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Abstract

Estrogen receptor alpha (ESRI) plays an important role in many tissues including the liver.
Numerous alternative splice variants of £SRI exist that encode £SR1 proteins with varying
functions. We aim to study £SRI genomic organization and its mMRNA expression profile in
human liver by incorporating information from literature and genomic databases (Ensembl, NCBI
and GTEXx), and employing a quantitative method to measure all known £5/7 mRNA splice
variants in 36 human livers. We re-constructed £S5/ genomic organization map that contains 29
exons. £SRI mRNA splice variants with varying 5’ untranslated region (5’UTR) and/or missing
each of eight coding exons are readily detectable in liver and other tissues. Moreover, we found
extensive inter-individual variability in splice variant pattern of £SRI transcripts. Specifically,
ESR1 transcripts lacking first coding exon are the main transcripts in liver, which encode £SRI
proteins missing N-terminal 173 amino acids (for example, ERa46), reported previously to have
either constitutive activity or dominant negative effects depending on cellular context. Moreover,
some livers predominantly express £SR1 transcripts missing exon 10 or 16, encoding C-terminal
truncated £SR1 proteins with varying £SR1 activities. Inter-person variability in ESR expression
profile may contribute to inter-person variability in drug metabolism and susceptibility to liver
related diseases.
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Introduction

Estrogen plays an important role in both reproductive and non-reproductive tissues. Two
estrogen receptors have been described so far, estrogen receptor alpha (ESRZ) and estrogen
receptor beta (ESR2), both belong to the nuclear receptor superfamily. £SR1 is known to act
as ligand-induced transcription factor, however, ligand-free activity of £SR1 has also been
reported recently [1,2]. Like other members in the nuclear receptor family, £SR1 protein
consist of several functional distinct domains formed by different exons: N-terminal ligand
independent transactivation domain (activation function-1, AF-1), a DNA binding domain, a
hinge domain, and a ligand-binding and C-terminal transactivation domain (AF-2) [3].

ESR1 gene is located at chromosome 6g25 locus, spanning 140 kb. Soon after it was cloned
in 1986, £SR1 was described to have only eight exons, all of which are protein coding [4].
Since then, additional exons and alternative splice variants of £SRI have been identified.
Like other steroid hormone receptors that contain multiple promoters, £SRI transcription
can be initiated from at least seven promoters, each with unique 5’-untranslated regions
(5’UTR) [5-7]. Additionally, alternative splicing of internal exons generates numerous
splice variants with either distinct 5’UTRs or encoding £SR1 proteins missing different
functional domains [8-12]. Some of these splice variants have either constitutive activity,
no activity, or dominant negative activity [13-15]. Unfortunately, different terminology and
exon numbering system have been used by individual researchers. This has resulted in
confusion regarding different promoters or exons used in £SR1 expression.

The liver is one of the main target tissues for ESR1 with relatively high mRNA expression
level and liver specific promoter [7]. Genetic variation in ESRI gene has been associated
with liver related traits, for example, type 2 diabetes, coronary artery disease (CAD) [16,17].

Compared to reproductive organs, expression profile and function of ESRZ in the liver are
not well studied. Regression analysis using microarray gene expression and cytochrome
P450s activity data indicates a correlation between expression of £SRZ mRNA level and
enzyme activity of several cytochrome P450s, for example, CYP3A4, CYP2C9, CYP2B6,
etc. [18]. Moreover, using computational modelling and molecular genetic studies, we have
recently identified ligand-free £SR1 as a master regulator for the expression of CYP3A4 and
other https://doi.org/10.1124/mol.119.116897 cytochrome P450s in human liver (Molecular
Pharmacology, in press). This raises the possibility that different £5R1 expression profiles
may contribute to inter-person variability in the expression of P450 enzymes and drug
metabolism.

In this study, we searched literature and genomic databases including Ensembl, NCBI
and GTEX to re-construct £5R1 genomic organization map and unify the terminology
and exon numbering. We compared expression levels of £5/1 total mMRNA and splice
variants in different tissues/cells using RNAseq data from GTEx. Moreover, we measured
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different promoter usage or exons/splice variants in liver and other tissues and evaluated
the inter-person variability in the expression of £SRI splice variants in human livers. The
results show diverse expression profiles of £SR1 in different tissues and highly inter-person
variability of ESR1 expression profile in human livers.

Materials and Methods

Tissue samples

Thirty-six livers were obtained from the Cooperative Human Tissue Network (CHTN)
(Supplementary Table 1). Total RNAs were prepared from these tissues as described
previously [19]. Pooled total RNAs from normal breast, lung, heart, brain, and

small intestine were obtained from Cell Applications (San Diego, California, USA).
Complementary DNA (cDNA) was generated from 0.5 pg total RNA using oligo-dT, as well
as, several ESRI gene-specific primers that target different exons to enhance cDNA yield
and bypass partial degradation that may have occurred postmortem [20] (Supplementary
Table 2).

