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This review describes the important functional implications of
TCL1A single nucleotide polymorphisms (SNPs) discovered
during pharmacogenomic studies of aromatase inhibitorinduced musculoskeletal adverse events that were
subsequently shown to influence the expression of cytokines,
chemokines, toll-like receptors (TLR), and NF-țB in a SNP and
estrogen-dependent fashion. Functional genomic studies of
these SNPs led to the discovery of novel mechanisms that
may contribute to disease pathophysiology and which may
also increase our understanding of pharmacogenomic aspects
of regulation of the expression of inflammatory mediators.
Specifically, TCL1A expression was induced by estrogens in a
SNP-dependent fashion, resulting in downstream effects on
the expression of immune mediators that included IL17RA,
IL17A, CCR6, CCL20 TLR2, TLR7, TLR9, TLR10 and NF-țB.
These observations have potential implications for
inflammatory diseases such as rheumatoid arthritis²a
disease for which two thirds of patients are women. Strikingly,
this genomic phenomenon could be ³UHYHUVHG´ by estrogen
receptor antagonist treatment²once again in a SNPdependent, i.e., in a pharmacogenomic fashion. Specifically,
differential SNP-dependent effects on estrogen receptor
binding to estrogen response elements before and after
estrogen receptor blockade might be associated with
mechanisms underlying the SNP genotype and estrogendependent regulation of TCL1A and the expression of
downstream immune mediators. Furthermore, this SNP and
estrogen-dependent phenotypic response could EH³UHYHUVHG´
by SERM treatment. These observations could potentially
open the way to understand, predict and even
pharmacologically manipulate the expression of selected
immune mediators in a SNP-dependent fashion.

1000 Genomes Project (5). Subsequent functional genomic
studies of these SNPs identified a novel genetic mechanism for
estrogen-dependent regulation of the expression of a series of
immune mediators (4, 6). TCL1A is expressed in activated T and
B lymphocytes as well as thymocytes, and alterations in
circulating estrogen concentrations have previously been
associated with a variety of musculoskeletal symptoms (7).
Our functional genomic studies were performed with a panel
of lymphoblastoid cell lines (LCLs) that express a wide range of
immune genes. We found that the SNPs near TCL1A that we had
identified during the GWAS were associated with variation in
estrogen-dependent TCL1A expression (see Figure 1B), and
downstream the expression of a series of cytokines, chemokines
(8) and toll-like receptors (TLRs) (9) as well as the transcriptional
activity of NF-țB (6). Specifically, the top hit SNP (rs11849538)
from our GWAS created a functional estrogen response element
(ERE) (4). We also observed that rs7359033 and rs7160302 were
each at a distance from ERE motifs that were separate from the
ERE created by the variant sequence for the top hit SNP,
rs11849538, as shown graphically in Figure 1A. All three of
these SNPs appeared to act in concert to influence the estrogendependent induction of TCL1A (Figure 1B) with downstream
effects on the expression of a series of pro-inflammatory
cytokines, chemokines and TLRs in LCLs (4, 6, 8, 9). These
findings served to identify a molecular mechanism that may play
a role in the complex interplay among estrogens, inflammatory
mediators and disease phenotypes.
In this review, we will also describe our recent findings that
SNPs at a distance from an ERE can have a profound effect on
(5Į ELQGLQJ DQG GRZQVWUHDP SKHQRW\SHV. Even more striking,
selective estrogen receptor modulators (SERMs) such as
tamoxifen can ³reverse´ this SNP genotype-GHSHQGHQW (5Į
binding (Figure 1C-1E) and downstream transcription²raising
the possibility of the pharmacologic manipulation of ER binding
to EREs and of subsequent phenotypes. Specifically, if the SNP
genotypes are known, the phenotypes²in this case the
downstream expression of cytokines, chemokines and TLRs²
might be altered by estrogens and/or estrogen receptor blockade
(6, 8, 9).
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Introduction
Aromatase inhibitor (AI) therapy blocks estrogen synthesis and
can decrease the recurrence of estrogen receptor positive breast
cancer by approximately 50% (1). However, musculoskeletal side
effects are among the most important adverse events observed in
women treated with AIs (2) and often result in the discontinuation
of AI therapy (2). We previously performed a genome-wide
association study (GWAS) using DNA from women with
estrogen receptor (ER) positive breast cancer who were enrolled
in the MA.27 adjuvant AI clinical trial. MA.27 is one of the
largest adjuvant AI clinical trials ever conducted, with over 7000
patients enrolled (3). We observed a single nucleotide
polymorphism (SNP) during the GWAS that mapped QHDUWKH¶terminus of the TCL1A gene (rs11849538) (see Figure 1A), and
imputation identified two additional SNPs (rs7359033 and
rs7160302). All three SNPs were in tight linkage disequilibrium
(LD) and were associated with AI-induced musculoskeletal
adverse events (4). The minor allele frequency for the TCL1A
SNP (rs11849538) is approximately 19% in European, African,
Asian and Caucasian-Americans populations according to the
ISSN 2377-2700 | www.jnsci.org/content/416

