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ABSTRACT

T-cell leukemia 1A (TCL1A) single-nucleotide polymorphisms
(SNPs) have been associated with aromatase inhibitor-induced
musculoskeletal adverse events. We previously demonstrated
that TCL1Ais inducible by estradiol (E,) and plays a critical role in
the regulation of cytokines, chemokines, and Toll-like receptors
in a TCL1A SNP genotype and estrogen-dependent fashion.
Furthermore, TCLIA SNP-dependent expression phenotypes
can be “reversed” by exposure to selective estrogen receptor
modulators such as 4-hydroxytamoxifen (4OH-TAM). The pre-
sent study was designed to comprehensively characterize the
role of TCL1A in transcriptional regulation across the genome by
performing RNA sequencing (RNA-seq) and chromatin immuno-
precipitation sequencing (ChlP-seq) assays with lymphoblastoid

cell lines. RNA-seq identified 357 genes that were regulated
in a TCL1A SNP- and E,-dependent fashion with expression
patterns that were 40H-TAM reversible. ChlP-seq for the
same cells identified 57 TCL1A binding sites that could be
regulated by E, in a SNP-dependent fashion. Even more
striking, nuclear factor-«B (NF-«B) p65 bound to those same
DNA regions. In summary, TCL1A is a novel transcription
factor with expression that is regulated in a SNP- and
E>-dependent fashion—a pattern of expression that can be
reversed by 40H-TAM. Integrated RNA-seq and ChIP-seq
results suggest that TCL1A also acts as a transcriptional
coregulator with NF-«B p65, an important immune system
transcription factor.

Introduction

We previously performed a genome-wide association study
(GWADS) that identified three single-nucleotide polymorphisms
(SNPs) located 3’ of the T-cell leukemia 1A (TCL1A) gene that
were associated with musculoskeletal adverse events induced
by aromatase inhibitors (Als) (Ingle et al., 2010). The top hit SNP
(rs11849538) from that GWAS was in tight linkage disequilib-
rium with two other SNPs, rs7160302 and rs7359033 (R? = 0.92
and 0.98, respectively) (Ho et al., 2016a). Subsequently, we
performed functional genomic studies using a human variation
panel of lymphoblastoid cell lines (LCLs), and we found that
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TCL1A expression was induced by estradiol (E5), but only in cell
lines homozygous for variant genotypes for the TCL1A SNPs (Ho
et al., 2016a). These three SNPs appeared to act in concert to
influence estrogen-dependent TCL1A induction (Ho et al,
2016a). However, this expression pattern could be “reversed”
after estrogen receptor « blockade with the active tamoxifen
metabolite 4-hydroxytamoxifen (4OH-TAM).

We have also reported that mechanisms underlying this
drug-induced reversal of TCL1A expression are due, at least in
part, to altered estrogen receptor binding to estrogen response
elements, two of which are at a distance from the SNPs
(Ho et al., 2016a). Even more striking, a series of downstream
immune mediator genes, including those encoding cytokines
(Liu et al., 2012), chemokines (Ho et al., 2016a), and Toll-like
receptors (TLRs) (Ho et al., 2017), responded in parallel with
TCLIA SNP- and estrogen-dependent transcription. These
observations have potential implications for the treatment of
inflammatory diseases such as rheumatoid arthritis because
their drug treatment targets these immune mediators. If the

ABBREVIATIONS: Al, aromatase inhibitor; bp, base pair; ChIP, chromatin immunoprecipitation; ChlP-seq, chromatin immunoprecipitation
sequencing; DAPI, 2-(4-amidinophenyl)-1H-indole-6-carboxamidine; E,, estradiol; EMSA, electrophoretic mobility shift assay; FBS, fetal bovine
serum; GWAS, genome-wide association study; IP, immunoprecipitation; kb; kilobase; LCL, lymphoblastoid cell line; NF-«B, nuclear factor «B;
40H-TAM, 4-hydroxytamoxifen; RA, rheumatoid arthritis; PCR, polymerase chain reaction; RNA-seq, RNA sequencing; siRNA, small interfering
RNA; SNP, single-nucleotide polymorphism; TCL1A, T-cell leukemia 1A; TLR, Toll-like receptor.
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TCL1A SNP genotypes were known, these observations raise
the possibility that immune mediator gene expression could be
manipulated by the use of drugs such as 4OH-TAM.

The molecular mechanisms underlying the effect of the
TCL1A SNPs that result in changes in TCL1A expression in
an estrogen- and 40H-TAM-dependent fashion are not clear.
The molecular mechanisms by which TCL1A expression might
be associated with Al-induced musculoskeletal adverse events
also remain unclear. Our study was designed to explore those
molecular mechanisms. Specifically, we set out to determine
whether TCL1A might function as a transcription factor that acts
broadly—genome-wide—in a SNP- and estrogen-dependent fash-
ion, and to study underlying mechanisms responsible for this
genomic phenomenon using a human variation panel LCL model
system.

We should emphasize that this LCL panel represents a
genomic data-rich cell line model system that has repeatedly
demonstrated its utility in the generation and testing of
pharmacogenomic hypotheses (Ingle et al., 2010, 2013, 2016;
Liu et al., 2012; Ho et al., 2016a, 2017). Specifically, it allowed
us to select LCLs for study with any common genotype or
combinations of genotypes, as demonstrated by the experi-
ments described subsequently.