Quantitative analysis of splice variants

To estimate promoter usage, we used real-time PCR with specific primers to quantitate the
relative expression levels of different first exons. For alternative splicing of internal exons,
we used PCR amplification of cDNA using fluorescently labeled primers for splice variants
analysis as we have described previously [20]. For each splice locus, a pair of PCR primers
flanking the splicing site was designed using Primer Express Program (Applied Biosystem,
Foster City, California, USA), with one primer labeled with fluorescent dye FAM (Table
S2). After initial denaturing at 95°C for 5 min, the PCR reactions were run for 30 cycles
under the following conditions: 95°C for 30 s, 60°C for 1 min and 72°C for 1 min. Then

the PCR amplification products were separated in a SeqStudio (ThermoFisher, California,
USA). Data are analyzed using Gene Mapper 5.0 software. Splice variants with different
molecular weight yielded peaks with different retention times. The peak area for each splice
variant is proportional to the amount of cDNA amplified as reported previously [20]. The
minimum size difference clearly separable is 2 base pair (bp) for PCR products ranging from
100 to 1000 bp. Splice variants observed in each locus were confirmed by at least two sets of
primers that gave rise to different sized PCR products. The optimal primer sets were selected
for quantitative analysis (Supplementary Table 2).

Detection of ESR1 protein using capillary western blotting

Human liver samples were homogenized with 300 pl lysis buffer containing 10 mM HEPES
pH 7.9, 137 mM NacCl, 10% glycerol, 1% NP-40, 1mM PMSF supplemented with protease
inhibitor cocktail (Roche, South San Francisco, CA, USA). Total protein concentrations
were measured using Bradford method (Thermofisher Scientific, California, USA). MCF7
whole cell lysates prepared with RIPA lysis buffer (Millipore Sigma) were used as a
positive control. Capillary Western blot analyses were performed using the Protein Simple
Jess system (Biotechne, California, USA) according to manufacturer’s protocol. Briefly,
tissue or cell lysates were diluted with 0.1 x sample buffer to concentration of 1 mg/ml.
Then 4 parts of diluted samples were combined with 1 part 5 x Fluorescent Master Mix
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(containing 5 x sample buffer, 5 x fluorescent standard and 200 mM DTT) and heated at
95°C for 5 min. Then the denatured samples, blocking reagent, mouse anti- £SRI antibodies
(D-12 and F-10, at 1:10 dilution, Santa Cruz, California USA), HRP-conjugated anti-mouse
secondary antibody (1:20) and chemiluminescent substrate (Biotechne, California, USA)
were dispensed into designated wells in an assay plate. A biotinylated ladder provided
molecular weight standard for each assay. After plate loading, the separation, electrophoresis
and immunodetection steps take place in the fully automated capillary system.

ESR1 genomic structure and splice variants were collected from Ensembl genome browser
96 (https://useast.ensembl.org/index.html), National Center for Biotechnology Information
(NCBI, https://www.ncbi.nIm.nih.gov/) and Genotype-Tissue Expression — GTEXx Portal
(https://gtexportal.org/home/). RNAseq data of £ESRI splice variants were from GTEX
(Analysis Release Vép).

Data analysis

Results

Data are expressed as mean + SD. Statistical analysis was performed using Prism (GraphPad
Software, San Diego, CA, USA). University of Florida Biosafety Committee and IBR
Committee approved the human tissue study.

Genomic organizaion of ESR1

Early version of ESRI genomic organization contains eight or nine exons (Figure 1a),

all of which are protein coding. In spite of numerous new exons have been continuously
discovered, the exon numbering of this old version is still being used [13]. The most recent
version of genomic organization of ERS1 contains 18 exons reported by GTEX (Genotype
Tissue Expression project) (also see GTEX portal at https://gtexportal.org/home/) [21]. All
of these 18 exons were detectable using RNAseq in at least one GTEX tissue sample (Fig
1b upper panel). The previous exon 1 to 9 correspond to exons 6, 9, 10, 11, 14, 15, 16, 17
and 18 of new exon numbering system. Exon 18 (or exon 9 in old version) is an alternative
terminal exon used by some splice variants, for example, ESR1-206 (ER-a.36) [22].

Searching the literature [7,11,12,14,23], Ensembl (https://useast.ensembl.org/index.html),
and NCBI (https://www.ncbi.nlm.nih.gov/) databases, we found additional £SR1 exons that
are not in GTEX. Thus, we incorporated these additional exons and generated the newest
version of ESRI genomic organization map that contains 29 distinct exons (Figure 1b).
Some of them are alternative exons or exons with multiple splicing acceptor/donor sites, for
example exons 4, 5, 6 and 11, leading to numerous splice variants of ESR1.

ESR1 transcripts or splice variants reported in GTEx and NCBI database or in the literature

Fifteen transcripts are in Ensembl database. Thirteen of them (from £SR1-201 to ESR1-213)
are also in GTEXx (Supplementary Table 3a). Twenty-one transcripts are in NCBI database
(Table S3b), two of them are overlap with Ensembl database (variant 2 and 4), while others
are splice variants or contain exons that have not been reported previously (denoted as EX1,
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EX3, EXS5, etc) (Supplementary Table 3b). The structures of these transcripts are shown in
(Supplementary Figure 1).

