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Abstract. Background/Aim: Endocrine therapy is the standard
treatment for hormone receptor-positive (HR+) breast cancer
(BC). Yet, it is accompanied by treatment-related toxicities,
leading to poor treatment adherence, high relapse, and low rates
of survival. While pharmacogenomic variants have the potential
to guide personalized treatment, their predictive value is
inconsistent across published studies. Materials and Methods:
To systematically assess the literature's current landscape of
pharmacogenomics of endocrine therapy-related adverse drug
effects, systematic searches in MEDLINE, Embase, Cochrane
CENTRAL, Google Scholar and PharmGKB databases were
conducted. Results: We identified 87 articles. Substantial
heterogeneity and variability in pharmacogenomic effects were
evident across studies, with many using data from the same
cohorts and predominantly focusing on the Caucasian
population and postmenopausal women. Meta-analyses revealed
Factor V Leiden mutation as a predictor of thromboembolic
events in tamoxifen-treated women (p<0.0001). Meta-analyses
also found that rs7984870 and rs2234693 were associated with
musculoskeletal toxicities in postmenopausal women receiving
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aromatase inhibitors (p<0.0001 and p<0.0001, respectively).
Conclusion: Overall, the current body of evidence regarding the
potential role of pharmacogenomics in endocrine therapy-related
toxicity in BC remains largely inconclusive. Key concerns
include the heterogeneity in toxicity definitions, lack of
consideration for genotype-treatment interactions, and the failure
to account for multiple testing. The review underscores the
necessity for larger and well-designed studies, particularly with
the inclusion of premenopausal women and non-Caucasian
populations.

Breast cancer (BC) is the most commonly diagnosed cancer
globally (1). Seventy to eighty per cent of BC cases are
hormone receptor-positive (HR+) cases, for which endocrine
therapy, including tamoxifen and aromatase inhibitors (Als),
plays a pivotal role in preventing recurrence and improving
survival. While Als are preferred for postmenopausal women
with HR+ early BC, both treatments significantly reduce
relapse rates and increase survival rates when administered for
5-10 years (2). Despite advances, BC remains the leading
cause of cancer-related death in women, largely due to
recurrence and metastasis (3). Adverse drug effects (ADEs)
related to endocrine therapy are key predictors of poor
adherence and persistence, affecting 30%-70% of patients (4).

Efforts to enhance BC survivorship including interventions
to mitigate endocrine therapy-related ADEs have been made.
Emerging evidence suggests that specific genomic variations
may impact the clinical toxicity outcomes of patients with BC
undergoing endocrine therapy. Previous reviews on the
pharmacogenomics of toxicities related to endocrine therapy
have almost exclusively been narrative in nature, concentrating
on individual genes or specific toxicities for a given endocrine
agent. Identifying variants that predispose individuals to a wider
range of toxicity outcomes from various endocrine drugs would
be more clinically useful as it gives patients more options for
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Table 1. The inclusion and exclusion criteria in this study.

Inclusion criteria

Exclusion criteria

English-language publications

Articles in journals

Theses and dissertations

Toxicity outcome of any grade

Toxicity-related biomarker changes

Toxicity-related quality of life (HRQL)

Toxicity-related discontinuation

Female patients

Breast cancer disease

Endocrine agents: Tamoxifen, Anastrozole, Letrozole or Exemestane
Genomic variants (e.g., SNVs, frame-shift mutations, repeats,
deletions, duplications, diplotypes, haplotypes)

Phenotypes or activity scores derived from genotypes

Non-human studies

Case reports

Editorials

Publications without full texts

Abstracts only/conference proceedings
Non-cancerous disease

Adverse events due to reduced effectiveness
Studies of overall response, recurrence, survival

SNVs: Single-nucleotide variants.

alternating between agents. Therefore, a comprehensive
systematic assessment of pharmacogenomics of endocrine
therapy-related toxicities is crucial to improve the existing
evidence base for both researchers and clinicians. Herein, we
conducted a systematic review to provide a comprehensive
analysis of the current landscape and critically evaluate the
methodological quality of the studies identified.

Materials and Methods

Data sources and search strategy. We systematically searched
MEDLINE, Embase and Cochrane CENTRAL databases to identify
pharmacogenomic studies investigating toxicities or ADEs related
to endocrine therapy in BC. We also searched Google Scholar to
capture reports from journals not indexed in these databases. Our
database-specific search strategies are detailed in Tables S1-S3. To
ensure comprehensive coverage, we examined clinical annotations
and phenotypes in PharmGKB concerning toxicities and ADEs
associated with endocrine treatment (5).

In addition to peer-reviewed articles, efforts were made to include
unpublished data and non-peer-reviewed studies to minimize
publication bias. This involved searching for dissertations, theses and
subsequent or follow-up reports from conference abstracts. In cases
of missing information or the need for clarification, we reached out
to original investigators and sought any subsequent unpublished
results. To ensure comprehensiveness, we performed retrospective
reference harvesting of influential studies. To identify studies with
potentially relevant data, we reviewed the study methodology in full-
text articles.

Eligibility criteria. Eligibility criteria for study inclusion were
defined a priori based on the PICO framework (Population,
Intervention, Comparison, Outcome), to ensure transparency in the
selection process. Refer to Table I for details.