Materials and Methods

Human Variation Panel Lymphoblastoid Cell Lines

The human variation panel LCL model system consists of 300 LCLs
from healthy subjects of three ethnicities (100 European American,
100 African American, and 100 Han Chinese American). This LCL cell
line model system was used to perform many of the experiments
described in this report. This cell line model system provides genome-
wide mRNA expression as determined by Affymetrix (Santa Clara,
CA) U133 2.0 Plus GeneChip expression arrays. SNP data were
generated by the Illumina 550K and 510S SNP BeadChip SNP array
(INlumina, San Diego, CA), and genotyping data were then used to
impute approximately 7 million SNPs per cell line (Liu et al., 2012).

RNA Sequencing and Data Analysis

RNA was isolated from LCLs with known TCL1A SNP genotypes
(two LCLs with homozygous wild-type and three LCLs with homozy-
gous variant genotypes for the TCL1A SNPs). RNA sequencing (RNA-
seq) experiments were conducted by the Mayo Clinic Center for
Individualized Medicine Medical Genomics Facility. RNA-seq librar-
ies were prepared with the Ovation RNA-seq system v2 kit NuGEN,
San Carlos, CA) according to the manufacturer’s instructions, and
they were sequenced using an Illumina HiSeq 2000 with six samples
in each lane using 100-base pair (bp) paired-end index reads. Fastq
files containing paired RNA-seq reads were aligned with Tophat
2.0.12 (Kim et al., 2013) against the University of California—Santa
Cruz (UCSC) human reference genome (hg19) using Bowtie 2.2.3 with
default settings (Langmead and Salzberg, 2012). Gene level counts
from uniquely mapped, nondiscordant read pairs were obtained using
the subRead featureCounts program (v1.4.6) (Liao et al., 2013) and
gene models from the UCSC hgl9 Illumina iGenomes annotation
package. Size factors were computed using the estimateSizeFactors
function of DESeq2, and reference genes (GAPDH, ACTB) as the
controlGenes parameter for estimateSizeFactors by the DESeq2
package (Love et al., 2014). Differential expression analysis was also
performed using the DESeq2 package with default parameters.

Identification of Genes with TCL1A Expression Patterns

To identify genes with expression patterns similar to that of
TCL1A after drug or hormone treatment, we mined our transcriptome
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data to identify genes that were up-regulated with log2FC >1 only in
LCLs homozygous for wild-type sequences for the TCLIA SNPs in
response to Eg treatment, and LCLs homozygous for variant genotypes
for the TCL1A SNPs with nonsignificant changes or down-regulated
(log2FC <0.5) expression in response to Eg treatment. We also searched
for genes that had “reversed” gene expression patterns in response to
E;+40H-TAM treatment. Specifically, these were genes that were
up-regulated with 1og2FC >1 only in LCLs with homozygous variant
sequences for the TCLIA SNPs in response to Eo+40H-TAM treat-
ment, and LCLs with homozygous wild-type genotypes for the TCL1A
SNPs that displayed nonsignificant changes or down-regulation
(log2FC < 0.5) in response to Eo+40H-TAM treatment. Gene ontology
terms for each data set were generated using Database for Annotation,
Visualization and Integrated Discovery (DAVID) v6.8 (https:/david.
nciferf.gov/) (Huang et al., 2009).

Chromatin Immunoprecipitation Sequencing and Data
Analysis

The chromatin immunoprecipitation sequencing (ChIP-seq) experi-
ments were performed in duplicate using two LCLs with known TCL1A
genotypes. Specifically, we selected one LCL from each genotype group
from the five LCLs we used to perform RNA-seq. The ChIP-seq libraries
were prepared using the Ovation ultralow DR Multiplex kit (NuGEN),
and were subsequently sequenced to 51-bp paired ends using Illumina
HiSeq 2000 at the Mayo Clinic Center for Individualized Medicine
Medical Genomics Facility. The Fastq files were aligned against the
UCSC human reference genome (hgl9) with Bowtie 1.1.0 using the
following Bowtie parameters: —sam —chunkmbs 512 —p4 —k1-m1 —e
70 —1 51 —best. We then used the HOMER function findPeaks with
default parameters to identify significantly enriched peaks in the
experimental samples (Heinz et al., 2010).

We used deepTools to visualize binding profiles for TCL1A around
transcription start sites (—2 kb, +2 kb) (Ramirez et al., 2016). Briefly,
sorted bam files were used as input for the deepTools bamCoverage
function using the parameter —normalizeTolx 2451960000 for nor-
malization and generating BigWig files. We then used the function
computeMatrix with binSize = 20 to compute scores for genome
regions, and we used its output to plot a heat map of TCL1A binding
profiles across vehicle- and drug-treatment conditions using the
deepTools function plotHeatmap. To identify regions with distinct
binding intensities, we clustered binding profiles into four clusters
using k-means.

Next, we used the ChipSeeker package to annotate peaks identified
by HOMER and study the distribution of read densities around
annotated genomic regions. Motif analyses were performed using
the HOMER function findMotifsGenome with the parameter size
50 —mask to identify transcription factor—binding motifs. The acces-
sion number for the p65 ChIP-seq data are GSE55105 (Zhao et al.,
2014).

Overlap analysis for genome-wide TCL1A and p65 binding sites was
performed using a window of =500 bp from the center of each peak of
TCL1A binding, and the binding signals of TCL1A and p65 were
plotted side by side for each window, as shown in Fig. 5B. Figure 5C
sums the ChIP-seq signals for TCL1A and p65 bindings, respectively,
using a window 1000 bp from the transcription start site from each of
the 357 TCL1A target genes we studied. Correlations were then
calculated between TCL1A and p65 binding for each treatment
condition.