Transcription of £SR1 is known to start from multiple promoters and different first exons,
generating A, B, C, D, E, F isoforms, as well as a testis specific T isoform [7,13,14,23].
Previously denoted exons 1A, 1B, 1C, 1E, and 1F correspond to exon 6, 5, 4, 2, and 1

of new numbering system (Figure 1b). With another first exon, exon 1’ (exon 7 in new
numbering system), reported by Wang et al. transcription of £SR1 can be initiated from at
least 6 different exons, labeled with a star, in non-testis tissues (Figure 1b) [22]. Moreover,
alternative usage of several non-coding upstream exons generates numerous 5’UTR splice
variants of transcripts initiated from exon 1 or 2 (Supplementary Table 3c) [11,12,23].

In addition to alternative splicing of 5’UTR, alternative splicing of internal exons generates
splice variants lacking different coding exons, resulting in ESR1 protein lacking functional
domains. Transcripts lacking each of eight coding exons, singly or in combinations, have
been reported in tissues or cells from normal or disease conditions [8-10] (Supplementary
Table 3d). Moreover, a recent study demonstrates a spectrum of C-terminal truncated £5R1
protein generated from the usage of several newly identified intronic exons (for example,
i45a, i45b, i45c, 156 and 167, (Figurelb) (Supplementary Table 3) [13].

Adding to the diversity, some £SR1 transcripts, for example, ERa.36 or £SR1-206 or

variant X11 use alternative terminal exon, exon 18, encoding an (ESR protein with

distinct C-terminal domains (Supplementary Figure 1b) [22]. Furthermore, usage of different
polyadenylation sites generates £SR7 variants with different lengths of 3’UTR (long or
short, L or S), potentially subject to different regulations by miRNAs [24] (Supplementary
Figures 1a and 1b).

Expression of ESR1 transcripts in different tissues/cells

RNAseq data from GTEXx: Total £SRZ RNA expression levels in different tissues/cells
or brain regions from RNAseq (GTEXx data) are shown in Figure S2. The expression

levels of £SR1 vary drastically in different tissues, with highest expression levels in
reproductive tissues and pituitary, followed by liver, and lowest in brain. At transcript level,
the expression of eight £SR1 transcripts (£SR1-202, 203, 204, 205, 209, 211, 212 and 213
(Supplementary Figures 1a and 1b for structure of these transcripts) are low, only detectable
in a small fraction of samples of a given tissue, thus, these transcripts are excluded from
further analysis. Five ESR1 transcripts (ESR1-201, 206, 207, 208, 210), driven by different
promoters upstream of exons 6, 7, 2, 5, and 4, respectively, were expressed in the majority
of samples of a given GTEX tissue. Figure 2 shows tissue specific expression pattern, with
ESR1-210 or ESR1-206, driven by promoter upstream of exons 4 and 7, being the main
transcripts in most of the tissues, including reproductive tissues, breast, ovary, and uterus.
GTEX data show the main transcript in liver is £SR1-210 that initiated from exon 4 and with
an exon 11 deletion (Figure 2, Supplementary Figure 1a).

Real-time PCR analysis: To validate RNAseq results from GTEXx, we measured the
expression of total £SRZ RNA in 11 tissues/cells using quantitative real-time PCR. Shown
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in Figure 3a, liver expresses relative high level of £SR1, next to that in breast, consistent
with RNAseq results from GTEx (Supplementary Figure 2).

We then measured the expression levels of six starting exons, exon 1, exon 2, exon 4, exon 5,
exon 6, and exon 7, in these 11 tissues to estimate the usage of different promoters. Shown
in Figure 3b, in most of the tissues tested, exon 2 or exon 6 are the most highly expressed
exons, consistent with broad expression patterns of these two exons [7]. Exon 1 is only
expresses in liver and primary hepatocytes, consistent with previous study suggesting liver
specific promoter upstream of exon 1 [7,11]. However, measured first exon (or promoter)
usage does not agree with RNAseq data from GTEX, in which exon 7 or exon 4 are the main
starting exons (ESR1-206 and ESR1-210, Figure 2) for most of the tissues tested including
liver.

We then tested the expression of exons not in GTEXx but reported in NCBI database or

in the literature (exon in grey color), including unknown exons EXs and newly identified
intronic exons in different tissues/cells [13] (Figure 1b, Supplementary Figure 1b). Shown in
Figures 3c and 3d, except for exon X1, which is undetectable in lung, heart, brain, intestine,
and HepG2 cells, all other exons are detectable in tissues/cells tested. However, most of
these exons express at low levels (less than 10% of total expression levels), except for exon
4L and i45b (Figure 3d). Exon 4L (intron 11 retention) expresses relatively high level in
breast, lung, and brain but low in liver, while exon i45b expresses at high level in HepG2
cells (Figure 1b). Variants with intron 11 retention or containing i45b encode C-terminal
truncated £SRI proteins [25]. This result validates expression of these newly identified
exons in normal human tissues.