Study selection. The search outcomes from different databases were
extracted and compiled using Mendeley. Duplicates were manually
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eliminated. Abstract and title screening was independently performed
by two reviewers (KM, LJ), and irrelevant items were excluded.
Relevant records underwent a full-text examination according to our
pre-determined criteria for inclusion. Consensus decisions were made
and articles not deemed relevant were excluded.

Data extraction. Key study characteristics, including sample size,
year of publication, population description, study authors, study
design, interventions(s), gene, genomic variant(s), toxicity outcomes
and menopausal status were extracted and documented. Data for
meta-analysis were collected from eligible studies.

Quality assessment. The methodological rigor of the studies was
assessed using a validated 15-item checklist designed specifically
for genetic research, which incorporates crucial methodological
aspects vital to genetic studies (6). This checklist was adapted from
the STrengthening the REporting of Genetic Association Studies
(STREGA), an extension of the Strengthening the Reporting of
OBservational Studies in Epidemiology (STROBE) Statement (7).
To assess the overall quality of the studies included in this review,
summary scores were computed.

Quantitative data synthesis and statistical analysis. Quantitative data
from eligible studies were combined via meta-analysis. Consideration
was given to both clinical and statistical aspects to determine
appropriateness. A meta-analysis was conducted by combining studies
that examined the same treatments and variants with similar measures
of related toxicity outcomes and excluding those with different or
tangentially related outcomes. Due to their diverse definitions, we did
not meta-analyze studies on CYP2D6 genotype-predicted metabolizer
phenotypes or activity scores. We discussed their findings
descriptively instead. In cases where multiple studies used data from
the same cohort, only the study with the largest analysis and/or
longest follow-up period was included to prevent overrepresenting
patient data in the meta-analysis. When necessary, effect sizes were
transformed into a uniform metric for meta-analysis after being
calculated using standard procedures. We employed random-effects
models to address the anticipated heterogeneity resulting from the
broad range of study characteristics that satisfied our eligibility
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Figure 1. The PRISMA flow chart of systematic literature search and selection process. Preferred reporting items for systematic reviews and meta-
analyses (PRISMA) flow diagram demonstrating the screening and selection stages of pharmacogenetic studies of adverse drug effects related to

endocrine therapy in breast cancer.

criteria. The Bonferroni correction was applied to the p-values to
account for multiple hypothesis testing. Forest plots were generated
to visualize overall patterns. Stata/SE version 16.0 (StataCorp,
College Station, TX, USA) was used for the statistical analyses. Both
12 and p-values for Q-statistic are displayed in forest plots.

Results

Eighty-seven studies fulfilled our inclusion criteria. Having
screened 2,050 publications from various databases, 63
studies met the inclusion criteria. An additional 32 records
were identified from PharmGKB and Google Scholar
searches. Having excluded abstracts with insufficient data,
87 studies (encompassing 45,630 patients) were included
with sample sizes ranging from 24 to 4,580 (8-94). The
PRISMA flow chart of the systematic literature search and
the selection process of studies are depicted in Figure 1.

Aromatase inhibitors and musculoskeletal adverse effects
were the most examined. Third-generation Als were the most
studied treatment modality, representing 87% of total
associations (Figure S1). Musculoskeletal and vasomotor
ADEs (MS-ADEs and VM-ADESs) were the most examined
among the 87 studies. Forty-seven studies examined MS-
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ADEs (12, 14, 33-37, 39-41, 47, 48, 16, 49-52, 55, 56, 58,
60, 65,67, 18,69-71,73,76-78, 80-82, 19, 83-85, 89-92, 21,
27-29, 32), while 32 investigated VM-ADEs (8, 11, 29-31,
36, 38, 44-46, 53, 55, 13, 58, 59, 62-64, 66, 68, 72, 76, 80,
15, 87, 94, 18-20, 22, 24, 25) (Figure S2). Yet, MS-ADEs
accounted for 48.4% of all associations, followed by overall
toxicities, which were examined by ten studies and
comprised 34.4% of the total associations (Figure S3).

Heterogeneity in definitions and measures of toxicity outcomes.
It should be noted that there was considerable heterogeneity in
the definitions and measures of toxicity outcomes, ranging from
specific toxicity endpoints to general ADEs. Toxicity outcomes
measurement methods varied widely across studies including
biomarker changes, time to onset of toxicity, and treatment
discontinuation due to ADEs (21, 34, 35, 61, 73,79, 82, 85, 91).
Some studies used composite outcomes or analyzed declined
health-related quality-of-life and/or their impact on treatment
discontinuation (18, 58, 61, 74).

Premenopausal women and non-Caucasian populations were
underrepresented. Early-stage BC was the most examined,
though some studies did not specify the BC stage and few
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analyzed data from patients with advanced or metastatic BC
(10, 33, 87). Premenopausal women and non-Caucasian
populations were notably underrepresented in the studies.
Most associations, 89%, were in postmenopausal women,
with just 0.9% in premenopausal women (Figure S4). The
majority of studies (86.6%) were conducted in high-income
countries, mainly in the USA and Europe, and predominantly
Caucasian cohorts (Figure S5).

Most research focused on candidate gene studies. The
majority of studies were candidate gene studies, with only
three genome-wide association studies identified (16, 40, 91)
all investigating MS-ADEs associated with Als, with two of
them using data from the same MA.27 trial (16, 40). Almost
all included studies were retrospective with only one
randomized genotype-guided study identified (87).

