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Homologous recombination deficiency and 
hemizygosity drive resistance in breast cancer
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The co-occurrence of germline and somatic oncogenic alterations is frequently 
observed in breast cancer, yet their combined influence on tumour evolution and 
therapy resistance remains poorly defined. Through an integrated clinicogenomic 
analysis of more than 5,800 patients, we show that germline (g) pathogenic variants 
dictate the evolutionary trajectory of acquired resistance. We specifically find that 
gBRCA2-associated tumours are uniquely predisposed to develop acquired RB1 
loss-of-function alterations, resulting in poor outcomes on standard-of-care frontline 
CDK4/6 inhibitor (CDK4/6i) combinations. This vulnerability is driven by a dual 
mechanism: baseline RB1 hemizygosity (heterozygous loss resulting in a single 
functional RB1 allele), which lowers the evolutionary barrier to biallelic inactivation, 
and ongoing homologous recombination deficiency, which promotes acquisition of 
RB1 loss-of-function alterations under the selective pressure of CDK4/6i. Preclinical 
models from gBRCA2 carriers showed near-uniform resistance to CDK4/6i, with 
consistent post-treatment Rb loss. Across multiple independent models and in our 
clinical data, PARP inhibition consistently outperformed CDK4/6i. Our findings 
suggest that prioritizing PARP inhibition in gBRCA2 carriers may intercept RB1-loss 
trajectories and delay resistance. More broadly, we establish a predictive framework 
for forecasting drug-resistant trajectories based on pre-treatment allelic configuration 
and mutational signatures.

Resistance to anticancer therapy often occurs through a diverse array of 
genomic mechanisms1–5. The inherent unpredictability of these events 
challenges the ability to develop proactive strategies to pre-empt the 
emergence of resistance and improve patient outcomes. The role of 
germline pathogenic variants in predisposition to malignancies and 
shaping the initial somatic landscape of tumours is well established6–9. 
This interplay is well exemplified in germline pathogenic variants in 
certain DNA damage repair genes10–14 that give rise to characteristic 
somatic allelic configurations and genomic instability in the form of 
homologous recombination deficiency (HRD)15–17, a biology that has 
been successfully exploited with PARP inhibitors (PARPi)18–20. How-
ever, despite our understanding of these initial events, the influence 
of germline pathogenic variants on the subsequent evolutionary life 
of a tumour remains poorly defined.

Clinically, the expanding landscape of approved targeted and lineage-
directed therapies has introduced considerable uncertainty regarding 
the optimal treatment paradigm for patients with breast cancer with 
certain germline and somatic backgrounds. Given its dominant effect 
on initial cancer evolution, we posit that the germline background 
may equally influence tumour behaviour under therapeutic pressure, 
effectively directing the evolutionary trajectory of disease progression 
and resistance.

More broadly, defining how pre-treatment germline and somatic 
genomic context shapes the path of acquired therapy resistance could 
enable early interception strategies to prevent or delay the emergence 
of drug-resistant tumour clones. To elucidate the therapeutic relevance 
of germline–somatic interactions in a clinically meaningful setting, we 
performed an integrated analysis of germline and somatic genomic data 
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paired with detailed clinical annotation, including treatment response, 
in a large cohort of patients with breast cancer.

Clinical and genomic features of the cohort
To identify the interactions between germline pathogenic variants 
and somatic oncogenic alterations in breast cancer, we integrated 
detailed clinical annotation with prospectively collected sequencing 
data21–23 based on 6,927 tumours from 5,881 patients with breast cancer 
(Memorial Sloan Kettering Cancer Center (MSK) cohort; Extended Data 
Fig. 1a and Supplementary Table 1). DNA derived from tumour tissue 
and blood as a source of germline DNA were each sequenced using an 
FDA-authorized clinical sequencing assay encompassing up to 506 
cancer-associated genes, including germline analysis of 84 cancer 
predisposition genes21–23. Genes of interest for the germline analysis 
included canonical members of the homologous recombination path-
way10–14: BRCA2 (2.9%, n = 161 patients), BRCA1 (2.6%, n = 142 patients), 
CHEK2 (1.6%, n = 87 patients), ATM (1.1%, n = 60 patients) and PALB2 
(0.6%, n = 35 patients).

The clinicopathological characteristics of the germline-altered 
cancers and germline wild-type (gWT) cancers strongly reflected 
previously established patterns, suggesting that our cohort was 
representative of the broader population of patients with breast can-
cer (Table 1). Specifically, we observed a younger age of diagnosis in 
gBRCA1/2 carriers than in gWT. gBRCA1-associated breast cancers 
tended to be triple-negative24 and high-grade invasive ductal carci-
nomas. Meanwhile, gBRCA2, gCHEK2 and gATM carriers typically had 
hormone receptor-positive and HER2-negative (HR+/HER2–) disease 
(75.2%, 74.7% and 71.7%, respectively; Supplementary Table 2), consist-
ent with previous studies25,26.

Biallelic loss is often a necessary condition to observe a phenotypic 
impact in carriers of germline pathogenic variants in HRD-related genes, 
yet its incidence varies by gene, with higher rates of biallelic inactivation 
observed in high-penetrance genes27,28. Our results confirmed that bial-
lelic inactivation rates varied significantly across genes, ranging from 
50.6% (n = 44) in gCHEK2 carriers to 77.5% (n = 110) and 75.8% (n = 122) for 
gBRCA1 and gBRCA2 carriers, respectively (Extended Data Fig. 1b). We 
also found lower frequency of loss of heterozygosity (LOH) in gPALB2 
carriers (51.4%, n = 18), but a relatively higher frequency of ‘second-hit’ 
somatic mutations resulting in biallelic loss (33.3%, n = 6), concurring 
with previous literature29. Confirming the associations between histo-
logical, demographic and genomic patterns with germline pathogenic 
variants establishes the clinical relevance of this clinicogenomic cohort.

Germline–somatic genomic interactions
We first sought to define patterns of mutual exclusivity or enrichment of 
somatic variants with germline pathogenic variants (germline–somatic 
interactions), in the context of breast cancer receptor subtype and 
zygosity (Fig. 1a). This analysis robustly validated previously reported 
enrichment of TP53 alterations in gBRCA1 carriers and mutual exclu-
sivity of gATM and TP53 alterations30,31 (Fig. 1b,c). Both findings were 
more pronounced in tumours exhibiting biallelic inactivation of the 
respective genes (Extended Data Fig. 2a,e). We further explored these 
observations by conducting germline–somatic interaction analyses 
stratified by breast cancer receptor subtypes. The gBRCA1–TP53 inter-
action was enriched in HR+/HER2– tumours but not in triple-negative 
tumours, where TP53 variants are already highly prevalent in BRCA1 WT 
tumours, supporting TP53 loss of function (LoF) as a ubiquitous event 
in the oncogenesis of gBRCA1-driven breast cancers32,33.

In gBRCA2-driven breast cancers, RB1 somatic variants were signifi-
cantly enriched, in stark contrast to their absence in gBRCA1-associated 
tumours (Fig. 1c–e and Extended Data Fig. 2b). This observation is 
notable, as gBRCA1 tumours are largely triple negative, a subtype 
typically enriched for RB1 alterations. Focusing on patients with  

HR+/HER2− tumours (75.2% of gBRCA2) revealed an even higher enrich-
ment of somatic RB1 alterations in gBRCA2 carriers. This analysis also 
uncovered an enrichment of MYC and AURKA amplifications. Of clinical 
relevance, RB1, MYC and AURKA alterations have all been implicated 
in resistance to CDK4/6 inhibition34,35. Conversely, PIK3CA alterations 
were more enriched in gWT cancers than in gBRCA2 and gBRCA1-driven 
cancers. The receptor status and LOH-specific germline–somatic inter-
actions are further displayed in Extended Data Fig. 2, and correspond-
ing Oncoprints are detailed in Extended Data Fig. 3 (Supplementary 
Tables 3–7).

Clinical implications of gBRCA2 status
CDK4/6i combined with endocrine therapy (CDK4/6i + ET) represents 
the cornerstone of treatment for patients with metastatic and high-
risk early-stage HR+/breast cancer36–38, with RB1 loss established as a 
key mechanism of resistance to CDK4/6i39. On the basis of our results 
demonstrating a significant enrichment of RB1 alterations in gBRCA2 
carriers, we analysed the effect of gBRCA2 status on progression-free 
survival (PFS) in patients with HR+/HER2– metastatic breast cancer 
(MBC) treated with CDK4/6i + ET. gBRCA2 pathogenic variants were 
associated with a significantly shorter PFS on CDK4/6i + ET in univari-
ate and multivariate analyses (median PFS of 9.0 versus 15.6 months, 
multivariate hazard ratio (HR) = 2.17, 95% CI 1.60–2.96, P < 0.00001; 
Fig. 2a). Similar results were seen when the analysis was extended to 
all treatment lines, with consideration of ET partner and treatment line 
as covariates (HR = 1.97, 95% CI 1.55–2.51, P < 0.00001; Fig. 2b and Sup-
plementary Table 8). LoF mutations in RB1 were rare in pre-treatment 
samples (2%), and exclusion of these cases did not alter the results.

We next validated our findings using an independent, nationwide 
clinicogenomic dataset containing manually curated patient-level 
outcomes data from both community oncology settings and aca-
demic medical centres40,41. This analysis confirmed a strong associa-
tion between gBRCA2 and shorter PFS on CDK4/6i + ET (median PFS 
of 12.0 versus 18.3 months, HR = 1.83, 95% CI 1.36–2.48, P < 0.00001; 
Fig. 2c) among the 2,158 patients with HR+/HER2– MBC treated with 
first-line CDK4/6i + ET combinations. To evaluate whether gBRCA2 was 
associated with resistance specifically to CDK4/6i + ET, we expanded 
our analysis to assess the effect of gBRCA2 status on PFS of other com-
mon therapeutic modalities in breast cancer (Extended Data Fig. 4a). 
gBRCA2 status did not affect outcome on the vast majority of these 
therapies, nor did it significantly effect overall survival for patients 
starting on first-line CDK4/6i + ET. This demonstrates that gBRCA2 
status is not a universal determinant of outcome but instead confers 
context-dependent relevance to specific therapies.

We further investigated the MSK cohort focusing on patients with 
HR+/HER2– MBC who received a PARPi after progression on CDK4/6i 
(n = 41). Of note, despite being administered in later lines (median line 
of therapy = 3), HRD-directed therapy generally resulted in superior 
outcomes (Fig. 2d). PARPi treatment resulted in a significantly improved 
PFS compared with the preceding CDK4/6i regimen (HR = 0.38, 95% CI 
0.19–0.76, P = 0.0062), with 73.2% of patients achieving a longer PFS 
on PARPi than on frontline CDK4/6i. This clinical benefit was more 
pronounced among the patients who had failed to respond to previ-
ous CDK4/6i + ET (Fisher’s exact test; OR = 8.87, 95% CI 2.84–27.98, 
P = 0.00002; Extended Data Fig. 4b). Among patients with evalu-
able imaging who did not discontinue therapy due to early toxic-
ity (n = 38), PARPi achieved a partial or complete response in 84.2% 
(n = 32) of patients, compared with only 39.5% (n = 15) for previous 
CDK4/6i + ET (Extended Data Fig. 4c). Representative cases of rapid 
progression through first-line CDK4/6i + ET, followed by prolonged 
complete response to PARPi are highlighted in Fig. 2e,f. Collectively, 
these results provide a clinical rationale for prioritization of PARPi for 
this genomically defined subgroup of patients with breast cancer with 
expected poor outcomes on CDK4/6i-based combinations.
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Acquired RB1 LoF in gBRCA2
To investigate the implications of germline status on the develop-
ment of RB1 loss, an established mechanism of CDK4/6i resistance, 
we assembled a large cohort of patients with paired tumour sam-
ples collected pre-CDK4/6i and post-CDK4/6i (1,312 tumour and 513 
plasma circulating tumour DNA (ctDNA) samples from 546 patients). 
Genomic analysis of this paired pre-treatment and post-progression 
cohort demonstrated that acquired somatic RB1 LoF alterations were 

significantly more prevalent in gBRCA2 tumours versus gBRCA2 WT 
tumours (28.6% versus 7.1%, OR = 5.17, 95% CI 2.07–13.0, P = 0.0010; 
Fig. 2g). The clinical responses and evolutionary trajectories of 
patients treated with CDK4/6i are highlighted by two representa-
tive patients with gBRCA2 HR+/HER2– MBC (Extended Data Fig. 4d,e). 
In both cases, acquired polyclonal RB1 LoF variants emerged post-
CDK4/6i, underscoring a strong and specific evolutionary pressure for 
RB1 LoF mutations as a dominant mechanism of CDK4/6i resistance 
in these gBRCA2 tumours.