Expression of ESR1 splice variants in human livers

We used PCR with fluorescently labeled primers followed by capillary electrophoresis as
we have reported previously, to screen for different splice variants of £5/1 in human livers
[20]. PCR primers were designed to capture the expression of transcripts driven by three
different promoters with three different first exons (exon 1, 2 and 6), and to cover the entire
ESR1 coding region. Six loci were analyzed: exon 1 to exon 9 (E1-E9); exon 2 to exon

10 (E2-E10); exon 6 to exon 10 (E6-E10); exon 9 to exon 15 (E9-E15); exon 10 to exon

15 (E10-E15); and exon 11 to exon 17 (E11-E17). Of 13 known splice variants initiating
from exon 1 and 2, 10 of them are clearly detectable in the liver, including one with

exon N2 or X3 insertion, not reported in GTEX (Supplementary Table 3c, Supplementary
Figure 3, Figure 1b). Moreover, alternative splicing of transcripts initiated from exonl and
2 also generate splice variants lacking first coding exon, exon 6 (Supplementary Figure 3a).
Furthermore, £SR1 transcripts missing each of other 6 coding exons (A9, A10, Al1, Al4,
A15 or A16), singly or in combinations, are detectable in human livers, as were reported

in other tissues/cells [8-10] (Supplementary Figure 4). Deletion of last exon cannot be
determined because it is used to design reverse PCR primer.

Inter-person variability in the expression of ESR1 splice variants in human livers

We then quantitated the relative expression levels of each splice variant of £SRZ in 36
human livers (see Supplementary Table 1 for donor demographics). For transcripts initiating
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from exon 1, the most abundant splice variant is E1-E3-E9, followed by E1-E9, both of
them lack exon 6 (Figure 4a). Only a small portion of liver samples tested show significant
portion of exon 6 containing variant (E1-E3-E6-E9 or E1-E6-E9) (Table 1 and Figure 4a).
In contrast, for transcript initiated from exon 2, both exon 6 containing (e.g. E2-E3-E6-E9-
E10), and exon 6 skipping (eg. E2-E3-E9-E10) variants are variably expressed in different
livers, with the proportion of both variants ranging from 0% to 100% of total transcripts

in different livers (Table 1 and Figure 4b). Other variants missing exon 3, 9, or both are
sporadically expressed in some livers. The results indicate that exon 6 skipping transcript
that encodes an N-terminal truncated £SRI protein, for example, ERa46, is a predominant
ESR1 isoform in human livers [14].

The relative expression of splice variants lacking each of six internal coding exons, exon 9,
10,11, 14, 15, and 16, singly or in combination are shown in Table 1 and Figure 5. While
proportion of variants lacking exon 10 and 15 or lacking more than one exons are low
(<5%), variants lacking exon 9, 11, 14, and 16 comprise a significant portion of total £SR?
transcripts, even more than the full length transcripts in some livers (e.g. exon 16 skipping
variant) (Figure 5d). There is a large inter-person variability in the expression of different
splice variants. For example, expression of variant lacking exon 16 is predominant in over
50% of livers tested with some livers only expressing exon 16 skipping variant (Figure 5d).

Interestingly, it appears that the expression levels of some splice variants differ between
livers from Caucasian and African American donors. In African American livers, the
expression levels of exon 6 containing transcripts initiated from exon 2 (E2E3E6E9E10) is
higher (71.4 + 26% vs. 47.5 + 31%, p=0.029) than in Caucasian livers, while the expression
of exon 16 skipping variant (E11E14E15E17) is lower (54.5 £ 11.6% vs. 64.3 + 16.4%,
p=0.044). There are no differences in expression levels of £5R1 splice variants between age
and sex.

ESR1 protein expression in human liver

When using £5R1 antibody raised against C-terminal region of £SR1 protein (clone F-10
antibody, Santa Cruz), Capillary Western Blot analysis showed two bands of £SRI protein
in MCF7 and liver, corresponding to 66 KD full-length and 46 KD N-terminal truncated
ESR1 protein, respectively (Figure 6a). The major band in MCF7 is at 66 KD, while in liver
it is at 46 KD. Whereas, when using £SR1 antibody raised against N-terminal region of
ESR1 protein (clone D-12 antibody, Santa Cruz), the band at 66 KD is clearly detectable in
MCF7 cell but not in liver (Figure 6b). These results indicate that the main isoform of £ESR1
protein in liver is N-terminal truncated isoform, consistent with results from RNA analysis.

Discussion

In this study, using information from literature and genomic databases (Ensembl, NCBI
and GTEXx), we re-constructed the £SR1 genomic organization map. The new version

of ESR1 genomic organization contains 29 unique exons. The expression of these exons
was validated either by RNAseq (GTEX) or by real-time PCR previously or in this study.
Alternative splicing of £SR1 exons generates numerous mRNA splice variants either with
unique 5’UTRs or encoding £SR proteins lacking functional domains and/or with unique
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C-terminal structure, in different tissues/cells, including the liver. Employing a quantitative
method to measure the expression levels of all known £SR1 splice variants in 36 human
livers, we found extensive inter-individual variations in splicing patterns of £SR1 transcripts.
This study is the first to report the inter-person variability of £SR1 splicing in human liver.
Since different splice variants encode £SR proteins lacking different functional domains
and with different trans-activities, the variability in £5/1 splicing may contribute to variable
ESR1 related gene expression regulation in liver, leading to variable liver functions and the
risks of liver diseases.