ESRI and CYPI9Al were the most investigated. The
included studies explored variants from 58 genes, with ESR]
and CYP19A1 being the most studied, representing 23% and
19% of total associations, respectively (Figure S6). Most
investigations focused on single nucleotide variants (SNVs)
and genotype-predicted metabolizer phenotypes, with a few
examining haplotypes (11, 19, 37, 45, 51, 52, 67, 81), and
deletions namely the UGT2B17 deletion (61, 70, 74, 78, 80).

Across all identified studies, most studies used germline
DNA, seven studies utilized DNA samples extracted from
FFPE BC tissues (10, 20, 26,41, 45,47, 50), and three did not
explicitly specify the source of their DNA samples (11,48, 73).

The overwhelming majority of associations were not statistically
significant. Among the 87 studies, there were various toxicity
outcomes, genomic variants, and genetic models, resulting in a
total of 4,423 associations, the vast majority of which (94.3%)
were non-significant. Approximately 10% of studies solely
reported positive results, while 22 studies did not report any
significant results (8, 10, 24, 30, 31, 33, 38, 40, 42, 53, 59, 61,
12,63, 64,69,70,72,76-78, 84, 87, 14, 90, 92, 16-18, 20, 22,
23) (Figure S7). Amongst the individual endocrine agents
examined, more significant associations were found for
tamoxifen (43%). However, aromatase inhibitors collectively
showed more significant associations (55.5%) compared to
selective estrogen receptor modulators (SERMs) such as
tamoxifen (Figure S1).

Notably, the majority of studies in this review overlooked
potential interactions. Out of 87 studies, only 13 included
genotype-treatment  interactions in their analyses.
Additionally, while most studies adjusted their analyses for
patient risk factors, inconsistencies existed regarding which
covariates to adjust for (Figure S8).

Data duplication was evident across studies. It is
noteworthy that most studies were small, with 37
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publications (42.5%) using data from the same clinical
trial(s) or cohort(s). For instance, six studies drew data from
the ELPh trial (34, 49, 57,73, 78, 91), six studies used data
from the TAM trial (13, 14, 27, 36, 86, 94), four studies
used data from the MAP.3 trial (61, 70, 74, 80), three
studies used data from the BIG 1-98 trial (26, 47, 50), three
studies used data from the MA.27 study (16, 40, 71), three
studies used data from the B-ABLE cohort (35, 51, 67), two
studies used data from the TEAM trial (41, 45), two studies
used data from IBIS-I trial (8, 24) and two publications used
data from the same longitudinal study (32, 54). Moreover,
two studies were performed in the same cohort (81, 90), and
one study (58) expanded on a previous pilot study (18) for
statistical power.

Key characteristics of studies with significant findings are
summarized in Table II.

The included studies had overall high-quality scores. The
studies generally scored high in quality with an average score
of 88.24% on the STREGA and STROBE checklists. It
should be noted that discrepancies were observed in reporting
biases, adherence to Hardy-Weinberg equilibrium and ethnic
classification across studies. Only 56 studies met bias
reporting criteria, 47 reported Hardy-Weinberg equilibrium,
and only 21 of the 45 studies addressing mixed ethnicities
met this criterion (Table S4).

Only three meta-analyses showed a significant summary
effect size. We conducted 44 meta-analyses involving 30
studies. Only three meta-analyses yielded significant results,
detailed in Table III, with corresponding forest plots in
(Figure 2, Figure 3 and Figure 4). Meta-analysis of four
studies (8, 15, 46, 53) showed that the Factor V Leiden
(FVL) mutation significantly increased the risk of
thromboembolic events in tamoxifen-treated women
OR=3.47 (1.95,6.17), p<0.0001. Even when one study using
a broader definition for thromboembolic events was excluded
(15), the association persisted between the FVL mutation and
venous thromboembolism in tamoxifen-treated patients
OR=2.55 (1.13, 5.75), p=0.024 (Figure 5). Furthermore,
ESRI Pvull (rs2234693) and RANKL 1rs7984870 were
significantly associated with MS-ADEs in postmenopausal
women treated with Als, OR=1.64 (1.25, 2.14), p<0.0001
and OR=1.45 (1.18, 1.79), p<0.0001, respectively. Due to
the small number of studies in each meta-analysis (<10),
funnel plots were not created, and asymmetry tests were not
performed. Pooled estimates for all meta-analyses performed
are provided in Table S5.

The complete list of associations between genomic
variants and endocrine therapy-related ADEs is provided in
(Table S6). Variants associated with ADEs were annotated
with font colors: black for increased risk, green for decreased
risk, and red for no significant association.
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Table II. Characteristics of studies which reported statistically significant findings.

