-ribose) glycohydrase) as the top resistance-causing hit in
the library. PARG is one of a number of enzymes that can remove PAR chains from
modified proteins; thus loss of PARG would be expected to maintain PARylation for
longer. PARP inhibitors might be expected to act upstream of this step, blocking
formation of the PAR polymer. However, PARG knockdown or inhibition resulted in
persistent PARylation even in the presence of olaparib, suggesting that losing PARG
activity can somewhat circumvent the effects of PARP inhibitors in a dominant
fashion. PARG knockdown or inhibition did not obviously affect PARP1 trapping
kinetics, but it seems possible that the residual PARylation under conditions of PARG
inhibition results in a less toxic trapped PARP1 lesion. Parpl shRNAs did not cause
resistance in the Brca2 mutant cells; whether PARP1 loss might be a relevant
resistance mechanism in the context of patient derived BRCA2 mutations (as for

BRCA1 exon 11 mutations, above) remains to be investigated.
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Perspective

As well as uncovering potential mechanisms of clinical PARP inhibitor resistance,
screening for PARP inhibitor resistant mutants also answers specific biological
guestions. This is particularly evident for screens in BRCA1 mutant cells, which have
enabled discovery of novel components of the 53BP1 pathway, including the Shieldin
complex. Genome-wide CRISPR-Cas9 genetic screens clearly allow much more
detail than previous technologies — for example, the transposon screen that originally
identified Trp53bpl as a PARPI resistance factor did not uncover other components
of the pathway [34]. A good case can be made for widening the definition of “genes”
in CRISPR libraries, as there may be more to find — illustrated by the lack of guides

targeting SHLD3 in the libraries screened thus far.

CRISPR technology can be applied in other ways related to screens — not least in
validation of screen results. Generation of individual clones for validation
experiments is ultimately necessary, but time consuming to do for a list of
candidates. Competition assays using synthetic CRISPR gRNAs and TIDE analysis
[62] to look at enrichment of frameshift variants in mixed populations of CRISPR
mutants under selection can help to address this bottleneck. Pooled synthesis of
focused CRISPR libraries is now relatively cheap and conducting secondary CRISPR
screens with higher guide coverage library for a triaged gene set across multiple cell
lines may also be a good validation strategy. Alternatively, customised libraries can
be synthesised based on mass spectrometry data or other methods that might
implicate a set of genes in a particular phenotype.

Single-gene tiling mutagenesis screens are the ultimate conclusion of this approach,
allowing a detailed functional analysis of a diverse allelic series to be conducted.
Tiling mutagenesis is still subject to restrictions on PAM site positions and biases in
mutagenesis outcome. Use of alternative Cas9 enzymes could help to further
improve coverage. Base editing (‘CRISPRX”) enzymes, in which catalytic-dead Cas9
is fused to deaminases or other base modifying enzymes, cause point mutations
directly and are a further option to increase the diversity of tiling pools — these also
have the advantage that mutations are most likely to be in-frame, removing the need

to enrich for in-frame mutations by way of a GFP tag.

The major question remaining is what are the clinical causes of acquired PARP

inhibitor resistance? A full discussion of clinical resistance is outside the scope of this
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article, but many of the PARPI resistance genes identified in the studies described
above have been implicated clinically in some way. This is most often by correlation
of low expression levels with poor outcome in ovarian cancer, where many patients
will receive platinum treatment, resistance to which is also likely to be mediated by

mechanisms that restore functional HR [20,63].

However, the major clinically described mechanism of acquired PARP inhibitor
resistance to date is secondary mutation of the HR gene, restoring the open reading
frame and thus HR competency. Although the calculation of the true rate is
complicated by the extensive platinum pre-treatment in most patients that receive
PARP inhibitors, secondary mutations clearly do not explain every case of resistance
[29]. In addition, most of the candidate resistance genes mentioned in this article are
not present on standard cancer gene sequencing panels, as they are not oncogenes
or tumour suppressor genes — with the exception of BRCA1 and BRCA2 — which
may lead to ascertainment bias in the reporting of clinical resistance mechanisms.
More extensive profiling of resistant tumours using whole exome or specialised
PARPI resistance panels will be required to establish whether mutations in any of
these genes cause clinical resistance. Biopsies from tumours with acquired
resistance have been difficult to access, but circulating DNA sequencing approaches
coupled with the use of PARP inhibitors at earlier clinical stages may result in more
evaluable resistant tumours in future. Knowing the resistance mechanism is likely to
be important in the clinical management of the disease, as different mechanisms of
PARP inhibitor resistance may induce different secondary sensitivities[41] - for
example, REV7 mutation causes extreme cisplatin sensitivity, whereas BRCA
secondary mutations will likely cause cross-resistance to cisplatin [29,41]. Loss of
TP53BP1 has been previously shown to cause cisplatin resistance [34,41], whereas
knockout of SHLD components in RPE1;BRCA1™" cells resulted in increased
cisplatin sensitivity relative to cells with BRCA1 mutations but wild type SHLD [49].
These experiments suggest that clinical REV7, SHLD1 or SHLD2 mutations may
result in a targetable vulnerability to cisplatin. Radio-sensitivity of Trp53bpl and Rev7
mutant mouse tumours has also been demonstrated [64]. Profiling of drug
sensitivities and other dependencies using further screens in resistant mutants will

be key to answering the question of how to manage resistance clinically.
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Figure 1. Focused CRISPR screens. A. Tag-mutate-enrich approach for focused
mutagenesis of a single gene. (i) a C-terminal GFP tag is introduced to the gene of
interest, for example via CRISPaint. (ii) A lentiviral library of all possible sgRNAs
targeting the gene is introduced and the drug resistant population recovered. (iii)
Isolation of GFP-positive cells using FACS enriches for mutations that preserve the
reading frame. Complementary DNA is reverse transcribed from the GFP coding
sequence and sequenced using overlapping PCR amplicons. B. Example of
mutation frequency data from a tag-mutate-enrich screen. Residues in the 3D
structure of PARP1 bound to a double stranded DNA break (PDB: 40QB) are
coloured by their mutation frequency in the talazoparib-resistant, GFP-positive,

population. Figure adapted from [41].
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