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Lessons learned from a candidate gene
study investigating aromatase inhibitor
treatment outcome in breast cancer
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The role of germline genetics in adjuvant aromatase inhibitor (AI) treatment efficacy in ER-positive
breast cancer is poorly understood. We employed a two-stage candidate gene approach to examine
associations between survival endpoints and common germline variants in 753 endocrine resistance-
related genes. For a discovery cohort, we screened the Breast Cancer Association Consortium
database (n ≥ 90,000 cases) and retrieved 2789 AI-treated patients. Cox model-based analysis
revealed 125 variants associated with overall, distant relapse-free, and relapse-free survival
(p-value ≤ 1E-04). In validation analysis using five independent cohorts (n = 8857), none of the six
selected candidates representing major linkage blocks at CELA2B/CASP9, NR1I2/GSK3B, LRP1B,
and MIR143HG (CARMN) were validated. We discuss potential reasons for the failed validation and
replication of published findings, including study/treatment heterogeneity and other limitations
inherent to genomic treatment outcome studies. For the future, we envision prospective longitudinal
studies with sufficiently long follow-up and endpoints that reflect the dynamic nature of endocrine
resistance.

Breast cancer is the most frequent cancer and leading cause of cancer
death in women1 affecting both pre- and postmenopausal women. Most
breast cancers (75%) express the estrogen receptor α (ERα) known to fuel
tumor growth through estrogen signaling. Its presence renders early-stage
breast cancers (i.e., tumors that have not spread beyond breast and nearby
lymph nodes) amenable to endocrine therapy as the key therapeutic
approach2. Valid adjuvant options include the selective estrogen receptor
modulator tamoxifen that competes with estrogen for the binding to ERα
to block signaling, and the 3rd generation aromatase inhibitors (AIs)
anastrozole, letrozole, and exemestane that remove estrogen from the
signaling cascade by blocking its synthesis3. AIs evolved as the standard-
of-care for postmenopausal women4 and have become an option for
premenopausal women together with concurrent ovarian suppression5.
Their mechanism of action in lowering estrogen levels is particularly
important for postmenopausal women, as AIs target the aromatase
enzyme (CYP19A1) in peripheral nonglandular tissues (and breast
tumor) to block the conversion of testosterone and androstenedione to
17β-estradiol and estrone, respectively3. Current guidelines recommend 5
to 10 years of treatment to maximize risk-reduction2. During this period
and beyond, women continue to be at risk of recurrence and death that
extends for decades following treatment6. Therefore, additional bio-
markers for the proper selection of drug treatment regimens are a high
research priority.

Inherited germline variants account for the inter-patient variability of
pharmacokinetic and pharmacodynamic drug effects. In the case of AIs,
putative predictors include polymorphisms at drug metabolizing enzymes
such as CYP3A4 and UGT1A4 for anastrozole, CYP2A6 for letrozole, as
well as CYP3A4 and UGT2B17 for exemestane, and associations have been
reported with regards to systemic AI concentrations, systemic estrogen
concentrations, treatment efficacy, and toxicities7. However, despite com-
pellingbiological andpharmacological rationales, the evidenceof linking the
magnitude of estrogen suppression and AI efficacy with the patients’ con-
stitutional background remains a challenge. For example, comparative
analysesof patientswith anastrozole and exemestane (MA.27 trial) aswell as
letrozole treatment (PreFace trial) linked insufficient estrogen suppression
with a 2.2-fold increased risk of early breast cancer events (p-value = 5E-
04)8. A correspondingpharmacogenomicGenome-WideAssociation Study
(GWAS) identified a common variant (rs6981827) in the humanCUBAnd
Sushi multiple domains 1 gene (CSMD1, alias PPP1R24)9 to be associated
with the changes in estrogen levels under anastrozole, and a weakly linked
expression Quantitative Trait Locus (eQTL) single-nucleotide poly-
morphism (SNP rs6990851) that was associated with breast cancer-free
interval in anastrozole- and exemestane-treated patients.Moreover, the risk
of breast cancer recurrence in patients treated with anastrozole and exe-
mestane has been linked to SNPs in the long non-coding RNA
MIR2052HG10. Both findings were underpinned by mechanistic studies in
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that the CSMD1 genotype correlated with CYP19A1 expression in an
anastrozole-dependent fashion through transcription regulation9. In the
case ofMIR2052HG, variant genotypes exhibited increased ERα binding to
estrogen response elements relative to wild-type genotypes, thereby
downregulating ERα transcription in vitro, which may affect the risk of
breast cancer recurrence in women treated with AI10.

Despite important insights, the identification of relevant AI outcome
predictors remains a challenge given the scarcity of suitable study and
replication cohorts for early breast cancer. Association studies in the breast
cancer endocrine treatment setting are particularly challenging, as the
lengthy 5-year treatment and further 5 to 10 year follow-up period during
which recurrence or death events may occur, limit the availability of such
cohorts. In the current work we performed a two-stage approach, utilizing
the database of the Breast Cancer Association Consortium (BCAC) with its
comprehensive clinical, epidemiologic, and genetic data set11–13 for dis-
covery, and independent clinical cohorts (MA.27, PreFace, KARMA/
pKARMA, MCBCS, IKP211) for validation analysis to explore potential
associations between common germline variants and survival endpoints in
AI-treated patients. The aim of our study was to identify putative phar-
macogenetic/-genomic polymorphisms in genes, that based on their sus-
pected role in endocrine resistance and converging/interconnected
mechanisms may contribute to AI treatment outcome in early-stage ER-
positive breast cancer.

Results
Candidate gene association (CGA) study in AI-treated patients
(discovery analysis - stage 1)
Candidate gene association analysis was performed in 2789 AI-treated
breast cancerpatients selected fromtheBCACdatabase (version12) (Fig. 1).
Details on patients, their clinical data and tumor characteristics are given in
Table 1. Median follow-up time was 7.2 years, and event rates within a 15-
year follow-up period were 14.4% (overall survival, OS), 15.2% (distant
relapse-free survival, DRFS), and 16.8% (relapse-free survival, RFS). Ana-
lyses were performed using genotype data of 753 selected genes (Supple-
mentary Data 1) related to endocrine resistance and converging
interconnected mechanisms. Subgroup analyses included 1335 patients
treated with anastrozole (47.9%) and 689 patients treated with letrozole
(24.7%). No subgroup analysis was performed for patients treated with
exemestane due to low case numbers (Fig. 1).

Primary endpoints OS, DRFS, and RFS. All AI-treated patients:
Unadjusted analysis revealed 47, 65, and 54 variants with an association
p-value ≤ 1E-04 for OS, DRFS, and RFS, respectively (Supplementary
Data 2; minor-allele frequency (MAF) ≥ 5%; 125 non-overlapping var-
iants in total). Their corresponding chromosomal regions are highlighted
in the Manhattan plots of Fig. 2a and include the following gene regions:
For OS, top associated variants mapped to the CELA2B/CASP9 (n = 16
variants) and NR1I2/GSK3B loci (n = 30). For DRFS, variants in the
CELA2B/CASP9 region were also among the top hits (n = 52), including
37 variants that annotate to the intronic and 5’ region of CASP9. Other
DRFS top hits included variants in LRP1B (n = 8) and the CARMN/
MIR143HG locus (n = 2). For RFS, top hits comprised variants at
CELA2B/CASP9 (n = 16; all among DRFS top hits), LRP1B (n = 31;
including the 8 variants associatedwithDRFS), andCARMN/MIR143HG
(n = 2) gene regions. Similar results were observed for the top associated
variants in analyses adjusted for patient characteristics (age, menopausal
status, and family history of breast cancer in a first degree relative), tumor
characteristics (size, grade, nodal status, stage, and progesterone receptor
status), treatment (AI, adjuvant chemotherapy, trastuzumab, and
radiation), and surgery type (Supplementary Data 3).