Functional consequences of different splice variants

At least six alternative promoters are used by £SRZ in different tissues. Transcripts starting
from exon 6, 5, and 4 differ in their 5’untranslated regions (5’UTR) and splice to a common
site 5’ to the translation initiation codon (exon 6c), therefore, generating a common full
length £SRI protein of 66-kDa (ERa66) [7]. Whereas transcripts starting from exon 1 and
2 undergo further alternative splicing, generating numerous 5’UTR splice variants, some of
them with different translation efficiency [11,12] (Supplementary Table 3c). While some of
these exon 1 and 2 initiated 5’UTR splice variants do not change the structure of encoded
ESR1 protein, variants that skip first coding exon (exon 6¢) encode a shorter SR protein,
denoted as ERa46 that lacks N-terminal 173 amino acids [14]. Moreover, transcripts driven
by promoters downstream of exon 6 also encode £SRI protein lacking N-terminal domain,
for example, £SR1-206 or ERa.36, which starts from exon 7, lacks exon 16 and 17, and
uses an alternative terminal exon, exon 18 [22]. It is unclear whether exon EX8, EX9, EX15,
or EX16 reported in NCBI database (Figure S1b) are first exons or merely an incomplete
cDNA sequence.

Our results showed liver ESRZ mRNA is mainly initiated from exon 1, followed by exon 2
and 6, consistent with a previous study [26] (Figure 3b). The majority of exon 1 initiated
transcripts, for example, ELE3E9 and E1E9, skip exon 6, indicating N-terminal truncated
isoform is a main £SR1 isoform in the liver (Figure 4a). This result is supported by capillary
western blot analysis showing N-terminal truncated 46 KD isoform is the major isoform

in liver (Figure 6). While the majority of exon 2 initiated transcripts contain exon 6 (for
example, E2E3EGE9E10), there is a large inter-person variability in relative expression
levels, ranging from 0-100% of total transcripts in 36 human livers, indicating highly
variable expression of ESR transcripts containing exon 6 in human livers (Figure 4b).
N-terminal truncated £SRZ isoform, like ERa.46, missing N-terminal AF1 domain, exhibits
either ligand-inducible transactivation or dominant negative effects on ERa66, depending on
the cellular context [14]. Moreover, the ratio of ERa46/ERa.66 changes with the cell growth
status of the breast carcinoma cell line MCF7 [14]. Since hepatocellular carcinoma derived
HepG2 cells appear to mediate £SR1 signalling through the AF-1 transactivation function,
ESR1with N-terminal truncation may have dominant negative effect in liver, regulating the
trans-activity of ERa.66 [27,28]. However, we cannot rule out the possibility that ERa.46
may have unique function in liver, which requires further investigation.

ESR1 splice variants with internal exon deletion or insertion of “intronic’ exons generate
numerous C-terminal truncated £SR1 proteins [13]. Although more than one exon deletion
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or insertion of “intronic’ exons is rare, deletion of each of six internal coding exon is

readily detectable in liver (Figure 3d and Figure 5). Again, there is a large inter-person
variability in the expression of these exon-skipping transcripts, with some individuals only
express exon-skipping variants (for example, AE16 in Figure 5d). Skipping of exon 10

or 11 is in frame deletion, missing 39 and 112 amino acids in DNA binding or hinge
domain, respectively. Whereas deletion of exon 9, 14, 15, or 16 shifts open reading frame,
encoding C-terminal truncated £SRI proteins with adding 4 to 60 unique amino acid at
C-terminal end (Supplementary Table 3d for protein structure changes of these variants.
Previous cell transfection studies showed variants with deletion each of six internal coding
exons encode stable £SR1 proteins with expected molecular weight, displaying different
DNA binding, subcellular distribution, ligand binding and transcriptional activity [29]. For
example, variant with exon 10 (third coding exon) deletion has normal ligand binding
activity and nucleus localization, but completely loss DNA binding activity to a consensus
estrogen responsive element (ERE). However, this variant remains binding activity to steroid
receptor coactivator-1e (SRC-1e) and exert transcription activity with ovalbumin promoter,
which contains an ERE half-site and an AP-1 motif, in a ligand dependent fashion [29].
Variant with exon 14 (5th coding exon) deletion has normal nucleus localization, but
reduced DNA binding activity to a consensus ERE and completely loss estradiol binding
activity. In transfected cells, this variant exhibited constitutive transactivation of an ERE-
driven promoter in the absence of estrogen [13]. Although exon 10 skipping is a rare event,
exon 14 skipping is relatively frequent in liver, with large inter-person variability, ranging
from 0-66% of total transcripts in different individuals. Individuals with higher level of exon
14 skipping variants of £SRI may have different liver gene expression regulatory networks
compared to individuals expressing normal £SRI transcripts. £S5/ variants with exon 9,
11, 15, or 16 deletions have impaired DNA-binding, ligand binding, and nuclear localization
capability, leading to £SR1 proteins without transcriptional activity [29]. Livers with higher
expression levels of these variants are expected to have reduced £SRI activity in general.
However, we cannot rule out the possibility that these C-terminal truncated £SR1 variants
have other functions, for example, non-genomic estrogen signaling as reported for ERa.36,
binding to DNA motif other than ERE motif and more [30,31]. Moreover, although £SR1 is
considered as a ligand-activated DNA binding transcription factor, binding of the unliganded
form of £SRIto promoters of target genes has been reported recently by ChlPseq assay

