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ABSTRACT
◥

Purpose: To study associations across tumor types between
genome-wide loss of heterozygosity (gLOH) and alterations in
homologous recombination repair (HRR)-associated genes beyond
BRCA1 and BRCA2.

Experimental Design: Genomic profiling using a targeted
next-generation sequencing assay examining 324–465 genes
(FoundationOne, FoundationOne Heme, and FoundationOne
CDx; Foundation Medicine, Inc.) was performed in a cohort of
160,790 samples across different tumor types. Zygosity predic-
tions and gLOH status were calculated and linked with altera-
tions in 18 HRR-associated genes (BRCA1, BRCA2, PALB2,
BARD1, ATR, ATRX, ATM, BAP1, RAD51B, RAD51C, RAD51D,
BRIP1, NBN, CHEK1, CHEK2, FANCA, FANCC, MRE11) and
other genomic features, using Fisher’s exact test and Mann–
Whitney U tests.

Results: We identified a strong correlation between elevated
gLOH and biallelic alterations in a core set of HRR-associated
genes beyondBRCA1 andBRCA2, such as BARD1, PALB2, FANCC,
RAD51C, and RAD51D (particularly in breast, ovarian, pancreatic,
and prostate cancer). Monoallelic/heterozygous alterations in
HRR-associated genes were not associated with elevated gLOH.
gLOH was also independently associated with TP53 loss. Co-
occurrence of TP53 loss and alterations in HRR-associated genes,
and combined loss ofTP53-PTEN orTP53-RB1, was associatedwith
a higher gLOH than each of the events separately.

Conclusions: Biallelic alterations in core HRR-associated genes
are frequent, strongly associatedwith elevated gLOH, and enriched in
breast, ovarian, pancreatic, and prostate cancer. This analysis could
inform the design of the next generation of clinical trials examining
DNA repair–targeting agents, including PARP inhibitors.

Introduction
The identification and clinical qualification of cancer subtypes

based on molecular profiles is central to precision oncology. In this
setting, precision oncology aims to tailor therapeutic strategies to each

patient based on a comprehensive assessment of individual clinical,
genomic, and phenotypic features of the disease (1).

Genomic instability and loss of the physiologic capacity of cells to
repair DNAdamage are hallmarks of cancer (2). Yet, these features can
also represent a tumor’s vulnerability; drugs inducing DNA damage
and targeting the DNA damage repair systems may be particularly
effective in patients with tumors displaying defects in the DNA repair
machinery (3–6).

The homologous recombination repair (HRR) pathway is a high-
fidelity system involved in repairing double-strandedDNAbreaks, and
is critical to the resolution of stalled replication forks during cell
division (7, 8). BRCA1 and BRCA2 are key components of the HRR
pathway (7); inherited mutations in the BRCA1 or BRCA2 genes
increase the risk of developing breast, ovarian, prostate, pancreatic,
and various other cancers (9).

Therapeutically, inactivation of BRCA1 or BRCA2 typically renders
tumors exquisitely sensitive to treatment with PARP inhibitors (4–6).
This concept has driven the clinical development of PARP inhibitors in
tumor types enriched for inactivation of BRCA1 or BRCA2, related to a
germline and/or somatic tumor DNA alteration. Several PARP inhi-
bitors are now approved by the FDA and EuropeanMedicines Agency
for the treatment of different subtypes of advanced breast, ovarian,
prostate, and pancreatic cancer (10). HRR-deficient (HRD) tumors are
also more sensitive to other DNA-damaging agents such as platinum-
based chemotherapies (3, 11), a feature of particular therapeutic
opportunity in cancers with very limited treatment options such as
triple-negative breast cancer (3).

In the absence of functional HRR, non-homologous end joining,
microhomology-mediated end joining, and single-strand annealing
are used to repair double-stranded breaks (12). The preferential use of
these errorprone systems in HRD tumors results in accumulation of
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certain DNA alterations, particularly deletions, and other structural
variations (13). Consequently, HRD tumors are characterized by
enrichment of characteristic patterns of base substitutions, genome-
wide accumulation of loss-of-heterozygosity (LOH) events, large-
scale transitions [chromosomal breaks between adjacent regions of
≥10megabase (Mb)], and subchromosomal regions with allelic imbal-
ance extending to the telomere (14–17). This enrichment results in
recognizable patterns, also referred to as “signatures” or “scars,”
imprinted on the tumor genome (17). Next-generation sequencing
assays have been developed to detect alterations in HRR-associated
genes, as well as genomic patterns. This may allow for improved
patient stratification for precision medicine approaches, including
PARP inhibitors (18).

