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Characterization and prognostic value of LXR

splice variants in triple-negative breast cancer

Priscilia Lianto," Samantha A. Hutchinson,? J. Bernadette Moore," Thomas A. Hughes,® and James L. Thorne'4*

SUMMARY

Activity of liver x receptor (LXR), the homeostatic regulator of cholesterol meta-
bolism, is elevated in triple-negative breast cancer (BCa) relative to other BCa
subtypes, driving drug resistance and metastatic gene signatures. The loci encod-
ing LXRa and LXRpB produce multiple alternatively spliced proteins, but the true
range of variants and their relevance to cancer remain poorly defined. Here, we
report seven LXR splice variants, three of which have not previously been re-
ported and five that were prognostic for disease-free survival. Expression of
full-length LXRa splice variants was associated with poor prognosis, consistent
with a role as an oncogenic driver of triple-negative tumor pathophysiology. Con-
trary to this was the observation that high expression of truncated LXRa splice
variants or any LXRf splice variant was associated with longer survival. These
findings indicate that LXR isoform abundance is an important aspect of under-
standing the link between dysregulated cholesterol metabolism and cancer path-
ophysiology.

INTRODUCTION

Breast cancer (BCa) is the most commonly diagnosed cancer in women in the UK and is the cause of
~600,000 cancer death worldwide (Bray et al., 2018). The triple-negative BCa (TNBC) subtype has higher
rates of recurrence in the first three years after prognosis and increased mortality rates (Hudis and Gianni,
2011). TNBC is defined by low estrogen (ER), progesterone (PR), and Her2 receptor expression (Perou et al.,
2000). Due to this lack of expression of therapeutic molecular targets, primary disease can only be system-
ically treated with cytotoxic chemotherapy, and TNBC remains a cancer of unmet clinical need; novel tar-
geted therapies are urgently needed.

Nutritional and epidemiological studies indicate that cholesterol metabolism may play a role in the etiol-
ogy and severity of TNBC (Cioccoloni et al., 2020; Jiang et al., 2019; Liu et al., 2017; WCRF/AICR, 2017). The
liver x receptors (LXRa/NRTH3; LXRB/NR1H2) are homeostatic regulators of cholesterol metabolism and as
such have been suggested as potential therapeutic targets. LXRa activation by hydroxylated cholesterol
(oxysterols) has been linked to poor survival by driving multi-drug resistance in patients with TNBC (Hutch-
inson et al., 2021) and increased metastasis in mouse models (Baek et al., 2017; Nelson et al., 2013). On the
other hand, LXRB activation by histamine conjugated oxysterols such as dendrogenin A can induce lethal
autophagy in BCa (Poirot and Silvente-Poirot, 2018). Intriguingly, ER-negative and ER-positive BCa sub-
types respond differently to LXR ligands (Hutchinson et al., 2019) even though oxysterol concentrations
are similar between BCa subtypes (Solheim et al., 2019). Collectively, these data imply that the differential
control over LXR's transcriptional regulation between subtypes is not simply at the level of ligand type or
concentration.

LXRa. and LXRPB are each thought to be translated from their own single main transcript variants, producing
447 and 460 amino acid proteins, respectively (Shinar et al., 1994; Willy et al., 1995). These “full-length” iso-
forms harbor domains that provide distinct functions, including activation function 1 (AF1), hinge region
(H), DNA-binding domain (DBD), and ligand-binding domain (LBD) (Willy et al., 1995), as is typical for
many ligand-dependent nuclear receptors.

Aside from the canonical full-length LXRa1, four additional LXRa splice variants have been reported in hu-
man cell lines or tissue samples previously (Chen et al., 2005; Endo-Umeda et al., 2012), and a single report
found one alternative splice variant to the major LXRB1 isoform (Hashimoto et al., 2009). These studies
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Figure 1. Schematic diagram of LXR splice variants

(A and B) Schematic diagram of (A) LXRa and (B) LXRB splice variants detected at RNA and protein level in this study. AF1 =
activation function 1; DBD = DNA binding domain; H = hinge; LBD = ligand binding domain. The numbers right below the
isoform domain boxes are represented the position of amino acids.