Study Drug(s) Gene Genomic Toxicity Study Demographics/ Menopausal Study Ref.
(author, year variant(s) outcomes size Population status type
of publication) description
Al-Mamun Tam CYP2D6, CYP2D6*10, Decreased libido, 388 Bangladesh Pre-, Peri-, Cohort (62)
2017 UGT2B7, UGT2B7%2, Depression, Post-
SULTIAI  SULTIAI*2 Vaginal dryness, HF
Basmadjian Exe UGT2B17 UGT2B17 Decline in 3345 Canada, USA, Post- Post-hoc (74)
2019 deletion physical HRQL Spain, France analysis
of RCT
Argalacsova Tam ABCBI rs1045642, Time to ADEs, EH, 258 Czech Republic  Pre-, Post- Cohort (66)
2017 rs2032582 Endometrial
cancer, HF
Baatjes 2020  Anas; Exe; CYPI9Al rs10046 BMD [LS, hip] 72 South Africa Post- Prospective  (83)
Letr cohort
Baxter 2014 Tam CYP2De6, CYP2D6 IM HF severity 132 Canada Pre-, Post-  Prospective  (44)
CYP3A4 vs. EM, cohort
CYP3A4%22
Borrie 2020 Anas; Letr ESR1, 1s2234693, Arthralgia, 196 Canada Post-, Prospective  (85)
CYPI9A1 rs4775936, Arthralgia-related cohort
rs$9322336, treatment
1$9340799 discontinuation
Chu 2007 Tam CYP3A4 CYP3A4*1B Endometrial 63 cases/ Canada Pre-, Post- Case/control  (75)
cancer 63 controls
Dempsey Exe; Letr RANKL 1s7984870 Time to 500 (89%) Post- Prospective  (73)
2018 MS-ADEs Caucasian, cohort
discontinuation remaining
African or Asian
Dezentje 2014 Tam ESRI Xbal/Pvull HF 742 Netherlands Post- Post-hoc 45)
diplotype cohort of
(rs9340799/ randomized
1s2234693) trial
Dieudonné 2014 Tam CYP2D6 rs1800716 ET 184 Belgium Post- Retrospective  (43)
cohort
Fontein 2014 Exe CYPI9AI1 rs16964189, VM-ADE:s, 737 Netherlands Post- Post-hoc 41
rs7176005, MS-ADEs of randomized
1s934635 open-label trial
Garber 2010 Tam F5 Factor V Thrombo- 124 cases/ USA Pre-, Peri-, Case/control (15)
Leiden embolic 248 controls Post- [Most
mutation events were Post-]
Garcia-Giralt  Anas; Exe; CYPI7AI, 1s10786712, Arthralgia 343 Spain Post- Prospective  (35)
2013 Letr VDR rs11568820, observational
rs3781287, cohort
rs4775936
rs4919683,
rs4919687,
rs6163, rs743572
Gervasini 2017  Anas CYP19A1,  rs1008805, Arthralgia 110 Spain Post- Retrospective  (65)
ABCBI 1s1045642 cohort
Giinald1 2014 Tam CYP2D6 CYP2D6 TC, TG, ET 92 Turkey Pre-, Post- Cohort 39)
UM EM IM [Most
PM groups were Pre-]
Hartmaier 2012 Tam NCOAI rs1804645 BMD [LS] 111 USA Pre-, Post-  Cohort from (27)
prospective
observational
study
He 2020 Tam CYP2D6 CYP2D6 Treatment 1309 Sweden Pre-, Post-  Data from (79)
UM vs. N\M discontinuation case-only
cohort and

cohort studies
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Table II. Continued

Study Drug(s) Gene Genomic Toxicity Study Demographics/ Menopausal Study Ref.
(author, year variant(s) outcomes size Population status type
of publication) description
Henry 2009 Tamo CYP2D6  CYP2D6 IMs HF 297 USA Pre-, Peri, Prospective  (13)
vs. EMs or PMs Post- cohort
Henry 2013 Exe ESRI rs9322336 MS-ADEs 432 USA Post- Data from (34)
discontinuation prospective
randomized
trial
Hertz 2016 Tam CYP2D6 CYP2D6 UM, Distractedness, 480 [353 USA Pre-, Peri-,  Secondary (58)
EM, IM, PM Irritability, were Post- analysis of
Mood swings, available prospective
Vomiting, Night for genotype-
sweats, HF, follow-up guided study
Breast tenderness, analysis]
Vaginal problems,
Dyspareunia,
incontinence,
Arm Problems
Hertz 2021 Anas; Exe; OPG rs2073618 MS-ADEs 143 USA Post- Secondary (89)
Letr analysis of
prospective
observational
cohort
Hertz 2022 Exe; Letr TCLIA, rs11849538, MS-ADEs 400 USA Post- GWAS of 1)
ESRI, rs1324052, discontinuation prospective,
SUPT20H, rs2347868, open-label
CCDCI148, 152369049, study
RANKL, rs74418677,
PPPIRI4C 1579048288,
rs7984879,
rs912571,
rs9322336
Ho 2020 Exe UGT2B17 UGT2B17 Severe 1752 Canada, USA, Post- Post-hoc (80)
deletion fatigue Spain, France of RCT
Jin 2008 Tam ESR2 ESR2-02 HF 297 USA Pre-, Peri-, Open-label  (94)
(rs4986938) Post- prospective
observational
trial
Johansson Exe; Tam CYPI9AI rs10046 HF, 1967 International Pre- Retrospective (56)
2016 Sweating (+OFS) analysis
of RCT
Kiyotani Tam CYP2D6 CYP2D6 Hyperhidrosis 98 Japan Pre-, Post- Cohort (25)
2012 [*10,*41] or
[*5,%21,%36-
*36] vs. *¥1/*1
Koukouras Anas; Exe; ESR1 PuvIl LDL, TG, 87 cases/ Greece Post- Prospective  (28)
2012 Letr (1s2234693), ET 80 control case-control
Xbal study
(rs9340799)
Kovac 2015 Tam F5 Factor V VTE 150 Serbia Pre-, Post-  Prospective  (46)
Leiden and case control
Factor II study
mutations
Leyland-Jones Tam; Letr CYPI9Al rs10046, Fractures, 4580 Denmark, Post- Substudy 47)
2015 [1] rs700518, Osteoporosis, France, of RCT
1s936308, rs4646 MS-ADEs Switzerland
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Table II. Continued

