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ABSTRACT
Pathogenic germline variants in ataxia-telangiectasia mutated (ATM), a gene that plays a role in DNA damage-response and cell cycle checkpoints, confer an increased breast cancer (BC) risk. Here, we investigated the phenotypic characteristics and landscape of somatic genetic alterations in 24 BCs from ATM germline mutation carriers by whole-exome and targeted sequencing. ATM-associated BCs were consistently hormone receptor-positive and largely displayed minimal immune infiltrate. Although 79.2% of these tumors exhibited loss-of-heterozygosity of the ATM wild-type allele, none displayed high activity of mutational signature 3 associated with defective homologous recombination DNA (HRD) repair. No TP53 mutations were found in the ATM-associated BCs. Analysis of an independent dataset confirmed that germline ATM variants and TP53 somatic mutations are mutually exclusive. Our findings indicate that ATM-associated BCs often harbor bi-allelic inactivation of ATM, are phenotypically distinct from BRCA1/2-associated BCs, lack HRD-related mutational signatures, and that TP53 and ATM genetic alterations are likely epistatic. 



The protein kinase ataxia-telangiectasia, ATM, plays a central role in the activation of DNA damage response following DNA double-strand breaks and in cell cycle checkpoint control (1). Heterozygous germline mutations in ATM occur in ~1% of the population and are associated with increased breast cancer (BC) risk (2,3). In addition to germline nonsense and frameshift mutations, one rare ATM missense variant, c.7271T>G (p.V2424G), confers a particularly strong BC risk (2) and may act in a dominant-negative manner (4). 
Here, we assessed the phenotype and repertoire of somatic genetic alterations in BCs from 24 patients with germline pathogenic ATM variants, and whether somatic loss of heterozygosity (LOH) of the ATM wild-type allele occurs in these tumors. As a secondary aim, we set out to establish whether ATM-associated breast cancers harboring the c.7271T>G variant had genomic evidence supportive of its dominant-negative mode of action. Approval by the local ethics committees of the contributing authors’ institutions and patient written informed consents were obtained. Methods are detailed in the Supplementary Methods (available online). Two-sided P values <0.05 were considered statistically significant. For CoMEt, default settings and significance levels were adopted (5).
Pathogenic germline variants in ATM comprised 15 (62.5%) missense mutations (all but one c.7271T>G), 2 (8.3%) nonsense mutations, 5 (20.8%) frameshift deletions, 1 (4.2%) in-frame deletion and 1 (4.2%) large deletion (Supplementary Table 1). The median age of breast cancer diagnosis of the patients was 46 years (range 32-79 years). All ATM-associated BCs included in this study were estrogen receptor (ER)-positive, 4 (16.7%) were HER2-positive and all but one displayed low levels of stromal tumor-infiltrating lymphocytes (TILs; Figure 1, Supplementary Figure 1, Supplementary Table 1). Whole-exome (WES, n=12) and high-depth targeted-capture massively parallel sequencing using the MSK-IMPACT assay [Supplementary Methods and (6)] (n=12) of tumor and matched normal tissue/peripheral blood revealed that the repertoire of somatic genetic alterations of ATM-associated BCs included alterations affecting genes recurrently altered in ER-positive BCs (7), such as PIK3CA (29.2%) and GATA3 mutations (16.7%), and CCND1 (20.8%) and HER2 amplification (16.7%) (Figures 1A and 2A; Supplementary Figures 2 and 3, Supplementary Table 2). Interestingly, somatic mutations affecting TP53 were not detected in any of the tumors. Allele-specific copy number analysis revealed bi-allelic inactivation of ATM through clonal LOH of the wild-type allele in 19 of 24 cases (79.2%, Figure 1A). In addition, 78.6% (11/14) of the BCs from c.7271T>G germline mutation carriers harbored somatic LOH of the ATM wild-type allele (Figure 1A), suggesting that this missense mutation may act through bi-allelic inactivation of ATM. Thus the hypothesis that bi-allelic inactivation of c.7271T>G is not required for pathogenicity was not confirmed. WES of both the ductal carcinoma in situ (DCIS) and synchronous invasive BC from ATM2 revealed that the two lesions were clonally related and that LOH of the ATM wild-type allele occurred in the DCIS, suggesting that bi-allelic inactivation of ATM is an early event in the development of ATM-associated BCs (Figure 1B). 