For the top hits, we scrutinized eQTLs to support the selection of
candidate variants to be further pursued in validation analysis. No survival
eQTLs were revealed in PancanQTL analysis, which however was not
focused on AI-treated patients. Yet, PancanQTL and FUMA (Functional
Mapping and Annotation) tools identified the top variants of the CELA2B/

CASP9 region as cis-eQTLs associated with CASP9 expression in breast
cancer, breast mammary tissue as well as numerous other normal tissues
and cancer entities. GSK3B top hits were revealed as cis-eQTLs in breast
mammary tissue, non-breast tumor entities, and various normal tissues.
Furthermore, cis-eQTLs were identified for LRP1B and CARMN/
MIR143HG in non-breast tissues. We then used KM Plotter to investigate
whether expression levels of genes identified in the eQTL databases were
correlated with OS in ER-positive, endocrine treated breast cancer patients.
Here, high CASP9, GSK3B, and LRP1B expression levels were associated
with better survival. For GSK3B, an opposite effect was observed when
patients with chemotherapy were excluded. Moreover, stratification by
molecular subtype demonstrated that high GSK3B expression was asso-
ciated with a better outcome in Luminal B but worse outcome in Luminal A
patients (Supplementary Fig. 1-3 in the Supplementary Information).

Anastrozole-treated patients: We identified n = 2 (OS), n = 4 (DRFS),
and n = 8 (RFS) top associated variants in unadjusted analysis (Supple-
mentary Data 4; p-value ≤ 1E-04 and MAF ≥ 10%). Their corresponding
chromosomal regions are indicated in Fig. 2b: For OS, top associated var-
iants were located in an intergenic region 5’ of the ERN1 gene (n = 2). DRFS
top associated variants included singletons at ASAH2B, KCNH5, CACNB2,
and in the FGFBP2/PROM1 locus. Associated variants for RFS mapped to
CACNB2 (n = 4) as well as to TNFRSF10B (n = 2), CACNA1C, and LRP1B
(both singletons). Note that the single LRP1B hit (rs77397926;MAF ~ 40%)
is not linked to the LRP1B variants identified in the all AI analysis.

Letrozole-treated patients: Unadjusted analysis showed 22, 9, and 33
top associated variants forOS,DRFS, andRFS, respectively (Supplementary
Data 5; p-value ≤ 1E-04 and MAF ≥ 10%). Their corresponding chromo-
somal regions are highlighted in Fig. 2c: For OS, top associated variants
mapped to the CACNA2D3 (n = 4), ABCC2 (n = 4), and PLCE1/NOC3L
(n = 12) loci. Linked topvariants in the latter gene regionwere also identified
inDRFS (n = 2) andRFS (n = 22) analyses, however they showed rather low
MAFs (iCOGS: ≤ 8.5%, OncoArray: ≤ 11.4%). In addition, top associated
variants in DRFS and RFS analyses were identified at the CELA2B/CASP9
locus (n = 3 and 5, respectively), all of whichwere also among theDRFS top
hits in the allAI analyses. FurtherRFSassociated topvariantswere located at
the ESR1 (n = 4) and KCNJ11/NCR3LG1 (n = 2) loci.

Secondary endpoints breast cancer-specific survival (BCSS), dis-
tant recurrence-free interval (DRFI), and recurrence-free
interval (RFI). Unadjusted analyses of all AI-treated patients for the
secondary endpoints BCSS, DRFI, and RFI revealed 14, 3, and 3 variants
with association p-value ≤ 1E-04, respectively (Supplementary Fig. 4 in
the Supplementary Information, Supplementary Data 6; MAF ≥ 5%). Of
the 14BCSS top hits, 13were tightly linked variants inCACNA1D and the
remainder was located in the ERN1 gene region. Top variants in DRFI
analysis comprised 3 variants with association p-value ≤ 1E-04 (2 var-
iants in the FGFBP2/PROM1 gene region and a singleton in the KCNK9
gene), and another n = 85 with p-value ≤ 5E-04. These included further 9
variants in the FGFBP2/PROM1 gene region, top hits in the CASP9/
CELA2B locus (n = 17) and LRP1B (n = 7) as well as variants in ESRGG
(n = 6), NEDD9 (n = 7), and VCAN (n = 3). Top RFI hits comprised 67
variants with p-value ≤ 5E-04, including 16 variants in LRP1B and 11
variants in VCAN (including one SNP with p-value ≤ 1E-04), as well as
singletons each in DIXDC1 and KCNK9 with p-value ≤ 1E-04.

Selection of candidate variants for validation
Theprimaryobjectiveof our studywas the validationof selected topvariants
identified in the OS, DRFS, and RFS discovery analyses of all AI-treated
patients, using independent AI treatment cohorts. Candidate selection was
basedona p-value-basedfiltering strategy (associationp-value ≤ 1E-04) and
a power/sample size estimation approach that accounts for “winner’s curse
bias”. In total, six SNPs were selected for primary analysis, including
rs3820071 (DRFS, RFS) and rs6685648 (DRFS) in the CELA2B/CASP9
locus, rs10496860 (DRFS, RFS) inLRP1B, rs3107669 (OS) inGSK3B, aswell
as rs353298 (DRFS, RFS) and rs353296 (RFS) in the CARMN/MIR143HG
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Fig. 1 | Flow diagram of BCAC patients with primary invasive ER-positive breast
cancer, early-stage disease characteristics and AI therapy. The BCAC database
(version 12) comprised 92,933 patients with a confirmed diagnosis of invasive ER-
positive breast cancer who are of European descent (based on genotype data) and
older than or equal to 18 years of age. Of these, 27,887 patients had early-stage
disease with documented adjuvant endocrine therapy (AI, Tamoxifen, switch

therapy, or unspecified) and complete follow-up data. The subgroup of AI-treated
patients analysed in this study comprised 2789 women of which 1335 had received
anastrozole, 689 letrozole, and 114 exemestane. For 570 patients, AI treatment was
not further specified and 81 patients had received an additional endocrine treatment.
AIAromatase Inhibitor, OSOverall survival, DRFSDistant relapse free survival, RFS
Relapse free survival.
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Table 1 | Characteristics of breast cancer cohorts included in AI candidate gene association analysis

Discovery cohort Validation cohorts

BCAC AIa MA.27 PreFace KARMA/
pKARMA

MCBCS IKP211

No. of patients, n 2789 4408 2761 643 392 353

Follow-up (years), median [IQRb] 7.2 [3.9,10.5] 4.1 [3.9,5.0] 5.3 [4.7,5.7] 10.8 [7.8,12.2] 10.1 [7.0,11.7] 5.5 [4.6,10.1]

No. of deaths (any cause), n (%) 403 (14.4) 231 (5.2) 113 (4.1) 116 (18.0) 57 (14.5) 42 (11.9)

No. of breast cancer–specificdeaths,n (%) 203 (7.3) 96 (2.2) 45 (1.6) 44 (6.8) 12 (3.1) 25 (7.2)

No. of distant relapses, n (%) 172 (6.2) 146 (3.3) 107 (3.9) 57 (8.9) 22 (5.6) 36 (10.2)

No. of relapsesc, n (%) 233 (8.4) 238 (5.4) 155 (5.6) 78 (12.1) 28 (7.1) 42 (11.9)

Characteristics

AI treatment, n (%)

Anastrozole 1335 (47.9) 2195 (49.8) – – 335 (85.5) 143 (40.5)

Letrozole 689 (24.7) – 2761 (100) – 38 (9.7) 174 (49.3)

Exemestane 114 (4.1) 2213 (50.2) – – 19 (4.8) 21 (5.9)

AI & other hormonal therapyd 81 (2.9) – – – – –

Unspecified/AI-to-AI switches 570 (20.4) – – 643 (100) – 15 (4.2)

Age at diagnosis/randomization (years),
median [IQRb]

61 [54,67] 64 [58,71] 64 [58,69] 64 [58,69] 63 [57,69] 64 [59,69]

Year of diagnosis/randomization,
median [IQRb]

2006 [2004,2009] 2005 [2005,2005] 2009 [2009,2010] 2007 [2006,2008] 2007 [2005,2008] 2008 [2007,2009]

Menopausal status, n (%)

Pre-/perimenopausal 335 (12.0) – – 64 (10.0) 55 (14.0) –

Postmenopausal 1766 (63.3) 4408 (100) 2761 (100) 474 (73.7) 337 (85.6) 344 (97.5)