[1]. We have recently identified ligand-free £SR1 as a master regulator for the expression

of CYP3A4 and other cytochrome P450s in liver (in press). Since ligand-binding domain of
ESR1is located at C-terminal and many exon-skipping £SRI variants encoding C-terminal
truncated £SR1 protein, some exhibit constitutive activity, for example, variant with exon
14 skipping. It is plausible to consider that the ligand-free activity of £SRZ in liver may be
mediated by these C-terminal truncated £SRZ isoforms.

Causes of variable expression of ESR1 splice variants

Alternative splicing is regulated by multiple factors, acting through both cis-acting and
trans-acting pathways [32]. cis-acting elements include the DNA sequences required for
efficient splicing, that is, 5° splice site, 3’ splice site, branch sites and Py tract, as well as
intronic or exonic splicing enhancer and silencer. Early study demonstrated that an intronic
SNP rs2273207 was associated with ESRI splice variant missing exon 16, with G allele
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associating with higher level of £SRI splice variant missing exon 16. However, our study
cohort is too small to allow genetic association study, but we did observe a racial difference
in the expression of variant missing exon 16, with livers from Caucasian American donor
having higher level of variant missing exon 16. Since rs2273207 G allele in European
decedents is much more frequent than in African decedents (0.89 vs. 0.53), it is possible
that the racial difference in variants with exon 16 skipping may be driven by different allele
frequency of rs2273207 in these two groups. This need to be tested in a larger cohort.
Moreover, we also observed a racial different in the expression of exon 2 initiated transcripts
containing exon 6, with African American livers having higher level of exon 6 containing
variants than Caucasian livers. Whether the difference is caused by genetic or non-genetic
factors requires further investigation.

It is worth of noting that relative expression levels of £SRI splice variants obtained from
GTEx RNAseq results are drastically different from our results measured with real-time
PCR. While GTEXx data show ESR1-210 and £SR1-206, initiating from exon 4b and exon 7,
respectively, are the main transcripts in most of the tissues/cells analyzed including breast,
liver, heart, lung, etc., our real-time PCR result indicates low expression level of exon 4 and
7 in these tissues (Figure 2 and Figure 3b). Instead, the main initiating exons in these tissues
are exons 1, 2 and 6 (Figure 3b). Since real-time PCR is considered as a gold standard
method for gene expression, these results indicate the limitation of short-read RNAseq
technology to accurately quantify the relative expression levels of different transcripts in
complex gene locus like £ESR1. However, real-time PCR or PCR with fluorescently labeled
primer methods can only provide information of exon usage at specific splice locus without
information of whole transcript. Future studies will focus on using long-read RNAseq
technology, for example, PacBio SMRT or Nanopore sequencing, to accurately quantitate
the expression of £SR1 splice variants at whole transcript level.

Conclusion

In summary, the results presented here revealed a large degree of inter-individual variability
in ESRI mRNA splice variants, likely to mediate substantial phenotypic variation of £SR1.
Since most of the splice variants do encode stable protein and may exert different degree of
activities, from dominant negative effects, no activity, normal activity to constitutive activity,
the inter-person variability in the composition of £SRI transcripts is likely to play a role in
diverse liver gene expression regulation, drug metabolism and liver diseases. Future studies
will focus on understanding the function of different splice variants in liver and identifying
genetic or other factors that contribute to variable £ESRI splicing.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

Liver samples were provided by the Cooperative Human Tissue Network which is funded by the National Cancer
Institute.

Funding

J Mol Genet Med. Author manuscript; available in PMC 2020 May 26.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sunetal.

Th

Page 11

is study was supported by National Institute of Health Institute of General Medical Science [R01 GM120396],

[RO1 HL126969] and [RO1 MD011307]. The content is solely the responsibility of the authors and does not
necessarily represent the official views of the National Institutes of Health.

References
1.

10

11.

12.

13.

14.

15.

16.

17.

Caizzi L, Ferrero G, Cutrupi S, Cordero F, Ballaré C, et al. (2014) Genome-wide activity of
unliganded estrogen receptor-a in breast cancer cells. Proc Natl Acad Sci USA 111: 4892-4897.
[PubMed: 24639548]

. Stellato C, Porreca I, Cuomo D, Tarallo R, Nassa G, et al. (2016) The “busy life” of unliganded

estrogen receptors. Proteomics 16: 288-300. [PubMed: 26508451]

. Nilsson S, Gustafsson J (2011) Estrogen receptors: Therapies targeted to receptor subtypes. Clin

Pharmacol Ther 89: 44-55. [PubMed: 21124311]

. Ponglikitmongkol M, Green S, Chambon P (1988) Genomic organization of the human oestrogen

receptor gene. EMBO J 7: 3385-3388. [PubMed: 3145193]

