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Background: Aromatase inhibitors (AI) reduce recurrence and death in patients
with early-stage hormone receptor-positive (HR +) breast cancer. Treatment-related
toxicities, including AI-induced musculoskeletal symptoms (AIMSS), are common and
may lead to early AI discontinuation. The objective of this study was to replicate
previously reported associations for candidate germline genetic polymorphisms with
AIMSS.

Methods: Women with stage 0-III HR + breast cancer initiating adjuvant AI were
enrolled in a prospective clinic-based observational cohort. AIMSS were assessed by
patient-reported outcomes (PRO) including the PROMIS pain interference and physical
function measures plus the FACT-ES joint pain question at baseline and after 3 and
6 months. For the primary analysis, AIMSS were defined as ≥ 4-point increase in
the pain interference T-score from baseline. Secondary AIMSS endpoints were defined
as ≥ 4-point decrease in the physical function T-score from baseline and as ≥ 1-point
increase on the FACT-ES joint pain question from baseline. The primary hypothesis
was that TCL1A rs11849538 would be associated with AIMSS. Twelve other germline
variants in CYP19A1, VDR, PIRC66, OPG, ESR1, CYP27B1, CYP17A1, and RANKL
were also analyzed assuming a dominant genetic effect and prespecified direction
of effect on AIMSS using univariate logistic regression with an unadjusted α = 0.05.
Significant univariate associations in the expected direction were adjusted for age,
race, body mass index (BMI), prior taxane, and the type of AI using multivariable
logistic regression.

Results: A total of 143 participants with PRO and genetic data were included in
this analysis, most of whom were treated with anastrozole (78%) or letrozole (20%).
On primary analysis, participants carrying TCL1A rs11849538 were not more likely to
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develop AIMSS (odds ratio = 1.29, 95% confidence interval: 0.55–3.07, p = 0.56). In
the statistically uncorrected secondary analysis, OPG rs2073618 was associated with
AIMSS defined by worsening on the FACT-ES joint pain question (OR = 3.33, p = 0.004),
and this association maintained significance after covariate adjustment (OR = 3.98,
p = 0.003).

Conclusion: Carriers of OPG rs2073618 may be at increased risk of AIMSS. If
confirmed in other cohorts, OPG genotyping can be used to identify individuals with
HR + early breast cancer in whom alternate endocrine therapy or interventions to
enhance symptom detection and implement strategies to reduce musculoskeletal
symptoms may be needed.

Keywords: Pharmacogenetics, aromatase inhibitor, Musculoskeletal adverse events, OPG, TCL1A, breast cancer

INTRODUCTION

Adjuvant endocrine therapy for 5–10 years reduces recurrence
and death after early-stage hormone receptor positive (HR +)
breast cancer. Based on multiple trials demonstrating improved
breast cancer outcomes when compared to treatment with
adjuvant tamoxifen, a third-generation aromatase inhibitor (AI)
(anastrozole, letrozole, or exemestane) is generally the preferred
adjuvant endocrine therapy for postmenopausal women with
early stage HR+ breast cancer (Francis et al., 2018). Additionally,
the use of an adjuvant AI in conjunction with ovarian suppression
or ablation in high-risk premenopausal women with HR+ breast
cancer is associated with improved breast cancer outcomes
(Hadji et al., 2013). The AI works by inhibiting the aromatase
(CYP19A1) enzyme that is responsible for converting androgens
to estrogens. This depletes the body of estrogens and starves the
tumor of the estrogenic growth factor causing cellular replication.