The total burden of focal genome-wide LOH (gLOH) is enriched in
tumors with BRCA1 and/or BRCA2 inactivation (14). In a prior study,
in which researchers derived the gLOH score from a clinical grade
hybrid capture-based comprehensive genomic profiling (CGP) assay
of over 200,000 tumors, a strong association was observed between
biallelic BRCA1/2 alterations and gLOH (19).

In a separate study, Jonsson and colleagues demonstrated the
lineage-dependence ofBRCA1/2 alterations and their impact on tumor
evolution (20). In breast, ovarian, prostate, and pancreatic cancer with
loss-of-function BRCA1/2 mutations, jointly referred to as “BRCA-
associated (BA) tumors,” an enrichment for gLOH was observed (20).
In contrast, this was not seen in other tumor types. This observation is
suggestive of a selective pressure for biallelic loss preferentially in
ovarian, breast, pancreatic, and prostate tumors, whereas in other
tumor types, alterations in HRR-associated genes may have a neutral,
or at least less relevant, role in cancer progression (20).

In the ARIEL-2 trial of recurrent, platinum-sensitive, high-grade
ovarian carcinoma, patients with a high gLOH score but no BRCA1/2
alteration had significantly longer progression-free survival when
treated with the PARP inhibitor rucaparib than patients who had
lower gLOH scores (6). Indeed, responses to PARP inhibitors have
been documented among patients with cancers harboring altera-
tions in HRR-associated genes other than BRCA1/2 [ARIEL-3 (21);
PAOLA-1 (22); GALAHAD (23); TOPARP-B (24); TRITON2 (25)].
On a gene-per-gene basis, assessing the contribution to oncogenesis
and impact on drug sensitivity of these other HRR-associated gene

alterations is challenging due to their low prevalence. Therefore,
surrogate biomarkers of HRD could contribute to the clinical
qualification of these less common events, drive more effective
stratification of patients for clinical trials, and better predict
response to platinum-based chemotherapy and PARP inhibitors,
while enabling a more precise treatment selection in a significant
number of patients with cancer.

Here, we report a genomic analysis in a pan-cancer cohort of
160,790 tumor samples, aiming to describe the distribution of gLOH
scores in tumors with these less common HRR-associated gene
alterations (e.g., BARD1, RAD51C, RAD51D, and PALB2), assessing
other factors that may impact gLOH, and understanding how these
associations may differ across tumor types.

Materials and Methods
Genomic profiling of 324–465 genes, including a predefined set of

genes directly or indirectly involved in HRR (HRR-associated genes:
BRCA1, BRCA2, PALB2, BARD1, ATR, ATRX, ATM, BAP1, RAD51B,
RAD51C, RAD51D, BRIP1, NBN, CHEK1, CHEK2, FANCA, FANCC,
andMRE11), was performed in a pan-cancer cohort of 160,790 tumor
samples for multiple classes of alterations (short variants, insertions,
deletions, copy-number events, and rearrangements), using the Foun-
dationOne, FoundationOne Heme, and FoundationOne CDx assays
(Foundation Medicine, Inc.; 26, 27). Although the population in this
study represents all cases in which profiling data were evaluable, the
patient samples sent to FoundationMedicine for sequencing tend to be
from later-stage, more advanced disease; thus, the dataset may exhibit
bias (e.g., for relapsed disease or more aggressive subtypes).

In this study, we predefined two groupswithin our population: those
patients with breast, ovarian, pancreatic, or prostate cancer (referred to
as BA tumor types), and the rest (referred to as “other” or “non–BA” or
“NBA tumor types”).

Genomic profiling was carried out in a Clinical Laboratory
Improvement Amendments–certified, College of American Patholo-
gists-accredited laboratory (FoundationMedicine, Inc.). At least 50 ng
of DNA per specimen was isolated and sequenced to high, uniform
coverage (mean, >600�), as described previously (27). The biopsy site
was taken from the pathology report for the provided specimen.
Variants were interpreted at Foundation Medicine, Inc., based on an
analysis of the medical literature and variant databases.

For tumor suppressors, all classes of deletions/truncations were
considered pathogenic, including frameshift mutations, core splice site
alterations, nonsense mutations, deep deletions, and truncating rear-
rangement events. Select pathogenic missense mutations were also
included on the basis of prior literature and hotspot status (e.g., the
inclusion of BRCA1 founder missense mutations). For the HRR-
associated genes included in this study, most events were frameshift
(36%), nonsense (24%), splice (11%), deletion (8%), and truncating
rearrangement (6%) events, with a relatively small proportion of
pathogenic missense mutations (12%) and other events (2%).