Table 1 | Patient demographics

ATM
(n = 60)

BRCA1
(n = 142)

BRCA2
(n = 161)

CHEK2
(n = 87)

PALB2
(n = 35)

WT
(n = 5,094)

P value

Overall receptor status

  HR+/HER2– 43 (71.7%) 35 (24.6%) 121 (75.2%) 65 (74.7%) 22 (62.9%) 3,426 (67.3%) <0.00001

  HER2+ 15 (25.0%) 7 (4.9%) 15 (9.3%) 15 (17.2%) 2 (5.7%) 766 (15.0%)

  TNBC 2 (3.3%) 100 (70.4%) 25 (15.5%) 7 (8.0%) 11 (31.4%) 902 (17.7%)

Age at diagnosis (years)

  Younger than 35 10 (16.7%) 52 (36.6%) 34 (21.1%) 14 (16.1%) 3 (8.6%) 488 (9.6%) <0.00001

  35–50 30 (50.0%) 50 (35.2%) 69 (42.9%) 33 (37.9%) 20 (57.1%) 1,952 (38.3%)

  51–60 4 (6.7%) 22 (15.5%) 39 (24.2%) 24 (27.6%) 8 (22.9%) 1,382 (27.1%)

  61–70 13 (21.7%) 12 (8.5%) 16 (9.9%) 10 (11.5%) 3 (8.6%) 929 (18.2%)

  Older than 70 3 (5.0%) 6 (4.2%) 3 (1.9%) 6 (6.9%) 1 (2.9%) 342 (6.7%)

  Unknown 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 1 (0.0%)

Overall histological grade

  I-low 0 (0%) 0 (0%) 0 (0%) 1 (1.1%) 1 (2.9%) 199 (3.9%) <0.00001

  II-intermediate 17 (28.3%) 11 (7.7%) 42 (26.1%) 29 (33.3%) 15 (42.9%) 1,332 (26.1%)

  III-high 31 (51.7%) 121 (85.2%) 96 (59.6%) 46 (52.9%) 14 (40.0%) 3,005 (59.0%)

  Unknown 12 (20.0%) 10 (7.0%) 23 (14.3%) 11 (12.6%) 5 (14.3%) 558 (11.0%)

Histology

  IDC 50 (83.3%) 131 (92.3%) 132 (82.0%) 70 (80.5%) 31 (88.6%) 4,046 (79.4%) 0.0291

  ILC 5 (8.3%) 4 (2.8%) 15 (9.3%) 7 (8.0%) 2 (5.7%) 607 (11.9%)

  Other, mixed or unknown 5 (8.3%) 7 (4.9%) 14 (8.7%) 10 (11.5%) 2 (5.7%) 441 (8.7%)

Stage at diagnosis

  I 13 (21.7%) 39 (27.5%) 33 (20.5%) 20 (23.0%) 10 (28.6%) 1,265 (24.8%) 0.0213

  II 15 (25.0%) 64 (45.1%) 54 (33.5%) 28 (32.2%) 11 (31.4%) 1,763 (34.6%)

  III 9 (15.0%) 14 (9.9%) 27 (16.8%) 12 (13.8%) 3 (8.6%) 822 (16.1%)

  IV 20 (33.3%) 15 (10.6%) 41 (25.5%) 23 (26.4%) 7 (20.0%) 1,002 (19.7%)

  Unknown 3 (5.0%) 10 (7.0%) 6 (3.7%) 4 (4.6%) 4 (11.4%) 242 (4.8%)

ER IHC expression (%)

  Less than 10 1 (1.7%) 16 (11.3%) 7 (4.3%) 2 (2.3%) 0 (0%) 206 (4.0%) <0.00001

  11–40 6 (10.0%) 98 (69.0%) 27 (16.8%) 14 (16.1%) 14 (40.0%) 1,227 (24.1%)

  41–60 3 (5.0%) 2 (1.4%) 5 (3.1%) 2 (2.3%) 0 (0%) 116 (2.3%)

  61–90 4 (6.7%) 8 (5.6%) 20 (12.4%) 7 (8.0%) 4 (11.4%) 509 (10.0%)

  More than 90 46 (76.7%) 18 (12.7%) 100 (62.1%) 59 (67.8%) 16 (45.7%) 2,963 (58.2%)

  Unknown 0 (0%) 0 (0%) 2 (1.2%) 3 (3.4%) 1 (2.9%) 73 (1.4%)

Progresterone receptor IHC expression (%)

  Less than 10 7 (11.7%) 11 (7.7%) 18 (11.2%) 8 (9.2%) 5 (14.3%) 515 (10.1%) <0.00001

  11–40 18 (30.0%) 118 (83.1%) 75 (46.6%) 35 (40.2%) 15 (42.9%) 2,146 (42.1%)

  41–60 8 (13.3%) 2 (1.4%) 18 (11.2%) 6 (6.9%) 5 (14.3%) 296 (5.8%)

  61–90 7 (11.7%) 5 (3.5%) 21 (13.0%) 6 (6.9%) 4 (11.4%) 658 (12.9%)

  More than 90 19 (31.7%) 6 (4.2%) 27 (16.8%) 29 (33.3%) 5 (14.3%) 1,371 (26.9%)

  Unknown 1 (1.7%) 0 (0%) 2 (1.2%) 3 (3.4%) 1 (2.9%) 108 (2.1%)

Demographics and clinicopathological characteristics are reported for our cohort of patients. Of note, there were 5,579 distinct genes represented, including 13 patients who had more than  
one germline pathogenic variant in our genes of interest. Comparisons between germline pathogenic variant status and gWT were performed using two-sided Chi-square testing, and the  
corresponding P values are reported. There were no adjustments for multiple comparisons. For P < 0.00001, results are reported as <0.00001. Exact P values are summarized below: overall 
receptor status: P = 9.7 × 10−55; age at diagnosis: P = 2.7 × 10−22; menopausal status at diagnosis: P = 1.1 × 10−12; overall histological grade: P = 1.0 × 10−8; ER immunohistochemistry (IHC) expression: 
P = 1.5 × 10−32; and progresterone receptor IHC expression: P = 6.7 × 10−17. IDC, invasive ductal carcinoma; ILC, invasive lobular carcinoma; TNBC, triple-negative breast cancer.
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Baseline allelic state forecasts RB1 loss
Consideration of the genomic architecture of BRCA2-driven tumours 
provides further insight into the acquisition of RB1 LoF alterations. 
BRCA2 and RB1 are syntenic on chromosome 13q, and previous 

work suggests that biallelic inactivation of BRCA2 in gBRCA2-driven 
tumours often occurs through loss of a large chromosomal segment 
inclusive of WT BRCA2 and RB1 alleles42–47. Consistent with this, the 
pattern of RB1 LOH was influenced by gBRCA2 status in our cohort, 
demonstrating a co-occurrence of BRCA2 and RB1 LOH in gBRCA2 
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tumours compared with gWT (Fig. 3a). We validated this finding 
using an external cohort of 46 gBRCA2-associated primary breast 
cancers profiled with whole-exome sequencing (24 patients from the 
University of Pennsylvania Abramson Cancer Center and 22 from the 
Mayo Clinic). Consistently, 82.6% (n = 38) of tumours in this cohort 

demonstrated concurrent LOH of BRCA2 and RB1 (P < 0.0001; Extended 
Data Fig. 5). Although RB1 LOH was enriched in gBRCA2 tumours, it 
notably was also present in 34.9% of gWT tumours (n = 601 of 1,723 
of evaluable cases), suggesting a broader relevance for this allelic  
state.
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On the basis of our BRCA2–RB1 co-LOH results, we hypothesized 
that RB1 LOH is a predominant predisposing factor for CDK4/6i resist-
ance. Hence, we extended our survival analyses to assess whether 

pre-treatment RB1 zygosity was predictive of clinical benefit from 
CDK4/6i beyond the context of gBRCA2 status. Specifically, we ana-
lysed 547 patients with HR+/HER2– MBC in the MSK cohort who received 
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first-line CDK4/6i and had evaluable LOH status in the pre-treatment 
tumours. RB1 LOH was observed in 47.8% of these patients and was 
predictive of both significantly shorter PFS (HR = 1.53, 95% CI 1.24–
1.89, P = 0.00007) and overall survival (OS; HR = 1.31, 95% CI 1.04–1.64, 
P = 0.022; Fig. 3b,c and Supplementary Table 9).

To confirm these findings, we performed an analysis of pre-treatment 
ctDNA samples collected as part of the PALOMA-3 study48, the piv-
otal randomized phase III trial of palbociclib plus fulvestrant versus 
fulvestrant monotherapy. RB1 LOH was observed in 19 (7.3%) of 259 
pre-treatment ctDNA samples and was associated with a significantly 
shorter PFS (HR = 2.20, 95% CI 1.26–3.82, P = 0.0055) and OS (HR = 3.28, 
95% CI 2.02–5.32, P < 0.00001; Fig. 3d,e). These trends were more pro-
nounced in the palbociclib plus fulvestrant arm (Extended Data Fig. 6).

We further reasoned that the specific number of functional 
pre-treatment RB1 alleles influences the likelihood of acquiring a 
second-hit RB1 LoF alteration under the therapeutic pressure of 
CDK4/6i therapy. Specifically, we hypothesized that tumours with a 
single functional RB1 copy — reflecting RB1 hemizygosity (heterozy-
gous loss (het loss)) — would be statistically more likely to develop 
an RB1 LoF variant as a second hit to achieve biallelic inactivation 
and resistance. To test this, we investigated the clinical relevance of 
pre-treatment RB1 het loss, as compared with other allelic configura-
tions such as loss before or after whole-genome doubling resulting 
in more than one remaining WT RB1 alleles (Fig. 3f). We extended our 
analysis of pre-CDK4/6i and post-CDK4/6i tumours (n = 405 patients) 
to these refined RB1 allele-specific copy number (ASCN) definitions. 
Consistent with our hypothesis, only pre-treatment RB1 het loss 
uniquely predisposed to acquisition of RB1 LoF upon exposure to 
CDK4/6i (P < 0.00001; Fig. 3g). Acquired RB1 LoF events occurred 
almost exclusively in tumours with baseline RB1 het loss (total, 15.2%; 
acquired, 14.5%), whereas they were rare in other allelic settings. This 
suggests that RB1 hemizygosity lowers the evolutionary barrier to 
resistance, requiring only a single additional hit to achieve complete 
inactivation, whereas other allelic configurations require multiple 
independent events, making resistance via this route far less likely 
(Fig. 3h). To underscore RB1 loss as a specific mechanism of resist-
ance to CDK4/6i, we leveraged our MSK cohort to categorize each 
sequenced sample by previous therapeutic exposure. Among all 
treatment classes (including ET monotherapy, chemotherapy, anti-
body–drug conjugates and targeted therapies), only CDK4/6i exposure 
was significantly associated with the enrichment of acquired RB1 LoF 
variants (Extended Data Fig. 7).

To distinguish between predictive versus prognostic properties of 
these changes, we repeated the outcome analyses based on the rede-
fined pre-treatment RB1 allelic state (Extended Data Fig. 8). Both het loss 
(32.7%, n = 181) and other LOH allelic configurations (15.0%, n = 83) were 
associated with worse PFS on CDK4/6i. As chromosomal instability is a 
known poor prognostic factor49, we repeated this analysis adjusting for 
fraction genome altered and whole-genome doubling. Of note, RB1 het 
loss was the sole significant allelic configuration associated with shorter 
PFS in this multivariate analysis. Conversely, other LOH configurations 
were uniquely associated with worse OS (HR = 1.96, 95% CI 1.45–2.66, 
P = 0.00001; Fig. 3i and Supplementary Table 8), suggesting they rep-
resent a more general prognostic marker, whereas RB1 hemizygosity 
specifically serves as a predictive marker of outcomes on CDK4/6i.

Together, although the acquisition of RB1 LoF variants conferring 
resistance to CDK4/6i is relatively uncommon in an unselected popu-
lation50 (8.9% in our paired pre-CDK4/6i-treated and post-CDK4/6i-
treated cohort), our results demonstrate that acquired RB1 loss is both 
prevalent and highly predictable in tumours with a single functional RB1 
allele before treatment. These findings have major clinical implications 
for the development of novel surveillance strategies and for patient 
selection for clinical trials of precision therapeutic strategies directed 
against complete RB1 loss51,52. More broadly, our results suggest that 
the pre-treatment allelic structure can forecast not only therapeutic 

outcomes but also the specific molecular trajectories through which 
targeted therapies fail.

HRD facilitates acquired resistance
We next assessed whether gBRCA2-mediated HRD specifically contrib-
utes to somatic RB1 LoF variants during CDK4/6i therapy. Hence, we 
analysed the types of alterations in RB1 found in our gBRCA2 cohort. 
We observed that somatic RB1 variants identified in gBRCA2 tumours 
predominantly exhibited the characteristic pattern of microhomology 
flanking a short deletion, a hallmark of back-up DNA repair mecha-
nism through microhomology-mediated end joining in HRD-driven 
tumours53 (Fig. 3j). Indeed, we observed significant enrichment for 
short indels or structural variants within the coding sequence of RB1 
in the gBRCA2 setting, indicative of BRCA2 deficiency-mediated lack 
of competent DNA repair (Fig. 3k).

Integration of our genomic analysis with treatment response data 
also suggested that HRD-mediated mutagenesis was probably responsi-
ble for the exceptionally rapid progression observed in gBRCA2 carriers 
treated with CDK4/6i combinations. Although RB1 LOH was associated 
with a significantly shorter PFS in gWT cases (HR = 1.47, 95% CI 1.19–1.82, 
P = 0.0004), in the context of gBRCA2, RB1 LOH resulted in an even 
shorter PFS (HR = 3.05, 95% CI 2.17–4.29, P < 0.00001; Fig. 3l). Thus, 
gBRCA2 breast cancers with RB1 LOH appear to exploit the imperfec-
tions of back-up DNA repair mechanisms to escape therapeutic pres-
sure. This phenomenon resembles the concept of ‘exaptation’, which 
refers to an evolutionary co-option of a trait to serve a purpose distinct 
from its original role54.

We expanded our analysis to assess the role of HRD (of either germline 
or somatic origin) and clinical outcomes on CDK4/6i. The presence 
of a HRD-associated signature in pre-treatment tumours of patients 
with HR+/HER2– MBC conferred a significantly worse outcome on 
CDK4/6i + ET (HR = 1.78, 95% CI 1.27–2.48, P = 0.00075), even outside 
the context of gBRCA2 (Extended Data Fig. 9). Having established 
that this phenomenon extends beyond BRCA2, we next investigated 
whether a similar HRD-driven second-hit pattern was evident across 
other tumour suppressor genes (TSGs) implicated in CDK4/6i resist-
ance. Non-BRCA2 HRD tumours showed a significantly increased ten-
dency to acquire resistance via TSGs other than RB1 (37.5% of cases, 
OR = 2.99, 95% CI 1.03–9.34, P = 0.045) relative to non-HRD cases. The 
majority of cases with these acquired TSG LoF alterations were pre-
ceded by het loss of the respective gene in the pre-treatment setting  
(Fig. 3m).

In summary, the data suggest that both an increased prevalence in 
RB1 LOH and ongoing HRD-driven mutagenesis, which hastens the 
acquisition of RB1 LoF mutations, contribute to the poor outcomes 
of patients with breast cancer with gBRCA2 mutations treated with 
CDK4/6i + ET. Our findings demonstrate that this concept is not limited 
to gBRCA2 and RB1, but rather reflects a broader principle linking HRD 
biology and baseline allelic configurations to vulnerabilities across 
TSGs implicated in therapy resistance.

Validation in xenograft models
To directly validate the role of Rb loss as a driver of CDK4/6i resistance 
in gBRCA2-associated tumours, we generated several patient-derived 
xenografts (PDXs) from BRCA2 carriers with HR+/HER2– breast can-
cer. The first set of PDXs was derived from a 30-year-old gBRCA2 
pathogenic variant carrier with de novo MBC treated at MSK (Fig. 4a). 
Clinically, this patient received abemaciclib in combination with 
pembrolizumab in the second-line setting as part of a trial, followed 
by standard-of-care CDK4/6i + ET with rapid disease progression. A 
biopsy of the rapidly progressing chest wall lesion revealed an RB1 LoF 
variant, which was absent in the pre-CDK4/6i metastatic biopsy. This 
patient subsequently received radiation therapy to the progressive 
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chest wall disease concurrently with systemic platinum, resulting in 
a major response. This patient then received treatment with PARPi, 
until resistance emerged through acquisition of a BRCA2 reversion 
variant (c.3640_3855del). Despite several additional lines of cyto-
toxic chemotherapy, the patient eventually succumbed to the disease 

and participated in the MSK Last Wish Program (MSK IRB Protocol  
#15-021), enabling a rapid autopsy and post-mortem tissue collection 
and analysis.