Despite the established benefits of adjuvant endocrine therapy,
up to 50% of patients are non-adherent or discontinue
their treatment early, with some studies demonstrating higher
rates of early discontinuation with AI therapy compared to
tamoxifen (Partridge et al., 2003, 2008; Crew et al., 2007;
Hershman et al., 2010, 2011, 2016, 2020; Henry et al., 2012,
2017; Murphy et al., 2012; Kemp et al., 2014; Kadakia
et al., 2016). Risks of breast cancer recurrence and death are
higher among individuals who are non-adherent to or who
discontinue adjuvant endocrine therapy early (Kuba et al., 2016).
Determinants of AI non-adherence and early discontinuation are
multifactorial and include both baseline and treatment-emergent
symptoms, especially AI-induced musculoskeletal symptoms
(AIMSS) (Partridge et al., 2003, 2008; Felson and Cummings,
2005; Henry et al., 2012; Murphy et al., 2012; Chim et al., 2013;
Bender et al., 2014; Kemp et al., 2014; Kidwell et al., 2014;
Hershman et al., 2016; Neugut et al., 2016; Nabieva et al., 2018a,b;
Wagner et al., 2018; Wulaningsih et al., 2018; Shinn et al., 2019;
Wheeler et al., 2019).

Up to 50% of patients with breast cancer treated with adjuvant
AI therapy experience AIMSS, a syndrome characterized by
symptoms including joint pain and stiffness, myalgias, carpal
tunnel syndrome, tenosynovitis, and/or reduced grip strength
that is thought to be attributable to estrogen deprivation

(Baum et al., 2003; Coates et al., 2007; Mao et al., 2009;
Hershman et al., 2011; Hadji et al., 2014; Moscetti et al., 2015;
Beckwée et al., 2017; Gupta et al., 2020). Among patients who
discontinue adjuvant AI therapy due to symptoms or side effects,
AIMSS are a leading reason for discontinuation (Felson and
Cummings, 2005; Partridge et al., 2008; Murphy et al., 2012;
Olufade et al., 2015). Musculoskeletal pain is associated with
lower health-related quality of life in breast cancer patients
receiving adjuvant AI therapy (Sitlinger et al., 2019), and
endocrine therapy side effects, including pain, are associated with
limitations of physical function (Sestak et al., 2008). Evidence-
based interventions to manage AIMSS include strategies such
as exercise, yoga, duloxetine, and acupuncture (Moscetti et al.,
2015). Clinicians may also consider transitioning patients with
AIMSS from one AI to another or switching to tamoxifen
(Moscetti et al., 2015).

To date, accurate clinical predictors of AIMSS have not been
identified. While some studies have demonstrated associations
between breast cancer stage, body mass index (BMI), prior
chemotherapy (especially taxanes), prior tamoxifen, and time
since last menstrual period with AIMSS in postmenopausal
women receiving AI therapy for early-stage HR + breast cancer,
these associations have not been consistent across studies (Baum
et al., 2003; Hershman et al., 2011; Hertz et al., 2017; Gupta et al.,
2020). By identifying individuals at highest risk for AIMSS for
enhanced symptom monitoring and management, an accurate
pretreatment predictor of AIMSS has the potential not only to
reduce pain and improve quality of life but also to improve
endocrine therapy adherence and reduce early endocrine therapy
discontinuation, thereby improving breast cancer outcomes.

Several studies have investigated potential physiological
biomarkers for AIMSS including germline genetics [reviewed
by Hertz et al. (2017)]. Many studies have used candidate-gene
or candidate-single nucleotide polymorphism (SNP) approaches
to investigate whether inherited germline variants affect AIMSS
risk (Ingle et al., 2010; Park et al., 2011; Garcia-Giralt et al.,
2013; Henry et al., 2013; Wang et al., 2013, 2015; Fontein
et al., 2014; Leyland-Jones et al., 2015; Lintermans et al., 2016;
Dempsey et al., 2018). These studies have reported several
discovery-phase associations including inherited polymorphism
in the genes that encode for the AI drug target CYP19A1
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(Garcia-Giralt et al., 2013; Henry et al., 2013; Fontein et al., 2014;
Leyland-Jones et al., 2015), proteins responsible for bone
resorption OPG/RANKL (Wang et al., 2013; Lintermans et al.,
2016; Dempsey et al., 2018), and the estrogen receptor ESR1
(Ingle et al., 2010; Park et al., 2011). In addition, a hypothesis-
agnostic genome-wide association study of the MA.27 clinical
trial comparing anastrozole and exemestane reported that
patients who carried rs11849538 near TCL1A had increased
AIMSS risk (Liu et al., 2012). Although this association has
not been successfully replicated, the well-done discovery and
mechanistic support (Snyder et al., 2009) justifies further
attempts to replicate the putative association in independent
cohorts of AI-treated patients.