. Hodin RA, Lazar MA, Wintman BI, Darling DS, Koenig RJ, et al. (1989) Identification of a thyroid

hormone receptor that is pituitary-specific. Science 244: 76-79. [PubMed: 2539642]

. Kastner P, Krust A, Turcotte B, Stropp U, Tora L, et al. (1990) Two distinct estrogen-regulated

promoters generate transcripts encoding the two functionally different human progesterone receptor
forms A and B. EMBO J 9: 1603-1614. [PubMed: 2328727]

. Flouriot G, Griffin C, Kenealy M, Sonntag-Buck V, Gannon F (1998) Differentially expressed

messenger RNA isoforms of the human estrogen receptor-alpha gene are generated by alternative
splicing and promoter usage. Mol Endocrinol 12: 1939-1954. [PubMed: 9849967]

. Weickert CS, Miranda-Angulo AL, Wong J, Perlman WR, Ward SE, et al. (2008) Variants in the

estrogen receptor alpha gene and its mMRNA contribute to risk for schizophrenia. Hum Mol Genet
17: 2293-2309. [PubMed: 18424448]

. Perlman WR, Matsumoto M, Beltaifa S, Hyde TM, Saunders RC, et al. (2005) Expression of

estrogen receptor alpha exon-deleted mRNA variants in the human and non-human primate frontal
cortex. Neurosci 134: 81-95.

. Poola I, Koduri S, Chatra S, Clarke R (2000) Identification of twenty alternatively spliced
estrogen receptor alpha mRNAs in breast cancer cell lines and tumors using splice targeted primer
approach. J Steroid Biochem Mol Biol 72: 249-258. [PubMed: 10822014]

Kobayashi M, Ishii H, Sakuma Y (2011) Identification of novel splicing events and post-
transcriptional regulation of human estrogen receptor a F isoforms. Mol Cell Endocrinol 333:
55-61. [PubMed: 21146582]

Ishii H, Kobayashi M, Munetomo A, Miyamoto T, Sakuma Y (2013) Novel splicing events and
post-transcriptional regulation of human estrogen receptor a E isoforms. J Steroid Biochem Mol
Biol 133: 120-128. [PubMed: 23032375]

Hattori Y, Ishii H, Munetomo A, Watanabe H, Morita A, et al. (2016) HumanC-terminally
truncated ERa variants resulting from the use of alternative exons in the ligand-binding domain.
Mol Cell Endocrinol 425: 111-122. [PubMed: 26835991]

Flouriot G, Brand H, Denger S, Metivier R, Kos M, et al. (2000) Identification of a new isoform

of the human estrogen receptor-alpha (hER-alpha) that is encoded by distinct transcripts and that is
able to repress hER-alpha activation function 1. EMBO J 19: 4688-4700. [PubMed: 10970861]
Wang Z, Zhang X, Shen P, Loggie BW, Chang Y, et al. (2006) A variant of estrogenreceptor-
{alpha}, hER-{alpha}36: transduction of estrogen- and antiestrogen-dependent membrane-
initiated mitogenic signaling. Proc Natl Acad Sci USA 103: 9063-9068. [PubMed: 16754886]
Hale PJ, Lépez-Yunez AM, Chen JY (2012) Genome-wide meta-analysis of genetic susceptible
genes for Type 2 Diabetes. BMC Syst Biol 6: S16.

Clapauch R, Mourdo AF, Mecenas AS, Maranhdo PA, Rossini A, et al. (2014) Endothelial function
and insulin resistance in early postmenopausal women with cardiovascular risk factors: Importance
of ESR1 and NOS3 polymorphisms. PLoS One 9: e103444. [PubMed: 25077953]

J Mol Genet Med. Author manuscript; available in PMC 2020 May 26.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sunetal.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

Page 12

Yang X, Zhang B, Molony C, Chudin E, Hao K, et al. (2010) Systematic genetic and genomic
analysis of cytochrome P450 enzyme activities in human liver. Genome Res 20: 1020-1036.
[PubMed: 20538623]

Wang D, Johnson AD, Papp AC, Kroetz DL, Sadée W (2005) Multidrug resistance polypeptide
1 (MDR1, ABCB1) variant 3435C>T affects mRNA stability. Pharmacogenet Genomics 15: 693—
704. [PubMed: 16141795]

Wang D, Papp AC, Binkley PF, Johnson JA, Sadée W (2006) Highly variable mRNA expression
and splicing of L-type voltage-dependent calcium channel alpha subunit 1C in human heart
tissues. Pharmacogenet Genomics 16: 735-745. [PubMed: 17001293]

Battle A, Brown CD, Engelhardt BE, Montgomery SB, Consortium G (2017) Genetic effects on
gene expression across human tissues. Nature 550: 204-213. [PubMed: 29022597]

Wang Z, Zhang X, Shen P, Loggie BW, Chang Y, et al. (2005) Identification, cloning, and
expression of human estrogen receptor-alpha36, a novel variant of human estrogen receptor-
alpha66. Biochem Biophys Res Commun 336: 1023-1027. [PubMed: 16165085]