CRISPR/Cas9 Plasmids and Knockout TCL1A Gene. TCL1A
Double Nickase Plasmid sc-402028-NIC (Santa Cruz Biotechnology,
Dallas, TX) was transfected into LCLs using the program X-001 of
Amaxa Nucleofector (Lonza, Kéln, Germany), and re-covered for
24 hours in RPMI1640 medium (Cellgro, Manassas, VA) supple-
mented with 15% fetal bovine serum (FBS; Atlanta Biologicals,
Flowery Branch, GA). Transfected cells were cultured in me-
dium containing 0.2 ug/ml of puromycin for 10 days for selection. Cells
were seeded on a 96-well culture plate using RPMI1640 medium
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supplemented with 15% FBS for 12 weeks. TCL1A expression was
quantified and normalized to the B-actin signal by Western blot
analysis. Cells exhibiting <10% normalized TCL1A signal were
considered to have TCL1A knocked out.

Drug Treatment

LCLs with known genotypes were cultured in RPMI 1640 medium
(Cellgro) supplemented with 15% FBS (Atlanta Biologicals). Before
estrogen treatment, the cells were cultured in RPMI media containing
5% (v/v) charcoal-stripped FBS for 24 hours, and were subsequently
cultured in FBS-free RPMI medium for another 24 hours. The cells
were then treated with 0.1 nM of E; for 24 hours. In some experiments,
the cells were treated with 4OH-TAM (107 uM).

Real-Time Polymerase Chain Reaction

Four cell lines with each TCLIA genotype were selected for
functional validation. The polymerase chain reaction (PCR) mixture
contained 100 ng of total RNA, 5 ul of 2X VeriQuest SYBR green qPCR
master mix (Affymetrix), 0.1 ul of DNA polymerase, 1 ul of gene-
specific primer, and distilled water up to 10 ul per reaction. GAPDH
and ACTB were used as internal controls. Real-time PCR reactions
were performed in duplicate using the ViiA 7 Real-Time PCR System
(Applied Biosystems/Life Technologies, Carlsbad, CA). The gAACt
method was employed for statistical data analysis.

RNA Interference and Transfection

Pooled TCL1A, p65 siRNA, and negative control were purchased
from Dharmacon (Chicago, IL). Small interfering RNA (siRNA) was
transfected into the LCLs by electroporation using the nucleofector kit
(Lonza). Briefly, the electroporation reaction contained 2.5 x 106 cells,
100 ul of nucleofector solution, and 300 nM siRNA. After electro-
poration, the cells were transferred into 12-well plates containing pre-
equilibrated RPMI medium for use in the experiments described in
this report.

Chromatin Immunoprecipitation Assay and ChiP-re-ChiP
Assay

ChIP assays were performed using LCLs with known TCL1A SNP
genotypes (n = 4 for each genotype) using the EpiTect ChIP OneDay
Kit (Qiagen, Valencia, CA). DNA-TCL1A complexes were immuno-
precipitated using antibodies against TCL1A, RelA, or with normal
mouse IgG (Cell Signaling Technology, Danvers, MA) as a control.
ChIP-re-ChIP assays were performed using the Re-ChIP-IT Kit
(Active Motif, Carlsbad, CA). Real-time PCR was used to quantify
TCL1A binding or p65 binding. The primer sets for the ChIP assays
are listed in Supplemental Table 4.

Coimmunoprecipitation of TCL1A and Nuclear Factor kB

The LCLs (1 x 107) were resuspended in 650 ul of immunoprecipi-
tation (IP) lysis buffer containing 2.2 ul of protease inhibitor cocktail
(Qiagen) and were incubated on ice for 30 minutes. The cells were then
centrifuged at 12,000g at 4°C for 15 minutes. The supernatants were
collected. Protein A agarose (ThermoScientific, Madison, WI) was
prepared and washed 3 times with IP lysis buffer. A precleaning step
was performed to clean the background. Cell lysates containing protein
A agarose beads were rotated at 4°C for an hour. After centrifugation,
the supernatant was collected. At this point, input (50 ul) was collected
and stored at —80°C.

Anti-TCL1A (1:50) (Cell Signaling Technology) or anti-nuclear
factor kB (anti-NF-«B) p65 (1:50) antibodies (Abcam, Cambridge,
MA) were used to perform IP. IgG (Cell Signaling Technology) was
used as the negative control. Specifically, IP samples containing
protein A agarose beads were rotated at 4°C overnight. Immunopre-
cipitates were washed 3 times with ice-cold lysis buffer, and the
proteins were eluted with 50 ul of 1X Laemmli loading buffer. The

proteins were separated on 4%—12% SDS-PAGE gels and transferred
onto polyvinylidene fluoride membranes. After blocking, membranes
were incubated with primary antibodies against TCL1A or NF-«B p65
at 4°C overnight. The washed membrane was then incubated with
secondary antibody (1:15,000 dilution) for an hour at room tempera-
ture. The membrane was visualized using super signal ECL substrate
(ThermoScientific).