Missing 688 (24.7) – – 105 (16.3) – 9 (2.5)

ER status, n (%)

Negative – 24 (0.5) 28 (1.0) – – 3 (0.8)

Positive 2638 (94.6) 4384 (99.5) 2727 (98.8) 639 (99.4) 392 (100) 349 (98.9)

Missing 151 (5.4) - 6 (0.2) 4 (0.6) – 1 (0.3)

PR status, n (%)

Negative 524 (18.8) 729 (16.5) 383 (13.9) 170 (26.4) 60 (15.3) 48 (13.6)

Positive 1784 (64.0) 3587 (81.4) 2374 (86.0) 453 (70.5) 332 (84.7) 303 (85.8)

Missing 481 (17.2) 92 (2.1) 4 (0.1) 20 (3.1) – 2 (0.6)

HER2 status, n (%)

Negative 1836 (65.8) – 2174e (78.7) 291 (45.3) 328 (83.7) 266e (75.4)

Positive/Equivocal 421 (15.1) – 531e (19.2) 59 (9.2) 23 (5.9) 78e (22.1)

Missing 532 (19.1) 4408 (100) 56 (2.1) 293 (45.6) 41 (10.5) 9 (2.5)

Tumor size, n (%)

≤2 cm 1327 (47.6) 3242 (73.5)f 1768 (64.0) 363 (56.5) 264 (67.3) 204 (57.8)

2-5 cm 1066 (38.2) 1046 (23.7)f 847 (30.7) 209 (32.5) 104 (26.5) 127 (36.0)

>5 cm 165 (5.9) 104 (2.4)f 115 (4.2) 14 (2.2) 21 (5.4) 18 (5.1)

Missing 231 (8.3) 16 (0.4)f 31 (1.1) 57 (8.9) 3 (0.8) 4 (1.1)

Nodal status, n (%)

Negative 1397 (50.1) 3232 (73.3) 1963 (71.1) 275 (42.8) 256 (65.3) 237 (67.1)

Positive 1306 (46.8) 1107 (25.1) 779 (28.2) 309 (48.1) 133 (33.9) 108 (30.6)

Missing 86 (3.1) 69 (1.6) 19 (0.7) 59 (9.2) 3 (0.8) 8 (2.3)

M, n (%)

M0 1544 (55.4) 4408 (100) 2682 (97.1) 643 (100.0) 392 (100) 340 (96.3)

MX/Missing 1245 (44.6) – 79 (2.9) – – 13 (3.7)

Tumor grade, n (%)

G1 445 (16.0) – 520 (18.8) 80 (12.4) 132 (33.7) 59 (16.7)

G2 1470 (52.7) – 1776 (64.3) 335 (52.1) 193 (49.2) 223 (63.2)

G3/4 778 (27.9) – 461 (16.7) 194 (30.2) 64 (16.3) 69 (19.5)

GX/Missing 96 (3.4) 4408 (100) 4 (0.1) 34 (5.3) 3 (0.8) 2 (0.6)
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gene region (Table 2). The investigation of the candidates for the respective
remaining survival endpoints as well as in the anastrozole and letrozole
treatment subgroups was part of our secondary objectives. Further sec-
ondary objectives included the examination of top hits additionally iden-
tified in the anastrozole and letrozole treatment subgroup analyses as well as
in the analyses of the secondary endpoints BCSS, DRFI, and RFI. For the
former, we selected rs11012983 (CACNB2; anastrozole-treated patients)
and rs827423 (ESR1; letrozole-treated patients; Supplementary Table 1a in
the Supplementary Information) applying similar filter criteria as for the
primary analyses. SelectedBCSS,DRFI, andRFI candidates coveredvariants
in CACNA1D (rs2276836), ESRRG (rs830321), NEDD9 (rs4713432), and
VCAN (rs251124 and rs2541311), where we relaxed the p-value criterion to
p ≤ 5E-04 (Supplementary Table 1b in the Supplementary Information).

Validation analysis of selected candidates (stage 2)
The five validation cohorts comprised 8557 AI-treated patients (2673
patients treatedwith anastrozole, 2973 patients with letrozole, 2253 patients
with exemestane, and 658 patients with unspecified AI treatment or switch
regimens). Details on clinical and histopathological characteristics as well as
treatment regimens are given inTable 1.Median follow-up times forMA.27,
PreFace, and IKP211 were 4.1, 5.3, and 5.5 years, and exceed 10 years for
KARMA/pKARMA andMCBS, respectively. Validation analyses of the six
primary candidates were performed similar to the discovery analysis.
Concerning our primary objective, we observed effect sizes (per-allele HR)
up to 1.2; however, we did not identify any significant associations in the
analysis of allAI-treatedpatients (Table 3, Fig. 3a–c, Supplementary Fig. 5 in

the Supplementary Information). Lowest p-values were observed for the
CARMN variants rs353298 (DRFS and RFS, p-value = 0.280 and 0.108) and
rs353296 (RFS, p = 0.084), however with opposite effect directions com-
pared to the discovery analysis. This trend was consistent for three cohorts
(PreFace, MCBCS, and IKP211), but not for MA.27. Particularly for
rs353296, effects were heterogeneous across the validation cohorts
(I2 > 52%, heterogeneity p-value < 0.1; Fig. 3c). Considerable study hetero-
geneity was also observed for GSK3B variant rs3107669 (I2 = 49.7%, het-
erogeneity p-value = 0.078; Fig. 3a, upper part). A detailed examination of
rs3107669 revealed that the exclusion of one cohort, i.e., MA.27, con-
siderably reduced heterogeneity, and the corresponding hazard ratio (HR)
was shifted towards the discovery finding (HR = 1.17, 95% confidence
interval (CI) = [1.00, 1.37], meta-analysis p-value = 0.045, I2 = 0%, hetero-
geneity p-value = 0.321; Fig. 3a, lower part). All other variants showed
homogeneous effects in the analysis of all AI-treated patients (I2 < 25%,
heterogeneity p-value > 0.2; Supplementary Fig. 5 in the Supplementary
Information). Secondary adjusted analyses as well as sensitivity analyses did
not reveal substantially different results (Supplementary Table 2 in the
Supplementary Information).

Similar results for the six primary candidates were also observed in
treatment subgroups analyses. No significant associations were obtained in
the unadjusted analysis of anastrozole-treated patients (n = 2673; MA.27,
MCBCS, IKP211; Supplementary Fig. 6 in the Supplementary Information).
The corresponding letrozole analysis (n = 2973; PreFace, MCBCS, IKP211)
revealed a low association p-value for the CARMN variant rs353296 with
RFS and no study heterogeneity, but again an opposite effect direction was

Table 1 (continued) | Characteristics of breast cancer cohorts included in AI candidate gene association analysis

Discovery cohort Validation cohorts

BCAC AIa MA.27 PreFace KARMA/
pKARMA

MCBCS IKP211

Surgery, n (%)

No surgery 21 (0.8) – – – – –

Breast saving 1011 (36.2) 3000 (68.1) 2137 (77.4) 361 (56.1) 235 (59.9) 254 (72.0)

Mastectomy (with or w/o axillary) 705 (25.3) 1408 (31.9) 588 (21.3) 281 (43.7) 156 (39.8) 99 (28.0)

Type Unknown 770 (27.6) – – – – –

Missing 282 (10.1) – 36 (1.3) 1 (0.2) 1 (0.3) –

Radiation, n (%)

No 509 (18.3) – 352 (12.7) 126 (19.6) 151 (38.5) 61 (17.3)

Yes 2158 (77.4) – 2393 (86.7) 516 (80.2) 241 (61.5) 286 (81.0)

Missing 122 (4.4) 4408 (100) 16 (0.6) 1 (0.2) – 6 (1.7)

Neoadjuvant chemotherapy, n (%)

No 2372 (85.0) – 2559 (92.7) 597 (92.8) 392 (100) 325 (92.1)

Yes 165 (5.9) – 190 (6.9) 44 (6.8) – 25 (7.1)

Missing 252 (9.0) 4408 (100) 12 (0.4) 2 (0.3) – 3 (0.8)