Kos M, Reid G, Denger S, Gannon F (2001) Minireview: Genomic organization of the human
ERalpha gene promoter region. Mol Endocrinol 15: 2057-2063. [PubMed: 11731608]

Lettlova S, Brynychova V, Blecha J, Vrana D, Vondrusova M, et al. (2018) MiR-301a-3p
suppresses estrogen signaling by directly inhibiting esrl in ERa positive breast cancer. Cell
Physiol Biochem 46: 2601-2615. [PubMed: 29763890]

Ishii H, Hattori Y, Munetomo A, Watanabe H, Sakuma Y, et al. (2017) Characterization of rodent
constitutively active estrogen receptor a variants and their constitutive transactivation mechanisms.
Gen Comp Endocrinol 248: 16-26. [PubMed: 28412386]

Reid G, Denger S, Kos M, Gannon F (2002) Human estrogen receptor-alpha: Regulation by
synthesis, modification and degradation. Cell Mol Life Sci 59: 821-831. [PubMed: 12088282]
Norris JD, Fan D, Kerner SA, McDonnell DP (1997) Identification of a third autonomous
activation domain within the human estrogen receptor. Mol Endocrinol 11: 747-754. [PubMed:
9171238]

Berry M, Metzger D, Chambon P (1990) Role of the two activating domains of the oestrogen
receptor in the cell-type and promoter-context dependent agonistic activity of the anti-oestrogen
4-hydroxytamoxifen. EMBO J 9: 2811-2818. [PubMed: 2118104]

Bollig A, Miksicek RJ (2000) An estrogen receptor-alpha splicing variant mediates both positive
and negative effects on gene transcription. Mol Endocrinol 14: 634-649. [PubMed: 10809228]
Wang ZY, Yin L (2015) Estrogen receptor alpha-36 (ER-a36): A new player in human breast
cancer. Mol Cell Endocrinol 3: 193-206.

Bojcsuk D, Balint BL (2019) Classification of different types of estrogen receptor alpha binding
sites in MCF-7 cells. J Biotechnol 299: 13-20. [PubMed: 31039369]

Nissim-Rafinia M, Kerem B (2002) Splicing regulation as a potential genetic modifier. Trends
Genet 18:123-127. [PubMed: 11858835]

J Mol Genet Med. Author manuscript; available in PMC 2020 May 26.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Sunetal.

Page 13

Exonl Exond Exond Exond Exon5 Exoné Exon? Exong Exon3
a. l — I——I—I—l—__
L] L |
5 7 8 9 10 11 1213 14 15 16

I’I—I—I—-—I-I—l—I—I—I—I—H—I—H—__

11 12 13 14 1%
L | 1 1 'I" 1
i : 1 j | | L L] L |
x LY x = xa FAE R AL
& EiWINZ F BB TT0 ¢ B A m ¥ & s B B - wr

Figure 1:
Schematic diagram of different versions of genomic organization of ESR1. (a) Traditional

version of ESR1 genomic organization; (b) Upper panel, ESR1 genomic organization based
on Genotype-Tissue Expression (GTEX) project; lower panel, new version of ESR1. Used
as initiating exon; #exon names from NCBI database; & exon names from the literatures
[7,11,12,13,22,23].
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Figure 2:

Relative expression levels of different transcripts in 24 human tissues measured using

RNAseq. Data from GTEX project.
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ESR1 expression profiles in different tissues/cells as indicated measured with real-time
PCR. (a) Total ESR expression; (b) Relative expression levels of different first exons; (c)
Expression of unknown exons of ESR1; (d) Expression of intronic exons of ESR1.

J Mol Genet Med. Author manuscript; available in PMC 2020 May 26.

Intestine

EZ3ET

g
x



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Sunetal.

Page 16

a
I E1E3ES s E1E6ES G EINZEMES O EMEIERESEND s E2EIESE10 m E2E9E10
100 — FEEGEY Em E1E9 _ 1 — EZEIEBEND i 23 E2EREDED
: iR TE TR
2 | % il e
g 2
® 5 =
s E
3 g
= -
R £
53835 RRRRINT2REREHIIS
:(((:-‘(—':(( e e
Figure 4:

The patterns of ESR1 splice variants initiated from exon 1 (exon 1 to exon 9) (a) or exon 2
(exon 2 to exon 10) (b). The amount of each splice variant was expressed as the percentage
of the total transcripts from each locus. Each vertical bar represents the composition of
ESR1 splice variants in human liver from different individuals. Each sample was measured
twice, and mean is shown.
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Figure 5:

The patterns of ESR1 splice variants initiated from exon 1 (exon 1 to exon 9) (a) or exon 2
(exon 2 to exon 10) (b). The amount of each splice variant was expressed as the percentage
of the total transcripts from each locus. Each vertical bar represents the composition of
ESR1 splice variants in human liver from different individuals. Each sample was measured
twice, and the mean is shown.
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MCF liver

antibody against N-terminal

Images of capillary Western Blot with antibodies again C-terminal (a) or N-terminal (b)
regions of ESR1, in MCF cells or liver tissue as indicated. Arrows indicate the full-length or
N-terminal truncated ESR1 protein at 66 KD or 46 KD, respectively.
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