Electrophoretic Mobility Shift Assay

Recombinant Human TCL1A Protein (NBP1-30239) was purchased
from Novus Biologicals (Littleton, CO). Synthetic oligonucleotides
(sense and antisense) were derived from TCL1A response element
sequences. Double-stranded DNA probes were 3’ end-labeled with
biotin (IDT, Coralville, IA). A 100-fold excess of unlabeled oligonucle-
otide competitors was used for the competition experiments. The
reaction mixture was then loaded onto a 5% Tris/Borate/EDTA
native polyacrylamide gel and electrophoresis was run for 1 hour at
100 V in 0.5 x Tris/Borate/EDTA buffer. The protein—-DNA com-
plexes were transferred to Biodyne B Nylon Membranes (Thermo-
Scientific) and UV cross-linked. An electrophoretic mobility shift
assay (EMSA) was performed using LightShift Chemiluminescent
EMSA Kit (ThermoScientific).

Immunofluorescence Staining and Confocal Imaging
Analysis

LCLs were grown on glass coverslips and treated with 0.1 nM E, for
24 hours. The cells were then fixed in 4% paraformaldehyde at room
temperature for 10 minutes. The cells were washed in cold phosphate-
buffered saline and permeabilized with 0.2% Triton X-100. After
blocking for 1 hour with 3% bovine serum albumin, the cells were
incubated with mouse anti-TCL1A antibody (Cell Signaling Technol-
ogy) overnight at 4°C. The secondary antibody (red) was ab150119
Alexa Fluor 647 goat anti-mouse IgG (H+L) used at 1:1000 dilution for
an hour. DAPI [2-(4-amidinophenyl)-1H-indole-6-carboxamidine]
was used to stain the cell nuclei (blue) at a concentration of 1.43 uM.
The slides were visualized using fluorescence microscopy (FV1200;
Olympus, Tokyo, Japan).

Results

RNA-Seq Genome-wide Identification of TCL1A SNP-
and Estrogen-Dependent Transcription Regulation.
As a first step, RNA-seq was performed using LCLs selected
for either homozygous wild-type or homozygous variant
genotypes for the TCL1IA SNPs shown graphically in Fig.
1A. The cells were treated with vehicle, Es, or E5 + 4OH-TAM.
The drug concentrations used had been optimized as shown in
Supplemental Fig. 1 (Liu et al., 2012; Ho et al., 2016a, 2017).
We then randomly selected 39 genes for use in the validation of
the RNA-seq data and found very high reproducibility based
on the use of qPCR (Supplemental Fig. 2). For example, in the
presence of E,, TCL1A expression was induced in LCLs that
were homozygous variant but not in those with homozygous
wild-type genotypes for the TCL1A SNPs (Fig. 1B).

As expected, this expression pattern could be reversed in the
presence of 40H-TAM. Specifically, TCL1A expression was
significantly up-regulated in cells that were homozygous wild-
type for the TCLIA SNPs but not in those with homozygous
variant genotypes (Fig. 1B). Based on the RNA-seq data, 357 genes
displayed this TCL1A SNP- and estrogen-dependent gene
expression pattern—a pattern that could be reversed by 40H-
TAM (Fig. 1C), in parallel with the pattern of expression of
TCL1A itself in response to treatment with either E; or Eo+
40H-TAM (Fig. 1B).
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Fig. 1. (A) Schematic diagram of three TCLIA SNPs: rs11849538, the
“top hit” signal from the MA.27 musculoskeletal adverse event GWAS,
rs7359033, and rs7160302. All three of these SNPs map near the 3’'-
terminus of TCL1A and are in tight linkage disequilibrium. Locations of
estrogen response elements (EREs) are shown as boxes. (B) SNP- and
estrogen-related variation of TCL1A mRNA expression in lymphoblastoid
cell lines with known TCL1A SNP genotypes after exposure to Ey with or
without 4OH-TAM. Student’s ¢ test was performed to compare gene
expression in LCLs with differing TCLIA SNP genotypes for each
treatment condition, ***P < 0.001. (C) Heat map showing expression
profiles for 357 genes regulated by TCLI1A SNPs in an estrogen-dependent
fashion, all of which could be reversed by 4OH-TAM treatment, as
determined by RNA-seq using LCLs with either homozygous wild-type
(W/W) (n = 2) or homozygous variant (V/V) (n = 3) genotypes for the TCL1A
SNPs.

Specifically, a total of 357 genes could be significantly
induced by E; with log 2-fold change =1 (Supplemental
Table 1), but only in LCLs homozygous for TCLIA SNP
variant genotypes (Fig. 1C). However, the expression of those
same 357 genes was significantly induced in the presence of
40H-TAM together with E5 in LCLs that were homozygous for
wild-type genotypes for the TCL1A SNPs (Fig. 1C).

We also performed gene ontology analysis and found that
these 357 genes clustered within pathways involved in
transcriptional regulation and T-cell activation (Supplemen-
tal Table 2) by using the Database for Annotation, Visualiza-
tion and Integrated Discovery (DAVID) v6.8 (https:/david.
nciferf.gov/) (Huang et al., 2009). These results provided
additional information with regard to the role of TCLIA in
the transcriptional regulation of immune mediators (Liu et al.,
2012; Ho et al., 2016a,b). In the next series of experiments, we
set out to directly test by ChIP-seq the possibility that TCL1A
was a novel transcription factor that acts in a SNP- and
estrogen-dependent fashion.

ChIP-Seq Genome-wide Identification of TCL1A
Binding Sites. We next examined TCL1A’s binding profile
on a genome-wide scale by performing ChIP-seq using the
same set of LCLs that had been used in the RNA-seq studies.
We clustered Chip-seq peak signals within *2 kb from the
transcription start site into four clusters using K-means. We
observed that genes in cluster 1 were more strongly bound by
TCL1A than genes in clusters 2 and 3, with higher enrich-
ments in variant genotypes after E, treatment (Fig. 2A).
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Therefore, TCL1A was found to bind preferentially to pro-
moter regions. In addition, TCL1A also bound significantly
in introns (~30% of sites) and intergenic regions (~23%)
(Fig. 2B).