Study Drug(s) Gene Genomic Toxicity Study Demographics/ Menopausal Study Ref.
(author, year variant(s) outcomes size Population status type
of publication) description
Leyland-Jones Tam; Letr ESR2, ESR2-02 HF, Night 3,401 Denmark, Post- Sub-study (50)
2015 [2] ESRI (rs4986938), sweats, France, of RCT
Xbal (rs9340799), Fractures, Switzerland
1s2077647 Osteoporosis
Lintermans Anas; OPG rs2073618 MS-ADEs 159 Belgium Post- Analysis of  (55)
2016 Exe; Letr prospective
observational
cohort study
Mao 2011 Anas; Exe; CYPI9AI rs60271534 Arthralgia, 390 USA Post- Cross- 21)
Letr (TTTAn) At MS-ADEs sectional
least one study
8-repeats
Mazzuca 2016 Anas; Letr CYP19Al 154646 Bone loss 45 Italy Post- A retrospective (60)
[osteoporosis] cohort
Miranda 2021 Tam ESRI rs121913044, Vaginal 162 Chile Pre-, Post- Retrospective (88)
CYP3AS5 CYP3A5%*3, bleeding, case-control
SULTIAI  SULTI1A1*2 EH study
Napoli 2013 Anas; Exe; CYPI19Al rs700518 BMD [LS] 97 USA Post- Longitudinal (32)
Letr prospective
observational
study
Napoli 2015 Anas; Exe; CYPI19Al rs700518 Truncal fat 82 USA Post- Longitudinal (54)
Letr and fat-free prospective
mass indexes study
Niravath 2018 Anas; Exe VDR 1s2228570 Arthralgia 72 cases/ USA, Post- Nested case- (71)
144 controls Canada control study
Ntukidem 2008 Tam ESR2, ESR2-02 TG, HDL, 134 USA Post- Cohort from a (86)
ESRI (rs4986938), TC prospective
Xbal observational
(rs9340799) open-label
clinical study
Oesterreich 2015Anas; Exe; ESR2, rs10140457, BMD and 503 USA Post- PGx analysis  (49)
Letr ESRI, rs2813543, T score of
HTR2A, rs3742278, [LS, hip], randomized
CYPI19A1 rs4870061, Bone loss study
rs6493497, [urinary NTx,
rs9322335 serum BAP]
Ohnishi 2005 Tam CYP17A1 rs743572 Hepatic steatosis 180 Japan Pre-, Post- Cohort ©)
Onitilo 2009 Tam ESRI Xbal/Pvull VTE [PE or DVT] 219 USA Pre-, Peri-, Population-  (11)
diplotype, Post- based
19340799 cohort
(Xbal) study
Park 2011 Letr CYPI9A1 Haplotype Arthralgia, HF 109 Korea Pre-, Post- Cohort (19)
M_53
Pineda- Anas; Exe; CYPIIAI D15S520 BMD [FN], 391 Spain Post- Cohort 67)
Moncusi Letr [pentanu- Arthralgia
2017 cleotide [TT
TTA] n repeat,
Haplotypes:
GATGAAA
17.3; GATGACA
17.4; CAT 11.2
Regan 2012 Tam CYP2D6 CYP2D6 HF, Night 4,393 Denmark, Post- Post-hoc of  (26)
IM vs. EM, sweats France, randomized,
CYP2D6 Switzerland phase III double-
PM vs. EM blind study
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Table II. Continued

Study Drug(s) Gene Genomic Toxicity Study Demographics/ Menopausal Study Ref.
(author, year variant(s) outcomes size Population status type
of publication) description
Rodriguez-Sanz Anas; Exe; CYPIIAI SNPs and BMD [FN] 391 Spain Post- Prospective, (51)
2015 Letr haplotypes for observational,
(rs11632698, clinical
rs4077581, cohort study
rs900798)
Rolla 2012 Tam CYP2D6 CYP2D6 ADEs [HF, 61 Ttaly Pre-, Post- Cohort (29)
UM vs. EM- headache, muscle
IM-PM cramps, weight gain,
depression, vaginal
symptoms, ET]
Romero 2020 Anas; Exe; HSDI17B2 rs11648233 Arthralgia 1,049 USA (White) Post- Cross- (82)
Letr sectional study
Santa-Maria Letr CYPI9A1 rs1062033, HDL, TG 303 USA Post- Subset analysis (57)
2016 1s749292, of prospective
rs10046, randomized
rs1008805, open-label
rs2289105, trial
rs3759811,
1s4646,
rs4775936
rs700518
Servitja 2015  Anas; Exe; CYP27BI, rs4646536, MS-ADEs 687 Spain Post- Cohort (48)
Letr CYPI7Al rs6163
Umama- Letr CYPI9A1 rs10459592, MS-ADEs, 198 India Post- Cohort (81)
heswaran 14775936, VM-ADEs
2020 rs700518,
rs700519.
Haplotypes:
H11; H5; He6;
H10; H3
Wang 2013 Anas; Letr ESR1 rs2234693 MS-ADEs 206 cases/ China Post- Case/control  (37)
and rs9340799 230 controls [East Asian] study
Wang 2015 Anas; Letr RANKL, SNPs and MS-ADEs, 208 cases/ China Post- Case/control  (52)
OPG haplotypes for Bone turnover 212 controls [East Asian] study
rs7984870, [CTX, PINP],
rs2073618 BMD and
T-score [LS]
Weng 2013 Tam PTCSC2, rs10983920, BMD [hip, 245 USA Pre-, Peri-, Sub-study of (36)
E2F7, rs10983932, LS], HF Post- open-label,
SLC22A23, rs10984098, prospective
PLEKHAS rs310786, observational
rs4959825, trial
rs9862879
Wickramage Tam CYP2D6  CYP2D6%41 Fatty liver 24 Sri Lanka Pre-, Post- Retrospective (68)
2017 cohort
Zhou 2022 Tam CYP2D6  CYP2D6 EM GGT, Liver 192 China Pre-, Post-  Propensity-  (93)
dysfunction, DET, score
Gynecological matched
ADEs, Dyslipidemia cohort study
events (TG,
abnormality in
LP(a), TC)