In order to pursue clinical translation of any of these
potential genetic predictors of AIMSS, additional replication
and retrospective validation of their association with AIMSS in
independent patient cohorts is necessary. The primary objective
of this study was to replicate the association ofTCL1A rs11849538
with patient-reported AIMSS during the first 6 months of
AI therapy in a prospectively accrued cohort of patients with
early-stage HR + breast cancer initiating adjuvant AI therapy.
The secondary objective was to utilize this cohort to attempt
replication for other candidate SNPs that have been previously
reported to be associated with AIMSS.

MATERIALS AND METHODS

Patients and AIMSS Data
This was a pharmacogenetic analysis of women with stage 0-
III HR + breast cancer initiating adjuvant endocrine therapy
who enrolled in a prospective observational clinic-based cohort
at the Sidney Kimmel Comprehensive Cancer Center at
Johns Hopkins from March 2012 through December 2016
(ClinicalTrials.gov Identifier: NCT01937052). Selection of the
endocrine therapy regimen (tamoxifen versus AI with or without
ovarian suppression) was determined by the treating clinician
and recorded in the study database. Participants completed
patient-reported outcome (PRO) measures assessing a range of
symptom domains online using the PatientViewpoint interface
at baseline and at 3, 6, 12, 24, 36, 48, and 60 months (Garcia
et al., 2007; Snyder et al., 2013; Wu et al., 2016). This study
was approved by the Johns Hopkins IRB, and all participants
completed written informed consent prior to enrollment.

Participants included in this secondary analysis received a
third-generation AI (anastrozole, letrozole, or exemestane) and
completed the PRO measures at baseline and at 3 and/or
6 months. PRO measures related to AIMSS included the
PROMIS pain interference and physical function questionnaires
(Fallowfield et al., 1999; Jensen et al., 2017a) and a single
item on the FACT-ES questionnaire addressing joint pain. The
FACT-ES includes 19 items addressing a range of endocrine
symptoms, including joint pain, to which respondents report
symptom severity on a 5-point scale ranging from 0 (“not at
all”) to 4 (“very much”) (Schalet et al., 2016). PROMIS measures
are scored using a T-score metric with 50 representing the
mean score in the United States population. Higher scores on

PROMIS measures indicate more of the outcome measured
(i.e., a higher pain interference T-score indicates more pain
interference, and a lower physical function T-score indicates
worse physical function). In patients with early-stage cancer,
the minimal important difference (MID) on PROMIS measures,
determined using a distribution-based method, is three to five
points (Fallowfield et al., 1999; Rohlfs and Weir, 2008; Yost et al.,
2011; Teresi et al., 2016; Jensen et al., 2017b). For this analysis,
we selected the midpoint of the range reported for the MID for
the PROMIS measures in patients with early-stage cancer, four
points.

Our primary AIMSS endpoint was an increase of four or more
points on the PROMIS pain interference T-score from baseline to
3 or 6 months. A secondary AIMSS endpoint was a decrease of
four or more points on the PROMIS physical function T-score
from baseline to 3 or 6 months. The other secondary AIMSS
endpoint was an increase of one or more point on the FACT-ES
question, “I have pain in my joints” from baseline to 3 or 6 months
(Schalet et al., 2016). For patients who received multiple AIs due
to switching treatment, only the data from their first AI treatment
were included in the analysis.