found that alternative splicing of LXR disrupts the integrity of the DNA- and ligand-binding domains,
rendering the proteins with reduced or even absent response to ligand (Chen et al., 2005; Endo-Umeda
etal., 2012). In the case of LXRB, a single known splice variant functions as an RNA co-activator (Hashimoto
et al., 2009). Genomic and proteomic databases including National Center for Biotechnology Information
(NCBI) (Pruitt et al., 2005), The Cancer Genome Atlas (TCGA) Splicing Variants database (TSVdb (Sun et al.,
2018)), Ensembl (Aken et al., 2016), and Universal Protein Resource (UniProt) (Bairoch et al., 2005) indicate
that the LXRa and LXRB genes encode more splice variants than previously reported. For example, a study
exploring some of these databases indicated up to 62 different LXRa. transcript variants (Annalora et al.,
2020), making it the most extensively spliced member of the nuclear receptor superfamily.

However, experimental evidence for the existence of such an array of isoforms is lacking. Given the strong links
between cholesterol metabolism, for which the LXRs play vital regulatory roles, and TNBC etiology, the aim of
this study was to describe the LXR splice repertoire and clinical significance in human triple-negative BCa.

RESULTS

Database analysis of LXR transcript splice variance in breast cancer

To evaluate the variety of LXR splice variants, the NCBI and ENSEMBL databases were mined for mRNA
transcript variants and UNIPROT database for protein variants. In total, this analysis indicated there were
64 LXRa. transcript variants, of which 48 could code for 26 LXRa protein variants (see Figure S1). We found
11 LXRB transcript variants that could code for 9 LXRB proteins (see Figure S2). These included all nine
variants (a.1-a.5, B1-B4) later observed in BCa cells and/or breast tumor tissue (summarized in Figure 1).
Previous publications have used a consistent naming system for the LXRa isoforms but deviate from
nomenclature of NCBI, TCGA Splicing (TSVdb), ENSEMBL, and UNIPROT databases. For example,
NM_001130101 previously referred to as a3 (Chen et al., 2005; Endo-Umeda et al., 2012; Rondanino
et al., 2014) is annotated as a2 in the NCBI database. NM_001130102 has previously been referred to as
a2 (Chen et al., 2005; Rondanino et al., 2014) but is annotated as a3 in the NCBI database. Furthermore,
due to the complexity of potential LXR transcript variants (Annalora et al., 2020), the naming system
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Figure 2. LXR splicing events in BCa validated by TCGA Splicing Variants database (TSVdb)

(A) Heatmap visualization of normalized RSEM (RNA-Seq by Expectation Maximization) value expression of LXRa and
LXRB in 1,103 TCGA BCa samples. Note: Transcript uc002prv was only reported in TSVdb and is not recorded in NCBI,
ENSEMBL, or UNIPROT databases.

(B) Comparison of LXR transcript variant expression, for «1.1, 1.2, 23.1, and B1.1, in matched tumor and normal tissues
grouped by BCa subtype, ER+ (n = 78), and TNBC (n = 18). Statistical analysis by Mann-Whitney two-tailed U tests. P <
0.05 was considered significant. The line shows the median value, the box shows 10th to 90th percentile, and whiskers
show minimum-to-maximum value.

(C and D) Kaplan-Meier survival curves plotting disease-free survival of patients with TCGA BCa. The TCGA BCa samples
(downloaded from TSvdb TCGA splicing database) were grouped by BCa subtype, (C) ER+ (n = 803), and (D) TNBC (n =
101). Survival curves of each subtype were separated into two groups: no event (ER+ = 675, TNBC = 79) and event (ER+ =
128; TNBC = 22) based on their overall survival data reported in cBioportal. p value is based on the log rank test, and data
groups were considered significantly different if p < 0.05.

from previous publications (Chen et al., 2005; Endo-Umeda et al., 2012; Rondanino et al., 2014) was not
appropriate, and instead, the NCBI annotation system was adopted. Details of all previous reported primer
pairs used to detect LXR are available in Figure S3. Full details of how variants pertain to databases and
previous studies are provided for LXRa in Figure S4 and Table S1 and for LXRB in Figure S5 and Table
S2. During this annotation and documentation process, some NCBI predicted LXR isoforms were found
to be identical to curated isoforms. For example, the LXRax5 amino acid sequence is derived from two
NCBI predicted isoforms (XP_011518107.1 and XP_005252763.1) and is identical to the LXRa1 amino
acid sequence (NP_005684.2). We confirmed this using Clustal Omega multiple sequence alignment soft-
ware (https://www.ebi.ac.uk/Tools/msa/clustalo/) (EMBL-EBI, Dublin, Ireland) (Figure Sé).