Multi-site sequencing of autopsy samples did not reveal any evi-
dence of previously detected RB1 somatic variant by deep targeted 
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gBRCA2 tumours. a, PDXs derived from two metastatic deposits in a rapid 
autopsy study of an MSK patient with gBRCA2: PDX-R and PDX-L. ADC, antibody–
drug conjugate; ICI, immune checkpoint inhibitor. Schematic created in 
BioRender; Razavi, P. https://biorender.com/g jwhomb (2025). b,c, In vivo 
efficacy study of PDX-L (n = 5; b) and PDX-R (n = 4; c) treated with vehicle, 
fulvestrant (200 mg kg−1 subcutaneous, twice weekly), ribociclib (75 mg kg−1 PO 5 
days per week), or fulvestrant and ribociclib. PO, oral dosing. P = 1.29 × 10–13, as 
calculated by a linear mixed-effect model. Data are mean ± s.e.m. d, Western  
blot analysis of PDX-L and PDX-R with vehicle and ribociclib (n = 3 replicates). 
Actin was used as a loading control. e, Schematic representing the RB1 structural 
variant from whole-genome sequencing of a CDK4/6i-resistant PDX-L sample, 
resulting in deletion of exons 5–17. Chr. chromosome. f, PDX-C was derived from 
a patient with gBRCA2. Vehicle was compared with palbociclib (75 mg kg−1 PO 5 

days per week). Data of individual mice are shown to demonstrate that tumours 
developing relative resistance to palbociclib also harboured Rb loss, as 
demonstrated in the western blot in panel g (n = 3 replicates). h, In vivo efficacy 
study of PDX-P1. PDXs were treated with vehicle, camizestrant (10 mg kg−1 PO 
daily), palbociclib (50 mg kg−1 PO daily), saruparib (1 mg kg−1 PO daily) or 
combination (camizestrant + palbociclib and camizestrant + saruparib). PO 
dosing was discontinued following takedown of the vehicle arm. Experiments 
included n = 5 mice in the palbociclib ± camizestrant arms and n = 10 mice in all 
other arms. P = 1.55 × 10–8. i, In vivo efficacy study of PDX-P2, with arms as defined 
in panel h. Experiments included n = 7 mice in the camizestrant monotherapy 
arm and n = 8 mice in all other arms. P = 2.72 × 10–77. For panels h,i, data are 
mean ± s.e.m.; P values were determined by two-way repeated measures analysis 
of variance (ANOVA) followed by Sidak’s multiple-comparisons test. Dotted 
horizontal line indicates tumour volume = 0.

https://biorender.com/gjwhomb
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next-generation sequencing panel testing, indicating that this specific 
subclone was probably eradicated by subsequent therapies received 
after CDK4/6i exposure (Extended Data Fig. 10a and Supplementary 
Table 10). However, PDXs generated from two separate metastatic 
deposits in the lungs provided a unique opportunity to interrogate 
the evolutionary consequences of active HRD in the context of gBRCA2 
and RB1 LOH. One PDX demonstrated BRCA2 reversion variant (PDX-R), 
whereas the other had persistent biallelic BRCA2 loss and no evidence of 
reversion variant on deep sequencing (PDX-L; Extended Data Fig. 10b). 
Otherwise, PDX-L and PDX-R displayed virtually identical copy number 
patterns, reflecting a strong genomic concordance between the two 
samples (Extended Data Fig. 10c).

When challenged with therapy, PDX-R tumours responded to 
ribociclib-based therapy, whereas PDX-L tumours were uniformly resist-
ant (Fig. 4b,c). In the resistant PDX-L tumours, we observed no BRCA2 
or Rb expression, whereas expression of both proteins was retained 
in sensitive PDX-R tumours (Fig. 4d). Whole-genome sequencing of 
CDK4/6i-resistant tumours from PDX-L identified a large structural 
variant in RB1, characterized by deletion of exons 5–17 (Fig. 4e). This 
acquired structural variant, combined with pre-existing RB1 het loss, 
resulted in complete loss of RB1. Such large deletions are a recognized 
hallmark of HRD-mediated instability55, highlighting the role of HRD in 
facilitating RB1 loss and validating our clinicogenomic observations 
in a rigorously controlled preclinical setting.

We next validated these findings in another PDX derived from a 
gBRCA2 carrier (PDX-C). The majority of samples developed resist-
ance to palbociclib monotherapy (Fig. 4f), and Rb loss of expression 
was again observed in post-treatment tumours that were resistant 
to CDK4/6i, but not in CDK4/6i-sensitive tumours (Fig. 4g). The con-
vergence of our clinicogenomic observations and the evidence from 
preclinical models implicating HRD in CDK4/6i resistance led us to com-
pare the differential therapeutic response patterns between CDK4/6i 
and PARPi. In two additional independent gBRCA2 PDXs (PDX-P1 and 
PDX-P2), we demonstrated clear resistance in each CDK4/6i ± ET condi-
tion (palbociclib or camizestrant monotherapy and combination ther-
apy), whereas sensitivity to selective PARP1 inhibition was maintained 
(saruparib monotherapy as well as in combination with camizestrant 
and fulvestrant; Fig. 4h,i).

Overall, these preclinical models validate our clinicogenomic find-
ings, demonstrating that acquired RB1 loss underlies resistance to 
CDK4/6i in gBRCA2 tumours with active HRD. In this context, biallelic 
RB1 inactivation and Rb loss emerge under CDK4/6i selective pressure, 
whereas sensitivity to PARPi is maintained.

Discussion
We have described disease-specific and subtype-specific patterns of 
germline–somatic interactions and their clinical implications in a large 
clinicogenomic cohort of patients with breast cancer. Patients harbour-
ing gBRCA2 mutations or HRD arising from other causes experience a 
significantly worse outcome on combination CDK4/6i + ET, the current 
frontline standard of care in the metastatic HR+/HER2– setting. This 
finding was validated using a large, independent, multi-institutional 
real-world dataset representative of the general population of patients 
with MBC treated in both community and academic settings.

We have demonstrated a proclivity for gBRCA2 tumours to develop 
RB1 biallelic loss as a mechanism of resistance to CDK4/6i-based com-
bination therapy and propose two separate characteristics of gBRCA2 
tumours that facilitate the acquisition of RB1 loss. First, gBRCA2-driven 
breast cancers are more likely to harbour RB1 het loss before the start of 
CDK4/6i; we showed that this allelic configuration independently pre-
disposes the tumour to loss of the unaltered RB1 allele. Second, the muta-
genic processes active in HRD-driven tumours promote the acquisition 
of RB1 LoF variants as a mechanism of biallelic inactivation (a second hit). 
Consistent with these clinicogenomic findings, our preclinical models 

provide direct evidence mechanistically linking HRD and gBRCA2 to 
the acquisition of RB1 inactivation under the therapeutic pressure of 
CDK4/6i. In multiple gBRCA2 PDXs, acquired RB1 loss emerged as the 
dominant mode of CDK4/6i resistance in the context of active HRD. 
Conversely, sensitivity to PARPi was preserved, underscoring persistent 
vulnerability despite the emergence of CDK4/6i resistance.

These observations raise provocative questions regarding the opti-
mal therapy sequence for gBRCA2-driven breast cancers. PARPi rep-
resent a proven targeted strategy for patients with HRD tumours20,56. 
However, given the long-standing use of CDK4/6i combinations as 
frontline standard of care for HR+ breast cancers, use of PARPi is typi-
cally relegated to later lines of therapy following the emergence of 
resistance to CDK4/6i + ET. Our data reveal a potentially greater benefit 
for PARPi therapy before CDK4/6i + ET in this molecularly defined 
subset of patients with breast cancer. The dominant mechanism of 
resistance to CDK4/6i + ET may reduce the utility of several therapies 
typically used later in the disease course that rely on an intact G1 check-
point. As the development of RB1 loss appears to be partially mediated 
by HRD, earlier use of a PARPi may suppress this specific route of drug 
resistance resulting in a longer duration of response to subsequent 
CDK4/6i combinations. Specifically, reversion mutations that restore 
homologous recombination proficiency represent a widely prevalent 
and established mechanism of resistance to PARPi in gBRCA2 carriers57. 
Therefore, tumour cells with somatic reversion mutations in BRCA2 
may be less likely to develop HRD-driven, RB1 LoF mutations under 
the selective pressure of subsequent CDK4/6i.

The insights gleaned from our analysis should prompt a re-evaluation 
of conventional clinical practice in which the sequence of therapies is 
dictated by the clinical benefit observed in a biomarker unselected 
population. Most relevant to our current study, our results question 
whether frontline PARPi therapy in patients with pathogenic gBRCA2 
variants or HRD HR+/HER2– tumours would not only improve front-
line outcomes but also establish the genomic prerequisites for more 
successful subsequent lines of therapy. Our data and this hypothesis 
serve as the impetus for the EvoPAR-Breast01 study (NCT06380751), 
a randomized international phase III clinical trial, which will compare 
frontline saruparib (a PARP1-selective inhibitor) plus camizestrant (an 
oral selective ER degrader) versus standard-of-care CDK4/6i + ET in 
patients with HR+/HER2– MBC harbouring germline or somatic altera-
tions in selected HRD genes58.

More generally, we have demonstrated that pre-treatment RB1 het 
loss (hemizygosity) predicts the development of a somatic LoF variant 
involving the WT allele under the selective pressure of CDK4/6i. This 
proposed mechanism is the obverse of Knudson’s two-hit model, which 
seminally demonstrated that copy number loss occurs as a necessary 
second hit for oncogenesis in patients with hereditary retinoblastoma9. 
By contrast, in our proposed model, pre-existing RB1 het loss serves as 
the first hit increasing the likelihood of developing biallelic RB1 loss 
via acquired RB1 LoF variants as the second hit. Further studies will be 
needed to better refine the genomic and transcriptomic contexts pre-
dictive of CDK4/6i resistance resulting from biallelic RB1 inactivation.

Our study has potential limitations. First, we focused our analysis 
on exonic somatic variants that have previously demonstrated func-
tional significance, which may fail to capture potentially consequential 
interactions, such as intronic variants59 or epigenetic silencing60 of 
RB1. Second, given the real-world nature of this retrospective analysis, 
the timing between a particular event (start of treatment or disease 
progression) and a particular biopsy varied. In addition, our paired 
pre-CDK4/6i and post-CDK4/6i analysis may have failed to capture 
clonal expansion events that were extinguished by further therapy. 
Despite these caveats, we were able to conclusively demonstrate that 
pre-treatment RB1 allelic configuration and HRD predict for the devel-
opment of a second hit resulting in complete RB1 loss and our preclini-
cal models provide strong evidence for biological plausibility of the 
proposed mechanism.

https://clinicaltrials.gov/ct2/show/NCT06380751
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From a translational perspective, this work contributes to ongo-
ing efforts to hasten the identification and interception of acquired 
resistance mechanisms. The ability to predict the precise mechanism 
of acquired resistance from genomic characteristics detectable in 
the pre-treatment sample would be a valuable tool in the precision 
oncology arsenal. Although our work principally illustrates this con-
cept through RB1 hemizygosity, we hypothesize that the same frame-
work may extend to other acquired tumour suppressors implicated in 
resistance. Currently defined ‘targetable’ genomic lesions encompass 
mutations, copy number homozygous deletions and amplifications, 
and structural variants, which in their present genomic configura-
tion have already disrupted a specific oncogenic pathway. With this 
work, we expand the paradigm of the ‘actionable genome’ to states of 
allelic imbalance that have no biologic activity in their current allelic 
configuration but are predictive of therapeutic failure, and thus could 
be used to guide early interception strategies designed to delay the 
onset of resistance.
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Methods

Study cohort and prospective sequencing
The study cohort comprised 6,927 tumour samples from 5,881 
patients with breast cancer. All patients underwent prospective clini-
cal tumour and normal DNA sequencing as part of their clinical care 
(February 2014 to September 2021). The present study was approved 
by the MSK Institutional Review Board (IRB) and all patients pro-
vided written informed consent for tumour and paired normal DNA 
sequencing and review of medical records for clinical annotations. 
Genomic sequencing was performed on tumour DNA extracted from 
formalin-fixed, paraffin-embedded tissue and normal DNA extracted 
from mononuclear cells from peripheral blood in all patients as previ-
ously described22. Patient samples were sequenced in a CLIA-compliant 
laboratory using one of several versions of the MSK-Integrated Muta-
tion Profiling of Actionable Cancer Targets (IMPACT) targeted sequenc-
ing panel, which interrogates exonic and selected intronic regions of 
341, 410, 468 or 506 genes depending on the assay version, with somatic 
mutation calling performed using an extensively validated pipeline 
followed by manual review, as previously described22,23. Tumours were 
obtained from the primary site in 50.1% (n = 3,470) of samples and from 
a metastatic site in 49.8% (n = 3,457) of samples.

Anonymized germline variant calling was performed using a 
sequence analysis pipeline validated for clinical use in a CLIA-compliant 
laboratory performing clinical sequencing of patient tumours and 
matched normal blood specimens as a part of routine clinical care21. 
Germline variants with a population allele frequency of less than 2% 
in gnomAD exomes (v2.0.1) and genomes (v2.1.1) were assessed for 
pathogenicity following ACMG guidelines. Variants predicted by Vari-
ant Effect Predictor to have high-impact consequences were consid-
ered putative LoF variants. Variants were designated as pathogenic if 
classified as pathogenic or likely pathogenic in-house or by ClinVar or 
predicted to be LoF in a TSG. We excluded variants flagged as poten-
tially arising from clonal haematopoiesis or circulating tumour cells 
as previously described61.

We manually reviewed variants with discordant interpretations 
between ClinVar and in-house classifications, as well as variants with 
conflicting interpretations in ClinVar. Novel LoF variants were con-
sidered pathogenic unless located in the terminal exon, where such 
variants were considered pathogenic only if the same gene harboured 
previously designated pathogenic LoF variants located further down-
stream in the coding sequence. Low-risk variants in CHEK2 such as 
c.470T > C were excluded from the analysis.

Population frequencies were obtained from gnomAD exomes (v2.0.1) 
and gnomAD genomes (v2.1.1). Variants were annotated for patho-
genicity interpretations using ClinVar (accessed December 2024) and 
in-house classifications (as of August 2022) by expert clinical geneti-
cists. Ensembl Variant Effect Predictor was used to annotate variants 
for predicted functional consequences.