Genotyping
A whole blood or a saliva sample was collected at baseline
and stored at −80◦C for germline DNA isolation. Germline
DNA was isolated from whole blood using DNeasy Blood and
Tissue Kits (Qiagen, Valencia, CA, United States) following the
manufacturer’s instructions. Germline DNA was isolated from
saliva samples using prepIT-L2P (DNA Genotek, ON, Canada)
following the manufacturer’s instructions. Thirteen candidate
gene variants of interest with a prespecified direction of effect on
AIMSS were selected. The a priori determined primary analysis
was an attempted replication of the increased AIMSS risk for
carriers of TCL1A rs11849538. The other 12 SNPs and their
predetermined direction of effect were tested in a secondary,
statistically uncorrected analysis. Genotyping was performed
using TaqManTM Allelic Discrimination assays according to
the manufacturer’s instructions (Applied Biosystems, Foster
City, CA, United States). The SNP assay IDs used in this study
were the following: rs10046 (C___8234731_30), rs11568820
(C___2880808_10), rs11849538 (C___1927667_30), rs16964189
(C__34453639_10), rs2073618 (C___1971047_40), rs2234693
(C___3163590_10), rs4646536 (C__25623453_10), rs6163
(C__12119916_1_), rs7176005 (C_189237142_10), rs7984870
(C__29811035_20), rs9322336 (C__29568677_10), rs9340799
(C___3163591_10), and rs934635 (C___8794643_10). PCRs
were carried out using 10 ng of DNA with Genotyping Master
Mix (Applied Biosystems) in a CFX96 real-time PCR detection
system (Bio-Rad, Madison, WI, United States) for 35 cycles.
Genotype quality assurance was assessed by random selection
of 10% of DNA samples for re-genotyping, and the results were
100% concordant.

Statistical Analysis
The univariate association for each genetic predictor assuming
a dominant genetic effect with AIMSS risk defined by the
three previously described endpoints was tested using logistic
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FIGURE 1 | Consort diagram describing patient flow into study and analysis. Of the 321 patients enrolled in the observational clinical study, 143 had all required data
and were included in this analysis.

regression. Associations were only considered replicated if
the direction of effect was consistent with our prespecified
expected direction, based on previously reported associations.
The primary hypothesis was that patients carrying TCL1A
rs11849538 would have a higher risk of AIMSS, as defined by
the primary endpoint of an increase of four or more points
on the PROMIS pain interference measure from baseline to 3
or 6 months. The secondary analyses examined the association
of the other 12 candidate variants with AIMSS defined by
the pain interference measure and the association of all 13
candidate variants with AIMSS defined by either of the other
two AIMSS definitions, for a total of 1 primary analysis and 38
statistically uncorrected secondary analyses. All associations were
tested using an α = 0.05, as appropriate for a single primary
analysis and exploratory uncorrected secondary analyses. Any
significant univariate associations were then corrected for
relevant covariates: age in years (as a continuous variable),
self-reported race (White versus other), baseline BMI (as a
continuous variable), prior taxane chemotherapy (versus non-
taxane chemotherapy or no chemotherapy), and aromatase
inhibitor (anastrozole versus other due to low frequency of
exemestane). In addition, any significant univariate associations

assuming a dominant genetic model were then tested assuming
recessive and additive genetic effects to identify the genetic
model that best explained the association. Statistical analyses
were conducted using R version 3.6.3.

RESULTS

Patients, AIMSS, and Genetics
The 143 AI-treated patients who completed the PRO measures
assessing AIMSS at baseline and on-treatment at 3 and/or
6 months and with genetic information were included in this
analysis (Figure 1). The patients were mostly white (85%) with a
median age of 67 years (Table 1). Anastrozole (78%) and letrozole
(20%) were used more frequently than exemestane (2%). AIMSS
data from the PROMIS pain interference and physical function
questionnaires and from the joint pain question on the FACT-
ES were available for 99 and 90% of patients at 3 and 6 months,
respectively. AIMSS were experienced by 31, 26, or 53% of
patients when defined by the pain interference, physical function,
or joint pain criteria, respectively. All genotypes were successfully
determined in all patients, and all genetic data passed standard
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quality control including assessment of call rate. All variant
distributions were in Hardy–Weinberg equilibrium (Hardy, 1908;
Deng et al., 2001) in the entire genotyped cohort (p > 0.05)
except VDR rs11568820, which was within expected proportions
in the self-reported White cohort (p = 0.61) indicating the
presence of population admixture (Early Breast Cancer Trialists’
Collaborative Group, 2015). The number of variant allele carriers
is reported in Table 2.