To investigate the expression of LXR splice variants in BCa, we first examined RNA-seq data from 1,103 BCa
tumors in the TCGA Pan-Cancer Atlas utilizing the TSVdb web interface (Sun et al., 2018). These data
showed that out of six LXRa and three LXRB splice variants with RSEM reads (Li and Dewey, 2011), the
a1.1 (median RSEM value = 231.52) and B1.1 (median RSEM value = 1158.53) variants were most highly ex-
pressed in primary BCa samples (Figure 2A). The 3.1 (median RSEM value = 115.42), #.1.2 (median RSEM
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value = 31.88), and B2 (median RSEM value = 21.69) transcripts were expressed at low levels. No other tran-
script variants were detected in this database (Figure 2A).

We further examined expression of the four variants (1.1, 21.2, «3.1, 1.1) in matched tumor and normal
samples from ER+ and TNBC subtypes. Both a1.1 and a1.2 were expressed at significantly higher levels
in ER+ and TNBC tumor tissue compared to adjacent normal tissue (p < 0.01 for all; Figure 2B). 3.1
expression was lower in ER+ tumor tissue than adjacent normal (p = 0.011; Figure 2B), but there was
no difference in expression of this isoform between tumor and normal tissue in TNBC disease. There
was no difference in B1.1 expression in either ER+ or TNBC tumors relative to adjacent normal (p >
0.05; Figure 2B). There was no difference in expression of any individual LXR variants between ER+
and TNBC tumors (see Figure S7).

We then examined if transcript variant expression identified in TSVdb was associated with disease-free sur-
vival (DFS) in ER+ (Figure 2C) or patients with TNBC (Figure 2D). High a1.2 expression was associated with
shorter DFS in ER+ patients (p = 0.029), while in patients with TNBC, high a1.1 expression was associated
with shorter DFS (p = 0.04). Neither 3.1 nor LXRp expression was associated with DFS. These data suggest
that elevated LXRa1 (a1) may be linked to poor prognosis in patients with BCa.

LXR expression in breast cancer cell lines

Having established evidence for LXR splice variant expression in the TSVdb dataset, we next examined
transcript expression in a panel of BCa cell lines. HEPG2 cells express relatively high levels of both LXRa
and LXRB (Laffitte et al., 2001) so were included as a positive control. Total LXRa and LXRB RNA expression
was determined using SYBR green primers that target the exon 9-10 junction of LXRa and exon 8-9 junction
for LXRB. These exons are spliced together in all previously reported variants and in all variants described in
this study (see Tables S1 and S2; Figures ST and S2) and were used to estimate the total pool of LXR tran-
scripts and for normalization of variant expression.

The claudin high TNBC cell line MDA.MB.468 had highest expression of LXRa of all BCa cell lines (p < 0.05).
MDA.MB.468, MDA.MB.453, and BT474 had highest LXRB (Figures 3A and 3B). In all cell lines analyzed, the
expression of LXRa mRNA was significantly lower than that of LXRB (all p < 0.05; Figure S8), recapitulating
the observations from the TSVdb (Figure 2A). Across the cell lines, the transcripts measured accounted for
between 91 and 100% of LXRa. (exon 9-10) and 94-102% of LXRB (exon 8-9) exon-exon boundaries (Figures
3C and 3D), indicating other variants were expressed at very low levels or did not contain the exon 9-10/7-8
boundaries. Across all cell lines, we detected five mRNA species (a1.1, 21.3, #2.3, 3.1, 05.3; Figure 3C) pre-
dicted to code for four LXRa protein variants (a1, 22, 3, a5) and two coding for LXRB (B1, B4; Figure 3D).
LXRa5 and LXRB4 have not been reported in the literature previously.