The external cohort consisted of tumour samples from gBRCA2 
primary tumours, which underwent whole-exome sequencing (WES) 
from samples collected at the University of Pennsylvania and Mayo 
Clinic5. Patients gave written informed consent for research use of 
germline DNA and tumour specimens under IRB-approved proto-
col at the University of Pennsylvania and Mayo Clinic. As previously 
described62, somatic tumour DNA was extracted from formalin-fixed, 
paraffin-embedded primary breast cancer specimens using standard 
laboratory deparaffinization, whereas germline DNA was extracted 
from whole blood or saliva. Tumour DNA libraries were prepared using 
the NEBNext formalin-fixed, paraffin-embedded repair mix and NEB
Next Ultra II DNA library prep kit (New England Biolabs), per the manu-
facturer’s instructions. Germline DNA libraries were prepared using 
the NEBNext Ultra DNA library prep kit (New England Biolabs), per the 
manufacturer’s instructions. DNA libraries were pooled and hybridized 
using SureSelect Target Enrichment System for Illumina Multiplex 

Sequencing (Agilent) and associated protocols. For WES, tumour and 
germline libraries were hybridized to SureSelect All Exon v5, SureSelect 
All Exon v6+COSMIC and SureSelect All Exon v7 captures (Agilent). WES 
was performed using an Illumina HiSeq 4000, and targeted sequencing 
was performed using an Illumina NovaSeq 6000. All sequencing was 
performed with 150 paired-end reads by the University of Pennsylvania 
Next Generation Sequencing Core.

FASTQ files from WES and targeted sequencing were aligned to the 
hg19 build of the human genome using the Burrows–Wheeler Aligner 
(BWA v0.7.17-r1188)63. Various bam file processing operations were 
performed using Samtools/htslib/bcftools (v1.11). The resulting bam 
files were processed according to Genome Analysis Toolkit (GATK v3.7) 
best practices (picardtools v2.20.7).

Zygosity inference
We inferred somatic zygosity for all germline pathogenic variants using 
locus-specific copy number and ASCN inference utilizing FACETS as pre-
viously described64. All ASCN solutions (FACETS outputs) from tumours 
with germline pathogenic variants were manually reviewed to ensure 
that the optimal solution was selected. Purity estimates were similarly 
inferred from the FACETS. We incorporated ASCN, purity and variant 
allele frequency (VAF) into a previously described framework65, allowing 
statistical inference of heterozygous, biallelic (loss of WT allele) or loss 
of mutant allele. The zygosity of the germline variant was considered 
indeterminate and excluded from zygosity analyses if the: (1) variant 
was homozygous in the germline; (2) read depth of coverage in the 
normal blood specimen was less than 50; (3) FACETS-derived total and 
minor copy numbers were not evaluable at the corresponding locus; or 
(4) an optimal solution could not be identified, most commonly due to 
low tumour purity. Using these criteria, out of the 472 total cases with 
germline pathogenic variant in the genes of interest, somatic zygosity 
status was evaluable for 447 (94.7%) of tumours. We excluded cases 
where copy number analysis and VAF were suggestive of loss of mutant 
allele, rather than WT (n = 22, 4.6%) from further analyses.

To initially determine whether a given germline variant was in allelic 
imbalance in the corresponding tumour specimen, we evaluated con-
sistency between observed somatic VAF and expected VAF. The latter 
value was calculated as a function of ASCN and purity as previously 
defined65. Germline variants were considered heterozygous if their 
observed VAF was either (1) consistent with the expected VAF (within 
its 95% binomial CI) given balanced heterozygosity (total copy num-
ber (TCN) and lesser copy number (LCN) of either 2 and 1 or 4 and 2 in 
diploid and genome doubled tumours, respectively), or (2) less than 
the lower bound of the 95% CI of the expected VAF corresponding to 
a TCN and LCN of 3 and 1, respectively, which was either single copy 
gain of the mutant or WT allele. Germline variants in allelic imbalance 
of any kind were those with an observed VAF that was either within or 
greater than the 95% CI of the expected VAF corresponding to a copy 
number state other than balanced heterozygosity. For allelically imbal-
anced germline variants, loss of the WT was determined as those with 
an observed VAF within the 95% CI (or greater than the lower bound 
of the 95% CI) of the expected VAF corresponding to a LCN equal to 0 
(observed VAF is concordant with the expected VAF when the lesser 
allele has a copy number of 0).

Data anonymization
All patients (n = 5,881) consented to an IRB-approved protocol allowing 
analysis of somatic and clinical data (NCT01775072). A subset of 2,896 
patients had additionally consented for identified analysis of germline 
variants under this protocol, whereas the remaining patients (n = 2,985) 
consented only to somatic analyses.

For analyses involving germline pathogenic variant status, we 
anonymized data into a unique anonymized ID (A-ID-#####), ena-
bling germline calls to be conducted on matched normal samples 
for all patients regardless of germline consent status in accordance 
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with MSK IRB guidelines for anonymized germline–somatic analy-
ses, as previously described65,66. For all patients, data were binned to 
avoid unique clinical or somatic alteration values and thereby prevent 
re-identification65,66. In brief, for patients who did not provide consent 
for identified germline analysis, genomic data were anonymized with 
a deterministic one-way hash function. In these patients, germline 
variant calling was performed using the clinically validated pipeline 
described above67, and PFS and OS times were rounded to the nearest 
month. For analyses in which germline data were not required, a sepa-
rate study-specific unique identifier (S-ID-#####) and fully anonymized 
clinical data were used for all the patients regardless of germline con-
sent status. Continuous clinical (for example, time to progression) and 
somatic genomic data were therefore able to be used for analyses that 
did not incorporate germline data.

Clinical data annotation
For the MSK cohort, clinical data were obtained from the validated 
Breast Translational Program’s clinical database, which contains com-
prehensive, longitudinal information on patient demographics, pathol-
ogy, treatment regimens and clinical outcomes4,39,68–71. Structured data 
were systematically curated using standardized clinical data annotation 
processes by a dedicated team of expert clinical data annotators and 
were maintained under rigorous quality-control procedures by expe-
rienced data managers. The data lock for the analysis was April 2025.

Each patient in the cohort was assigned a single receptor status. Rec-
ognizing potential intertumoural heterogeneity, we sought a unified 
definition as follows: (1) in cases in which any metastatic biopsy was 
sequenced, receptor status was defined by treating clinician interpre-
tation at the time of assigned first-line treatment; (2) in cases in which 
only a primary tumour is sequenced, receptor status was defined by 
receptor status of the sequenced primary. We excluded cases in which 
sequencing was obtained for external consultation (and therefore, 
lacked clinical or pathological data, n = 310), cases where the diagnosis 
was ductal carcinoma in situ (DCIS), with no evidence of invasive breast 
cancer during the clinical course (n = 1) or cases in which multi-site 
sequencing demonstrated no intrapatient genomic overlap and multi-
ple distinct receptor statuses consistent with multiple primary tumours 
(n = 4; Extended Data Fig. 1a). Using these definitions, the MSK cohort 
consisted of 3,703 patients (66.5%) with HR+/HER2– receptor status 
and 1,043 patients (18.7%) with triple-negative breast cancer, with the 
remainder (820, 14.7%) being HER2 amplified (HER2+).

Progression events were defined as (1) a radiographic or clinical 
disease progression prompting change in systemic therapy or rec-
ommendation for ablative local therapy directed at a site (or sites) 
of progressive disease; or (2) clinician assessment detailing radio-
graphic and/or clinical progression, after which it was documented 
that the patient and physician decided to continue the same therapy 
post-progression. In such cases, the time of progression was defined 
as the date of documented progression rather than the date of therapy 
discontinuation.

Enrichment analysis
We compiled mutations, fusions and copy number alterations pre-
dicted to be functionally significant (oncogenic or likely oncogenic) 
by the OncoKB precision oncology variant database72. All putative RB1 
homozygous deletions were manually re-reviewed. Cases in which the 
putative homozygous deletion spanned beyond the size of an ampli-
con (that is, an event that would be interpreted as incompatible with 
tumour survival) were not considered a functionally significant variant.

In cases in which a patient had multiple samples sequenced, we 
compiled the total somatic variants called from either the sequenced 
primary sample or all sequenced metastatic samples (omitting the 
primary), to avoid duplicate samples and to ensure that each set of 
variants was assigned either ‘primary’ or ‘metastasis’ as a covariate. For 
the purposes of this analysis, local recurrence samples were considered 

‘primary’. Upon excluding samples with indeterminable receptor status 
(as described in the ‘clinical data annotation’ section), 5,566 patients 
were eligible for Firth-penalized logistic regression.

Receptor status was also defined on a ‘per-patient’ basis as described 
above. Genes with alterations in less than 2% of the cohort were omitted 
from the analysis. For each remaining combination of germline gene X 
and somatic gene Y, we performed a Firth-penalized logistic regression 
to account for the sparsity of the dataset. Receptor status and sam-
ple type (metastatic versus primary) were included as covariates. The 
analysis was also repeated for each receptor status subtype, as well as 
repeated for biallelic versus mono-allelic germline variants. The latter 
step was only performed for samples in which zygosity was evaluable 
(n = 5,516). Putative P values were adjusted for multiple hypothesis 
testing using the Benjamini–Hochberg method; q < 0.10 was deemed 
to be statistically significant.

ASCN definitions
In the MSK cohort, somatic LOH events of RB1 were defined based on 
manual FACETS review of pre-CDK4/6i treatment samples. Pre-CDK4/6i 
ASCN analysis was performed on samples collected before first-line 
CDK4/6i treatment or as part of a matched pre-treatment and 
post-treatment CDK4/6i pair. Of 922 patients meeting this criteria, 
196 samples were excluded due to low purity or other technical limi-
tations (such as ‘waterfalling’ artefact), or paucity of heterozygous 
single-nucleotide polymorphisms allowing for confident lesser copy 
number inference. RB1 LOH was defined as LCN = 0, irrespective of 
TCN, whereas heterozygous state was any LCN > 0.

In the PALOMA-3 cohort, baseline ctDNA samples from the pal-
bociclib combination arm were sequenced using a 1,729 amplicon 
custom AmpliSeq panel, which included 119 single-nucleotide poly-
morphisms located within the RB1 gene. ctDNA-based LOH analysis 
was conducted using a bespoke pipeline48; RB1 LOH was defined as 
previously described73.

In the MSK cohort, we further separated the RB1 LOH (LCN = 0) group 
into (1) het loss, defined as a state with TCN = 1 and LCN = 0; and (2) other 
LOH, defined as a state with TCN > 1 and LCN = 0. Fraction genome 
altered was also calculated for each pre-treatment sample and defined 
as the fraction of log2 copy number variation (gain or loss) of more than 
0.2 divided by the total size of the copy number profiled region.

HRD inference analysis
To study the implications of HRD on clinical outcomes and mechanism 
of resistance, we inferred HRD from two orthogonal methods, which 
have been validated for use with targeted next-generation sequencing 
data. IMPACT-HRD quantifies genomic scars associated with HRD by 
analysing ASCN alterations determined with the FACETS algorithm 
(v0.5.14) and computing those genomic scars with the impact-hrd 
package (https://github.com/mskcc/facets-suite/blob/master/R/
copy-number-scores.R). All IMPACT-HRD assessments were completed 
using R (v4.1.2). In particular, three metrics were evaluated: number of 
telomeric allelic imbalances, large-scale transitions and losses of het-
erozygosity. The overall HRD phenotype is defined as the unweighted 
sum of these three metrics.

Clinical outcome analysis
We determined the association between genomic alterations and PFS 
with disease progression on therapy with CDK4/6i or patient death. 
Disease progression was defined as the date of the radiological study 
or clinical assessment that established progression of disease and 
prompted a change in systemic treatment, intervention with locally 
directed therapy (for example, radiation therapy), or otherwise an 
annotation in the chart documenting progression of disease. We catego-
rized CDK4/6i regimens based on their ET partner (aromatase inhibitor 
versus selective oestrogen receptor degrader). Patients with ablation 
of only known sites of disease with radiotherapy or surgical resection 
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before initiation of CDK4/6i therapy were excluded, as were patients 
who discontinued therapy due to toxicity within 2 weeks. When ET or 
CDK4/6i changed to another ET and CDK4/6i, respectively, for reasons 
other than disease progression (for example, toxicity, patient prefer-
ence or insurance coverage), the time on successive regimens was com-
bined to more accurately capture real-world PFS on the CDK4/6i + ET 
combination.

We used both univariate and multivariate Cox proportional hazard 
models (adjusted for ET partner (fulvestrant versus aromatase inhibi-
tors) and treatment line, where applicable). For patients with multiple 
lines of therapy from the same class of treatment, only the first treat-
ment line from that class that was started after the MSK-IMPACT biopsy 
was included in the analysis. For analyses pertaining to ASCN, fraction 
genome altered and whole-genome duplication were used as additional 
covariates. These are recognized poor prognostic factors and may be a 
confounding factor given increased likelihood for tumours with meas-
ures of copy number instability to harbour LOH of any specific region.

For OS analysis, we implemented a left-truncated model to account 
for the immortal time from diagnosis of metastatic disease (time 
zero) to enrolment on sequencing protocol. Similarly to the univari-
ate analyses, we used univariate and multivariate Cox proportional 
hazard models. In addition to ET partner, age at metastatic diagnosis 
was also included as a covariate. We rejected the null hypotheses with 
a two-sided α = 0.05.

For the matched-pairs analysis, we included all patients with available 
paired pre-CDK4/6i and post-CDK4/6i sequencing data. Pre-CDK4/6i 
samples consisted exclusively of tumour specimens sequenced 
using MSK-IMPACT with available ASCN and zygosity assessment 
for RB1. Post-treatment samples included post-progression CDK4/6i 
tumour specimens sequenced using MSK-IMPACT as well as ctDNA 
sequenced using either MSK-ACCESS74 or Guardant360 (ref. 75). For 
analyses comparing RB1 heterozygous loss with other allelic configu-
rations, we focused specifically on drivers of resistance rather than 
subclonal events. We therefore excluded post-treatment alterations in 
which the VAF was less than 0.30 of the maximum allele frequency of 
high-confidence variants present in the particular sample of interest.

For assessment of acquired tumour suppressor loss in the HRD versus 
BRCA2 versus non-HRD group, we considered tumour suppressor genes 
that have been implicated in CDK4/6i resistance: RB1 (refs. 35,39,76), 
PTEN77, LATS2 (ref. 39), FAT1 (ref. 39), TP53 (ref. 71), ARID1A78, LATS1  
(ref. 39) and NF1 (ref. 79). We excluded samples in which the ASCN was 
not evaluable in all these genes of interest, or in which there was already 
a biallelic LoF of one of the genes predicted to confer immediate resist-
ance (RB1, PTEN and NF1). We included patients with baseline TP53 loss, 
as it has been shown to facilitate cell cycle re-entry and is therefore 
associated with acquired resistance on an intermediate timescale71. 
We defined pre-treatment samples as either (1) gBRCA2, (2) non-BRCA2 
HRD (either harbouring a germline variant in BRCA1, PALB2 or classi-
fied as HRD-positive by the HRD-IMPACT assay) versus (3) non-HRD. 
All clinical outcome analyses were conducted with R software (v4.5.1) 
and the survival and exact2x2 packages.