Zygosity predictions, gLOH, and biallelic status of HRR-associated
gene alterations (Supplementary Fig. S1) were calculated as described
previously (6, 28). gLOH was assessed as a continuous variable, rather
than selecting a cut-off point. When examining gLOH in patients
carrying an alteration within an HRR-associated gene (e.g., BRCA1),
we excluded the chromosomal arm of the gene to avoid biasing the
calculations when examining homozygous versus heterozygous altera-
tions in the gene.

Biomarkers previously associated with benefit from immune check-
point inhibitors in clinical trials were also evaluated, including

Translational Relevance

Improved understanding of the impact of homologous recom-
bination repair (HRR)-associated gene alterations on tumor geno-
mic signatures and drug sensitivity will enable better design of
clinical trials examining DNA repair–targeting agents. Here, we
report associations between genome-wide loss of heterozygosity
(gLOH) and HRR-associated gene alterations in 160,790 tumors.
Known/likely deleterious alterations inHRR-associated geneswere
found in 18.9% of cases. For both BRCA-associated (breast, ovar-
ian, prostate, pancreatic) and other tumor types, we found strong
associations between biallelic alterations and elevated gLOH for a
number of core HRR-associated genes, beyond BRCA1 and
BRCA2. gLOH differed between tumor types and was also asso-
ciated with TP53 loss. This analysis suggests that both tumor type
and the mutation allelic status may be relevant for clinical inter-
pretation of gLOH. gLOH scores, together with other readouts of
HRR deficiency, could enable a more targeted stratification of
patients most likely to benefit from DNA repair–targeting agents.

Pan-cancer gLOH and HRR-associated Gene Alterations

AACRJournals.org Clin Cancer Res; 28(7) April 1, 2022 1413



microsatellite instability (MSI; 29) and tumor mutational burden
(TMB; 30). MSI was calculated on ≥90 loci. TMB was calculated using
a range of 0.8–1.2 Mb, excluding driver and germline alterations; high
TMB was defined as >10 mutations/Mb (Mut/Mb). Age was captured
at specimen collection date, or if not provided, at testing. Ancestry was
determined using a SNP-matching approach (31).

All samples that passed sample quality checkmetrics overall and for
gLOH calling were included in the analysis (n¼ 160,790). Specifically,
samples had to have a passed report with an estimated 30% tumor
purity and be free of contamination; in addition, samples with noisy
copy-number profiles, as assessed by a segment-level signal to noise
ratio, were excluded.

For comparisons of categorical variables, we used the Fisher’s exact
test. For comparisons of continuous variables, the non-parametric
Mann–Whitney U test was used.

This study was conducted according to the ethical principles for
medical research described in the Declaration of Helsinki. Approval
for this analysis, including a waiver of informed consent and a Health
Insurance Portability and Accountability Act waiver of authorization,
was obtained from the Western Institutional Review Board (Protocol
No. 20152817).

Results
Study population and sample disposition

Genomic profiling data for 160,790 samples sequenced as part of
routine clinical care in academic or community centers (outside of
clinical trials) were included in this analysis. A summary of the cohort
characteristics is shown in Table 1. Median age of the cohort was
63 years (interquartile range: 54–71) and the male:female ratio was
44%:56%.Median TMBwas 3.8Mut/Mb (interquartile range: 2.5–7.5)
and 2,431/160,546 (1.5%) samples were classified as MSI-high. The
cohort included primary tumor biopsies (n ¼ 66,129; 41%), as well as
biopsies acquired from metastatic lesions (n¼ 50,157; 31%) or lymph
nodes (n¼ 14,002; 9%); in 19% of samples (n¼ 30,502), the origin of
the tissue was ambiguous or not annotated. The three most common
cancer types were non–small cell lung cancer (NSCLC; n ¼ 26,511;
16%), colorectal cancer (n ¼ 20,943; 13%), and breast cancer (n ¼
20,614; 13%; Supplementary Fig. S2). In this population, 44,765/
160,790 (28%) cases corresponded to ovarian, breast, pancreatic, or
prostate cancers, and were considered together for the analysis as BA
tumor types, whereas 116,025 (72%) cases were patients with other
tumor types not included in the BA category [“non-BA tumor types”
(NBA)]. The overall genomic landscape of the cohort is shown in
Supplementary Fig. S3.

Mutations in HRR and other DNA repair genes
We focused our analysis on deleterious or likely deleterious altera-

tions in a broad set of 18 HRR-associated genes (Supplementary
Table S1). Deleterious or likely deleterious alterations in HRR-
associated genes were found in 30,326/160,790 (18.9%) of cases.