Reversal of SNP and drug induced transcriptional regulation
The ³+XPDQ 9DULDWLRQ 3DQHO´ LCL model system used in our
studies has been utilized repeatedly to generate and test genomic
and pharmacogenomic hypotheses and has proven to be a
powerful tool because it allows the testing of many common
genetic variants present in human populations (4, 6, 10-14).
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Figure 1. (A) Schematic diagram of two SNPs, rs7359033 and rs7160302, that are in tight LD with rs11849538²WKH³WRSKLW´VLJQDOIURPWKH0$
musculoskeletal adverse event GWAS. Locations of estrogen response elements (EREs) are shown as boxes. All three of these SNPV PDSQHDUWKH¶terminus of TCL1A. (B) SNP and estrogen-related variation in TCL1A mRNA expression in lymphoblastoid cell lines with known TCL1A SNP genotypes
after exposure to estradiol (E2) with or without 4-OH-TAM. (C-E) &K,3 DVVD\V VKRZLQJ WKH HIIHFW RI (5Į ELQGLQJ WR (5(V LQ RUQHDU WKH 613V VHH
Figure 1A) in response to E2 (0.1nM), E2 (0.1nM) plus 4-OH-TAM (10-7μM) or E2 (0.1nM) plus ICI (10-7μM) treatment of LCLs homozygous for either
wildtype (WT) or variant (V) genotypes for the rs11849538, rs7359033 and rs7160302 SNPs (note that the WT sequence for the rs11849538 SNP did not
encode an ERE, so there was no binding for the WT genotype, see panel C). Adapted and modified from Figure 2 in Ho et al. Molecular Endocrinology
2016 (8).

This model system consists of three different ethnicities, 100 cell
lines per ethnic group, for a total of 300 cell lines. Each of the cell
lines has genome-wide mRNA expression, genome-wide SNP and
CpG methylation data, all of which made it possible for us to
perform functional genomic studies. We found that TCL1A
expression was up-regulated by estradiol (E2) only in LCLs
carrying the variant sequence for the SNP (rs11849538) that
created an ERE (Figure 1B) (4). Furthermore, TCL1A induction
was associated with variation in the expression of a series of proISSN 2377-2700 | www.jnsci.org/content/416

inflammatory cytokines and their receptors (IL17A, IL17RA,
IL12, IL12RB2 and IL1R2) as well as NF-ț% WUDQVFULSWLRQDO
activity (6). We also recently reported that the expression of
additional immune mediators such as CCR6 and its only known
ligand, CCL20, could also be modulated by TCL1A in a SNPestrogen-dependent fashion (8) as could the expression of a series
of TLRs (9). However, these estrogen induced effects were
pharmacologically reversible. In the presence of 4hydroxytamoxifen (4-OH-TAM), an active metabolite of
2
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tamoxifen, or of fulvestrant (formerly ICI 182,780), an estrogen
receptor antagonist, the SNP-estrogen-dependent induction of
(5Į ELQGLQJ ZDV ³reversed´, as determined by chromatin
immunoprecipitation (ChIP) assays, and the expression of TCL1A
responded in parallel (Figure 1B-1E) (8). Strikingly, the
expression of cytokines, chemokines and TLRs ³GRZQVWUHDP´RI
TCL1A responded in a similar fashion²indicating that these
estrogen receptor blocking drugs might be used to alter the
expression of the inflammatory mediators in a SNP-dependent
fashion²i.e. WKDW ³pKDUPDFRJHQRPLFV´ FRXOG EH XVHG WR SUHGLFW
and guide the use of drugs to alter the expression of known
mediators of inflammation. It should be emphasized that the SNPs
involved were located ¶RITCL1A. These SNPs were not in the
genes encoding the pro-inflammatory cytokines, chemokines or
TLRs. These observations could potentially open the way to make
it possible to understand, predict and pharmacologically
manipulate the expression of immune mediators in a SNPdependent fashion by the administration of tamoxifen or
fulvestrant.
As stated earlier, TLR2, TLR7, TLR9 and TLR10 expression,
as well as that of MYD88, could be modulated by TCL1A in a
SNP and estrogen-dependent fashion, and all of these effects
could be reversed in the presence of SERMs (9). In addition,
MYD88 inhibition blocked the TCL1A SNP and estrogendependent NF-ț% DFWLYDWLRQ. It is known that TLRs can regulate
NF-kB signaling by a process that requires the MYD88 adaptor
protein. These results served to confirm that TCL1A SNP and
estrogen-dependent NF-ț%DFWLYDWLRQPD\RFFXUat least in part,
through a TLR-MYD88-dependent pathway. These functional
genomic studies greatly extended our original observations from
the clinical GWAS and highlighted a novel pharmacogenomic
mechanism by which TCL1A can influence and modulate the
immune response and inflammation (9).