In vivo PDX models
Targeted sequencing of post-mortem and PDX studies. Post-mortem 
tissue samples were selected for DNA extraction, library preparation 
and targeted sequencing. Up to 30 mg frozen tissue was digested with 
40 µl of proteinase K (600 mAU ml−1) in 360 µl Buffer ATL at 56 °C. 
Genomic DNA was isolated using the DNAeasy Blood & Tissue Kit 
(69504, Qiagen) according to the manufacturer’s protocol, includ-
ing treatment with RNase A. DNA was eluted in 60 µl 0.5X Buffer AE 
heated to 55 °C.

After PicoGreen quantification and quality control using an Agilent 
BioAnalyzer, 100 ng of genomic DNA was used to prepare libraries using 
the KAPA Hyper Prep Kit (07961901001, Roche) with eight cycles of PCR. 
Of each barcoded library, 100–135 ng was captured by hybridization in 

a pool of 9 samples using the IMPACT assay (IDT), designed to capture 
all protein-coding exons and select introns of 505 commonly impli-
cated oncogenes, tumour suppressor genes and members of path-
ways deemed actionable by targeted therapies. Captured pools were 
sequenced using an Illumina NovaSeq 6000 in PE100 run mode using 
the NovaSeq 6000 S4 Reagent Kit (200 cycles). All experiments were 
carried out at MSK’s Integrated Genomics Organization.

The demultiplexed FASTQ files from the post-mortem samples 
were aligned to the human genome reference GRCh37/hg19 using bwa 
mem (v0.7.17-r1188)63 and deduplicated using Picard MarkDuplicates 
(v2.21.8). Quality-control metrics of the alignments included (1) unique 
passing filter (PF)-aligned read pairs, (2) mean target coverage, (3) mean 
insert size, and (4) major or minor contamination.

Variant calling was performed using a previously described pipe-
line80. In brief, structural nucleotide variants were detected in the 
tumour–normal pairs using Mutect (v1.1.6)81, whereas indels were 
detected using a consensus of Varscan 2 (v2.4.6)82, Strelka (v2.9.10)83, 
Scalpel (v0.5.4)84 and Platypus (v0.8.1.2)85. Variants found with 
more than 0% global allele frequency in the 1000 Genomes database  
(phase III) or more than 0.01% across any population in the ExAC data-
base (release 0.3.1) or that were covered by 10 reads in the tumour or  
5 reads in the germline were filtered out. Variants for which the tumour 
variant allele fraction was more than five times than that of the normal 
variant allele fraction were filtered out. The aggregated set of variants 
identified in the tissues and xenografts were re-genotyped in all samples 
using SAMtools mpileup (v1.19.2)86. Copy number alterations were 
detected using Facets (v0.6.2)64. In addition, off-target reads were used 
to estimate log2 ratios using CNVkit (v0.9.8)87. Structural variants were 
detected using the consensus of Manta (v1.6.0)88, SvABA (v1.1.0)89 and 
GRIDSS (v2.13.2)90. The aggregated set of structural variants identified 
were re-genotyped in all samples using Paragraph (v2.3)91 and annota-
tion of the structural variants was done using vcf2maf (v1.6.22; https://
github.com/mskcc/vcf2maf) and AnnotSV (v3.5.3)92. Reversion muta-
tions and structural variants affecting BRCA2 were further classified 
using aardvark (v0.35)93,94.

MSK PDXs (PDX-L and PDX-R)
Animal studies. Mouse studies were conducted through the MSK anti-
tumour core facility in compliance with institutional guidelines under 
an Institutional Animal Care and Use Committee-approved protocol 
(MSK IRB 12-10-016). PDXs were established by implanting freshly col-
lected autopsy samples from a patient in MSK’s Last Wish Program (MSK 
IRB 15-021), which enables patients to donate their bodies post-mortem 
for research. The samples were collected at MSK under approved IRB 
biospecimen protocols (MSK IRB 12-245 and 06-107).

Animals were maintained in accordance with the Guide for the Care 
and Use of Laboratory Animals in an AAALAC-accredited facility. All pro-
cedures outlined in the study were approved by the MSK Cancer Center 
Institutional Animal Care and Use Committee. Animals were housed 
in individually ventilated caging systems (Thoren Caging Systems), on 
autoclaved aspen chip bedding (PJ Murphy Forest Products) and were 
provided a γ-irradiated commercial diet (PicoLab Rodent Diet 20, 5053 
LabDiet, PMI Nutrition International), and acidified water (pH 2.5–2.8) 
ad libitum. Mice were housed at a population density that ranged from 
1 to 5 mice per cage in an environment providing a temperature of 21.1–
22.2 °C (70–72 °F), 30–70% humidity, 10–15 fresh air exchanges hourly 
and a 12–12-h light–dark cycle (lights on, 06:00–18:00). For PDX studies, 
the tumours were expanded by serial subcutaneous transplantation.

In vivo studies. The 0.18 mg/90-day-release oestrogen pellets were 
implanted into 6-week-old female NSG mice 5 days before tumour 
implantation. When xenografts reached 100 mm3, mice were rand-
omized to treatment arms of vehicle (saline), fulvestrant (200 mg kg−1 
subcutaneous, twice weekly), ribociclib (75 mg kg−1 PO, 5 days per week) 
or combination therapy. Tumour size was measured twice a week. The 
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animals were euthanized at the end of the experiment and tumours were 
collected for histological and biochemical analyses. The maximum 
allowed tumour size was 2,000 mm3. The sample size for PDX experi-
ments was calculated based on previous experience with this model 
and drug response. No statistical method was used to predetermine 
sample size. The investigators were not blinded to allocation during 
experiments and outcome assessment.

For analysis, a linear mixed-effect model was used for comparing the 
growth curves between the treatment conditions. In detail, the model 
included the tumour volume as the dependent variable, individual 
mouse ID as a random intercept, and day, treatment and the interaction 
term between day and treatment as fixed effects. In PDX-R, the model 
comparing ribociclib to vehicle failed to converge. This was attribut-
able to one extreme outlier mouse in each group at multiple timepoints 
identified using the Tukey method (tumour volume exceeding quantile 
3 + 1.5 × interquartile range). Once excluding these outliers, the mixed 
effect model successfully converged and satisfied the model assump-
tions. A sensitivity analysis confirmed that the exclusion of these two 
mice did not alter the biological conclusion regarding the significance. 
Complete tumour raw data are included in the supplement.

Immunoblotting. Frozen PDX tumours were thawed on ice, cut into 
small pieces and placed in Lysing Matrix tubes (6910100, MP Biomedi-
cals). SDS lysis buffer was added, and the sample was homogenized for 
40 s and then boiled at 100 °C for 5 min. The supernatant was trans-
ferred and subjected to sonication at 40–45 amp for 30 s, repeated 
twice. After sonication, lysates were boiled again and then centrifuged. 
Protein concentration was quantified with BCA protein assay (23225, 
Thermo Scientific). Of protein, 25 µg was loaded for 3–8% Tris-acetate 
gel (NuPage) electrophoresis and transferred to nitrocellulose mem-
branes. Blots were blocked with 5% non-fat milk in TBST for 1 h at room 
temperature and then incubated with primary antibody at 4 °C over-
night. The following primary antibodies were used at 1:1,000 dilution: 
BRCA2 (123491, Abcam), pRB S780 (8180S, Cell Signaling Technology) 
and Rb (9313S, Cell Signaling Technology). Secondary antibodies con-
jugated with fluorescence (#926-32211 and #926-68070, LI-COR Biosci-
ence) were incubated for 1 h at room temperature. Blots were imaged 
by Odyssey Clx Imaging System (LI-COR Biosciences); raw images are 
included in Supplementary Fig. 1.

Whole-genome sequencing of PDX samples. Post-CDK4/6i PDX 
samples were selected for DNA extraction, library preparation and 
whole-genome sequencing. The tissue samples were homogenized 
in 500 µl MagMAX DNA Cell and Tissue Extraction Buffer (A45469, 
Thermo Fisher) for up to 40 s and DNA from lysate was extracted using 
the MagMAX DNA Multi-Sample Ultra 2.0 Kit (A36570, Thermo Fisher) 
on the KingFisher Apex System (Thermo Fisher) according to the manu-
facturer’s protocol. The samples were eluted in 80 µl elution solution.

After PicoGreen quantification and quality control using an Agilent 
TapeStation, 500 ng of genomic DNA were sheared using a LE220-plus 
Focused-ultrasonicator (500569, Covaris) and sequencing libraries 
were prepared using the KAPA EvoPrep Kit (10212250702, Roche) with 
modifications. The libraries were subjected to a 0.5× size selection 
using aMPure XP beads (A63882, Beckman Coulter) after post-ligation 
cleanup. The libraries were not amplified by PCR and were pooled at 
equal volume. The samples were sequenced using an Illumina NovaSeq 
X in PE150 run mode using the NovaSeq X 25B Reagent Kit. All experi-
ments were carried out at MSK’s Integrated Genomics Organization.

The demultiplexed FASTQ files were aligned to a chimeric genome  
reference comprising the human reference GRCh37/hg19 and the 
mouse GRCm38/mm10 using bwa mem (v0.7.17-r1188)63. Read pairs 
where at least one end (R1 and/or R2) had a primary alignment the 
mouse genome were filtered out and the remaining read pairs were 
re-aligned to the human reference GRCh37/hg19 as described above. 
Quality control of the alignments was done as previously described 

above in which the percent of mouse content was quantified as the 
number of unique PF read pairs aligned to the mouse genome relative 
to the total unique PF aligned read pairs. Copy number alterations were 
detected using Facets (v0.6.2)64. Structural variants were detected 
using the consensus of Manta (v1.6.0)88, SvABA (v1.1.0)89 and GRIDSS 
(v2.13.2)90. The aggregated set of structural variants identified in the 
xenografts were re-genotyped in all samples using Paragraph (v2.3)91, 
and annotation of the structural variants was done using vcf2maf 
(v1.6.22; https://github.com/mskcc/vcf2maf) and AnnotSV (v3.5.3)92.

Institut Curie PDXs. PDX-C (HBCx-118) models of ER+ MBC were obtai
ned by engrafting biopsies from spinal bone metastases of patients with 
ER+ breast cancer progressing under ET. Specifically, this model was 
derived from a patient with ER+ MBC previously exposed to combination 
fluorouracil, epirubicin and cyclophosphamide (FEC) chemotherapy 
and tamoxifen in the adjuvant setting, and aromatase inhibitor and 
paclitaxel in the metastatic setting. The protocol was approved by the 
Institut Curie Hospital committee (Comité de Revue Institutionnel). 
Bone metastasis biopsies were engrafted with informed consent from 
the patient into the interscapular fat pad of female Swiss nude mice 
(Charles River Laboratories), which were maintained under specific 
pathogen-free conditions. Their care and housing were in accordance 
with institutional guidelines and the rules of the French Ethics Commit-
tee: CEEA-IC (Comité d’Ethique en matière d’expérimentation animale 
de l’Institut Curie, National registration number: #118). The project 
authorisation no. is 02163.02. The housing facility was kept at 22 °C 
(± 2 °C) with a relative humidity of 30–70%. The light–dark cycle was 
12 h light–12 h dark.

For efficacy studies, tumour fragments were transplanted into female 
8-week-old Swiss nude mice. When tumours reached a volume com-
prised between 100 and 200 mm3, xenografts were randomly assigned 
to the different treatment groups of vehicle and palbociclib 75 mg kg−1 
PO 5 days per week. Tumour size was measured with a manual caliper 
twice per week. Tumour volumes were calculated as V = a × b2/2, a 
being the largest diameter, by the smallest. Tumour volumes were then 
reported to the initial volume as relative tumour volume. Means (and 
s.d.) of relative tumour volume in the same treatment group were cal-
culated, and growth curves were established as a function of time. For 
each tumour, the percent change in volume was calculated as (Vf − V0/
V0)/100, V0 being the initial volume (at the beginning of treatment) 
and Vf the final volume (at the end of treatment).

PDX-P1 and PDX-P2. All animal work was conducted according to Astra-
Zeneca’s Global Bioethics Policy (https://www.astrazeneca.com/con-
tent/dam/az/Sustainability/Bioethics_Policy.pdf), in accordance with 
the PREPARE guidelines and reported in line with the ARRIVE guidelines.

Studies with PDX-P1 (ST4316B) were performed under contract with 
XenoStart at AAALAC-accredited facilities and performed in accord-
ance with protocols approved by the START ‘Institutional Animal Care 
and Use Committee’ and AstraZeneca’s ‘Platform for Animal Research 
Tracking and External Relationships’ (PARTNER) group. Mice were 
acclimated for a minimum of 24 h and housed on irradiated corncob 
bedding (Teklad) in individual HEPA-ventilated cages (Sealsafe Plus, 
Techniplast USA) on a 12-h light–dark cycle at 21–23 °C and 40–60% 
humidity. Animals were fed water ad libitum (reverse osmosis, 2 ppm 
Cl2) and an irradiated standard rodent diet (Teklad). Xenografts were 
established by subcutaneous surgical implantation of an approxi-
mately 70 mg tumour fragment into the right flanks of 6–12-week-old 
female athymic nude animals. Tumours reached 0.15–0.3 cm3 before 
the animals were randomized into groups. Tumour volume (mm3) was 
calculated as width2 × length × 0.52.

Studies with PDX-P2 (HBCx-22) were performed under contract 
with Xentech under authorization by the ‘Direction Départemen-
tale de la Protection des Populations, Ministère de l’Agriculture et de 
l’Alimentation’, France and in accordance with protocols approved by 

https://github.com/mskcc/vcf2maf
https://www.astrazeneca.com/content/dam/az/Sustainability/Bioethics_Policy.pdf
https://www.astrazeneca.com/content/dam/az/Sustainability/Bioethics_Policy.pdf


Xentech along with AstraZeneca’s PARTNER group. Mice were delivered 
to the facility at least 7 days before the experiment for acclimatizing 
to environmental conditions. Mice were housed in polysulfone plastic 
(PSU) individually ventilated cages (213 mm width × 362 mm diam-
eter × 185 mm height) bedded with sterilized and dust-free bedding 
cobs. Animals had controlled light–dark cycle (14-h circadian cycle 
of artificial light) at 20–24 °C and 40–75% humidity. Each mouse was 
offered a complete pellet diet (150-SP-25, SAFE) and filtered, sterilized 
tap water ad libitum throughout the study.

Xenografts were established by subcutaneous surgical implanta-
tion of approximately 20 mm3 into the flank of female athymic nude 
-Foxn1nu mice. Tumours reached 0.1–0.3 cm3 before animals were 
randomly assigned into treatment groups. Tumour volume (mm3) was 
calculated as [length × width2]/2.