Adjuvant chemotherapy, n (%)

No 1433 (51.4) 3096 (70.2) 1842 (66.7) 354 (55.1) 274 (69.9) 251 (71.1)

Yes 1215 (43.6) 1312 (29.8) 900 (32.6) 283 (44.0) 118 (30.1) 99 (28.0)

Missing 141 (5.1) – 19 (0.7) 6 (0.9) – 3 (0.8)

Trastuzumab, n (%)

No 1461 (52.4) 840 (19.1) 730 (26.4) 329 (51.2) 364 (92.9) –

Yes 182 (6.5) 34 (0.8) 169 (6.1) 44 (6.8) 28 (7.1) –

Missing 1146 (41.1) 3534 (80.2) 1862 (67.4) 270 (42.0) – 353 (100)
aThe BCAC AI discovery cohort is composed of eligible patients from 25 individual BCAC studies.
bInterquartile Range.
cDistant relapse, locoregional relapse, ipsilateral BC or contralateral BC.
dE.g.: aromatase inhibitor plus LHRH, megestrol, faslodex or provera.
eCombining HER2 IHC 0/1+ as negative and 2+ /3+ as positive/equivocal.
fDerived from T1-T3 and TX (no cases with T4 in MA.27 data set).
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observed when compared to the discovery finding (HR [95% CI] = 0.69
[0.54, 0.89], meta-analysis p-value = 0.003, I2 = 0%, heterogeneity p-
value = 0.452). Opposite effect directions were also observed for the other
endpoints (OS, DRFS) and for rs353298. The effect direction for GSK3B
variant rs3107669 in the letrozole analysis matched that of the discovery
finding, however the effect was insignificant and heterogeneous in the
validation cohorts (OS: HR [95% CI] = 1.42 [0.79, 2.56], meta-analysis
p-value = 0.237, I2 = 65.3%, heterogeneity p-value = 0.056; Supplementary
Fig. 7 in the Supplementary Information). Further secondary objectives in
our validation analysis were concerned with the examination of top hits
identified in the treatment subgroupanalyses aswell as in the analysis for the
additional survival endpoints BCSS, DRFI, and RFI considering breast-
cancer specific death. The CACNB2 variant rs11012983 did not show a

significant effect in the anastrozole analysis (all p-values > 0.1, Supple-
mentary Fig. 6 in the Supplementary Information). In the letrozole analysis,
the ESR1-SNP rs827423 showed a similar trend in discovery and validation
cohorts; however this trend was not significant (RFS: HR [95% CI] = 0.87
[0.70, 1.08], meta-analysis p-value = 0.208, I2 = 3.9%, heterogeneity
p-value = 0.402; Supplementary Fig. 7 in the Supplementary Information).
Examination of the five BCSS, DRFI, and RFI candidates also did not reveal
any significant results in the validation studies (all p-values > 0.1) (Supple-
mentary Fig. 8 in the Supplementary Information).

Discussion
This study addressed the identification of potential pharmacogenomic
predictors for AI treatment outcome in patients with hormone receptor-

1 2 3 4 5 6 7 8 9 11 13 15 17 20 X1 2 3 4 5 6 7 8 9 11 13 15 17 20 X1 2 3 4 5 6 7 8 9 11 13 15 17 20 X
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AI
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DRFS
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Anastrozole

1 2 3 4 5 6 7 8 9 11 13 15 17 20 X 1 2 3 4 5 6 7 8 9 11 13 15 17 20 X 1 2 3 4 5 6 7 8 9 11 13 15 17 20 X

a b c

1 2 3 4 5 6 7 8 9 11 13 15 17 20 X

Letrozole

Fig. 2 | Candidate gene association study of 15-year overall, distant relapse-free,
and relapse-free survival in AI-treated BCAC patients (discovery cohort). The
Manhattan plots display the results of unadjusted analyses (stratified by country and
corrected for genetic principal components). The y-axis shows the –log10 meta-
analysis p-values and the x-axis the chromosomal positions of the variants. Variants
are located within 753 selected candidate genes or surrounding gene region (defined
as+/- 10 kb from gene start/end). For variants with association p-value ≤ 1E-04, the
corresponding gene symbols are displayed on top (“intergenic” in case no gene was

annotated). Genes marked in bold were part of the 753 candidate genes. Analysis of
(a) patients treated with any AI (n = 2789) and approximately 170,000 variants with
MAF ≥ 0.05, (b) patients treated with anastrozole (n = 1335) and approximately
138,000 variants with MAF ≥ 0.1, and (c) patients treated with letrozole (n = 689)
and approximately 138,000 variants withMAF ≥ 0.1. Survival endpoints include OS
(overall survival), DRFS (distant relapse-free survival), and RFS (relapse-free
survival).

Table 2 | Results of meta-analyses in AI-treated BCAC patients (discovery cohort) for the six primary candidate variants

OS DRFS RFS

rs ID chr:positiona ref/effect allele EAFb (%) HRc [95% CI] Pd HRc [95% CI] Pd HRc [95% CI] Pd

rs3820071 1:15808767 G/A 26.2 1.38 [1.18,1.60] 3.7E-05 1.57 [1.29,1.90] 4.6E-06 1.49 [1.23,1.80] 4.0E-05

rs6685648 1:15825195 T/C 31.6 1.27 [1.10,1.47] 1.3E-03 1.44 [1.20,1.73] 9.0E-05 1.39 [1.16,1.67] 4.0E-04

rs10496860 2:141671250 T/C 11.9 1.32 [1.03,1.70] 2.8E-02 1.86 [1.43,2.44] 4.9E-06 1.73 [1.33,2.24] 4.5E-05

rs3107669 3:119567101 C/A 60.3 1.38 [1.19,1.60] 2.9E-05 1.19 [0.99,1.44] 6.1E-02 1.12 [0.93,1.36] 2.2E-01

rs353298 5:148801379 A/G 41.3 0.78 [0.67,0.92] 2.3E-03 0.63 [0.51,0.78] 1.6E-05 0.66 [0.54,0.81] 7.1E-05

rs353296 5:148801826 G/T 34.3 1.23 [1.06,1.43] 6.1E-03 1.43 [1.18,1.73] 2.7E-04 1.46 [1.21,1.77] 7.4E-05
a Position according to hg19.
b Effect allele frequency (%).
c Per-allele hazard ratio.
d P-values ≤ 1E-04 are marked in bold, p-values between 1E-03 and 1E-04 in italic.
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positive early breast cancer. To do so, we leveragedone of the largest clinical,
epidemiologic, and genetic breast cancer data sets available from BCAC to
perform hypothesis-driven pharmacogenomic analyses, using OS, DRFS,
and RFS as the main survival endpoints. Our two-stage candidate gene
approach focused onpatients thatmet the clinical definition for adjuvantAI
treatment as reflected in the favorable event rates in both discovery and
validation cohorts (Table 1). In this study, we analyzed approximately
170,000 genetic variants located in 753 gene regions that have been selected
based on their proposed roles in breast cancer endocrine resistance and/or
related and intersecting pathways, in which ER constitutes the principal
signal transduction pathway14–18.

Results from the discovery analysis of 2789 AI-treated patients high-
lighted 125 top associated loci for the main endpoints OS, DRFS, and RFS
(p-value ≤ 1E-04) including variants located in the regions of CASP9 (Chr.
1), LRP1B (Chr. 2), GSK3B (Chr. 3), and CARMN (Chr. 5), but not in any
knownpharmacogenes. Published candidates fromsurvivalGWASorCGA
studies of ER-positive, early-stage, AI-treated breast cancer patients were
not significant in our analysis9,10,19,20. Rather, OS associations were particu-
larly evident for CASP9 and GSK3B, with multiple closely linked variants
(r2 > 0.9), respectively. For DRFS and RFS, multiple associations were again
observed for CASP9, but also for LRP1B (Fig. 2, Supplementary Data 2).
Supportive evidence for the top variants’ potentialmodulatory role in breast
cancer outcome came from queries on eQTL in tumor and normal tissue.
For CASP9, encoding a tumor suppressor caspase and recognized as a hub
gene in inflammatory breast cancer21, the variants were associated with its
mRNA expression. HighCASP9 expression in turn showed a favorable role
for OS in patients with ER-positive breast tumors based on RNA-seq data22,
which is in line with results of a gene-chip-based analysis21. This remained
statistically significant when the analysis was limited to patients with a good
prognosis (i.e., without chemotherapy; Supplementary Fig. 1 in the Sup-
plementary Information). Similar associations have been observed for the
neighboring genes CELA2B and DNAJC16, highlighting a putative role of
this locus in the survival of early-stage breast cancer patients.