We also performed ChIP-qPCR experiments for 25 randomly
selected sites using independent samples to confirm the
specificity of these observations (Supplemental Fig. 3). The
most significantly associated gene ontology terms for these
genes involved pathways related to transcription regulation
and immune function (Supplemental Table 3). This result
confirmed our previous findings with regard to the effect of
TCL1A on the expression of cytokines, chemokines, and
their receptors (Supplemental Fig. 1), all of which play an
important role in the regulation of immune responses. Our
ChIP-seq results showed that TCL1A is capable of binding
to specific DNA sequences across the human genome,
resulting in the regulation of the transcription of target
genes.

TCL1A Response Elements. To identify in an unbiased
fashion sequence motifs at sites occupied by TCL1A, we
examined DNA sequences (50 bp *= from the peak) using
HOMER (http:/homer.salk.edu/homer/ngs/) (Heinz et al.,
2010) and MEME (Bailey et al., 2009). De novo motif search
in each set of TCL1A binding sites from these samples
revealed enrichment of the consensus sequence 5-CCATA-
TATGG-3’, which we designated as a TCL1A consensus DNA
binding motif (Fig. 2C). We then performed EMSA using
biotin-labeled TCL1A binding motif sequences and recombi-
nant TCL1A protein to confirm that TCL1A protein could
recognize and bind to this DNA motif sequence (Fig. 3A). The
next series of studies was designed to characterize TCL1A as a
novel transcription factor, with effects that occur with and
without 40H-TAM exposure.

Estrogen Significantly Alters TCL1A Occupancy of Bind-
ing Sites in or near Target Genes in a SNP-Dependent
Fashion. In the absence of E,, TCL1A is mainly expressed in
the cytoplasm and, to a lesser degree, in the cell membrane as
determined by immunofluorescence staining of LCLs (Fig. 3B).
However, TCL1A migrates and accumulates in the nucleus in the
presence of E, (Fig. 3B). This observation is important
because it supports the ability of TCL1A to translocate into
the nucleus where it can function as a transcription factor,
with effects that can be altered by estrogens and by the
SNPs located 3’ of TCL1A. For example, ChIP-seq showed
that TCL1A was capable of binding to sites in the CCR6 and
IL17RA genes, both of which can be regulated by TCL1A in a
SNP- and estrogen-dependent fashion (Ho et al., 2016a)
(Fig. 3C).

Even more striking, the binding density depended on
TCL1A SNP genotype and E, treatment (Fig. 3C). Specifically,
TCL1A binding density in peaks in both CCR6 and IL17RA
was significantly higher in cells with homozygous variant
genotypes for the TCL1A SNPs as compared with results for
cells with homozygous wild-type genotypes. These results
parallel those found during the RNA-seq studies (Fig. 3D).

It should be emphasized that the SNPs were located 3’ of the
TCLIA gene but not in CCR6 or IL17RA. These observations
led us to test whether the SNP- and estrogen-dependent
expression of TCL1A might be associated with the tran-
scription of TCL1A target genes. Therefore, the next
series of studies was designed to integrate the ChIP-seq
and RNA-seq data and to explore the possible role of
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Fig. 2. (A) Genome-wide TCL1A occupancy profiles. Regions (Tss + 2 kb) were clustered based on their profiles for TCL1A ChIP enrichment over input
for all four samples using k-means clustering. Clustering was used to identify regions with distinct binding intensities. The gradient blue-to-red color
indicates high-to-low counts in the corresponding genome region. (B) Percentage distributions of TCL1A ChIP-seq peaks for all four samples. (C)
Identification of TCL1A consensus binding sequence motifs using HOMER and MEME.

TCL1A in transcriptional regulation in a SNP- and estrogen-
dependent manner.

Integrated ChIP-Seq and RNA-Seq Analyses Reveal
Functional TCL1A Binding Sites Associated with
Transcriptional Regulation in a SNP-and Estrogen-
Dependent Fashion. To explore the consequences of SNP-
dependent TCL1A binding in or near target genes in response
to E, treatment, we merged RNA-seq and ChIP-seq data by
overlapping the results for genes that displayed TCL1A SNP-
dependent gene expression and SNP-dependent TCL1A bind-
ing in response to Ej treatment. A total of 357 genes could be
induced by Es in a TCL1A SNP-dependent fashion, and 57 of

those genes also displayed binding of TCL1A with signifi-
cantly increased binding density in response to Ey treatment
but only in the cells with homozygous variant genotypes for
the TCL1A SNP genotypes (Fig. 4A). We confirmed this
observation by performing ChIP-qPCR with primers specifi-
cally designed to amplify genomic regions for TCL1A binding
sites in these genes.