Among BA tumor types, BRCA1/2were themost commonly altered
HRR-associated genes [overall prevalence: n ¼ 2,166/44,765 (5%)
BRCA1, 2,517/44,765 (6%) BRCA2; breast cancer: 4% BRCA1, 5%
BRCA2; ovarian cancer: 10% BRCA1, 5% BRCA2; prostate cancer: 1%
BRCA1, 10% BRCA2; pancreatic cancer: 2% BRCA1, 5%
BRCA2; Fig. 1A]. The highest prevalence of non-BRCA1/2 HRR-
associated gene alterations was in prostate (14%), breast (13%),
pancreatic (12%), and ovarian cancer (10%; Fig. 1A). There were
5,941 cases with ATM alterations; the tumor types with the highest
prevalence of ATM alterations were prostate (6%), NSCLC (5%),

endometrial (5%), bladder (5%), stomach (5%), and pancreatic cancer
(4%). A total of 2,792 cases with CHEK2 alterations (prevalence: 2%
breast, 1% ovarian, 2% prostate, and 2% pancreatic cancer) and 1,224
cases with PALB2 mutations (prevalence: 1% breast, 1% ovarian, 1%
prostate, and 1% pancreatic cancer) were detected (Fig. 1A).

For other tumor types not included in the BA cohort (NBA), the
overall prevalence of HRR-associated gene alterations was 18%; 15%
after excluding BRCA1/2 alterations (Fig. 1A). ATM, ATRX, and
CHEK2 alterations were most prevalent among the cohort of NBA
tumor types (Fig. 1A).

As, in principle, biallelic alterations in HRR-associated genes would
be necessary for loss of function, we decided to assess the allelic status
of the HRR-associated gene alterations in our cohort (Fig. 1B). Of the
samples harboring HRR-associated gene alterations, the percentage
that was biallelic was higher among BA tumor types (58% vs. 33% in
the cohort of NBA tumor types; P < 1 � 10�100; Fig. 1B). In 7,739/
9,086 (85%) of cases, wewere able to confidently assessBRCA1/2 allelic
status; among these, BRCA1/2 alterations were associated with biallelic
loss in BA tumor types (91% BRCA1; 88% BRCA2; Fig. 1B). Among
BA tumor types with assessable samples, HRR-associated genes
beyondBRCA1/2 in which alterations weremost commonly associated
with biallelic loss were BAP1 [n ¼ 294/333 (88%)], RAD51D [81/104
(78%)], RAD51B [111/149 (74%)], RAD51C [111/154 (72%)], ATM
[823/1,233 (67%)], and PALB2 [259/427 (61%); Fig. 1B]. Beyond
ovarian, breast, pancreatic, or prostate cancer, only alterations inBAP1
and RAD51B were commonly associated with biallelic loss. Among

Table 1. Cohort characteristics.

Characteristic
Patients
(N ¼ 160,790)

Median gLOH
(interquartile
range)

Overall 8.22 (3.98–14.04)
Male:Female, % 44:56 7.71 (3.81–12.76);

8.7 (4.13–15.18)
TMB, median (interquartile range) 3.8 (2.5–7.5)
High MSI, % 1.5 2.64 (1.29–5.55)
Not MSI-high, % 98.5 8.32 (4.09–14.13)
Biopsy type, %

Local 41 7.25 (3.32–12.82)
Metastatic 31 9.11 (4.88–15.06)
Lymph node biopsy 9 9.65 (5.19–15.76)
Unknown 19 8.11 (3.7–14.14)

Tumor type
Other 28,208 6.42 (2.82–11.4)
NSCLC 26,511 10.81 (5.89–16.66)
CRC 20,943 6.07 (3.28–9.5)
Breast 20,614 12.16 (6.99–19.66)
Ovary 11,427 10.9 (4.54–20.65)
CUP 8,533 9.62 (5.04–15.42)
Glioma 7,107 2.97 (1.27–5.63)
Prostate 6,434 8.49 (5.68–11.91)
Pancreas 6,290 9.33 (5.91–13.91)
Melanoma 5,141 5.99 (3.16–9.81)
Endometrial 4,790 6.05 (2.28–12.38)
Esophagus 4,765 12.15 (6.62–17.82)
Bladder 3,277 8.01 (4.26–12.85)
Kidney 2,482 4.51 (1.99–8.32)
Cholangiocarcinoma 2,419 10.04 (6.44–14.43)
Stomach 1,849 9.18 (3.39–16.94)

Abbreviations: CRC, colorectal cancer; CUP, carcinoma-of-unknown-
primary-origin.
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cases where biallelic status could be definitively assessed, alterations in
ATR, NBN, MRE11, and CHEK1 were only infrequently associated
with a biallelic event in both cohorts of BA (8%, 18%, 26%, and 14%,
respectively) and NBA (8%, 16%, 11%, and 7%, respectively) tumor
types (Fig. 1B; Supplementary Fig. S4).