Genetic Associations With AIMSS
In the primary analysis, patients carrying TCL1A rs11849538 did
not have increased risk of AIMSS, as defined by the primary
endpoint of the increased pain interference T-score from baseline
to 3 or 6 months by at least four points (unadjusted odds
ratio (OR) = 1.29, 95% confidence interval (95% CI): 0.55–3.07,
p = 0.56, Table 2 and Figure 2). None of the 12 secondary genetic
predictors were associated with AIMSS as defined by the increase
in the pain interference T-score (all p > 0.05). In the secondary
analyses of the increase in joint pain as measured by the single
question on the FACT-ES questionnaire, onlyOPG rs2073618 was
associated with AIMSS in the expected direction of increasing
risk (unadjusted OR = 3.33, 95% CI: 1.48–7.49, p = 0.004,
Figure 3). This association persisted after adjustment for relevant
covariates (adjusted OR = 3.98, 95% CI: 1.61–9.84, p = 0.003,
Table 3), none of which had significant univariate associations
with AIMSS in this relatively small cohort (all p > 0.05). This
association would also be significant if a Bonferroni correction
were applied to the secondary analyses (0.05/12 = 0.0042). In
post hoc analyses, the effect of OPG rs2073618 could also be
explained by an additive genetic model [OR = 2.06 (1.22–3.50),

TABLE 1 | Clinical information of subjects included in the analysis.

Characteristic n = 143

Race White 122 (85%)

Black 15 (11%)

Other/Unknown 6 (4%)

Age Years 67.0 (47.0–86.0)

Body mass index kg/m2 27.8 (19.1–45.3)

Aromatase inhibitor Anastrozole 112 (78%)

Letrozole 28 (20%)

Exemestane 3 (2%)

Prior chemotherapy Taxane chemotherapy 38 (27%)

Non-taxane or no
chemotherapy

105 (73%)

On-treatment PRO
questionnaires Completed

3 and 6 months 127 (89%)

Only 3 months 14 (10%)

Only 6 months 2 (1%)

Pain Interference ≥4 point increase* 45 (31%)

Physical Function ≥4 point decrease* 37 (26%)

Joint pain ≥1 point increase** 74 (52%)

∗PROMIS T-score change from baseline to 3 and/or 6 months.
∗∗FACT-ES score change from baseline to 3 and/or 6 months for item, “I have pain
in my joints.”
Numbers presented as n (%) or median (range).

p = 0.007]. None of the other secondary analyses had significant
univariate associations in the expected direction (Table 2).

DISCUSSION

AI-induced musculoskeletal symptoms are one of the most
common adverse effects of adjuvant AI treatment and are a
primary reason for early discontinuation of adjuvant endocrine
therapy, a treatment that reduces risks of recurrence and
improves survival (Baum et al., 2003; Felson and Cummings,
2005; Coates et al., 2007; Partridge et al., 2008; Mao et al.,
2009; Hershman et al., 2011; Murphy et al., 2012; Hadji et al.,
2014; Moscetti et al., 2015; Olufade et al., 2015; Basch et al.,
2017; Beckwée et al., 2017; Gupta et al., 2020). The objective
of this study was to replicate associations with AIMSS risk
in an independent patient cohort for SNPs that have been
previously associated with AIMSS. Although we could not
successfully replicate an increased AIMSS risk for carriers of
TCL1A rs11849538, we demonstrated that patients who carried
OPG rs2073618 had increased AIMSS risk.