Specifically, for all 57 TCL1A binding regions, greater
TCL1A binding was observed in the presence of E; in cells
with homozygous variant genotypes for the TCLIA SNPs as
compared with those with wild-type genotypes (Fig. 4B).
Furthermore, in the presence of 4OH-TAM this TCL1A
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Fig. 3. (A) EMSA results showing that one TCL1A DNA binding motif sequence, CCATATAGG, is sufficient for DNA-TCL1A protein interaction. (B)
Immunofluorescence staining showing TCL1A nuclear translocation in response to Es (0.1 nM) treatment in LCLs. (C) Representative examples of
TCL1A occupancy peaks depicted for the CCR6 and IL17RA loci in LCLs with known TCL1A SNP genotypes in the absence of E; or in the presence of E,
(0.1 nM). Red boxes indicate that TCL1A binding in both CCR6 and IL17RA is significantly increased in response to E5 treatment, but that only occurs in
cells with homozygous variant genotypes for TCLIA SNPs. (D) Changes in TCL1A occupancy are highly correlated with changes in mRNA expression
levels for CCR6 and IL17RA. Student’s ¢ test was performed to compare gene expression in LCLs with differing TCL1A SNPs (homozygous wild-type

versus homozygous variant) for each treatment condition, ***P < 0.001.

binding pattern was reversed (Fig. 4C). These results were of40H-TAM (Fig. 4E) using the same cell lines from which the
compatible with the gene expression patterns for all 57 of data shown in Fig. 4, B and C, were obtained. It should be
these genes in response to E; treatment (Fig. 4D), all of pointed out once again that the SNPs were located 3’ of TCL1A
which also displayed a reversal of expression in the presence and not in the 57 genes themselves. In summary, this series of
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Fig. 4. (A) Venn diagram showing 357 gene that displayed TCL1A SNP-
and estrogen-dependent gene expression patterns as determined by
RNA-seq, and 57 of those 357 genes that displayed TCL1A SNP- and
estrogen-dependent TCL1A occupancy. (B and C) TCL1A ChIP assays
were performed to confirm results obtained from TCL1A ChIP-seq for all
57 genes, all of which showed greater TCL1A binding in the presence of E5,
but only in cells homozygous variant for the TCLIA SNP genotypes. In
contrast, in the presence of 40H-TAM, this binding pattern was
reversed for all 57 genes (n = 4 for each genotype group). (D and E)
Changes in TCL1A binding were correlated with changes in mRNA
expression for all 57 genes using the same cell lines from which the data
shown in B and C were obtained. Specifically, in the presence of E,, all
those genes showed significant induction only for the variant genotype.
However, the expression pattern could be reversed by 40H-TAM, thus
confirming that changes in TCL1A occupancy were highly correlated
with transcription.

experiments demonstrated clearly that TCL1A served as a
transcription factor for these target genes in a SNP- and
estrogen-dependent fashion.

TCL1A and NF-«kB p65 Co-occupy Binding Sites on
TCL1A-Responsive Target Genes. We also interrogated
the sequences of the TCL1A binding sites (peak *= 50 bp) for
overrepresentation of known DNA binding motifs using
HOMER. An NF-kB p65 binding motif was highly enriched
in these genomic regions (with P values = 1E-12 and 1E-38 for
cells with homozygous wild-type or homozygous variant
genotypes for the TCL1A SNPs, respectively). These observa-
tions led us to determine whether TCL1A might physically
interact with NF-«B p65 and, as a result, might serve as a
transcriptional coregulator with NF-«B p65.

Possible protein-protein interaction between TCL1A and
NF-«B p65 was determined by coimmunoprecipitation (co-IP)
using LCLs with endogenous expression of both TCL1A and
NF-«B p65 (Fig. 5A). Reverse IP verified the physical associ-
ation between NF-kB p65 and TCL1A (Fig. 5A). We
next tested whether both TCL1A and NF-«B p65 might target
the same genes and/or regulatory elements. To do that, we
compared our TCL1A ChIP-seq dataset and publicly available
p65 ChIP-seq dataset generated for LCLs (Zhao et al., 2014).
There was a high degree of overlap between the locations of
peaks for the two transcription factors (Fig. 5B).

It should be pointed out that the heat map for p65 binding
sites shown in Fig. 5B used a window *=500 bp centered on
TCL1A peaks genome-wide, which indicated that p65 bound to
genome regions similar to those to which TCL1A bound. This
overlap suggested a possible functional relationship between
TCL1A and p65 in the regulation of gene expression, including
genes involved in immune response. This overlap was partic-
ularly striking for the 357 genes shown in Fig. 1C, genes that
could be regulated by TCLIA in a SNP- and estrogen-
dependent manner (Fig. 5C). Therefore, we next attempted
to determine whether TCL1A and the NF-«B p65 subunit
might interact within the same transcriptional complex by
performing ChIP-re-ChIP assay.

Those experiments showed that TCL1A and NF-«B p65
co-occupied the same sites on TCL1A target genes, as shown in
Fig. 6, A and B, based on the results of ChIP-re-ChIP assays
performed using antibody against TCL1A, followed by anti-
body against NF-«kB p65. Even more striking, the binding
pattern for NF-«xB p65 displayed a TCL 1A SNP- and estrogen-
dependent pattern. Specifically, a significant increase in
NF-«B p65 binding was observed in cells with homozygous
variant genotypes for the TCL1A SNPs in response to Es
treatment (Fig. 6A). However, this binding pattern was
reversed when the cells were exposed to 4OH-TAM (Fig. 6B),
in parallel with the binding pattern for TCL1A that we had
observed (Fig. 4, B and C). It should be emphasized once again
that the SNPs being studied were located 3’ of TCL1A not in
the NF-«B p65 gene or in the genes listed in Fig. 6, A and B.