Next, we used a previously validated algorithm based on variant
allele frequency, locus copy number, and minor allele fraction to
infer the HRR-associated gene alterations that were likely to orig-
inate in germline DNA (Fig. 1C). Overall, 28% of HRR-associated
gene alterations were predicted to be a germline alteration, com-
pared with 42% predicted to be somatic alteration (in the remaining
30%, we were not able to predict a somatic vs. germline origin based
on tumor next-generation sequencing data; Fig. 1C). CHEK2 (60%),
CHEK1 (49%), FANCC (45%), RAD51D (44%), RAD51C (42%),
RAD51B (41%), BRIP1 (36%), BRCA1 (35%), and BRCA2 (35%)
alterations were commonly predicted to be of germline origin,
whereas alterations in ATM (21%), ATR (15%), and BAP1 (7%)
were less commonly predicted to be germline events (Fig. 1C). For

patients with predicted germline alterations, we observed a mod-
estly higher rate of biallelic alterations for most genes (Supplemen-
tary Fig. S5).

gLOH score distribution among tumor types and correlation
with HRR-associated genes

As gLOHhas been proposed as a clinically relevant marker of HRD,
we next assessed gLOH in this cohort, focusing on tumor-type
differences and the genomic correlates of gLOH scores (Fig. 2A).
Overall, gLOH showed amultimodal distribution and had amedian of
8% (interquartile range: 4%–14%); median gLOH was higher in BA
tumor types [11% vs. 7% in the cohort of other (NBA) tumor types],
even after removing BRCA1/2-altered cases (10% vs. 7%). The tumor
types with the highest median gLOH scores were breast (12%),
esophageal (12%), and ovarian (11%).

There was an association between age and gLOH only in the
BA cohort, with younger individuals having more elevated gLOH
(Supplementary Fig. S6A).Within each tumor type, gLOH scores were

A B

C

Figure 1.

Pathogenic variants in HRR-associated genes in the overall cohort (divided by tumor types), including prevalence (A), biallelic/monoallelic status (B), and germline/
somatic status (C). CUP, carcinoma of unknown primary origin; Germline/somatic status was limited to short variants.

Pan-cancer gLOH and HRR-associated Gene Alterations
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relatively similar across different ancestries (African, Central and
South American, East Asian, European, and South Asian), except
for melanoma, where Europeans had a lower gLOH (P < 0.01), and
ovarian cancer, where gLOH was higher in South Asian and East
Asian populations (Supplementary Fig. S6B; P < 0.01). Of note, in
ovarian cancer, patients with South or East Asian ancestry had a
median age 7 years younger than other patients (56 vs. 63 years;
P ¼ 4 � 10�34).

In both cohorts (BA and NBA tumor types), strong positive
associations between biallelic HRR-associated gene alterations and
gLOH (50% increase in gLOH relative to wild type; P < 1� 10�5) were
observed for BRCA1 (BA tumor types: 162% increase; NBA tumor

types: 201% increase), BRCA2 (85%; 149%), BARD1 (137%; 142%),
PALB2 (100%; 123%), FANCC (62%; 51%),RAD51C (97%; 100%), and
RAD51D (107%; 157%; Fig. 2B; Supplementary Table S2). Strong
positive associations were also observed for RAD51B in the cohort of
BA tumor types (65% increase) and for NBN (69%) and BRIP1 (63%)
in the cohort of NBA tumor types. In both BA and NBA tumor types,
monoallelic alterationswere not associatedwith elevated gLOH for any
gene examined.

The association between biallelic loss of these genes and elevated
gLOH was consistent across tumor types (Supplementary Fig. S7A–
S7F; Supplementary Tables S2 and S3). In particular, based on
statistical significance, strong positive associations with gLOH were

A

B

Figure 2.