Our finding that patients who carried the OPG rs2073618
variant G allele have increased AIMSS risk is consistent
with several prior retrospective pharmacogenetic analyses. The
rs2073618 variant is a C > G substitution with a minor allele
frequency close to 0.5 in Caucasians, making it possible that
researchers could inadvertently swap the wild-type and variant
alleles depending on which strand was genotyped (the allele
frequencies for this variant and all other variants in this analysis
can be viewed in dbSNP1). Therefore, the resulting amino acid
change for this missense variant (Asp3Lysine or N3K) can be used
to definitively refer to the patient’s phenotype. In our study, we
genotyped the OPG forward strand where a wild-type C allele
results in AAC (asparagine) and a variant G allele results in
AAG (lysine). Wang et al. initially hypothesized that SNPs in
OPG, which encodes osteoprotegerin, could be associated with
risk of AIMSS. Using a large cohort (n = 420) of AI-treated
patients, these investigators found that patients who carried the
allele encoding lysine had lower OPG expression and higher
AIMSS risk (Dempsey et al., 2018). They also found that carriers
of this variant had greater levels of the bone turnover markers
carboxy terminal telopeptide and procollagen type I N-terminal
propeptide and greater reduction in bone mineral density at the
lumbar spine. Wang et al. also summarized the prior evidence
that this SNP is associated with many bone-related conditions,
likely due to enhanced bone resorption. This association was
then partially replicated in a smaller (n = 154) cohort of AI-
treated patients, in which rs2073618 variant (lysine) carriers
reported greater musculoskeletal symptoms and pain severity
(dominant p = 0.046). Interestingly, in this previous study,
the increased AIMSS risk was restricted to the heterozygous
carriers (Mao et al., 2011; Wang et al., 2013). In our cohort, the
risk of AIMSS was greater in patients who were heterozygous
(40/62 = 65%) or homozygous (21/30 = 70%) lysine carriers
compared with homozygous asparagine patients (13/35 = 37%),

1https://www.ncbi.nlm.nih.gov/snp/rs2073618
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TABLE 2 | Unadjusted genetic associations for each variant with AIMSS endpoints.

Pain interferencea Physical functionb Joint painc

SNP Gene Risk effectc Carriersd OR 95% CI p-valuee OR 95% CI p-valuee OR 95% CI p-valuee

rs11849538f TCL1A Higher 30 1.29 0.55, 3.07 0.56 1.29 0.52, 3.17 0.59 0.73 0.30, 1.75 0.48

rs2073618 OPG Higher 102 1.36 0.60, 3.10 0.46 0.94 0.41, 2.16 0.88 3.33 1.48, 7.49 0.0036

rs7984870 RANKL Higher 91 0.99 0.46, 2.10 0.98 0.98 0.44, 2.18 0.97 0.67 0.32, 1.42 0.30

rs11568820 VDR Higher 64 0.94 0.46, 1.95 0.88 0.85 0.39, 1.82 0.67 0.51 0.25, 1.05 0.068

rs2234693 ESR1 Higher 106 1.46 0.63, 3.39 0.38 1.07 0.46, 2.51 0.87 0.97 0.44, 2.15 0.94

rs9322336 ESR1 Higher 37 1.04 0.46, 2.36 0.92 1.04 0.44, 2.44 0.93 1.45 0.64, 3.26 0.38

rs9340799 ESR1 Lower 89 1.10 0.52, 2.31 0.81 1.14 0.52, 2.50 0.74 1.08 0.52, 2.22 0.84

rs10046 CYP19A1 Lower 99 0.67 0.31, 1.46 0.32 0.92 0.41, 2.07 0.83 1.19 0.55, 2.57 0.65

rs934635 CYP19A1 Higher 38 1.32 0.58, 2.99 0.50 1.59 0.69, 3.68 0.28 0.96 0.43, 2.15 0.93