a1 transcripts were dominant (50-80% of all LXRa) in HEPG2 and TNBC cells (Figure 3C: note black and dark
gray sections corresponding to a1.1 and a1.3, respectively). In the ER+ cell lines, a5 (40-50%) and a3 (30—
40%) were the majority species (Figure 3C: note light gray and white sections corresponding to 5.3 and
a3.1, respectively). a2 comprised between 5 and 20% depending on the cell line (Figure 3C: hatched sec-
tions). LXRB1.1 was detected in all BCa cell lines, with a very small amount of B4 transcript found in HEPG2
and the ER+ cell lines only (Figure 3D). We successfully detected over 90-100% of all the LXR variants
(harboring the exon 9-10 and 7-8 junctions) present in the cell lines. From these data, we concluded
that full-length a1 was the dominantly expressed variant in TNBC cells, truncated a5 was the dominant
LXRa. isoform in ER-positive cells, and B1 was the dominant LXRB transcript across all cell types.

We next performed immunoblotting to establish the range of protein variants present. Representative
blots and densitometry analysis show that bands corresponding to predicted sizes of LXRa1 (=50kDa)
and LXRB1 (=55kDa) were robustly and reproducibly detected in all cell lines (Figures 3E and 3F, respec-
tively). However, optimization of immunoblotting experimental conditions, including antibody choice, indi-
cated that multiple additional bands were present when probing for LXRa. (Figure 3E). These bands closely
corresponded to sizes of proteins that would be coded by the transcripts identified above, namely a1
(50 kDa), a2 (44 kDa), a3 (46 kDa), and a5 (39 kDa). The cell line-specific pattern of protein expression
matched that of the transcript expression; a1 RNA and protein were highly expressed in HEPG2 and the
TNBC cell lines, while a5 was dominant in the ER+ cells (Figure 3G). For LXRB, only a single isoform B1
was present at both RNA and protein level (Figure 3H).
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Figure 3. Diversity of LXR splice variants in breast cancer cell line panel

(A and B) RNA analyses of total LXRa (A) and LXRB (B) expression.

(C and D) The stacked bar graphs show LXRa (C) and LXRB (D) transcript variants normalized to ubiquitously expressed
exon-exon junctions. Asterisks denote ambiguous amplicons.

(E and F) Representative blots and densitometry of LXRa. (E) and LXRB (F) protein variants observed in cell lines.

(G and H) Pie charts show contribution of each transcript variant and protein variant to the total amount of LXRa (G) and
LXRB (H). All data shown are mean of three independent replicates with SEM. Statistical significance was measured by
two-tailed one-way analysis of variance (ANOVA), and significant differences are denoted with different letters if p < 0.05.

We concluded that in TNBC cell lines, full-length LXRa1 is the most abundant isoform comprising
50-80% of LXRa protein (depending on cell line), with two al transcript variants accounting for
51-75% of LXRa transcript. LXRa3, which lacks part of the AF-1 domain and has diminished response
to ligand (Chen et al., 2005), was the next most abundant producing 15-30% of the protein and
8-27% of the transcript. LXRa2, which is non-responsive to ligand (Chen et al., 2005), made up
8-20% of the total LXRa protein coded by two transcripts producing 7-12% of the LXRa coding
RNA. Only a small amount of LXRa5 was detected in TNBC (<10% in MDA.MB.453 cells and undetected
in other TNBC lines). Interestingly, this “double-truncation” variant that lacks both the AF-1 region of
a3 and the LBD region of a2 was the most abundant isoform in ER+ cells at protein (35-70%) and tran-
script level (43-54%).
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LXR splice variant expression and clinical significance in triple-negative breast cancer

To evaluate LXR variant expression and significance in clinical samples, LXR protein expression was
measured in a cohort of 38 fresh-frozen TNBC tumor samples (mean follow-up of three years), which has
been reported previously (Hutchinson et al., 2019; Solheim et al., 2019) (Table S3). Patients were dichoto-
mized into two groups: “No Event” patients defined as those who were alive and disease free at the time of
last reporting or had died from unrelated reasons; “Event” patients were those who had died from their
disease and/or had disease recurrence. Representative blots are shown in Figure 4A. Event patients had
significantly higher expression than “No Event” patients of both full-length isoforms (a1: p < 0.0001; a4:
p = 0.001; Figure 4B). Together, a1 and a4 comprised 70% of the total LXRa protein in the “No Event”
group, but this rose to 93% in the “Event” group (Figure 4C). No significant difference was observed in
the level of a2, a3, a5, B1, or B4 protein variants between groups (Figure 4B).