Overall distribution of gLOH across BA and NBA tumor types (A) and association of HRR-associated gene alterations (B) with gLOH across all cancers. wt, wild type;
Only genes with at least five assessable alterations in each category were considered; wt refers to the gene being analyzed.
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observed for alterations in BRCA1, BRCA2, BARD1, PALB2, RAD51C,
and RAD51D across breast, colorectal cancer, NSCLC, ovarian,
pancreatic, and prostate cancer (effect sizes >50%; P < 1 � 10�5;
Supplementary Fig. S7A–S7F). Some tissue-specific effects were
observed. For example, in prostate cancer samples with BRCA1/2
biallelic alterations, median gLOH was lower than in the other BA
tumor types (Supplementary Fig. S7C). Biallelic ATM and CHEK2
alterations were associated with elevated gLOH only in stomach
and esophageal cancer (Supplementary Fig. S8A and S8B; Supple-
mentary Tables S4 and S5); biallelic BAP1 associations were
not associated with strongly elevated gLOH in any tumor type
examined (all effect sizes <50%; Supplementary Fig. S8C; Supple-
mentary Table S6).

Impact of other genomic features upon gLOH scores
Next, we investigated correlations between gLOH scores and altera-

tions in all baited genes, including genes not in our curated HRR-
associated pathway list (Fig. 3; Supplementary Fig. S8; Supplementary
Tables S4–S8).

As expected, in the pan-gene analysis, the strongest associations
between elevated gLOH and biallelic gene alterations were observed
in BRCA1, BRCA2, PALB2, RAD51C, RAD51D, and BARD1 (Fig. 3A
and B). Beyond these HRR-associated genes, CTNNA1 and TP53
alterations were highly associated with elevated gLOH scores, in both
BA and NBA tumor type cohorts (Supplementary Fig. S8D and S8E;
Supplementary Tables S7 and S8).

Because many of these alterations are known to co-occur (e.g.,
BRCA1 and TP53), we explored how these alterations interacted, for
example, whether co-occurrence of certain alterations associated
with a higher gLOH than each of the alterations separately (Fig. 4).
In the cohort of BA tumor types, we observed significant additivity
for TP53 alterations with several other genes, including RAD51D,
RAD51B, BRCA1, BRCA2, CTNNA1, and FAS (Fig. 4A). In contrast,
in the cohort of NBA tumor types, these associations were largely
absent with modest additivity observed for KEAP1–TP53, STK11–
TP53, NFE2L2–TP53, and KDM6A–TP53 (Fig. 4B). Co-occurrent
loss of several tumor suppressors, such as TP53–RB1, TP53–PTEN,
or TP53–NF1 resulted in a mild but statistically significant
additivity effect toward elevation of gLOH (Fig. 4B). Contrarily,

the co-occurrence of TP53 with either MSH2 or KRAS alterations
was associated with tumors having a significantly lower-than-
expected gLOH score (Fig. 4B).

Next, we focused on the impact of TP53 alterations on the gLOH
scores of BRCA1/2-altered tumors, the population in which PARP
inhibitors have been more widely introduced into clinical practice
(Fig. 4C and D). The additivity was significant in prostate and breast
cancer; beyond BA tumor types, the impact of TP53 alterations was
most relevant in bladder, endometrial, and colorectal cancer (Fig. 4C
and D).

Correlation of gLOH with TMB and MSI
We examined associations between HRR-associated gene altera-

tions and biomarkers that have been associated with benefit from
immune checkpoint inhibitors in clinical trials, including MSI and
TMB (Supplementary Fig. S9).

Across the cohort, median TMB was 3.8 Mut/Mb (interquartile
range: 2.5–7.5) and was 3.5 and 4.3 in the cohorts of BA and NBA
tumor types, respectively. Among tumor types with the highest
number of samples available (melanoma, NSCLC, bladder, esophagus,
stomach, carcinoma of unknown primary origin, breast, endometrial,
colorectal cancer, kidney, ovary, glioma, cholangiocarcinoma, pros-
tate, pancreas), the median TMB was the highest in melanoma (10.0
Mut/Mb), NSCLC (7.8 Mut/Mb), and bladder cancer (7.5 Mut/Mb).
Overall, 2,431/160,546 (1.5%) samples had genomic evidence of high
MSI, with lower rates of MSI in BA versus NBA tumor type cohorts
(1% vs. 2%, P < 1� 10�50). MSI was most prevalent in endometrial (n
¼ 690/4,771; 14%), stomach (86/1,848; 5%), and prostate cancer (179/
6,413; 3%).

In our cohort, there was an inverse relationship between gLOH and
MSI status (Supplementary Fig. S9A); gLOHwas significantly lower in
MSI-high groups, compared with microsatellite-stable tumors (medi-
an 2.6 vs. 8.3; P < 1 � 10�100).

For most tumor types, there was little association between gLOH
and TMB (Supplementary Figs. S9B and S10). However, gLOH
was significantly lower in TMB-high tumors in endometrial cancer
(median 7.5 vs. 2.8; P¼ 2� 10�126), and significantly higher in TMB-
high tumors in ovarian cancer (median 10.7 vs. 19.1; P ¼ 6 � 10�21;
Supplementary Fig. S9B).