LS: Lumbar spine; NTx: type I cross-linked N telopeptides; BAP: bone alkaline phosphatase; OFS: ovarian function suppression; Als: aromatase
inhibitors; RCT: randomized control Trial; HF: Hot Flushes; TC: total cholesterol; TG: Triglycerides; HDL: High-Density Lipoprotein; ADEs: adverse
drug effects; EH: endometrial hyperplasia; VTE: venous Thromboembolic events; PE: pulmonary embolism; DVT: Deep Vein Thrombosis; MS-ADEs:
musculoskeletal adverse effects [Muscle pain or Arthralgia]; VM-ADESs: vasomotor adverse Effects; FFPE: formalin-fixed paraffin-embedded tumor;
HRQL: physical health-related quality of life; CTX: carboxy terminal telopeptide; PINP: procollagen type I N-terminal propeptide; GGT: Gamma-
glutamyl transferase; ET: endometrial thickness; DET: double endometrial thickness; EH: endometrial hyperplasia; FM: femoral neck; LP(a):
lysophosphatidic acid; BMD: bone mineral density; EM: extensive metabolizer; IM: intermediate metaboliser; PM: poor metabolizer; UM: ultrarapid
metabolizer; Tam: tamoxifen; Anas: Anastrozole; Exe: Exemestane; Letr: Letrozole; Pre-: premenopausal; Peri-: peri-menopausal; Post: postmenopausal.
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Factor V Leiden Mutation and Thromboembolic Events in Tamoxifen-treated women

Study (Year) OR (95% CI) Weight %
Kovac (2015) —-4-— 3.32(1.18, 9.35) 30.87
Duggan (2003) » 0.35(0.02, 6.72) 3.79
Abramson (2006) - i 2.45(0.57,10.65) 15.34
Garber (2010) —§+— 4.73 (2.10, 10.68) 50.00
Overall, IV (1 = 3.0%, p = 0.378) <> 3.47 (1.95,6.17) 100.00

I T
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Figure 2. Meta-analysis of Factor V Leiden mutation and thromboembolic events in tamoxifen-treated patients. Meta-analysis of the odds ratios
(OR) and 95% confidence intervals (CI) of four studies examined Factor V Leiden mutation (rs6025) and thromboembolic events in patients taking
tamoxifen. Individual and pooled odds ratios from studies are reported in the Forest plot. Squares represent study-specific effect estimates and the
size of the square reflects the study-specific weight (i.e., the inverse of the variance). The diamond represents the summary effect estimate with a
95% confidence interval, and the horizontal lines indicate 95% confidence intervals.

ESR1 Puvil and Musculoskeletal Adverse Events in Post-menopausal women treated with 3r¢ Gen Als

Study (Year) OR (95% Cl) Weight %
Hertz (2021) - 1.46 (0.63, 3.39) 10.22
Lintermans (2016) - 0.67 (0.29, 1.57) 10.17
Borrie (2020) —:..— 1.71 (1.11, 2.67) 37.41
Wang (2013) ——+— 2.01(1.33,3.04) 42.19
Overall, IV (I* = 43.1%, p = 0.153) <> 1.64 (1.25, 2.14) 100.00

.25 1

|
4

Figure 3. Meta-analysis of ESRI PuvIl and musculoskeletal adverse effects in postmenopausal women treated with third-generation aromatase inhibitors.
Meta-analysis of the odds ratios (OR) and 95% confidence intervals (CI) of three studies examined ESR1 Puvll (rs2234693) and musculoskeletal adverse
effects in postmenopausal women taking third-generation aromatase inhibitors. Individual and pooled odds ratios from studies are reported in the Forest
plot. Squares represent study-specific effect estimates and the size of the square reflects the study-specific weight (i.e., the inverse of the variance). The
diamond represents the summary effect estimate with a 95% confidence interval, and the horizontal lines indicate 95% confidence intervals.

Discussion

Interventions to reduce ADEs associated with endocrine therapy
are an integral part of the effort to improve BC survivorship.
Research indicates that certain genetic variants can modulate the
toxicity outcomes associated with endocrine therapy in patients
with BC. Using a comprehensive search strategy and large-scale

429

meta-analyses, this review provides an extensive analysis of the
available evidence regarding the pharmacogenomics of
endocrine therapy-related toxicities, advancing our understanding
of pharmacogenomics research overall.