TCL1A and p65 expression displayed a positive correlation
in LCLs (Fig. 7A). Specifically, TCL1A knockout in LCLs using
CRISPR-Cas9 resulted in the down-regulation of p65. NF-xB
p65 knockout resulted in cell death, so we used siRNA
transient knockdown of this gene in our experiments.
Similarly, knockdown of p65 in LCLs using siRNA caused
down-regulation of TCL1A (Fig. 7A). Furthermore, TCL1A
SNP- and estrogen-dependent binding to DNA often
appeared to involve both TCL1A and NF-«B p65. For
example, the SNP-dependent binding pattern for TCL1A
target genes was lost after the knockdown of p65 in LCLs
with known TCLIA SNP genotypes (Fig. 7B). In parallel,
the SNP- and estrogen-dependent p65 binding for TCL1A
target genes was also abolished after TCL1A was knocked
out (Fig. 7C). Furthermore, the TCL1A SNP- and estrogen-
dependent gene expression pattern was also lost after p65
was knocked down (Fig. 7D) or TCL1A was knocked out
(Fig. TE).

Taken together, these data suggest that a TCL1A and
NF-«kB p65 protein complex might contribute to TCLIA
SNP- and estrogen-dependent transcription regulation, at
least for some genes. We also observed that TCL1A SNP-
and estrogen-dependent p65 binding was lost after TCL1A
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Fig. 5. (A) Coimmunoprecipitation was
used to determine whether TCL1A protein
could interact with p65 in LCLs. Whole cell
lysates from 1 x 107 LCLs were immuno-
precipitated with (left panel) anti-TCL1A (1:
50) antibodies or anti-IgG antibodies and
protein samples were immunoblotted and
probed with antibodies against TCL1A. Re-
versed IP was preformed to confirm that p65
and TCL1A interacted (right panel). (B)
Heat-map plots showing the association
between TCL1A binding and p65 binding
in LCLs (Zhao et al., 2014). The signals for
TCL1A ChIP-seq peaks and p65 ChIP-seq
peaks are shown as heat-maps using red
(the strongest signal) and white (the weak-
est signal) color schemes. Each row shows =+
500 bp centered on the TCL1A ChIP-seq
peak summits. (C) TCL1A occupancy versus
p65 occupancy in LCLs. Scatter plots depict-
ing the Pearson correlations (r) between
TCL1A ChIP tag density (y axis) and p65
ChIP tag density (x axis) for the 357 TCL1A
target genes are shown in Fig. 1C.

knockout (data not shown). These data suggested that Finally, TCL1A also appeared to interact with all NF-xB
TCL1A and NF-«B p65 either co-occupy the same sites or subunits except for p52 (Fig. 8). However, relB, c-rel, and
that their binding sites are located very close together on p50 were not able to bind the TCL1A target genes in areas of
TCL1A target genes, resulting in the SNP- and estrogen- TCL1A binding (Supplemental Fig. 4). Taken as a whole,
dependent variation in gene expression that we observed. these results supported the conclusion that NF-«B p65 may
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Fig. 6. (A and B) p65 ChIP-re-ChIP assays were performed to confirm the
co-occupancy of TCL1A and p65 on 57 selected binding regions as shown in
Fig. 4, B and C (n = 4 for each genotype group).

play an important role in TCLIA SNP- and estrogen-
dependent transcriptional regulation.

Discussion

We have studied mechanisms responsible for TCL1A SNP-
and estrogen-dependent regulation of gene expression using a
cell-line model system. TCL1A is expressed in immune cells
including activated T lymphocytes, B lymphocytes, and thy-
mocytes (Kang et al., 2005). Not only is the LCL model system
well suited for these experiments because of the dense
genomic data that we have generated for these cells, but also
the Genotype-Tissue Expression (GTEx) Project database
(https://www.gtexportal.org/home/) reports that, of all human
tissues and cells included in that database, the highest
expression of TCL1A is observed in LCLs (see Supplemental
Fig. 5).

In the present study, we have demonstrated clearly that
TCL1A is a novel transcription factor that acts in a SNP- and
estrogen-dependent fashion. The three SNPs involved are
located 3' of the TCLI1IA gene (Fig. 1A) and have been
associated with Al-induced musculoskeletal adverse events
(Ingle et al., 2010). The present study also demonstrated that
TCL1A appears to serve as a transcriptional coregulator with
the NF-kB p65 subunit. Therefore, the present study repre-
sents an important step in the process of providing functional
and mechanistic explanations for the association of TCLIA
SNPs with inflammation and the immune response.

SNPs that map to the coding regions of genes or within DNA
transcription factor binding motifs are well documented to
have functional effects on the regulation of gene expression
(Barrett et al., 2012). However, our present series of studies
began with a GWAS that identified SNPs located 3’ of TCL1A
on chromosome 14 that were associated with Al-induced
musculoskeletal pain (Ingle et al., 2010). The minor allele
frequency for these SNPs is approximately 19% in all major
human populations (European, African, and Asian Ameri-
cans) based on 1000 Genomes Project data (The 1000 Genomes
Project Consortium, 2015). We subsequently performed a
series of functional genomic studies, which showed that
TCL1A expression was up-regulated by E, only in cells
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Fig. 7. (A) Western blot analysis after TCL1A knockout or p65
knockdown in LCLs. (B) Knockdown of p65 resulted in the abolition of
SNP- and estrogen-dependent TCL1A occupancy. (C) Knockdown of
TCL1A abolished the TCL1A SNP- and estrogen-dependent p65 binding.
(D and E) TCL1A SNP- and estrogen-dependent gene expression was lost
after the knockdown of p65 or the knockout of TCL1A.

carrying variant sequences for these SNPs. This SNP-
dependent induction depended on functional estrogen re-
sponse elements located—in part—at a distance from the
SNPs (Fig. 1A) (Ho et al.,, 2016a). Furthermore, TCL1A
induction was associated with variation in the expression of
a series of immune mediators including cytokines, chemo-
kines, and TLRs (Liu et al., 2012; Ho et al., 2016a, 2017).
Finally, this SNP-estrogen-dependent pattern of gene expres-
sion could be “reversed” by 4O0H-TAM (Liu et al., 2012; Ho
et al., 2016a, 2017).