Animals were randomized into treatment groups, saruparib 1 mg kg−1, 
camizestrant 10 mg kg−1 and palbociclib 50 mg kg−1 dosed PO daily, 
according to the tumour size criteria outlined above to obtain treat-
ment arms with homogeneous geomean volumes. For both studies, 
tumours were measured twice weekly. Changes in tumour volume and 
growth inhibition were determined by bilateral Vernier caliper meas-
urement (length × width). Length was the longest diameter across the 
tumour, and width was the corresponding perpendicular. Conscious 
animals were euthanized by cervical dislocation with secondary con-
firmation at the end of the study or for welfare condition. For analysis, 
two-way ANOVA followed by Sidak’s multiple comparisons test was 
used to compare tumour volumes up to day 35 (last day of evaluable 
tumour volume among all groups) between the treatment conditions 
saruparib and palbociclib.

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
The assembled prospective somatic and germline mutational data 
from tumours needed to replicate our figures for the entire cohort 
are provided as Supplementary Tables. Deidentified clinical out-
comes have been provided in the Supplementary Tables. BAM files 
from whole-genome sequencing of the post-CDK4/6i sample from 
PDX-L, as well as BAM files from deep-targeted sequencing from rapid 
autopsy have been uploaded to the European Genome Archive (acces-
sion EGAC50000000858). Otherwise, our analyses may be replicated 
with the supplementary files provided.

Code availability
The custom code and scripts for the current study are available on 
GitHub (https://github.com/antonmsafonov/germline-somatic-RB1/).
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Extended Data Fig. 1 | CONSORT diagram and zygosity status. a, CONSORT 
diagram outlining inclusion criteria for germline–somatic analysis and 
CDK4/6i outcome analysis comparing gBRCA2 to gWT. Cases were excluded 
from further clinicogenomic analysis if clinical or pathological data were  
not available, if the patient did not have invasive breast cancer (i.e. ductal 
carcinoma in situ was sequenced), and if the patient had multiple evolutionarily 
distinct tumors with discordant receptor status (n = 315 excluded total). 
Patients were excluded if zygosity could not be ascertained due to technical 
reasons (including indeterminate LOH in the genes of interest); patients with 
loss of mutated allele were also excluded from analysis. Patients were excluded 
from downstream analysis of CDK4/6i + ET and endocrine therapy outcomes 

for the following reasons if: i) initial receptor status was TNBC or HER2 + , ii) the 
patients received CDK4/6i for <2 weeks prior to toxicity, iii) if all the known sites 
of disease were ablated prior to initiation of CDK4/6i + ET (e.g., oligometastatic 
disease rendered to have “no evidence of disease” prior to initiation of systemic 
after radiotherapy). b, Zygosity status of germline PVs involved in homologous 
recombination pathway. Descriptive summary of zygosity status of each gene 
included in our study, distinguishing between mechanism of loss of WT allele 
(LOH or somatic second hit LoF mutation). Loss of the mutated allele (Loss PV) 
is also labeled. Biallelic inactivation rates varied across genes. As this is a 
descriptive figure, no statistical analysis was performed.
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Extended Data Fig. 2 | Germline–somatic interactions, stratified by 
zygosity status. a-e, Enrichment analysis of germline PVs compared to gWT. 
Analyses for gBRCA1 (a), gBRCA2 (b), gCHEK2 (c), gPALB2 (d); gATM (e). Overall 
results were generated by iteratively applying Firth penalized regression 
across all genes with a somatic variant frequency >3% in the cohort. Receptor 

status and zygosity were employed as covariates. For each analysis, q values 
were calculated, and significant somatic–germline interactions were defined 
as q < 0.10. Where indicated, overall cohort analysis is followed by stratification 
by allelic status and receptor status.



Extended Data Fig. 3 | Oncoprints of enriched germline–somatic 
interactions. Oncoprints showing somatic alteration types across patients 
(columns) and genes (rows). Somatic mutation types, copy number alterations, 
and fusions in the indicated genes are annotated; only genes identified as 

significant in the germline–somatic interaction analyses are included. 
Receptor status, sample type, and zygosity are annotated above the oncoprint. 
a, gBRCA1 vs. gWT. b, gCHEK2 vs. gWT. c, gATM vs. gWT. d, gPALB2 vs. gWT.
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Extended Data Fig. 4 | Impact of gBRCA2 status on therapeutic response 
across systemic modalities. a, Forest plot depicting the PFS by gBRCA2 status 
on the outcome of other therapeutic modalities in MBC, as well as OS of gBRCA2 
status of the CDK4/6i cohort (ngBRCA2 = 51, nWT = 925). Additional therapeutic 
settings studied included endocrine monotherapy (ngBRCA2 = 15, nWT = 670), 
capecitabine (ngBRCA2 = 46, nWT = 1,173), intravenous chemotherapy (ngBRCA2 = 36, 
nWT = 696), mTOR inhibitor (ngBRCA2 = 21, nWT = 620), and antibody–drug conjugates 
(ngBRCA2 = 13, nWT = 347). Analysis was performed by Cox proportional hazard 
model. Data is reported as HRs, with bars representing 95% CIs. b, Ladder plot 
demonstrating time on treatment between CDK4/6i and subsequent-line PARPi 

for n = 41 independent patients. Progression is indicated by black dots, and 
ongoing treatment by green triangles. The upper and lower hinges of the box 
plots represent the 75th and 25th percentile of treatment duration in each  
group, with the central line representing the median. c, Comparison of best 
radiographic response between CDK4/6i and subsequent-line PARPi. d,e, Two 
representative gBRCA2 patients with rapid progression on CDK4/6i + ET. In both 
cases, post-CDK4/6i samples harbored multiple RB1 LoF alterations, suggestive 
of convergent evolution. Both patients showed relatively longer responses on 
subsequent-line PARPi. Schematics in panels d,e created in BioRender; Razavi,  
P. https://biorender.com/c2o6wfb (2025).

https://biorender.com/c2o6wfb


Extended Data Fig. 5 | Validation of concurrent RB1 and BRCA2 LOH in 
external gBRCA2 WES cohort. FACETS was performed on whole-exome 
sequencing of gBRCA2 breast cancer samples from Abramson Cancer Center  
at the University of Pennsylvania (n = 24), and the Mayo Clinic (n = 22). Of these 
samples, 38 (82.6%) demonstrated concurrent LOH of BRCA2 and RB1.  
The association between RB1 LOH and BRCA2 LOH was statistically significant 
by two-sided Fisher’s exact test (OR = Inf, 95% CI: 11.12 – Inf, P < 0.00001).
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Extended Data Fig. 6 | Progression-free and overall survival in PALOMA-3. 
PFS and OS results from the experimental arm (fulvestrant plus palbociclib) 
and the placebo arm of PALOMA-3 (fulvestrant plus placebo) by baseline RB1 
LOH (Experimental arm: nRB1-LOH = 19, nNo-RB1-LOH = 240, Placebo arm: nRB1-LOH = 11, 
nNo-RB1-LOH = 131). The PFS and OS results from the experimental arm are 
replicated from Fig. 3d,e. HRs were estimated using Cox proportional hazard 
models (P from two-sided Wald test). No multiple comparisons adjustment. 
Data are reported as HRs, with bars representing 95% CIs.



Extended Data Fig. 7 | Association between preceding treatment and RB1 
loss-of-function variant. Sequenced tumor samples from patients with HR+/
HER2– MBC were categorized by preceding therapeutic exposure: endocrine 
monotherapy (n = 1,818 samples sequenced after therapy), CDK4/6i (n = 926), 
chemotherapy (n = 1,395), antibody–drug conjugate (n = 92), other targeted 
therapy (PI3K, mTOR or AKT inhibitors, n = 277). A multivariable logistic 
regression model was constructed with preceding treatment type as 
independent variable and presence of RB1 LoF as dependent variable. Data are 
reported as ORs, with bars representing 95% CIs. Two-sided Wald tests were 
used for inference. Only prior CDK4/6i exposure was significantly associated 
with RB1 LoF (OR = 3.08, 95% CI: 1.76 – 5.54, P = 0.00011). RB1 LoF was not 
enriched after endocrine monotherapy (OR = 1.25, 95% CI: 0.36 – 7.93, P = 0.76), 
PI3K/AKT/mTORi (OR = 0.81, 95% CI: 0.30 – 1.83, P = 0.64), antibody–drug 
conjugate therapy (OR = 1.78, 95% CI: 0.28 – 6.39, P = 0.45), or chemotherapy 
(OR = 0.90, 95% CI: 0.51 – 1.65, P = 0.74).
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Extended Data Fig. 8 | CONSORT diagram for case selection for first-line 
CDK4/6i + ET outcomes stratified by allele-specific copy number of RB1. 
ASCN analysis was performed on tumor samples collected prior to initiation of 
first-line CDK4/6i + ET. Samples were excluded (n = 158) for technical reasons 

including low purity or paucity of heterozygous SNPs in the region of interest. 
The CONSORT diagram describes the clinical outcomes analysis on the 547 
samples remaining, as well as the matched pairs analysis on the 405 samples 
with corresponding post progression biopsies.



Extended Data Fig. 9 | Implications of HRD signature on CDK4/6i PFS in 
gBRCA2 WT breast cancers. HRD inference was performed with an orthogonal 
method (HRD-IMPACT, see Methods). This included calculation of large state 
transitions (LST), telomeric allelic imbalance (TAI) and LOH from samples that 
passed purity and ASCN imputation QC metrics. The HR was derived using a 
Cox proportional hazard model (P from two-sided Wald test). Among gBRCA2 
WT patients, HRD was associated with a significantly shorter PFS (HR = 1.78, 95% 
CI: 1.27 – 2.48, P = 0.00075).
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Extended Data Fig. 10 | Multi-site genomic profiling from rapid autopsy  
of a gBRCA2 carrier. a, Oncoprint summarizing targeted sequencing (MSK-
IMPACT) of tumors collected at rapid autopsy as well as prior clinical biopsies 
from the same patient. Each column represents an individual tumor sample, 
grouped by clinical versus autopsy samples. Of note, an RB1 splice variant was 
detected exclusively in chest wall biopsy 2, performed in the clinical setting. 
This alteration was not identified in subsequent clinical or autopsy samples, 
despite deep targeted sequencing and genotyping of the sequencing reads.  

b, PDXs were created from two distinct metastatic deposits, both in the left 
upper lung. One sample demonstrated a large deletion (spanning from 
32,910,896 to 32,912,390), resulting in a truncating mutation and conferring 
BRCA2 protein loss (PDX-L). Another sample demonstrated an in-frame deletion 
which encompassed the site of the original PV, resulting in restoration of the 
reading frame and a predicted BRCA2 reversion variant (PDX-R). c, Aside from 
the SV shown in b, PDX-L and PDX-R exhibited overlapping copy number 
patterns, reflecting a strong genomic concordance between the two samples.
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Statistics
For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided 
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) 
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code
Policy information about availability of computer code

Data collection No software was used for data collection. 

Data analysis Study cohort and prospective sequencing 
The study cohort comprised 6,927 tumor samples from 5,881 breast cancer patients. All patients underwent prospective clinical tumor and 
normal DNA sequencing as part of their clinical care (February 2014 to September 2021). The present study was approved by the Memorial 
Sloan Kettering Cancer Center (MSK) Institutional Review Board (IRB) and all patients provided written informed consent for tumor and paired 
normal DNA sequencing and review of medical records for clinical annotations. Genomic sequencing was performed on tumor DNA extracted 
from formalin-fixed, paraffin-embedded tissue and normal DNA extracted from mononuclear cells from peripheral blood in all patients as 
previously described. Patient samples were sequenced in a CLIA-compliant laboratory using one of several versions of the MSK-IMPACT 
targeted sequencing panel, which interrogates exonic and selected intronic regions of 341, 410, 468 or 506 genes depending on the assay 
version, with somatic mutation calling performed using an extensively validated pipeline followed by manual review, as described previously. 
Tumors were obtained from the primary site in 50.1% (n = 3,470) of samples and from a metastatic site in 49.8% (n = 3,457) of samples. 
 
Anonymized germline variant calling was performed using a sequence analysis pipeline validated for clinical use in a CLIA-compliant laboratory 
performing clinical sequencing of patient tumors and matched normal blood specimens as a part of routine clinical care21. Germline variants 
with a population allele frequency <2% in gnomAD exomes (v2.0.1) and genomes (v2.1.1) were assessed for pathogenicity following ACMG 
guidelines. Variants predicted by VEP to have high-impact consequences were considered putative LoF variants. Variants were designated as 
pathogenic if classified as pathogenic or likely pathogenic in-house or by ClinVar or predicted to be LoF in a TSG. We excluded variants flagged 
as potentially arising from clonal hematopoiesis or circulating tumor cells as previously described.  
 
We manually reviewed variants with discordant interpretations between ClinVar and in-house classifications, as well as variants with 
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conflicting interpretations in ClinVar. Novel LoF variants were considered pathogenic unless located in the terminal exon, where such variants 
were considered pathogenic only if the same gene harbored previously designated pathogenic LoF variants located further downstream in the 
coding sequence. Low-risk variants in CHEK2 such as c.470T>C were excluded from the analysis. 
 
Population frequencies were obtained from gnomAD exomes (v2.0.1) and gnomAD genomes (2.1.1). Variants were annotated for 
pathogenicity interpretations using ClinVar (accessed December 2024) and in-house classifications (as of August 2022) by expert clinical 
geneticists. Ensembl Variant Effect Predictor was used to annotate variants for predicted functional consequences. 
 
The external cohort consisted of tumor samples from gBRCA2 primary tumors which underwent whole-exome sequencing (WES) from 
samples collected at University of Pennsylvania and Mayo Clinic. Patients gave written informed consent for research use of germline DNA 
and tumor specimens under IRB-approved protocol at University of Pennsylvania and Mayo Clinic. As previously described, somatic tumor 
DNA was extracted from FFPE primary breast cancer specimens using standard laboratory deparaffinization, while germline DNA was 
extracted from whole blood or saliva. Tumor DNA libraries were prepared using the NEBNext FFPE Repair mix and NEBNext Ultra II DNA library 
prep kit (New England Biolabs), per manufacturer’s instructions. Germline DNA libraries were prepared using the NEBNext Ultra DNA library 
prep kit (New England Biolabs), per manufacturer’s instructions. DNA libraries were pooled and hybridized using SureSelect Target Enrichment 
System for Illumina Multiplex Sequencing (Agilent) and associated protocols. For WES, tumor and germline libraries were hybridized to 
SureSelect All Exon v5, SureSelect All Exon v6+COSMIC, and SureSelect All Exon v7 captures (Agilent). WES was performed using an Illumina 
HiSeq 4000 and targeted sequencing was performed using an Illumina NovaSeq 6000. All sequencing was performed with 150 paired-end 
reads by the University of Pennsylvania Next Generation Sequencing Core. 
 
FASTQ files from whole-exome and targeted sequencing were aligned to the hg19 build of the human genome using the Burrows-Wheeler 
Aligner (BWA v.0.7.17-r1188). Various bam file processing operations were performed using Samtools/htslib/bcftools v1.11. The resulting bam 
files were processed according to Genome Analysis Toolkit (GATK v3.7) best practices (picardtools v2.20.7).  
 