A B

Figure 3.

Association of biallelic gene alterations and gLOH in BA (A) and NBA (B) tumor types. FDR, false discovery rate; volcano plots show themedian gLOH difference and
P value between biallelic and wild-type samples using a non-parametric Mann–Whitney U test of distributions.
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Discussion
In this study, we identified a strong correlation between elevated

gLOH and biallelic likely/known deleterious tumor alterations in
HRR-associated genes beyond BRCA1 and BRCA2, namely BARD1,
PALB2, FANCC, RAD51C, and RAD51D; contrarily, other HRR-
associated genes presented weak or absent associations with gLOH.
We also demonstrated that gLOH distribution differs between tumor

types and is associated with genomic events beyond HRR-associated
genes, particularly loss of TP53. Finally, we identified genomic inter-
actions that were associated with significant increases in gLOH.

Recent clinical trials of PARP inhibitors in prostate, ovarian, and
pancreatic cancers have broadened the focus on HRD as a potential
common denominator for this therapeutic strategy [ARIEL-3 (21);
PAOLA-1 (22); GALAHAD (23); TOPARP-B (24); TRITON2 (25)]. It
is necessary to better understand the functional consequences of

A

C

D

B

Figure 4.

Associationof co-occurring gene alterations andgLOH inBA (A) andNBA (B) tumor types. Additivity of TP53 alterationswithBRCA1 (C) andBRCA2 (D) across tumor
types. CRC, colorectal cancer; CUP, carcinoma of unknown primary origin; FDR, false discovery rate; wt, wild type; asterisks denote level of significance after false
discovery correction; � , P < 0.05; ��, P < 0.01.
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alterations in different HRR-associated genes to inform clinical trial
design in the future, assess impact on clinical practice, and enable
personalized therapeutic approaches. This may be relevant to clinical
trials such as LODESTAR (NCT04171700), a phase II open-label study
assessing the efficacy of rucaparib in patients with solid tumors and
deleterious mutations in HRR-associated genes, or KEYLYNK-007
(NCT04123366), a phase II trial investigating olaparib combined with
pembrolizumab in the treatment of cancers with mutations in HRR-
associated genes and/or HRD.

In the past, pan-cancer trials in precision oncology assessed altera-
tions in known HRR-associated genes without considering allelic
status or the impact on genomic signatures, such as gLOH; thus,
potentially confounding the interpretation of the effect of biomarker-
matched drugs in this setting. The need to better understand the
functional relevance of each of these alterations is further reflected in
recent studies showing little activity of PARP inhibitors in ATM- or
CHEK2-altered breast cancer (32), or seemingly differential activity of
PARP inhibitors in prostate cancer with alterations in BRCA1 versus
BRCA2 (33).

Although recent clinical studies have demonstrated elevated gLOH
to predict a highermagnitude of response to PARP inhibitor treatment
in ovarian cancer (6), analysis of the ARIEL-3 trial showed that there is
still clinical benefit in patients responsive to platinum-based chemo-
therapy with a low gLOH and treated with rucaparib versus place-
bo (21). Clinical trials calculating an HRD score, using gLOH, large-
scale transitions, and subchromosomal regions with allelic imbalance
extending to the telomere, have demonstratedHRDpositivity based on
such a combined score to be significantly associated with improved
clinical response to treatment with DNA-damaging agents in the
breast cancer setting, with minimal benefit in the HRD-negative
population (34, 35).

Using a CGP assay to analyze a cohort of 160,790 samples from a
broad range of different malignancies allowed us to demonstrate that
both germline and somatic alterations in HRR-associated genes,
including genes beyond BRCA1 and BRCA2, are common across
cancer types, but particularly frequent in breast, ovarian, prostate,
and pancreatic cancer (referred to in these analysis as “BA tumor
types”). In these tumor types, biallelic alterations of core HRR-
associated genes were associated with an elevation in gLOH. However,
in other tumor types, and although alterations in theseHRR-associated
genes were still prevalent, they were less commonly linked with
biallelic gene loss, suggesting that HRR-associated gene alterations
may less frequently be a driving force of disease progression in these
other tumor types. This is consistent with findings from previous
studies (20). Our data are relevant when planning basket trials of DNA
damage repair–targeting agents, or when attempting to interpret
tumor-agnostic biomarker studies. At the therapeutic level, the data
presented here can inform precision oncology efforts, because dedi-
cated molecular tumor boards have become available at many referral
centers. These interdisciplinary expert meetings interpret tumor pro-
filing results to inform clinical practice and explore targeted treatment
options (36). With the knowledge that most likely deleterious altera-
tions in key HRR-associated genes detected in tumor types beyond
breast, ovarian, pancreatic, or prostate cancers may be heterozygous
and thus potentially passenger mutations, therapeutic interventions
that are most likely to be ineffective can be avoided. The presence of
biallelic alterations in core HRR-associated genes, in association with
elevated gLOH, may more accurately identify tumors more likely to
benefit from PARP inhibitors and DNA-damaging agents in these
other tumor types. Although, individually, these are not common, in
sum they represent a significant number of patients who may benefit