While the majority of identified associations were
statistically non-significant, three meta-analyses yielded
significant results. The FVL mutation can serve as a
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RANKL 157984870 and Musculoskeletal Adverse Events in Post-menopausal women treated with 3+ Gen Als

Study (Year)

Hertz (2021)

Wang (2015)

Borrie (2020) B

Overall, IV (I’ = 60.5%, p = 0.079)

OR (95% Cl) Weight %
; 0.99 (0.46, 2.10) 7.32
—————— 1.79(1.36, 2.35) 56.22
: 1.14 (0.77, 1.52) 36.46
1.45 (1.18, 1.79) 100.00

T
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Figure 4. Meta-analysis of RANKL rs7984870 and musculoskeletal adverse effects in postmenopausal women treated with third-generation aromatase
inhibitors. Meta-analysis of the odds ratios (OR) and 95% confidence intervals (CI) of three studies examined RANKL rs7984870 and
musculoskeletal adverse effects in postmenopausal women taking third-generation aromatase inhibitors. Individual and pooled odds ratios from
studies are reported in the Forest plot. Squares represent study-specific effect estimates and the size of the square reflects the study-specific weight
(i.e., the inverse of the variance). The diamond represents the summary effect estimate with a 95% confidence interval, and the horizontal lines

indicate 95% confidence intervals.

Association of FVL mutation and venous thromboembolism (DVT/PE) in Tamoxifen-treated women

Study (Year)

Kovac (2015)

Duggan (2003) *

Abramson (2006)

Overall, IV (¥ = 0.0%, p = 0.370)

1
— s
1
1
1
1
1
5 1]
T
1

OR (95% CI) Weight %
3.32(1.18, 9.35) 61.74
0.35 (0.02, 6.72) 7.57
2.45 (0.57, 10.65) 30.69
2.55 (1.13, 5.75) 100.00
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Figure 5. Meta-analysis of Factor V Leiden mutation and venous thromboembolism in tamoxifen-treated patients. Meta-analysis of the odds ratios
(OR) and 95% confidence intervals (CI) of three studies examined Factor V Leiden mutation (rs6025) and venous thromboembolism in patients
taking tamoxifen. Individual and pooled odds ratios from studies are reported in the Forest plot. Squares represent study-specific effect estimates
and the size of the square reflects the study-specific weight (i.e., the inverse of the variance). The diamond represents the summary effect estimate
with a 95% confidence interval, and the horizontal lines indicate 95% confidence intervals.

predictive genetic marker of thromboembolic events in
patients with BC on tamoxifen, who can be switched to
alternative endocrine agents or potentially targeted for
monitoring to improve adherence and consequently overall
survival rates. While meta-analyses showed that Puvil
(rs2234693) is associated with MS-ADEs in postmenopausal
women who had received Al treatment, no significant
associations were observed in other studies with either MS-

ADEs-related discontinuation of Exemestane and/or
Letrozole under any genetic model (34) or with MS-ADEs
in patients taking endocrine agents (56). Similarly, while
meta-analyses demonstrated that postmenopausal women
carrying RANKL r1s7984870 who received Als had an
increased risk of MS-ADEs, another study did not find
significant alterations in the MS-ADEs symptom cluster
(73). The evidence for these two variants with regard to MS-
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Table I1I. Meta-analyses with a statistically significant summary effect size.

Toxicity Drug(s) Genomic Risk Pooled effect 12 (%), p-value Ref.

outcomes variant allele estimate (95%Cl) (Cochran’s Q)

Thromboembolic events Tam Factor V Leiden A OR=3.474 (1955, 6.174), (3.0%), 0.378 (8,15, 46, 53)

(rs6025) p<0.0001

MS-ADEs Anas; Exe; PuvIl (rs2234693) C OR=1.636 (1.250, 2.141), (43.1%), 0.153 (52, 55, 85, 89)
Letr p<0.0001

MS-ADEs Anas; Exe; rs7984870 C OR=1.455 (1.184, 1.786), (60.5%), 0.079 (52, 85, 89)
Letr p<0.0001

Tam: Tamoxifen; Anas: Anastrozole; Exe: Exemestane; Letr: Letrozole.

ADE:s is therefore inconsistent and larger studies are needed
to provide more robust findings.

Almost all included studies were retrospective with only
one randomized genotype-guided study identified (87), in
which the study’s authors concluded that ADEs did not vary
significantly between increased dose and regular dose arms.
It is noteworthy that the study focused on common ADEs
related to tamoxifen and safety was not the primary
endpoint. The majority of studies were candidate gene
studies, with only three genome-wide association studies.
Larger GWAS studies are necessary, given the small sample
sizes in the three GWAS studies included in this review
compared to typical GWAS on polygenic traits.

The majority of the studies were small, with approximately
half of the publications utilizing data from the same cohort(s)
or clinical trial(s). The substantial overlap in participants from
the same trial or cohort across studies, especially the ones that
yielded statistically significant results, can introduce biases
and result in overestimation of pharmacogenomic effect
estimates (95). The dependence occurs when the same
participant samples are used in individual studies to estimate
multiple effect sizes for the same or interrelated toxicity
outcomes, leading to dependent sampling errors (96).

The broad range of characteristics among the eligible studies
resulted in significant heterogeneity in both methodological and
clinical aspects. The substantial heterogeneity in the definitions
and measures of toxicity outcomes observed across studies
emphasizes the need for using standardized toxicity-related
symptom measurements and definitions of toxicity outcomes.
This enables accurate interpretation and facilitates the pooling
of effect estimates via meta-analysis.