A comparison of ATM-associated BCs sequenced in this study with those of BRCA1-associated and BRCA2-associated BCs from The Cancer Genome Atlas (TCGA) (7) and International Cancer Genome Consortium (ICGC) (8) demonstrated that ATM-associated BCs statistically significantly less frequently displayed an ER-negative/HER2-negative phenotype than BRCA1- or BRCA2-associated BCs (Figure 2B). ATM-associated BCs were also found to have low levels of stromal TILs (median 5.0%, range 1.0%-20.0%; Figure 1A, Supplementary Table 1, Supplementary Figure 1), whereas BRCA1-associated BCs commonly display prominent stromal TILs (median 35%, up to 70%-85%) (9,10). This was further confirmed by differences in the cytolytic activity of the immune infiltrate [CYT score (11)] of BCs from TCGA, which revealed statistically significantly higher CYT scores in BRCA1-associated BCs than in ATM-associated BCs (Figure 2C). A comparison of the mutational profiles of the ATM-associated BCs sequenced in this study with those of BRCA1- and BRCA2-associated BCs from TCGA/ICGC revealed that TP53 (0.0% vs 68.6%, P<0.001, and 0.0% vs 27.3%, P=0.004, respectively, Fisher’s exact test) was statistically significantly less frequently mutated in ATM-associated BCs (Supplementary Figure 4). In addition, a re-analysis of an independent set of BCs from ATM germline mutation carriers from TCGA (n=8; Supplementary Figure 5) confirmed that pathogenic ATM germline mutations, but not BRCA1 or BRCA2 germline mutations, are mutually exclusive with somatic TP53 mutations [CoMEt (5), p=0.04; Figure 2D), suggesting that ATM and TP53 genetic alterations may be epistatic. Our findings expand on previous observations in other malignancies, where somatic ATM and somatic TP53 mutations were found to be mutually exclusive (12,13). 
Many cancer predisposition genes associated with an elevated risk for BC are DNA repair-related (e.g. BRCA1, BRCA2 and PALB2) and the BCs these patients develop have been shown to often display genomics features consistent with HR deficiency (HRD) (14), such as large-scale state transitions (LSTs) (15,16), mutational signature 3 (8,17,18) and rearrangements signatures RS1, RS3, or RS5 (8). We and others have previously shown that BRCA1- and BRCA2-associated BCs display high LST scores in >85% of cases (16) and mutational signature 3 in >50% of cases (7,8,18). Five (41.7%) of the 12 ATM-associated BCs subjected to WES here and four (50.0%) of the 8 ATM-associated BCs from TCGA displayed high LST scores, all of which displayed bi-allelic ATM inactivation (Figure 1A, Supplementary Figure 6). Further, consistent with recent results (18), none of the 12 ATM-associated BCs subjected to WES here and only 1/8 ATM-associated BCs from TCGA, which displayed ATM bi-allellic inactivation, harbored mutational signature 3 (Figure 1A). None of the three ATM-associated BCs analyzed by ICGC harbored mutational signature 3 or rearrangement signatures RS1, RS3, or RS5 (8). These findings suggest that the risk and evolution of BC in patients with ATM germline mutations may be driven by mechanisms independent of HR-DNA repair defects, or that the DNA repair defects caused by ATM mutations result in mutational signatures distinct from those of bona fide HR-related genes. 
This study has important limitations. This series was deliberately enriched for patients with the relatively high risk ATM c.7271T>G missense variant; hence, albeit not representative of a consecutive series of patients with ATM-associated BC, it allowed us to investigate whether LOH of the ATM wild-type allele would be present in these cancers. Given the limited mutational burden of ATM-associated BCs, signature 3 could only be defined in the cases subjected to WES. 
Despite these limitations, our study has revealed that ATM-associated BCs are phenotypically distinct from BRCA1-associated BCs, have somatic genetic alterations similar to those of non-BRCA1/non-BRCA2-associated ER-positive BCs (7,8), and lack TP53 somatic mutations and largely mutational signature 3. Interestingly, germline mutations affecting ATM are reported to be associated with response to Poly(ADP)Ribose Polymerase (PARP)inhibitors in prostate cancer (19) and this association has been presumed to be mediated via defective HR-DNA repair. Although bi-allelic genetic alterations affecting ATM and other HR-DNA repair-related genes are mutually exclusive (16), the majority of ATM-associated BCs lack genomic features of HRD and consistently lack TP53 somatic mutations; hence, it is plausible that ATM functions other than those related to HR DNA repair may mediate this association and the increased BC risk. Our results also warrant further studies to define the role ATM mutations play in oncogenesis and the molecular basis of the mutual exclusivity of ATM germline variants and TP53 somatic mutations in BC. 