from these therapeutic approaches. We acknowledge, however, that
some mechanisms leading to biallelic HRR-associated gene loss may
not be captured by this next-generation sequencing CGP panel, for
example,BRCA1methylation in ovarian cancer, which has been shown
to occur in up to 19.3% of cases and is predictive of response to PARP
inhibitors (37, 38). This may explain, at least in part, recent studies in
breast and prostate cancer reporting PARP inhibitor efficacy in
patients harboring BRCA1/2 mutations, but with no evidence of
second allele loss by next-generation sequencing (39–41).

Whole-genome or whole-exome studies previously identified geno-
mic signatures of HRD (42); however, these assays are not easy to
implement in clinical practice, due to their cost and high burden of
bioinformatics requirements. Instead, deriving biomarkers of HRD
using a clinical-grade CGP panel test can facilitate identification of
HRD tumors in clinical practice.

The lack of elevated gLOH in the setting of biallelicATM,BAP1, and
CHEK2 alterations add to the current evidence with regards to the
lower responsiveness of these tumors to PARP inhibitors alone
(43–45). Still, these tumors may be targeted with other approaches
leveraging their DNA repair impairment, and ATR (46) or DNA-
dependent protein kinase inhibitors (47) are being tested in clinical
trials. CTNNA1 encodes for alpha-catenin, which has been reported
to be present in the nucleus and potentially play a role in DNA
repair (48). In the current study, the association of biallelic CTNNA1
loss with elevated gLOH suggests a novel role for CTNNA1 in
maintenance of genomic stability and possibly HRR; this requires
further investigation (48).

Prospective validation of gLOH as a pan-cancer predictive bio-
marker for PARP inhibitor treatment has not yet been pursued. On the
basis of our results, such an effort should consider tumor-type
specificities in gLOH distribution. Moreover, we identified how TP53
alterations or concomitant loss of tumor suppressor genes may result
in tumors with an elevated gLOH despite not presenting HRR-
associated gene alterations, or how co-occurrence between TP53 loss
and HRR-associated gene alterations may significantly elevate gLOH.
The relationship between TP53 alterations, HRD, and genomic insta-
bility is complex; loss ofTP53may lead to chromosomal instability and
aneuploidy (49), which could elevate gLOH scores. Yet, loss of TP53
may allow some cells to tolerate acute loss (biallelic alterations) better
in key HRR-associated genes; thus, TP53 alterations may collaborate
with HRD in some settings. Nevertheless, there is no clinical evidence
demonstrating loss of TP53 alone to result in response to PARP
inhibition. Therefore, the impact of TP53 loss in gLOH should be
considered when evaluating the performance of gLOH as a predictive
biomarker in clinical trials of PARP inhibitors.

We also observed an inverse correlation between gLOH and MSI
status, and generally no associations between gLOH and TMB, except
for ovarian cancer. This may be relevant to defining the optimal
population for combination trials of PARP inhibitors and immune
checkpoint inhibitors in different tumor types (50).

Our study is among the largest published so far examining
putative surrogate biomarkers of HRD in clinical samples and
could contribute to the development of precision oncology. How-
ever, we acknowledge several limitations. First, as a pan-cancer
study, our cohort is inherently heterogeneous, so other variables
intrinsic to different tumor types that we have not analyzed may
confound some of the results. Second, as our cohort includes
samples collected at different disease stages, we did not account
for the potential effect of treatment-induced selective pressure on an
enrichment of HRD features in advanced cancers. Third, cutoffs
(effect sizes >50%) were chosen to explore associations between
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gLOH and gene alterations; it has yet to be seen whether more
modest effects on gLOH are associated with potential clinical
actionability. Finally, as we lack treatment outcome data, we cannot
confirm the clinical value of our findings, but we are confident that
this dataset will inform the design of the next generation of clinical
trials examining DNA repair–targeting agents.

In conclusion, we show that alterations inHRR-associated genes are
very common across cancer types and that biallelic alterations in core
HRR genes associate with elevated gLOH scores, which can be assessed
from clinical samples using a CGP assay.
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