Overall, the studies included in this review scored high in
quality. Yet, it is vital to emphasize the need for greater
attention to reporting biases and Hardy-Weinberg equilibrium
across studies as well as addressing mixed ethnicities when
applicable. Some investigators potentially introduce outcome
reporting bias by grouping heterogeneous ADEs with varying
degrees of seriousness and severity together. The selective
reporting of findings observed, with some studies only
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reporting positive results, and the incomplete outcome
reporting by some authors (14, 57, 82, 86) suggest outcome
reporting bias and potentially exacerbate publication bias (97,
98). Additionally, while most studies adjusted their analyses
for patient risk factors, inconsistencies existed regarding which
covariates to adjust for, raising concerns about the robustness
of the analyses. Hence, efforts should be made to improve data
dissemination, transparency, and complete reporting among
investigators to facilitate further statistical analyses (99).

Furthermore, the authors of most studies have not explored
the potential genotype-treatment interactions in regression
analyses, which is recommended in best practice guidelines
(100, 101). The adverse implications of disregarding
interaction effects or effect modifications in statistical analyses
are well-documented in the literature (102). Thus, caution is
required when interpreting the findings from associations
reported across those studies that have not incorporated
interaction terms in their statistical model.

Only a small fraction, less than 1%, of the associations
investigated in the studies focused on premenopausal women.
However, this proportion does not correspond with the
incidence of BC cases in premenopausal compared to
postmenopausal women (30.9% vs. 69.1%) (103). Due to the
abrupt disruption in estrogen levels associated with systemic
endocrine treatment, premenopausal women with ER-positive
BC are more susceptible to endocrine therapy-related ADEs
(104) and thereby more likely to discontinue their endocrine
therapy regimen (105). Furthermore, the dense tissue of the
breasts in premenopausal women makes it more challenging
for clinicians to detect issues from mammography and so BC
in premenopausal women is most frequently diagnosed at a
later stage with more aggressive disease (106). Thus, this
population faces more intensive therapy and lower survival
rates compared to postmenopausal women, underscoring the
necessity for further pharmacogenomics research in this
population (104). It is noteworthy that premenopausal BC in
less developed countries constitutes a significantly larger
proportion of all incident BC cases and deaths compared with
higher-income countries (103).



CANCER GENOMICS & PROTEOMICS 21: 421-438 (2024)

Most studies were performed in high-income countries or in
cohorts of predominantly Caucasian or white people. Although
BC incidence is notably lower in less developed countries
compared to more developed ones (107), BC remains the most
common cause of cancer-related death especially in middle and
low-income countries. While this is largely attributed to
recurrence and metastasis, early diagnosis and access to
treatment continue to be significant challenges in low-income
and middle-income countries (103). Furthermore, although
black female patients have a lower incidence of BC compared
to white or Caucasian women, their BC-related mortality rate
is 40% higher. Moreover, in contrast to White and Asian
patients, Black patients exhibit a higher prevalence of
overweight or obesity and are more frequently receiving
chemotherapy agents such as taxanes (108). Women who
reported lower adherence to treatment behaviors were also
more likely to be Black (as opposed to White) and had a higher
medication-related ADE burden (109). In order to improve the
generalizability of findings to other under-represented ethnic
groups and decrease racial disparities and health inequalities,
more inclusive research using larger cohorts with more diverse
ethnic populations is required (110). To address the deficiency
in pharmacogenetic data among African populations, initiatives
such as the African Pharmacogenomics Network (APN) are
essential (111). These efforts are crucial for advancing
comprehensive pharmacogenetic studies to identify variants in
pharmacogenes, which could be leveraged to reduce ADEs and
enhance therapeutic efficacy (112).

Finally, given that multiple factors, such as ethnicity, age,
and BMI can influence inter-individual variability (113),
incorporating both genetic and non-genetic determinants of
ADEs associated with endocrine agents has the potential to
improve the precision of predicting individual responses to
these agents (114).

This review has a few limitations. First, the retrospective
nature of the vast majority of included studies and relying
largely on published data may introduce bias despite our
comprehensive searches. Although some studies were post-hoc
analyses of randomized control trials, ADEs were rarely the
primary endpoints and were often analyzed retrospectively.
This could have resulted in false positives and an
overestimation of effect estimates. Second, limiting the search
to English-only publications may introduce language bias,
potentially leading to an over-representation of studies from
Western countries and patients of Caucasian backgrounds in
the data. Third, the meta-analyses included a small number of
studies with a limited number of patients and therefore
heterogeneity among the studies cannot be eliminated. Finally,
the inclusion of four dissertations and theses (61, 62, 70, 74)
may raise concerns due to their perceived variability in their
design quality compared to journal articles. Although it has
been perceived that these non-traditional sources are not
generally subject to the same peer-review procedures (115),
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this view has been challenged (116). Dissertations and theses
usually undergo rigorous appraisal, and they scored high as per
our quality assessment criteria. Moreover, the inclusion of non-
traditional sources helps reduce publication bias and enhances
the representation of relevant research particularly in rapidly
evolving fields such as pharmaco-genomics.

Conclusion

The existing evidence on pharmacogenomics in breast cancer
endocrine therapy-related toxicity is largely inconclusive and
should move beyond small-scale studies and post-hoc analyses
of clinical trials. To improve the evidence in this context, it is
crucial to conduct carefully designed research and larger
cohort studies, particularly involving premenopausal women
and non-Caucasian populations. This study further underscores
the imperative of incorporating both hypothesis-free and
expanded candidate gene approaches in future research efforts.
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