Likewise, for GSK3B, a unique serin/threonine kinase that acts as a
signaling node at the intersection of multiple cancer-related pathways such
as NFκB, Wnt/ß-catenin, MEK/ERK, PI3K/Akt and Notch23, top variants
were identified as cis-eQTLs that impact on gene expression in mammary
tissue. While GSK3B is subject to bidirectional regulation contingent on
phosphorylation at Y216 (activation) and S9 (inhibition), a dual role as
tumor suppressor and promoter has been noted24. The tumor-suppressive
role ismainly attributed to its activated state resulting in the downregulation
of proto-oncogenic genes (e.g.,MYC, CCND1) mediated by the blockage of
ß-catenin signaling via its phosphorylation and subsequent proteasomal
degradation and/or direct regulation at protein level (e.g., Cyclin D1)24.
Notably, CyclinD1 is among themost commonly overexpressed proteins in
breast cancer and a combinatory role ofCyclinD1andGSK3Bexpression in
survival has been suggested with high GSK3B levels increasing the risk for
distant relapse and low levels being more favorable25. With regard to gene

expression, we observed that high GSK3B levels showed a protective effect
on theOSof patients with ER-positive breast tumors, while an inverse effect
was revealed in the subgroup of patients with Luminal A (but not Luminal
B) tumors, stressing GSK3Bs’ putative dual role in the biology of these
distinct molecular tumor subtypes.

Although our discovery analysis and in silico resources support a
putative role of CASP9 and GSK3B in breast cancer and AI treatment
outcome, none of the six primary candidate variants have been validated in
the independent breast cancer AI treatment cohorts. A reason for the failed
replication could be that these are false positives of our discovery analysis.
On the otherhand,wemayhavemissedpolymorphismswith low frequency
or weaker effects on the survival endpoints. Yet, the objective of the first
stage of the analysis was the identification of a candidate set thatwouldmost
likely include the top true survival-associated polymorphisms, whichwould
then be analyzed in independent validation cohorts with sufficient power to
correct for multiple testing and winner’s curse.

While the strength of our study is its two-stage design that meets the
gold standard of genetic association studies26, and its large size ofmore than
11,300 AI-treated breast cancer patients, it is at the same time subject to
several limitations intrinsic to large drug treatment outcome related
studies27,28. These comprise differences in study design or clinical char-
acteristics such as age at diagnosis, histopathological parameters, treatment
regimens, as well as length of follow-up, that all may contribute to hetero-
geneity among study cohorts. Moreover, studies could potentially suffer
from underreporting of events, and commonly investigated endpoints may
be limited surrogates of endocrine treatment efficacy in pharmacogenomic
investigations. In terms of heterogeneity, we noticed considerable differ-
ences for clinical characteristics and treatment regimens across the valida-
tion cohorts. While adjusted analyses did not reveal substantial differences
compared to unadjusted analysis, we observed especially for GSK3B
rs3107669 that the exclusion ofMA.27 considerably reduced heterogeneity,
with the corresponding HR shifting in the direction of our discovery results
(OS:HR [95%CI] = 1.17 [1.00, 1.37], p-value = 0.045, I2 = 0%, heterogeneity
p-value = 0.321; Fig. 3a). Thus, we cannot rule out that heterogeneity across
the study cohorts has hampered, at least to some extent, our validation
effort. In this context, it should be noted that genetic variants with similar
effects across different AI treatment regimens have been described in the
literature, but even opposite effect directions were reported. For example,
MIR2052HG variants were associated with breast cancer-free interval
(BCFI) in the combined anastrozole and exemestane treatment group of the
MA.27 trial10, however in anastrozole- and exemestane-only analyses
opposite BCFI effects of multiple other genetic variants were identified29.
Yet, the previously described variants assessed in our discovery analyses
were not strongly associated, neither in all AI-treated patients nor in
anastrozole-only treated patients (all unadjusted p-values > 0.04). This may
be due to the use of other endpoints (OS,DRFS,RFS) and the limited sample
size of our discovery cohort, particularly with regard to anastrozole-only
(n = 1335) and letrozole-only (n = 689) analyses. Of note, our subgroup

Table 3 | Results of meta-analyses in the validation cohorts for the six primary candidate variants

OS DRFS RFS

rs ID chr:positiona ref/effect allele EAFb range (%) HRc [95% CI] Pd HRc [95% CI] Pd HRc [95% CI] Pd

rs3820071 1:15808767 G/A 23.7-27.3 1.00 [0.88,1.14] 0.990 1.02 [0.89,1.18] 0.749 1.03 [0.91,1.17] 0.614

rs6685648 1:15825195 T/C 30.9-32.6 0.95 [0.84,1.08] 0.450 1.00 [0.88,1.14] 0.975 0.99 [0.85,1.14] 0.854

rs10496860 2:141671250 T/C 10.3-12.5 0.96 [0.79,1.16] 0.656 0.98 [0.80,1.19] 0.811 0.91 [0.77,1.09] 0.307

rs3107669 3:119567101 C/A 57.6-59.7 1.09 [0.91,1.31] 0.344 1.13 [0.87,1.46] 0.359 1.07 [0.87,1.31] 0.527

rs353298 5:148801379 A/G 39.6-41.6 1.12 [0.98,1.27] 0.091 1.09 [0.93,1.28] 0.280 1.11 [0.98,1.27] 0.108

rs353296 5:148801826 G/T 34.9-35.9 0.87 [0.71,1.08] 0.205 0.82 [0.64,1.04] 0.101 0.83 [0.67,1.03] 0.084
a Position according to hg19.
b Effect allele frequency (%).
c Per-allele hazard ratio.
d P-values ≤ 0.1 are marked in italic.
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analyses revealed only few additional candidates as compared to the all-AI
analysis (n = 2789), a reason why we chose the latter as primary analysis.

It is important to view our findings within the context of reported
challenges and uncertainties inherent to treatment outcome association
studies thatmay limit their value27,28.We support the view that better-quality
cohort appropriateness is key for the detection of treatment-related effects
and appreciate that efficacy (survival) endpoints such as OS, DFS, or RFS
differ from phenotype endpoints (e.g. disease risk), as they are liable to
additional confounders related to patients’ drug treatment history (e.g. type,
duration, adherence, etc). Thus, it will be advisable to control for these in the
future to warrant detectability of small treatment-related effects.

A particular concern may relate to the specific drug action inherent to
endocrine treatment, that currently is not well-captured by standard
descriptive variables and endpoints. In contrast to cancer treatments that act
via cytotoxic effects28, the efficacy of endocrine treatment including AI is
subject to a cytostatic effect that persists over time. At a glance, a minimum
of 5-year treatment is required to keep micrometastases in the women’s
body at check, which is conveyed by a carry-over effect beyond the actual
drug intake until resistance occurs4,6,16. Clinical events such as relapse and
death follow an evolving micrometastatic phenotype via selection and
expansionof a resistant subpopulationof tumor cells and reprogrammingof
the tumor cells’ biological pathways. Accordingly, the tumor cell itself
potentially holds promise for amore precise efficacy endpoint than survival.
Despite laboratory proof of concept of an adapting molecular landscape
during AI treatment14–18, and clinical proof of concept that this adaptive
process is a critical determinant of endocrine treatment outcomes30, the
notion of an application of the dynamic tumor molecular landscape as a
measurable AI-related endpoint may be premature. Yet, innovation on
micrometastasis detection and manipulation are on the rise31,32 and it may
therefore be reasonable to speculate that proper techniques for the assess-
ment of quantifiable endpoints may become available.