Zygosity inference 
We inferred somatic zygosity for all germline PVs using locus- and allele-specific copy number (ASCN) inference utilizing FACETS as previously 
described. All ASCN solutions (FACETS outputs) from tumors with germline PVs were manually reviewed to ensure that the optimal solution 
was selected. Purity estimates were similarly inferred from the FACETS. We incorporated ASCN, purity and variant allele frequency into a 
previously described framework, allowing statistical inference of heterozygous, biallelic (loss of WT allele), or loss of mutant allele. The 
zygosity of the germline variant was considered indeterminate and excluded from zygosity analyses if the: (1) variant was homozygous in the 
germline; (2) read depth of coverage in the normal blood specimen was <50; (3) FACETS-derived total and minor copy number were not 
evaluable at the corresponding locus, or (4) An optimal solution could not be identified, most commonly due to low tumor purity. Using these 
criteria, out of the 627 total cases with germline PV in the genes of interest, somatic zygosity status was evaluable for 586 (93.4%) of tumors. 
We excluded cases where copy number analysis and variant allele frequency was suggestive of loss of mutant allele, rather than WT (n = 30, 
5.1%) from further analyses. 
 
To initially determine whether a given germline variant was in allelic imbalance in the corresponding tumor specimen, we evaluated 
consistency between observed somatic VAF and expected VAF. The latter value was calculated as a function of ASCN and purity as defined 
previously. Germline variants were considered heterozygous if their observed VAF was either (1) consistent with the expected VAF (within its 
95% binomial CI) given balanced heterozygosity (tcn and lcn of either 2 and 1 or 4 and 2 in diploid and genome doubled tumors, respectively), 
or (2) less than the lower bound of the 95% CI of the expected VAF corresponding to a tcn and lcn of 3 and 1, respectively, which was either 
single copy gain of the mutant or WT allele. Germline variants in allelic imbalance of any kind were those with an observed VAF that was 
either within or greater than the 95% CI of the expected VAF corresponding to a copy-number state other than balanced heterozygosity. For 
allelically imbalanced germline variants, loss of the WT was determined as those with an observed VAF within the 95% CI (or greater than the 
lower bound of the 95% CI) of the expected VAF corresponding to a lcn equal to 0 (observed VAF is concordant with the expected VAF when 
the lesser allele has a copy number of 0).  
 
Data anonymization 
All patients (n = 5,881) consented to an IRB-approved protocol allowing analysis of somatic and clinical data (NCT01775072). A subset of 2,896 
patients had additionally consented for identified analysis of germline variants under this protocol whereas the remaining patients (n = 2,985) 
consented only to somatic analyses.  
 
For analyses involving germline PV status, we anonymized data into a unique anonymized ID (A-ID-#####), enabling germline calls to be 
conducted on matched normal samples for all patients regardless of germline consent status in accordance with MSK IRB guidelines for 
anonymized germline–somatic analyses, as previously described. For all patients, data were binned to avoid unique clinical or somatic 
alteration values and thereby prevent re-identification. Briefly, for patients who did not provide consent for identified germline analysis, 
genomic data was anonymized with a deterministic one-way hash function. In these patients, germline variant calling was performed using 
the clinically validated pipeline described above, and PFS and OS times were rounded to the nearest month. For analyses in which germline 
data were not required, a separate study-specific unique identifier (S-ID-#####) and fully anonymized clinical data were used for all the 
patients regardless of germline consent status. Continuous clinical (e.g. time to progression) and somatic genomic data were therefore able to 
be used for analyses which did not incorporate germline data.  
 
Allele-Specific Copy Number Definitions 
In the MSK cohort, somatic loss of heterozygosity events of RB1 were defined based on manual FACETS review of pre-CDK4/6i treatment 
samples. Pre-CDK4/6i ASCN analysis was performed on samples collected prior to first-line CDK4/6i treatment or as part of a matched pre- 
and post-treatment CDK4/6i pair. Of 922 patients meeting this criteria, 196 samples were excluded due to low purity or other technical 
limitations (such as “waterfalling” artifact), or paucity of heterozygous SNPs allowing for confident lesser copy number inference. RB1 loss of 
heterozygosity (LOH) was defined as lesser copy number of zero (LCN = 0), irrespective of total copy number (TCN), while heterozygous state 
was any lesser copy number greater than or equal to one (LCN > 0). 
 
In the PALOMA-3 cohort, baseline ctDNA samples from the palbociclib combination arm were sequenced using a 1,729 amplicon custom 
AmpliSeq panel, which included 119 SNPs located within the RB1 gene. ctDNA-based LOH analysis was conducted using a bespoke pipeline; 
RB1 LOH was defined as previously described in O’Leary et al. 
 
In the MSK cohort, we further separated the RB1 LOH (LCN = 0) group into i) heterozygous loss (“Het Loss”), defined as a state with total copy 
number of one and lesser copy number of zero (TCN = 1 & LCN = 0) and ii) “other LOH” defined as a state with total copy number greater than 
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one and lesser copy number of zero (TCN > 1 & LCN = 0). Fraction genome altered (FGA) was also calculated for each pre-treatment sample 
and defined as the fraction of log2 copy number variation (gain or loss) > 0.2 divided by the total size of the copy number profiled region. 
 
Homologous Recombination Inference Analysis 
To study the implications of HRD on clinical outcomes and mechanism of resistance, we inferred HRD from two orthogonal methods which 
have been validated for use with targeted NGS data. IMPACT-HRD quantifies genomic scars associated with HRD by analyzing ASCN alterations 
determined with the FACETS algorithm (version 0.5.14) and computing those genomic scars with the impact-hrd package (https://github.com/
mskcc/facets-suite/blob/master/R/copy-number-scores.R). All IMPACT-HRD assessments were completed using R Version 4.1.2. In particular, 
three metrics were evaluated: number of telomeric allelic imbalances (NtAI), large-scale transitions (LST), and losses of heterozygosity (HRD-
LOH). The overall HRD phenotype is defined as the unweighted sum of these three metrics (HRD-sum). 
 
Targeted sequencing of post-mortem and PDX studies 
Post-mortem tissue samples were selected for DNA extraction, library prep and targeted sequencing. Up to 30 mg frozen tissue were digested 
with 40 μl of Proteinase K (600 mAU/ml) in 360 μl Buffer ATL at 56°. Genomic DNA (gDNA) was isolated using the DNAeasy Blood & Tissue Kit 
(QIAGEN catalog # 69504) according to the manufacturer's protocol, including treatment with RNase A. DNA was eluted in 60 μL 0.5X Buffer 
AE heated to 55°C. 
 
After PicoGreen quantification and quality control using an Agilent BioAnalyzer, 100 ng of gDNA were used to prepare libraries using the KAPA 
Hyper Prep Kit (Roche catalog # 07961901001) with 8 cycles of PCR. 100–135 ng of each barcoded library were captured by hybridization in a 
pool of 9 samples using the IMPACT (Integrated Mutation Profiling of Actionable Cancer Targets) assay (IDT), designed to capture all protein-
coding exons and select introns of 505 commonly implicated oncogenes, tumor suppressor genes, and members of pathways deemed 
actionable by targeted therapies. Captured pools were sequenced using an Illumina NovaSeq 6000 in PE100 run mode using the NovaSeq 
6000 S4 Reagent Kit (200 cycles). All experiments were carried out at MSK's Integrated Genomics Organization. 
The demultiplexed FASTQ files from the post-mortem samples were aligned to the human genome reference GRCh37/hg19 using bwa mem 
(version 0.7.17-r118863) and deduplicated using Picard MarkDuplicates (version 2.21.8). Quality control metrics of the alignments included 
(1) Unique PF aligned read pairs, (2) Mean target coverage, (3) Mean insert size and (4) Major/minor contamination.  
 
Variant calling was performed using a previously described pipeline. Briefly, SNVs were detected in the tumor–normal pairs using Mutect 
(version 1.1.6) whilst indels were detected using a consensus of Varscan 2 (version 2.4.6), Strelka (version 2.9.10), Scalpel (version 0.5.4) and 
Platypus (version 0.8.1.2). Variants found with >0% global AF in the 1000 Genomes database (phase 3) or >0.01% across any population in the 
ExAC database (release 0.3.1) or that were covered by 10 reads in the tumor or 5 reads in the germline were filtered out. Variants for which 
the tumor variant allele fraction was <5 times than that of the normal variant allele fraction were filtered out. The aggregated set of variants 
identified in the tissues and xenografts were re-genotyped in all samples using SAMtools mpileup (version 1.19.2). Copy number alterations 
were detected using Facets (version 0.6.2). In addition, off-target reads were used to estimate Log2 Ratios using CNVkit (version 0.9.8). 
Structural variants were detected using the consensus of Manta (version 1.6.0), SvABA (version 1.1.0) and GRIDSS (version 2.13.2). The 
aggregated set of structural variants identified were re-genotyped in all samples using Paragraph (version 2.3) and annotation of the 
structural variants was done using vcf2maf (version 1.6.22; https://github.com/mskcc/vcf2maf) and AnnotSV (version 3.5.3). Reversion 
mutations and structural variants affecting BRCA2 were further classified using aardvark (version 0.35). 
 
Whole-genome sequencing of patient-derived xenograft samples  
Post-CDK4/6i patient-derived xenograft samples were selected for DNA extraction, library prep and whole genome sequencing. The tissue 
samples were homogenized in 500μL MagMAX DNA Cell and Tissue Extraction Buffer (ThermoFisher catalog # A45469) for up to 40s and DNA 
from lysate was extracted using the MagMAX DNA Multi-Sample Ultra 2.0 Kit (ThermoFisher catalog # A36570) on the KingFisher Apex System 
(ThermoFisher) according to the manufacturer’s protocol. The samples were eluted in 80 μL elution solution. 
 
After PicoGreen quantification and quality control using an Agilent TapeStation, 500 ng of gDNA were sheared using a LE220-plus Focused-
ultrasonicator (Covaris catalog # 500569) and sequencing libraries were prepared using the KAPA EvoPrep Kit (Roche catalog # 10212250702) 
with modifications. The libraries were subjected to a 0.5x size selection using aMPure XP beads (Beckman Coulter catalog # A63882) after 
post-ligation cleanup. The libraries were not amplified by PCR and were pooled at equal volume. The samples were sequenced using an 
Illumina NovaSeq X in PE150 run mode using the NovaSeq X 25B Reagent Kit. All experiments were carried out at MSK's Integrated Genomics 
Organization.  
 
The demultiplexed FASTQ files were aligned to a chimeric genome reference comprising the human reference GRCh37/hg19 and the mouse 
GRCm38/mm10 using bwa mem (version 0.7.17-r118863) Read pairs where at least one end (R1 and/or R2) had a primary alignment the 
mouse genome were filtered out and the remaining read pairs were re-aligned to the human reference GRCh37/hg19 as described above. 
Quality control of the alignments was done as previously described above whereby the % of mouse content was quantified as number of 
Unique PF read pairs aligned to the mouse genome relative to the total Unique PF aligned read pairs. Copy number alterations were detected 
using Facets (version 0.6.2). Structural variants were detected using the consensus of Manta (version 1.6.0), SvABA (version 1.1.0) and GRIDSS 
(version 2.13.2). The aggregated set of structural variants identified in the xenografts were re-genotyped in all samples using Paragraph 
(version 2.3) and annotation of the structural variants was done using vcf2maf (version 1.6.22; https://github.com/mskcc/vcf2maf) and 
AnnotSV (version 3.5.3). 
 

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and 
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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Data
Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 
- Accession codes, unique identifiers, or web links for publicly available datasets 
- A description of any restrictions on data availability 
- For clinical datasets or third party data, please ensure that the statement adheres to our policy 

 

The assembled prospective anonymized somatic and germline mutational data needed to replicate our figures for the entire cohort are provided as Supplementary 
Tables. Deidentified clinical outcomes have been provided in the Supplementary Tables. Whole genome sequencing from gBRCA2 PDX-L as well as multi-site 
sequencing from rapid autopsy (sequenced with targeted next generation sequencing) is provided through the European Genome Archive: Accession 
EGAC50000000858

Research involving human participants, their data, or biological material
Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation), 
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender Male patients composed 1.0% (n = 59) of this breast cancer cohort (otherwise composed of n = 5,881 total patients, 5,822 
females). Hence, we did not separately include sex as a covariate in clinical outcome or genomic enrichment analyses. 
 
This demographic data is included in Table 1 in summary form, and in Supplementary Table 1 in a disaggregated format.

Reporting on race, ethnicity, or 
other socially relevant 
groupings

We did not report race or ethnicity characteristics in this version of this manuscript. 

Population characteristics The study cohort comprised 6,927 tumor samples from 5,881 patients who had a diagnosis of breast cancer. All patients 
underwent prospective clinical tumor and germline sequencing as part of their clinical care (February 2014 to September 
2021). Further clinical information, including germline genotype, select demographics and breast cancer receptor status, is 
summarized in Table 1.  
 

Recruitment The study cohort comprised 6,927 tumor samples from 5,881 breast cancer patients. All patients underwent prospective 
clinical tumor and germline sequencing as part of their clinical care (February 2014 to September 2021). 

Ethics oversight The present study was approved by the Memorial Sloan Kettering Cancer Center (MSK) Institutional Review Board (IRB, 
biospecimen research protocol 21-149, which serves as a retrospective analysis of data generated from prospective clinical 
sequencing protocol (NCT01775072) 
 
 Mouse studies were conducted through the MSK antitumor core facility in compliance with institutional guidelines under an 
IACUC approved protocol (MSK IRB 12-10-016). PDXs were established by implanting freshly collected autopsy samples from 
a patient in MSK’s Last Wish Program which enables patients at their end of their life to donate their bodies for research. The 
samples were collected at MSK under approved IRB biospecimen protocols (MSK IRB 12-245 and 06-107).  
 
Animals were maintained in accordance with the Guide for the Care and Use of Laboratory Animals in an AAALAC-accredited 
facility. All procedures outlined in the study were approved by the Memorial Sloan-Kettering Cancer Center IACUC

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting
Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences Behavioural & social sciences  Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size As this was a retrospective study, sample size was not predetermined. This cohort consisted of all patients sequenced through the dates of 
the study.  
 
To illustrate the adequate power of this retrospective study, consider the following:  
With regard to the investigation of the effect of germline BRCA2 status on progression free survival (PFS) in patients receiving CDK4/6i 
combination therapy : 
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Considering a sample size of 1,231 patients receiving CDK4/6i with a frequency of gBRCA2 mutation of 3.5%. There were 965 events noted 
during this retrospective study. Therefore, our study had 97% power to detect a HR of 2.0 at alpha level of 0.05.  
 