rs16964189 CYP19A1 Lower 61 1.67 0.80, 3.47 0.17 1.09 0.51, 2.36 0.82 0.96 0.47, 1.97 0.91

rs4646536 CYP27B1 Higher 75 0.89 0.43, 1.83 0.74 0.91 0.43, 1.95 0.81 1.44 0.71, 2.93 0.31

rs6163 CYP17A1 Lower 94 1.49 0.68, 3.24 0.32 0.74 0.34, 1.63 0.46 1.05 0.51, 2.19 0.89

rs7176005 NA/Chr15 Lower 40 1.03 0.46, 2.30 0.94 1.34 0.59, 3.07 0.48 0.74 0.34, 1.64 0.46

OR: Odds ratio, 95% CI: 95% Confidence interval.
Bold denotes p < 0.05 in unadjusted analysis.
a
≥4-point increase PROMIS T-score from baseline to 3 and/or 6 months.

b
≥4-point decrease in PROMIS T-score from baseline to 3 and/or 6 months.

c
≥1-point increase on FACT-ES item, “I have pain in my joints” from baseline to 3 and/or 6 months.

cPrespecified expected direction of effect on AIMSS risk in patients carrying the variant allele compared to the homozygous wild-type.
dNumber of individuals who were heterozygous or homozygous carriers of the variant allele.
ep-values are unadjusted for multiple comparisons.
f Prespecified primary hypothesis was that carriers of TCL1A rs11849538 had greater risk of AIMSS, as defined by the pain interference endpoint.

FIGURE 2 | AIMSS risk stratified by TCL1A rs11849538. The proportion of patients who experienced AIMSS (Y-axis), as defined by a ≥ 4-point increase in PROMIS
T-score from baseline to 3 or 6 months, is indicated by the box (standard error indicated by the vertical line). In the primary analysis, there was no increased AIMSS
risk, as defined by an increase in the pain interference score from baseline to 3 or 6 months by at least four points, in patients carrying TCL1A rs11849538 (n = 30,
unadjusted odds ratio = 1.29, 95% confidence interval: 0.55–3.07, p = 0.56).

consistent with an additive or dominant genetic effect. However,
not all studies have successfully replicated this association,
including our prior replication attempt in the ELPh cohort where
we were unable to detect an association of rs2073618, perhaps
due to the use of a different AIMSS endpoint defined by a
musculoskeletal symptom cluster (Lintermans et al., 2016). Our
current analysis supports the initial discovery and replication

attempts and further suggests that carriers of lysine at rs2073618
have increased AIMSS risk.

None of the other candidate SNPs that we selected for
this replication study were associated with our AIMSS
phenotypes. This includes TCL1A rs11849538, which was
originally discovered in a genome-wide association study
conducted in a nested case–control study of patients
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FIGURE 3 | AIMSS risk stratified by OPG rs2073618. The proportion of patients who experienced AIMSS (Y-axis), as defined by a ≥ 1 point increase in FACT-ES
from baseline to 3 or 6 months, is indicated by the box (standard error indicated by the vertical line). In the secondary analysis, patients carrying OPG rs2073618
(n = 102) had a greater risk of AIMSS, defined by the increase in joint pain measured by the FACT-ES (unadjusted OR = 3.33, 95% CI: 1.48–7.49, p = 0.004).

who experienced AIMSS while receiving anastrozole or
letrozole on the MA.27 clinical trial (Liu et al., 2012).
Previous attempts and this current study have not replicated
this association in a cohort of patients treated with AIs
(Park et al., 2011).

Our results indicate that OPG rs2073618 may be a risk
factor for AIMSS. If successfully validated in additional breast
cancer cohorts, this genetic variant could potentially be used
to identify patients at risk for musculoskeletal toxicity during
AI therapy for personalized treatment, symptom monitoring,
and symptom management that could lead to improve breast
cancer outcomes. The approach to personalizing treatment
based on the presence of this variant will require further
understanding of the risk status in variant carriers. If this
variant only increases AIMSS risk from a specific AI, it could
provide the rationale for choosing that AI over the others.
Alternatively, if carriers of this variant have higher AIMSS
risk regardless of which AI they receive, the presence of this
variant may justify enhanced side-effect monitoring (Early Breast

TABLE 3 | Multivariable association of OPG rs2073618 with worsening of joint
pain measured on FACT-ES.