Although we did not meet our primary objective, our work generated
important findings from which we conclude that efforts towards further
standardization of endocrine treatment pharmacogenomic studies for ER-

positive early-stage breast cancer need to be intensified. A lesson learned is
to widen the view towards innovative approaches to better capture treat-
ment efficacy. The latter requires revisiting the way we define informative
endpoints, which can only be achieved via controlled longitudinal clinical
trials with sufficiently long follow-up assessing drug-related parameters
including adherence that would then be complemented by the monitoring
of measurable molecular tumor cell parameters.

Methods
Breast Cancer Patients
Patient characteristics, clinical data (e.g., treatment, follow-up, and survival
endpoints), and genotype data have been retrieved from established data
repositories including hospital-based and case-control studies, as well as
prospective clinical trials and observational studies for the investigation of
an association between common germline variants and patients’ outcome
upon AI treatment. Study subjects include patients that had received an AI,
i.e. anastrozole, letrozole, or exemestane for the treatment of their primary
invasive early breast cancer thatwas ERα and/or progesterone receptor (PR)
positive. Patient origin, size of discovery cohort (stage 1) and validation
cohorts (stage 2), as well as extraction procedures are briefly summarized as
follows with more details provided in Supplementary Data 7 and 8,
respectively.

Discovery cohort (stage 1). We used data from selected breast cancer
patients from studies participating in the Breast Cancer Association
Consortium (BCAC) stored in the BCAC database at the University of
Cambridge, UK. Data have been retrieved from database version 12 (07/
2019) that in addition to clinical, epidemiological, and genotype data
includes information about histopathology, survival, and treatment
pooled and harmonized at the Netherlands Cancer Institute prior to
integration12,13. Participating studies were approved by respective ethics
committees, and patients’ informed consent was obtained from all
patients (Supplementary Data 7). Female breast cancer patients have
been first selected based on a diagnosis of primary invasive breast cancer,

OS DRFS RFS

rs3107669

rs3107669 (w/o MA.27)

rs353298

rs353296

rs353298

rs353296
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Fig. 3 | Results of meta-analyses for selected candidate variants in validation
cohorts and BCAC patients (discovery cohort). Forest plots depicting per-allele
hazard ratios (x-axis) and corresponding confidence intervals for (a) rs3107669, (b)
rs353298, and (c) rs353296 in eligible validation cohorts. The size of the squares
reflects the study size. The KARMA/pKARMA studies were omitted in DRFS and

RFS analyses due to delayed study entry of nearly all 643 patients ( > 0.5 years after
diagnosis). Diamonds represent results of random effects (RE) meta-analyses in
validation cohorts and of the discovery analyses in BCAC patients, respectively.
Endpoints are OS (overall survival), DRFS (distant relapse-free survival), and RFS
(relapse-free survival).
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European ancestry (based on genotype data), age at diagnosis ≥ 18 years,
and ER-positive tumor status (n = 92,933; Fig. 1). To match the study
sample to the definition of an intended 5-year adjuvant endocrine
treatment setting, patients not having received endocrine treatment or
with unknown treatment status, metastatic disease at diagnosis or
unknown metastatic status, as well as unknown or incomplete follow-up
information on survival endpoints have been subsequently excluded
(n = 65,046 patients; Fig. 1). The remaining 27,887 patients (30%)
included 2789 AI-treated patients that served as the discovery cohort in
this current investigation. Figure 1 illustrates the selection process, and
Supplementary Data 7 provides details of the 25 contributing BCAC
studies fromEurope, USA, andAustralia. Among theAI-treated patients,
the majority had received anastrozole (n = 1335; 47.9%) or letrozole
(n = 689; 24.7%) in line with the then in force standard of care in their
countries of origin, with fewer patients having received exemestane
(n = 114; 4.1%). For a large subgroup, AI treatment was not further
specified (n = 570; 20.4%) or patients in addition to AI had received
additional endocrine treatment (n = 81; 2.9%). The median follow-up of
the 2789AI-treated patients was 7.2 years (Interquartile Range (IQR): 3.9
to 10.5 years, Table 1). Note, patients treated with tamoxifen (Fig. 1) are
subject to separate analyses and are not included in this current work.

Validation cohorts (stage 2). Contributing cohorts were selected based
on availability and study design to match the aforementioned criteria for
adjuvant AI endocrine treatment. The total cohort comprised 8557 AI-
treated patients from five independent studies including AI outcome-
related prospective randomized and observational clinical trials
(MA.2733, PreFace34, IKP21135,36) as well as case-control and cohort stu-
dies (KARMA/pKARMA37, MCBCS38). Overall, there were 2673 patients
treatedwith anastrozole (MA.27,MCBCS, IKP211), 2973 patients treated
with letrozole (PreFace,MCBCS, IKP211), and 2253 patients treatedwith
exemestane (MA.27, MCBCS, IKP211), as well as 658 patients with
unspecifiedAI treatment or switch regimens.Median follow-up times for
MA.27, PreFace, and IKP211were 4.1, 5.3, and 5.5 years, and exceeded 10
years for KARMA/pKARMA and MCBS, respectively (Table 1). Details
of each individual study regarding study design, recruitment, type of AI
treatment, and follow-up are given below and in Supplementary Data 8.

MA.27: The MA.27 trial (ClinicalTrials.gov identifier NCT00066573)
is a phase III cooperative group study, designed as multicenter, multi-
national, randomized open-label trial. The trial included postmenopausal
women with histologically confirmed and completely resected stage I-III
breast cancer (AJCC Version 6) that was ERα and/or PR positive. Patients
were randomized to 5 years of anastrozole or exemestane for the testing of
superior efficacy of the latter with regard to event-free survival33. Following
approval by health regulatory authorities and the centers’ regulatory
approval boards, the study enrolled 7575 women, among whom North
American patients provided a blood sample and gave consent for genetic
testing. Research was performed after approval by local institutional review
boards in accordance with assurances filed with, and approved by the
Department of Health and Human Services10. Our validation study used
baseline and clinical as well as relevant genetic data of 4408 patients, of
whom 2195 patients had received anastrozole and 2213 patients exemes-
tane. Median follow-up time was 4.1 years (IQR: 3.9-5.0 years; Table 1).

PreFace: The PreFace study (ClinicalTrials.gov identifier
NCT01908556) is a single-armed, multicenter, open-label, phase IV trial
for the evaluation of predictive factors of the effectivity of AI therapy. The
study recruited 3483 postmenopausal early-stage breast cancer patients
with a hormone receptor-positive breast cancer (without distant metas-
tases) across 220 study sites in Germany. Patients were assigned to
treatment with 2.5 mg daily letrozole after the completion of standard
therapies (surgery, chemotherapy, and radiotherapy) in accordance with
national guidelines. Treatment was continued until disease recurrence or
up to a maximum of 5 years34. All patients provided blood samples for
genetic testing of putative associations between polymorphic loci and
survival as well as quality of life. The study was approved by Ethics

Committee of the Medical Faculty of the University of Erlangen-
Nuremberg (Number 25_2008) and all other relevant ethics committees.
Our validation study included baseline, clinical, and relevant genetic data
of 2761 letrozole-treated patients. Median follow-up time was 5.3 years
(IQR: 4.7-5.7 years; Table 1). Patient characteristics selected for this
current study did not differ from the patient characteristics of the main
study34.

KARMA/pKARMA: The Karolinska Mammography project
(KARMA) is a prospective cohort study of women attending mammo-
graphy screeningor clinicalmammography at fourhospitals in Sweden37 for
the assessment of epidemiological and molecular breast cancer risks.
Between10/2010 and03/2013, 70,877womenwere enrolled, including 3000
incident breast cancer cases diagnosed at cohort entry.All studyparticipants
gave informed consent and ethics approval was obtained from the ethical
board at the Karolinska Institute. Approximately 53% of the recruited
women were postmenopausal. The cohort is matched to relevant Swedish
medical quality registries for biannual follow-up. There is an estimated
annual rate of 250 new breast cancer diagnoses. Follow-ups recorded at the
national registries include information on the use of medication, secondary
diagnoses, and death events. Similarly, pKARMA is a case-control study
with incident breast cancer cases recruited between 01/2001 and 12/2008 in
the Stockholm/Gotland area by the Stockholm Breast Cancer Registry.
Recording of survival data follows that of theKARMAstudy.Our validation
study included altogether 643 AI treated patients from both cohorts with a
median follow-up time of 10.8 years (IQR: 7.8-12.2 years). Specific infor-
mation on the type of AI treatment was not available (Table 1).