Considering a a sample size of 359 patients receiving first line CDK4/6i with a frequency of RB1 het loss of 30%. There were 260 events noted 
during this retrospective study. Therefore, our study had 99% power to detect a HR of 1.8 at alpha level of 0.05.  
 
Sample size for PDX experiments was calculated based on previous experience with this model and drug response. No statistical method was 
used to predetermine sample size. 
 
 

Data exclusions Patients were excluded from the initial germline-somatic sequencing cohort for the following reasons: 
i) Sequencing was obtained for external consultation; no pathology reports or clinical reports provided 
ii) The only tissue specimen sequenced was a ductal carcinoma in situ  
iii) Multiple samples which appeared to be evolutionarily unrelated, with discordant receptor status  
 
From the clinical CDK4/6i and ET analysis, samples were additionally excluded for the following reasons: 
i) Receptor status TNBC or HER2+ 
ii) Cases receiving CDK4/6i for fewer than 2 weeks  
iiI) Oligometastatic tumors for which the only visible metastatic sites underwent local ablation with radiation therapy or surgery prior to 
initiation of CDK4/6i. 
 
For analysis of allele-specific copy number analysis and clinical outcome, cases were excluded due to low purity or other technical limitations 
(such as “waterfalling” artifact), or paucity of heterozygous SNPs allowing for confident lesser copy number inference.  

Replication We sought to replicate our finding of germline BRCA2 pathogenic variant predisposing to more rapid progression on CDK4/6i and endocrine 
therapy by utilizing the Flatiron Health database. This is an independent, nationwide clinicogenomic dataset containing manually curated 
patient-level outcomes data from both community oncology settings and academic medical centers (n = 2,185 patients with HR+/HER2- 
metastatic breast cancer treated with first line CDK4/6i and endocrine therapy.  
 
Lastly, we sought to validate our observation that germline BRCA2-associated breast cancers frequently harbor co-occuring loss of 
heterozygosity (LOH) of both RB1 and BRCA2. This was accomplished with whole exome sequencing from patients at University of Penn/ 
Abramson Cancer Center/ Basser Center as well as Mayo clinic. 
 
We next sought to replicate our finding that RB1 LOH status predisposes to more rapid progression and decreased overall survival on CDK4/6i 
and endocrine therapy. We performed analysis of baseline plasma cell free DNA samples from PALOMA-3, the pivotal randomized phase III 
trial of palbociclib plus fulvestrant versus fulvestrant monotherapy in patients with HR+/HER2- MBC. RB1 LOH in the PALOMA-3 cohort was 
associated with a significantly shorter PFS, as detailed in our manuscript.  
 
To replicate PDX experiments, several different germline BRCA2 models were utilized (PDX-L vs PDX-R, PDX-P1 and PDX-P2, as well as PDX-C1), 
with consistent findings demonstrating CDK4/6i resistance. Each Western blot analysis (PDX-C, PDX-L, and PDX-R) was repeated three times , 
with consistent findings.  

Randomization For clinicogenomic analysis, randomization was not applicable as this was not an intervention-based study. During the PDX experiments, mice 
were randomly assigned to the treatment arms. 

Blinding For clinicogenomic analysis, blinding was not applicable to this non-interventional study. All analyses were performed on pre-existing, de-
identified genomic datasets obtained from independent cohorts. The investigators were not blinded to allocation during experiments and 
outcome assessment during the PDX experiments.  

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 

Materials & experimental systems
n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology and archaeology

Animals and other organisms

Clinical data

Dual use research of concern

Plants

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging
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Antibodies
Antibodies used The following lists the antibodies used as described in the Methods in their respective sections: rabbit anti-BRCA2 (Abcam; cat# 

AB123491; lot# 1002818-19; clone N/A ; 1:1000); rabbit anti-Phospho-Rb Ser780 (Cell Signaling Technology; cat# 8180s; clone 
D59B7; lot# 7; 1:1000); rabbit anti-Rb (Cell Signaling Technology; cat# 9313s; clone D20; lot# 7; 1:1000);  mouse anti-Rb (Cell 
Signaling Technology; cat# 9309s; clone 4H1; lot# 18; 1:1000); rabbit anti-beta-Actin (Cell Signaling Technology; cat# 4970s; clone 
13E5; lot# 19; 1:1000); IRDye® 680RD Goat anti-Mouse IgG Secondary Antibody (LICORbio; cat# 926-68070; lot# D41105-03; 1:5000); 
IRDye® 800CW Goat anti-Rabbit IgG Secondary Antibody (LICORbio; cat# 926-32211; lot# D50805-03; 1:5000).

Validation We used commercial antibodies which were validated by the manufacturer. Validation can be found on the manufacturer’s website: 
abcam.com, cellsignal.com, licorbio.com. Validation of Abcam anti-BRCA2 was performed internally through immunoblotting of 
lysates from cells with or without BRCA2. 

Animals and other research organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in 
Research

Laboratory animals For PDX-P1 (ST4316B) and PDX-P2 (HBCx-22): 6- to 12-week-old Female athymic Nude animals.  
PDX-P1: Mice are acclimated for a minimum of 24 hours and housed on irradiated corncob bedding (Teklad) in individual HEPA 
ventilated cages (Sealsafe® Plus, Techniplast USA) on a 12-hour light-dark cycle at 21-23°C and 40-60% humidity.  Animals are fed 
water ad libitum (reverse osmosis, 2 ppm Cl2) and an irradiated standard rodent diet (Teklad).  P 
DX-P2: mice are delivered to the facility at least 7 days before the experiment for acclimatizing to environmental conditions. Mice are 
housed in Polysulfone plastic (PSU) individually ventilated cages (IVC) (mm 213 W x 362 D x 185 H, Allentown, USA) bedded with 
sterilized and dust-free bedding cobs. Animals have controlled light-dark cycle (14-hour circadian cycle of artificial light) at 20°C - 24°
C and 40% - 75% humidity. Each mouse is offered a complete pellet diet (150-SP-25, SAFE) and filtered, sterilized tap water ad libitum 
throughout the study. 
 
For PDX-L and PDX-R: 6 week old female NSG mice. Animals were maintained in accordance with the Guide for the Care and Use of 
Laboratory Animals in an AAALAC-accredited facility. All procedures outlined in the study were approved by the Memorial Sloan-
Kettering Cancer Center IACUC. Animals were housed in individually ventilated caging systems (Thoren Caging Systems, Hazleton, 
PA), on autoclaved aspen chip bedding (PJ Murphy Forest Products, Montville, NJ) and were provided a γ-irradiated commercial diet 
(PicoLab Rodent Diet 20, 5053 LabDiet, PMI Nutrition International, St Louis, MO), and acidified water (pH 2.5 to 2.8) ad libitum. Mice 
were housed at a population density that ranged from 1 to 5 mice per cage in an environment providing a temperature of 21.1 to 
22.2 °C (70 to 72 °F), 30% to 70% humidity, 10 to 15 fresh air exchanges hourly, and a 12:12-h light:dark cycle (lights on, 0600 to 
1800). 
  
For PDX-C: 8 week old Swiss nude mice. Their care and housing were in accordance with institutional guidelines and the rules of the 
French Ethics Committee: CEEA-IC (Comité d’Ethique en matière d’expérimentation animale de l’Institut Curie, National registration 
number: #118). The project authorisation no. is 02163.02. The housing facility was kept at 22 °C (±2 °C) with a relative humidity of 
30–70%. The light–dark cycle was 12 h light/12 h dark. 

Wild animals No wild animals were used in the study 

Reporting on sex The PDX models used in this study were established from tumors derived from female patients with breast cancer. All engraftments 
were performed in female immunodeficient mice to maintain hormonal context relevant to HR+ disease. Sex was therefore 
controlled consistently across experiments. While sex-based biological differences were not a variable under study, we recognize 
their importance and have minimized confounding by using female hosts throughout.

Field-collected samples No field collected samples were used in the study 

Ethics oversight  Studies with PDX-L and PDX-R were conducted through the MSK antitumor core facility in compliance with institutional guidelines 
under an IACUC approved protocol (MSK IRB 12-10-016). Animals were maintained in accordance with the Guide for the Care and 
Use of Laboratory Animals in an AAALAC-accredited facility. All procedures outlined in the study were approved by the Memorial 
Sloan-Kettering Cancer Center IACUC 
 
Studies with PDX-P1 (ST4316B) were performed under contract with XenoStart at AAALAC-accredited facilities and performed in 
accordance with protocols approved by the START ‘Institutional Animal Care and Use Committee’ (IACUC) and AstraZeneca’s 
‘Platform for Animal Research Tracking and External Relationships’ (PARTNER) group 
 
Studies with PDX-P2 (HBCx-22) were performed under contract with Xentech under authorization by the ‘Direction Départementale 
de la Protection des Populations, Ministère de l’Agriculture et de l’Alimentation’, France and in accordance with protocols approved 
by Xentech along with AstraZeneca’s PARTNER group.  
 
For PDX-C: care and housing were in accordance with institutional guidelines and the rules of the French Ethics Committee: CEEA-IC 
(Comité d’Ethique en matière d’expérimentation animale de l’Institut Curie, National registration number: #118)

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Clinical data
Policy information about clinical studies
All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration NCT01775072. 

Study protocol The study protocol describing MSK-IMPACT is available at: https://clinicaltrials.gov/study/NCT01775072

Data collection Participants were recruited from Memorial Sloan Kettering Cancer Center (New York, NY); the germline-somatic analysis included 
patients who underwent prospective clinical tumor sequencing as part of their clinical care (February 2014 to September 2021).  
 
For clinical outcome and matched pre and post CDK4/6i inhibitors, we expanded this cohort to include CDK4/6i outcomes and 
samples sequenced up to a data cut off date of April 2025.  
 
For the MSK cohort, clinical data were obtained from the validated Breast Translational Program’s clinical database, which contains 
comprehensive, longitudinal information on patient demographics, pathology, treatment regimens, and clinical outcomes. Structured 
data were systematically curated using standardized clinical data annotation processes by a dedicated team of expert clinical data 
annotators and were maintained under rigorous quality-control procedures by experienced data managers. The data lock for the 
analysis was April 2025.

Outcomes The primary outcome - to elucidate the somatic enrichments and mutual exclusivities of breast cancers from germline variants in the 
HRD pathway - was pre-defined during the initial study design phase. This was assessed by comprehensive analysis of germline 
variants, as well as somatic mutations, copy number alterations and structural variants. This is further delineated in the data analysis 
section. 
 
The secondary outcome - to investigate the associations between germline-somatic traits and clinical outcomes was predefined as 
statistical analysis correlating genomic metrics corresponding to top germline-somatic findings (e.g. germline status, allele-specific 
copy number)  with progression -free and overall survival. This was assessed using Kaplan-Meier survival analysis, multivariate Cox 
regression, and correlation tests, with validation in external datasets (FLATIRON, PALOMA-3), where available.    
 
Specific definitions for the clinical outcome analysis are noted below:  
Progression events were defined as i) a radiographic or clinical disease progression prompting change in systemic therapy or 
recommendation for ablative local therapy directed at site(s) of progressive disease; or ii) clinician assessment detailing radiographic 
and/or clinical progression, after which it was documented that patient and physician decided to continue same therapy post 
progression. In such cases, the time of progression was defined as the date of documented progression rather than the date of 
therapy discontinuation. 
 
We determined the association between genomic alterations and PFS with disease progression on therapy with CDK4/6i or patient 
death. Disease progression was defined as the date of the radiology study or clinical assessment that established progression of 
disease and prompted a change in systemic treatment, intervention with locally directed therapy (e.g. radiation therapy), or 
otherwise an annotation in the chart documenting progression of disease. We categorized CDK4/6i regimens based on their ET 
partner (aromatase inhibitor vs. selective estrogen receptor degrader/ SERD). Patients with ablation of only known sites of disease 
with radiotherapy or surgical resection prior to initiation of CDK4/6i therapy were excluded, as were patients who discontinued 
therapy due to toxicity within two weeks. When ET or CDK4/6i changed to another ET and CDK4/6i, respectively, for reasons other 
than disease progression (e.g. toxicity, patient preference or insurance coverage), the time on successive regimens was combined to 
more accurately capture real-world PFS on CDK4/6i + ET combination.  
 
We employed both univariate and multivariate Cox proportional hazard models (adjusted for ET partner [i.e. fulvestrant vs. 
aromatase inhibitors], and treatment line, where applicable). For patients with multiple lines of therapy from the same class of 
treatment, only the first treatment line from that class that was started after the MSK-IMPACT biopsy was included in the analysis. 
For analyses pertaining to ASCN, fraction genome altered and whole-genome duplication were employed as additional covariates. 
These are recognized poor prognostic factors and may be a confounding factor given increased likelihood for tumors with measures 
of copy number instability to harbor LOH of any specific region. 
 
For overall survival analysis, we implemented a left-truncated model to account for the immortal time from diagnosis of metastatic 
disease (time zero) to enrollment on sequencing protocol. Similarly to the univariate analyses, we employed univariate and 
multivariate Cox proportional hazard models. In addition to ET partner, age at metastatic diagnosis was also included as a covariate. 
We rejected the null hypotheses with a two-sided α = 0.05. 
 
For the matched-pairs analysis, we included all patients with available paired pre- and post-CDK4/6i sequencing data. Pre-CDK4/6i 
samples consisted exclusively of tumor specimens sequenced using MSK-IMPACT with available ASCN and zygosity assessment for 
RB1. Post-treatment samples included post-progression CDK4/6i tumor specimens sequenced using MSK-IMPACT as well as ctDNA 
sequenced using either MSK-ACCESS or Guardant360. For analyses comparing RB1 heterozygous loss with other allelic 
configurations, we focused specifically on drivers of resistance rather than subclonal events. We therefore excluded post-treatment 
alterations where the variant allele frequency was less than 0.30 of the maximum allele frequency of high-confidence variants 
present in the particular sample of interest.  
 
For assessment of acquired tumor suppressor loss in the HRD vs. BRCA2 vs. non-HRD group, we considered tumor suppressor genes 
that have been implicated in CDK4/6i resistance (RB1, PTEN, LATS2, FAT1, TP53, ARID1A, LATS1, NF1). We excluded samples where 
the ASCN was not evaluable in all these genes of interest, or where there was already a biallelic loss of function of one of the genes 
predicted to confer immediate resistance (RB1, PTEN, NF1). We included patients with baseline TP53 loss, as it has been shown to 
facilitate cell cycle re-entry and is therefore associated with acquired resistance on an intermediate timescale. We defined pre-
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treatment samples as either i) gBRCA2, ii) non-BRCA2 HRD (either harboring a germline variant in BRCA1, PALB2, or classified as HRD-
positive by the HRD-IMPACT assay), versus iii) non-HRD. All clinical outcome analyses were conducted with R software version 4.5.1 
and the survival and exact2x2 packages.  
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