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FIGURE LEGENDS
Figure 1. Genomic characterization of ATM-associated BCs.
A, Recurrent (n≥3) non-synonymous somatic mutations in ATM-associated BCs detected by whole-exome sequencing (left) and targeted MSK-IMPACT sequencing (right). ATM germline and somatic mutation types are color-coded according to the legend. Loss of heterozygosity (LOH) of the wild-type allele is displayed by a diagonal bar. Clonal LOH for ATM and clonal mutations are displayed by yellow and blue boxes, respectively. The phenobar (top) provides information about estrogen receptor (ER) and HER2 status, histologic grade, stromal tumor-infiltrating lymphocytes (TILs), age at diagnosis, large-scale state-transitions (LSTs) and mutational (Mut) signatures. The percentage of the genome altered (copy number, see Methods) is shown for each case below. Indel, small insertion and deletion; SNV, single nucleotide variant. B, Results of whole-exome sequencing analysis of the ductal carcinoma in situ (DCIS) and invasive ductal carcinoma of no special type (IDC) of case ATM2. Top, micrographs of representative hematoxylin and eosin-stained sections of the DCIS (left) and IDC (right). Scale bars, 500µm. Middle, circos plot of the DCIS (left) and IDC (right) depicting the somatic mutations and copy-number alterations across the genome. Mutations are shown along the outside, including annotations of mutation type; copy-number alterations are depicted along the center ring color-coded according to the legend, and the chromosomal position is shown in the inside ring. Bottom, cancer cell fractions (CCFs) of mutations identified in the DCIS (top) and IDC (bottom), color-coded according to the legend. LOH of the wild-type allele is displayed by a diagonal bar. Clonal LOH for ATM and clonal mutations are displayed by yellow and red boxes, respectively. Right, phylogenetic tree depicting the inferred evolution of the DCIS and IDC (see Methods). The length of the branches is representative of the number of somatic mutations that distinguishes the DCIS from the IDC, and selected somatic mutations are illustrated along the branches.


 
Figure 2. Comparison of ATM-associated BCs with BRCA1- and BRCA2-associated BCs, and assessment of mutual exclusivity of germline ATM mutations and somatic TP53 mutations. 
A, Non-synonymous somatic mutation burden in ATM-associated BCs subjected to whole-exome sequencing in this study (n=12; median 38, range 15-114), ATM-associated BCs from TCGA (n=8; median 40, range 14-78), BRCA1- (TCGA/ICGC; n=51; median 1, range 1-698) and BRCA2-associated BCs (TCGA/ICGC; n=55; median 58, range 0-255). Statistical significance was evaluated by the two-sided Mann-Whitney U test. B, Estrogen receptor (ER) and HER2 status of ATM-associated BCs sequenced here (n=24) and BRCA1- (TCGA/ICGC; n=48) and BRCA2-associated BCs (TCGA/ICGC; n=51) from TCGA/ICGC with ER and HER2 information available. ATM-associated BCs statistically significantly less frequently displayed an ER-negative/HER2-negative phenotype than BRCA1- or BRCA2-associated BCs as evaluated by the two-sided Fisher’s exact test. C, Cytolytic activity of the immune infiltrate (CYT) score as defined by RNA-sequencing analysis following methods described by Rooney et al. (11) of ATM-associated BCs (TCGA; n=8) and BRCA1- (TCGA; n=20) and BRCA2-associated BCs (TCGA; n=24) from TCGA. Statistical significance was evaluated by the two-sided Mann-Whitney U test. D, Mutual exclusivity analysis of germline ATM (TCGA; n=8), germline BRCA1 (TCGA; n=20) and germline BRCA2 variants (TCGA; n=24) (red bars) with somatic TP53 mutations (TCGA, n=244) (blue bars) using CoMEt (5) in 929 breast cancer from TCGA (see Supplementary Methods). For CoMEt, default settings and significance levels were adopted. OncoPrints were generated using OncoPrinter from cBioPortal (20). 
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