MCBCS: Incident breast cancer cases from6US states (MN,WI, IA, IL,
ND, SD) were recruited within the framework of a hospital-based case-
control study for questionnaire-based, molecular risk factor analyses at the
Division of Medical Oncology at the Mayo Clinic in Rochester, MN (02/
2001-06/2005)38. Cases were diagnosed within the previous six months and
no prior history of cancer (except non-melanoma skin cancer), and clinical
and treatment data as well as follow-up and survival data were retrieved by
medical record abstraction during annual follow-up surveys. Our validation
study useddata from392 patients thatwere treatedwith anAI.Of these, 335
received anastrozole, 38 letrozole, and 19 exemestane. Median follow-up
time was 10.1 years (IQR: 7.0-11.7 years; Table 1).

IKP 211 Study: The IKP211 study (German clinical trials registry
identifier DRKS00000605) is a prospective multi-center observational
breast cancer study for the investigation of endocrine treatment efficacy and
toxicity. The study recruited 1286 postmenopausal patients with a diagnosis
of early-stage invasive breast cancer thatwas ERand/orPRpositive. Patients
received 5 years of adjuvant treatment, either with tamoxifen or an AI or
switch from tamoxifen to AI or vice versa in line with local clinical practice
and national guidelines. Patients were recruited at 37 breast centers and
hospitals. Most patients were followed up during a 10 year study extension
period for the documentation of recurrence and survival. All patients pro-
vided blood and plasma samples for genetic testing and drug metabolite
measurements35,36. Ethics approvals were obtained from the Ethics Com-
mittee of the University of Tübingen, as well as respective local committees
of the participating centers. Follow-up was recorded for 1159 patients, of
whom 550 patients were treated with an AI (48%) and the remainder with
tamoxifen (292 patients; 19%) or switch therapy (317 patients; 27%). AI
treated patients in most cases received letrozole (n = 418). Our validation
study used clinical and relevant genetic data of 353 AI treated patients that
were composed of 143 anastrozole-, 174 letrozole-, and 21 exemestane-
treated patients, as well as 15 patients with AI-to-AI switch therapy. Note,
210 letrozole-treated patients were not considered in this current validation
due to an overlap with the PreFace study that was conducted in parallel.
Median follow-up time was 5.5 years (IQR: 4.6-10.1 years; Table 1).

Ethics statement
The study was performed in accordance with the Declaration of Helsinki.
All individual studies included in the analyses were approved by the
appropriate institutional ethical review boards following their national

https://doi.org/10.1038/s41523-025-00733-y Article

npj Breast Cancer |           (2025) 11:18 9

www.nature.com/npjbcancer


guidelines for informed consent; the details are provided in Supplementary
Data 7 and 8.

Genotyping, quality control, and imputation of genetic variants
Discovery cohort. Genotypes were established as part of the Colla-
borative Oncological Gene-Environment Study (COGS) and the
OncoArray project using the Illumina iSelect array (211,155 genetic
variants) and the Illumina OncoArray-500K BeadChip (533,631 genetic
variants), respectively11,39. The complete list of genotyped SNPs located in
the 753 candidate gene regions is provided in Supplementary Data 1.
Non-genotyped variants were imputed based on the 1000 Genomes
Project Phase 3 release (October 2014) as reference panel.More details on
genotyping and imputation of genetic variants as well as quality control
are described elsewhere12,39,40. Our main discovery analysis in 2789
patients considered approximately 170,000 variants in 753 candidate
gene regions that had a MAF ≥ 5% and were typed or imputed with
imputation r2 ≥ 0.8 in at least one of the datasets (iCOGS and OncoAr-
ray). Due to lower sample sizes, the anastrozole (n = 1335) and letrozole
(n = 689) subgroup analyses have been restricted to variants with
MAF ≥ 10%, resulting in approximately 138,000 variants.

Validation cohorts
MA.27 samples. Genotyping was performed on three different platforms:
Illumina Human610 Quad BeadChip, Illumina Human OmniExpress, and
Illumina Human OmniExpressExome. Imputation was performed across
the three platforms separately. Details on genotyping and imputation of
genetic variants as well as quality control are described in Ingle et al.10 and
literature cited therein. PreFace samples: Genotypingwas also established as
part of the OncoArray project using the Illumina OncoArray-500K Bead-
Chip and the same imputationmethods as described above for the discovery
cohort. KARMA/pKARMA and MCBCS samples: Genotyping data
(including typed and imputedvariants)were retrieved fromBCACdatabase
version 12. IKP211 samples: Genotyping was performed on the Illumina
Infinium OmniExpress 12/24 BeadChips platform (Illumina, Singapore).
Quality control and imputation were performed similar to Khor et al.41. In
brief, sampleswith call rates < 95%or showing extremes of heterozygosity as
well as variants with call rates < 90%, MAF < 1%, or Hardy Weinberg
Equilibrium p-value < 1E-06 and non-autosomal markers were excluded.
TheMcCarthyGroup imputation preparation tool (https://www.well.ox.ac.
uk/~wrayner/tools/index.html, version 4.2.11) was applied for further
quality control and filtering, and SHAPEITv242 as well as IMPUTE v2.3.243

were used for pre-phasing and genotype imputation, respectively, using the
1000 Genomes Phase 3 reference panel.

Selection of candidate genes
Candidate genes have been selected based on their putative roles in distinct
biological pathways of endocrine resistance and converging/intersecting
pathways. They include on the one hand genes associated with disease
progression and breast cancer relapse during adjuvant endocrine treatment
and thereafter. On the other hand, based on in vitro models, they include
genes involved in the dynamic reconfiguration of the tumor cells’ survival
program during long-term estrogen deprivation, with ER constituting the
principal signal transduction pathway for replication and death14–18. This
knowledge framework served as a source for the selection of 753 genes
investigated in this current CGA study (Supplementary Data 1). In brief,
selected genes operate within the following context: endocrine resistance
(n = 217), microRNAs of endocrine resistance, their targets and biosynth-
esis (n = 262), cancer-related channels, particularly potassium channels in
endocrine resistance (n = 144), cholesterol biosynthesis and transport
(sterol pathway; n = 52), CYP3A4 drug metabolism and ER signaling
(n = 53), aswell as other cell adhesion, surface, and transmembrane proteins
including receptors and stem cell markers that may contribute to endocrine
resistance (n = 25). Variants have been retrieved from 10 kb upstream to
10 kbdownstreamof the chromosomalpositionsof the753 candidate genes.
Detailed information is given in Supplementary Data 1.

Survival endpoints
Outcome measures followed the standardized definitions for efficacy end-
points in adjuvant breast cancer trials as described by the STEEP system44.
They are defined as follows, with deviations fromSTEEP indicated in italics.
Time-to-event was calculated from the date of diagnosis for all cohorts
except the MA.27 trial, for which the date of randomization was used
instead33.

Primary endpoints
Overall survival (OS). Time from diagnosis/randomization to death of any
cause (death from breast cancer, death from nonbreast cancer cause, or
death from unknown cause). Distant relapse-free survival (DRFS): Time
from diagnosis/randomization to time of first documented distant recur-
rence or death of any cause. Relapse-free survival (RFS): Time from diag-
nosis/randomization to first documented recurrence (invasive ipsilateral
breast tumor recurrence, invasive contralateral breast cancer, local/regional
invasive recurrence or distant recurrence) or death of any cause.

Secondary endpoints
Breast cancer-specific survival (BCSS). Time from diagnosis/randomization
to death from breast cancer. Distant recurrence-free interval (DRFI): Time
from diagnosis/randomization to first documented distant recurrence or
death from breast cancer. Recurrence-free interval (RFI): Time from diag-
nosis/randomization to first documented recurrence (invasive ipsilateral
breast tumor recurrence, invasive contralateral breast cancer, local/regional
invasive recurrence or distant recurrence) or death from breast cancer.