The present study in which we have performed RNA-seq
and ChIP-seq using LCLs with known TCL1A SNP genotypes
has greatly extended these previous observations (Fig. 1C). It
should be emphasized that the SNPs involved in all these
studies are those 3’ of TCL1A. These SNPs were not in or near
genes that were regulated by TCL1A. It should also be
emphasized that basal expression levels were not significantly
different for these inflammatory mediators from our previous
reports or, as shown in Fig. 1C, between the two different
genotype patterns for the TCL1A SNPs (homozygous wild-
type versus homozygous variant). These results serve to
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Fig. 8. Coimmunoprecipitation was used to determine whether TCL1A
protein could interact with NF-kB subunits in LCLs.

highlight the fact that genetically polymorphic variation in the
expression of a transcription factor, in this case TCL1A, can
have a profound influence on the transcriptional regulation of
downstream genes, in this case in a SNP- and estrogen-
dependent fashion (Fig. 1C).

The present study also identified a consensus sequence
motif for a “TCL1A response element” that appeared to be a
10-bp palindromic inverted sequence (Fig. 2C). This TCL1A
response element consensus sequence could be found near the
center of a majority of the strong TCL1A bindings peaks that
we observed. However, these regions might not be the only
determinant of TCL1A binding to DNA. We also observed that
high TCL1A occupancy at many of its binding sites was
associated with the occurrence of NF-«B p65 binding (Fig. 5B).

NF-«B plays a pivotal role in inflammation (Makarov, 2001;
Lawrence, 2009). Inflammatory mediators include cytokines,
chemokines, and TLRs, all of which are thought to be crucial for
immune function, and they can also have a profound effect on
inflammation as a result of NF-«xB activation (Tak and Fire-
stein, 2001). As outlined earlier, TCL1A can modulate the
expression of these immune mediators in a SNP- and estrogen-
dependent manner (Liu et al., 2012; Ho et al., 2016a, 2017). As a
result, our study has not only greatly expanded our previous
observations but also offers a novel mechanism by which NF-«B
p65 might act as a coregulator and contribute to TCL1A SNP-
and estrogen-dependent transcription regulation, all of which
provides possible pharmacogenomic explanations for the asso-
ciation of TCL1A SNPs with musculoskeletal adverse events
induced by Al therapy. Therefore, future studies will be needed
to test the possibility that, by silencing the TCL1A gene, TCL1A
could be a drug target for the management of musculoskeletal
symptoms induced by Al therapy.

Furthermore, observations made in the series of TCL1A
functional genomic studies also provide insight into the
expression of immune mediators that could potentially be
pharmacologically manipulated in a SNP-dependent fashion
and might have potential implications for the treatment of
rheumatologic disease. For example, rheumatoid arthritis
(RA) displays a strong sex bias toward women and reveals
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profound variation in incidence and severity during periods of
change in estrogen levels. The highest risk for RA is observed
during the menopausal years (Goemaere et al., 1990), and the
incidence of RA and the risk of “flares” are increased during
the postpartum period, a time of rapidly decreased plasma
estrogen levels (Peschken et al., 2012). These observations
display interesting parallels to the clinical impact of the
pharmaceutic lowering of estrogen levels by drugs such as
the Als. TCL1A SNP-dependent transcriptional regulation of
immune mediators also provides insight into pharmacoge-
nomic aspects of the regulation of the expression of inflam-
matory mediators such a IL17A and IL17RA, both of which are
deeply involved in RA pathophysiology and are therapeutic
targets for RA. If these observations can ultimately be trans-
lated 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.

The present study used a genomic data rich cell-line model
system to uncover a relationship between TCL1A and p65
DNA binding and variation in the regulation of gene expres-
sion. Obviously, transcription factor binding is regulated in a
cell type-specific manner. However, the present study repre-
sents a critical step in the process of providing a functional and
mechanistic explanation for TCLIA SNP- and estrogen-
dependent gene expression regulation. This mechanism might
contribute broadly to individual variation in transcriptional
regulation, in immune response, and in variation in drug
response—the phenotype that resulted in the discovery of this
potentially important process in transcriptional regulation.

In conclusion, in the this study we have greatly extended
previous observations with regard to TCL1A SNP- and
estrogen-dependent gene expression genome-wide by per-
forming RNA-seq and ChIP-seq using LCLs with known
TCL1A SNP genotypes. We have demonstrated clearly that
TCL1A is a novel transcription factor that acts in a SNP- and
estrogen-dependent fashion. The integrated RNA-seq and
ChIP-seq data reported here also suggest that TCL1A may
be a coregulator of expression acting together with the NF-xB
p65 subunit, a transcription factor that plays a key role in
inflammation. As a result, the present study has greatly
extended our understanding of the role of TCL1A in tran-
scriptional regulation and has highlighted a novel mechanism
for TCL1A SNP- and estrogen regulation of transcription—as
a coregulator with NF-kB p65. Obviously, future studies will
be required to pursue the role of TCL1A in individual
variation in immunity and inflammation as well as its possible
role in the pathophysiology of human disease.
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