Discussion and Conclusions
This series of functional genomic studies began with a GWAS
performed using DNA from postmenopausal women receiving
AIs to treat ER+ breast cancer to identify SNPs related to
musculoskeletal adverse events that occur during AI therapy, as
outlined in Table 1. Briefly, the SNP signal most highly
associated with this phenotype included SNPs near TCL1A. Those
SNPs could influence TCL1A estrogen-dependent gene
expression in a SNP-dependent fashion, with downstream effects
on the expression of a series of cytokines, chemokines, TLRs and
NF-ț% WUDQVFULSWLRQDO DFWLYLW\. Table 1 summarizes the major
observations made in the series of studies that led to these
conclusions. We also observed differential effects on ER binding
to EREs before and after drug-induced ER blockade, with drugLQGXFHG ³UHYHUVDO´ RI ERWK (5 ELQGLQJ DQG GRZQVWUHDP
phenotypes that included the expression of inflammatory
mediators. Because of the critical role of cytokines, chemokines
and TLRs in inflammation, these observations have potential
implications for the pathophysiology and treatment of
rheumatologic disease. Female sex hormones are thought to play
an important role in the etiology and pathophysiology of various
rheumatic diseases (15). For example, rheumatoid arthritis (RA)
not only shows a strong sex bias toward women, but also displays
profound changes in incidence and severity during periods of
change in estrogen levels. The incidence of RA and the risk of
flares are increased during the postpartum period, a time of
rapidly falling plasma estrogen levels (16). The highest risk for
RA is observed during the menopausal years (17), while the use
of estrogen-based contraceptives has been associated with a lower
risk for the development of RA in some women with early
undifferentiated arthritis (18). These observations display
interesting parallels to the clinical impact of the pharmaceutical
lowering of estrogen levels by drugs such as AIs.

Table 1, Summary of key findings for TCL1A functional genomic studies
References
Title
Key findings
Genome-Wide Associations and
TCL1A 613 UV WKH³WRSKLW´613IURPWKH
Ingle et al, 2010 (4)
Functional Genomic Studies of
GWAS created an estrogen response element and was
Musculoskeletal Adverse Events in
associated with musculoskeletal adverse events in women
Women Receiving Aromatase
treated with aromatase inhibitors for early breast cancer.
Inhibitors
Aromatase inhibitors, estrogens and
Estradiol induced SNP-dependent TCL1A expression,
Liu et al, 2012 (6)
musculoskeletal pain: estrogenwhich, in turn, was associated with alterations in expression
dependent T-cell leukemia 1A
of IL-17, IL-17RA, IL-12, IL-12RB2, and IL-1R2 as well as
(TCL1A) gene-mediated regulation of
NF-kB transcriptional activity.
cytokine expression
Estrogen, SNP-Dependent Chemokine
Variation in TCL1A expression influenced the downstream
Ho et al, 2016 (8)
Expression and Selective Estrogen
expression of CCR6 and CCL20. Furthermore, SNPs at a
Receptor Modulator Regulation
GLVWDQFHIURP(5(VFRXOGUHJXODWH(5ĮELQGLQJDQG(5
antagonists could reverse phenotypes associated with those
SNPs.
TCL1A expression could influence the downstream
TCL1A SNPs and estrogen-mediated
Ho et al, 2017 (9)
expression of TLR2, TLR7, TLR9, TLR10, and MYD88.
toll-like receptor-MYD88-dependent
NF-kB activation: SNP and SERMInhibition of MYD88 resulted in the blockade
of TCL1A SNP-dependent NF-kB activation, indicating that
dependent modification of
the TLR-MYD88±dependent NF-kB signaling pathway
inflammation and immune response
could contribute to TCL1A SNP- and estrogen-dependent
effects.
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Our results are compatible with a role for genetic variation near
the TCL1A gene in the regulation of the estrogen-dependent
induction of selected cytokines and chemokines (IL17RA, IL17A,
CCR6, CCL20,) all of which have implications for clinical
inflammatory diseases and all of which might potentially be
manipulated by drug therapy, i.e. treatment with selective
estrogen receptor modulators (SERMs) such as tamoxifen. CCR6
and CCL20 mediated migration of Th17 cells has been suggested
as an important molecular mechanism in a variety of autoimmune
diseases including RA as a result of the recruitment of
inflammatory cells to synovial/tenosynovial structures (19). In
addition, IL17 and IL17RA are drug targets for the treatment of
autoimmune diseases such as RA²with significant differences in
incidence between the sexes, which might suggest critical
molecular mechanisms that involve interplay between estrogens
and immune regulation. Our experimental results demonstrate that
the expression of these immune mediators can be modulated by
TCL1A in a SNP and estrogen-dependent fashion. Although anticytokine therapies have been used to treat rheumatic diseases, for
many autoimmune and inflammatory diseases, therapeutic
decisions are often made by using a trial-and-error approach.
Estrogens can play an important role in inflammatory diseases

such as RA, for which two thirds of patients are women.
However, the effect of sex hormones on the immune response in
rheumatologic diseases remains to be fully elucidated at the
molecular level. Therefore, our observations with regard to
TCL1A SNP-dependent transcriptional regulation of immune
mediators before and after estrogen receptor blockade offer
insight into pharmacogenomic aspects of the regulation of the
expression of pro-inflammatory cytokines, chemokines and TLRs.
If these observations can eventually be translated into the clinic,
they might represent a novel mechanism by which drugs could be
used to regulate the estrogen-dependent induction of
inflammatory mediator expression.
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