Variable OR 95% CI p-value

OPG rs2073618 (dominant model) 3.98 1.61, 9.84 0.003

Age 0.97 0.91, 1.02 0.21

White Race (vs. other) 0.70 0.21, 2.27 0.55

BMI 1.04 0.97, 1.13 0.25

Taxane Chemotherapy (vs. non-taxane
or no chemotherapy)

0.94 0.39, 2.30 0.90

Anastrozole (vs. other AI) 0.54 0.22, 1.36 0.19

BMI, Body mass index; AI, aromatase inhibitor; OR, odds ratio; 95% CI, 95%
confidence interval.

Cancer Trialists’ Collaborative Group Davies et al., 2011) and
symptom management or consideration of alternative treatment
options such as tamoxifen (Sheppard et al., 2020). Finally,
rs2073618 is very common in Caucasians and Asians, with
minor allele frequencies of ∼45 and ∼25% in these groups,
respectively, which will be much more efficient for preemptive
genetic testing compared to other low-frequency variants that
require screening many patients to identify the small number
of patients at risk. The potential clinical benefit of preemptive
testing to guide personalized treatment selection would likely
need to be demonstrated in prospective clinical trials prior to
clinical translation.

This pharmacogenetic study was conducted in a prospectively
accrued real-world clinic-based cohort of patients from whom
treatment-related AIMSS data were collected via validated PRO
outcome measures prior to and at predefined time points during
treatment. This analysis used clinically relevant definitions of
AIMSS, and all analyses were conducted with a predefined
expected direction of effect. While these analytical decisions
improved the likelihood that our finding is valid, the lack
of statistical correction for the 38 unique secondary analyses
conducted increases the chances that this was a false-positive
replication and therefore additional validation studies are needed.
Our study had several additional limitations that need to be
considered. This cohort was relatively small for a retrospective
pharmacogenetic analysis, which precludes further analyses
to determine whether the effect is exclusive to a single AI
or shared among two or all three of the agents. Although
there is evidence that AIMSS is more common in African
Americans (67) our cohort was insufficiently large or diverse
(85% Caucasian) to conduct analyses within individual racial
subcohorts. Additionally, this study was likely underpowered to
detect associations for less common variants or those with smaller
effect sizes, and we were not able to explore haplotypes for genes
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with multiple variants including CYP19A1 and ESR1. Moreover,
the PRO outcome measures used in this study were not specific to
AIMSS. The PROMIS pain interference measure addresses pain
of any type, and multiple factors, such as other medications or
physical injuries, could contribute to pain interference or physical
function limitations. Although we did not exclude patients taking
other medications with musculoskeletal side effects or patients
with preexisting musculoskeletal conditions from participation,
the fact that we compared PRO data from 3 and/or 6 months to
baseline makes it likely that that AIMSS we detected using the
PRO measures are attributable to AI treatment.

In conclusion, in our secondary analyses of a prospectively
accrued cohort of HR + patients with early-stage breast
cancer treated with an adjuvant AI, patients carrying lysine
at OPG rs2073618 had greater risk of treatment-related
AIMSS. Further retrospective pharmacogenetic analyses are
needed to validate this clinical association, and preclinical
functional studies are needed to further validate the mechanisms
underlying this association. Upon validation, prospective
genotyped-guided treatment trials are necessary to demonstrate
that preemptive genotyping of rs2073618 can improve
clinical outcomes in patients with HR + early-stage breast
cancer receiving adjuvant endocrine treatment by guiding
enhanced symptom monitoring and symptom management
interventions with the goal of improving treatment adherence
and persistence.
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