For each outcomemeasure, patients who did not experience any of the
defined events orwere lost to follow-upwere censoredat thedate of their last
contact or at 15 years after diagnosis, whichever came first. Of the 2789 AI-
treated BCAC patients, 1479 (53.0%) had a delayed study entry (for 563
patients within 0.5 years after diagnosis, and for 916 patients more than 0.5
years after diagnosis). Complete DRFS data were available for 1887 patients
(67.7%). Of these, 708 (37.5%) had a delayed study entry that was within 0.5
years after diagnosis for 522 patients and more than 0.5 years for 186
patients. Data for RFS were complete for 1760 of the 1887 patients (93.3%).
Of these, 656 (37.3%) had a delayed study entry, that was within 0.5 years
after diagnosis for 497 patients and more than 0.5 years for 159 patients.

Statistical analysis
Throughout the manuscript, statistical significance was defined as p-
value < 0.05. Unless otherwise stated, all statistical tests were two-tailed.

Discovery analysis (stage 1). For each SNP and each outcomemeasure,
survival analysis was performed using Cox proportional hazards
regression and an additive genetic model. For OS and BCSS, delayed
entry Cox models were applied where time at risk was defined as starting
from the date of diagnosis or date of study entry in the case of a delayed
entry. For all other survival endpoints, patients entering a study more
than 0.5 years after diagnosis were excluded and delayed entry was not
considered. Corresponding sensitivity analyses were performed with all
available patients and follow-up time, both starting from date of diag-
nosis and date of study entry. Analyses were conducted for all AI-treated
patients as well as the subgroups of anastrozole- and letrozole-treated
patients using the statistical software R (version 4.2.0; https://www.r-
project.org) and additional packages rms_6.7.145 and metafor_4.4-046.

All Cox models were stratified by country and included 10 ancestry
informative principal components to adjust for population structure.
OncoArray and iCOGS datasets were analyzed separately and results were
subsequently combinedusing random-effectsmeta-analysis.Here, standard
errors of the HR estimates were recomputed based on the likelihood ratio
test statistic, as previously described12. For top hits identified in the unad-
justed analyses (meta-analysis p-value ≤ 1E-04), we conducted secondary
analyses with adjustment for different combinations of patient character-
istics (age, body mass index (BMI), menopausal status, family history of
breast cancer in a first degree relative), tumor characteristics (size, nodal
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status, grade, stage, ER/PR status), therapy (type of AI treatment, adjuvant/
neoadjuvant chemotherapy, radiation) as well as surgery and study type.

PancanQTL was examined to see whether top variants of the unad-
justed analyses have been identified as cis-expression quantitative trait loci
(cis-eQTL) or survival QTLs in the TCGA breast cancer cohort or other
tumor entities47. In addition, the Functional Mapping and Annotation of
Genome-Wide Association Studies (FUMA GWAS) tool48 was applied to
check for cis-eQTLs in normal tissues including breast mammary tissue,
using an eQTL p-value threshold of 1E-03. Genes identified in eQTL
databases were further examined in KM Plotter for associations of their
RNA-seq expression levels with overall survival in ER-positive, endocrine
treated breast cancer patients with or without exclusion of patients that had
received chemotherapy22.

Selection of candidate variants for validation analysis (stage 2). The
selection of candidate variants was based on the results of the discovery
analysis (stage 1). For the primary endpoints (OS, DRFS, RFS), we first
filtered formeta-analysis p-value ≤ 1E-04 (SupplementaryData 2, 4, 5).
For the secondary endpoints (BCSS, DRFI, RFI) with less pronounced
effects, a cutoff of p ≤ 5E-04 was applied (Supplementary Data 6).
Selection of candidate variants based on low p-values introduces
optimistic bias into the corresponding regression estimates, a phe-
nomenon which is also known as winner’s curse bias or Beavis effect.
To address this problem, we applied a bootstrap-based resampling
approach for survival analysis to the discovery cohort49. We used one
set of bootstrap samples (n = 500) to obtain bias-reducedHR estimates,
and a second set of bootstrap samples (n = 100) to empirically estimate
variance and covariance of within-sample and out-of-sample estimates
for each variant. Subsequently, the power/sample size calculation for
the final selection of the primary validation candidates was based on
the winner’s curse-corrected estimates and a one-sided score test50.
Given the number of events of the primary endpoints in the validation
cohorts, the MAFs of the variants in 1000 G phase3 EUR, and a
Bonferroni-corrected alpha level of 0.56% ( = 5%/9), the power was
80% to detect six selected primary candidate variants: rs3820071
(DRFS, RFS), rs6685648 (DRFS), rs10496860 (DRFS, RFS), rs3107669
(OS), rs353298 (DRFS, RFS), and rs353296 (RFS). Furthermore, as
secondary candidates we selected rs11012983 and rs827423 from the
anastrozole- and letrozole-only analyses, respectively, as well as
rs830321, rs2276836, rs251124, rs2541311, and rs4713432 from the
analyses of the secondary endpoints.

Validation analysis (stage 2). Survival analysis in the validation cohorts
was performed similar to the discovery analysis. For each validation
cohort, Cox proportional hazards regression was applied to examine the
associations between candidate variants and outcome measures in an
additive geneticmodel. ForOS and BCSS, delayed entry Coxmodels were
used. For all other endpoints, patients entering a study more than 0.5
years after diagnosis were excluded from the analysis. For MA.27, Cox
models were stratified by country (US, Canada) and included the pre-
viously described top seven eigenvectors of the SNP correlation matrix10.
Here, survival analysis was performed separately for each of the three
platforms and results were combined in a fixed-effects meta-analysis.
KARMA and pKARMA patients were analyzed together, where Cox
models were stratified for study. For all other validation cohorts,
unstratified Cox models were applied. As described above, standard
errors of theHR estimates were recomputed based on the likelihood ratio
test statistic. Results of the five validation cohorts were combined in a
random-effects meta-analysis. Since nearly all 643 KARMA/pKARMA
patients had a delayed study entry ( > 0.5 years after diagnosis), these
were only included in the OS and BCSS analysis. For all other survival
endpoints, only MA.27, PreFace, MCBCS, and IKP211 were used for
validation analysis.

In secondary adjusted analyses, we included nodal status and
adjuvant chemotherapy as strata in the Cox models10 with and without

additional adjustment for tumor size, ER/PR status, type of AI treat-
ment (MA.27, MCBCS, and IKP211), as well as ECOG performance
score and bisphosphonate use (MA.27 only). Additional stratification
factors included trastuzumab as well as celecoxib and aspirin use for
MA.2733. In corresponding sensitivity analyses, stratification factors
were alternatively included as covariates in the Cox models. Further
sensitivity analyses considered (additional) adjustment for different
combinations of age or menopausal status, BMI, family history of
breast cancer in a first degree relative, tumor grade, tumor stage,
neoadjuvant chemotherapy, radiation, and/or surgery. All analyses
were similarly performed in the subgroup of patients treated with
anastrozole and letrozole, respectively.

Data availability
Thedatasets analyzed in the current study cannot bemadepublicly available
in full due to restraints imposed by ethics committees for the protection of
patient privacy and confidentiality, as well as ownership of the contributing
consortia and institutions. A subset of the BCAC data that support the
findings of this study is publicly available via dbGaP (www.ncbi.nlm.nih.
gov/gap; accession number phs001265.v1.p1). Requests for BCAC data can
be made to the BCAC Data Access Coordination Committee (DACC)
(https://ccge.medschl.cam.ac.uk/breast-cancer-association-consortium-
bcac). Requests for other data should be directed to the corresponding
author for further approval of the involved institutions. Summary results of
the discovery analysis are available at https://ccge.medschl.cam.ac.uk/
breast-cancer-association-consortium-bcac; summary results of the vali-
dation analysis are included in the manuscript and its supplement.

Code availability
This study did not generate original codes. All software and algorithms used
in this study are publicly available and listed in theMethod section. R codes
used to analyze data and generatefigures are available via the corresponding
author upon reasonable request. The code that supports the findings of this
study is available via the corresponding author on reasonable request.
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