When patients were dichotomized using Receiver Operating Characteristic (ROC) analysis, high protein
expression of the full-length variants were, as expected, found associated with significantly shorter DFS (a.1:
p = 0.0005; a4: p = 0.0079; Figure 4D). Interestingly, in this more nuanced analysis, high expression of a5
(p = 0.044), LXRB1 (p = 0.0023), and LXRB4 (p = 0.037) was associated with significantly longer DFS (Figure 4E).
Furthermore, dichotomizing based on RNA expression also indicated that high expression at the transcript
level was associated with longer or shorter DFS in the same pattern as found for the protein (see Figure S9A).
In addition, @3.1, which codes for intact LBD but harboring a deletion in the AF1 domain, was also associated
with shorter DFS (p = 0.022; Figure S9A). The 2.3 transcript, which codes for a protein with the same LBD dele-
tion as a5 was, like a5, associated with longer DFS (p = 0.031; Figure S9A). a2 and a3 protein were not asso-
ciated with DFS (see Figure S9B). We concluded that full-length LXRa isoforms may exacerbate disease
severity, whereas those lacking the full LBD or LXRB isoforms were associated with reduced disease severity.

Validation of isoform identity

Bands representing LXR variants were reduced by targeted siRNA

To confirm if the protein bands were LXRa variants, we first performed siLXRa treatments in cell lines. Using
previously validated (Hutchinson et al., 2021) siRNA duplexes (Origene trisilencers) against LXRa and LXRB,
we found that the protein bands predicted by size to be a1, «2, #3, a5, and B1 were all significantly reduced
by targeted siRNA in all cell lines tested (all p < 0.05; Figure S10). Note that a4 and B4 were not expressed in
cell lines and so could not be validated in this way. Furthermore, siLXRa did not reduce LXRB expression
and siLXRB did not reduce expression of any LXRa isoform, and, as is characteristic of LXRs (Chen et al.,
2005; Prufer and Boudreaux, 2007), all protein variants were localized in the nucleus (see Figure S11).

Unique peptides representing o4 and 1 were identified by MS S-trap mass
spectrophotometry

As was the case for cell line analyses, confirmation of the identity of the observed protein variants in tumor
tissue was important, especially having identified the a4 variant which has not previously been reported in
the literature. As siRNA application was not possible on the tumor samples, we performed S-trap (Hayoun
etal., 2019) coupled mass spectrometry (St-MS) in cell line and tumor lysates samples selected to represent
as much of the diversity in LXRa (Tables 1 and S4) and LXRB (Tables 2 and S5). This included two tumors in
duplicate: ligand-treated MDA.MB.468 cells (see Figure S12A) and in siCON, siLXRa, and siLXRB (see Fig-
ure S12B). We found 15 peptides uniquely corresponding to @4 BLAST sequence alignment indicated they
were high-quality hits (100% identity), including the two first exons coding for the alternative AF1 domain in
this isoform (see Figure S12C — boxed amino acids) supporting our prior conclusion that a4 was expressed
in some tumor samples. Unique peptides of B1 were also detectable in our tumor sample (see Figure S12D
—boxed amino acids). However, unique peptides corresponding to a1, a2, «3, a5, or B4 were not produced
by our enzymatic cleavage, and in silico analysis indicated these isoforms would not be distinguishable
from each other (Table3). Our next approach was to perform immunoprecipitation. We found this success-
fully enriched each isoform (see Figure S12E), but limited amounts of tumor meant bands could not be visu-
alized for excision on Coomassie gels. We concluded that a4 and B1 were present in tumor tissue.

Transcript-protein correlation analysis

It was not possible to detect unique peptides for all LXR splice variants using MS. As an alternative
approach, we performed linear correlation analysis between RNA and protein expression of each variant
in all cell lines (see Figure S13) and all primary breast tumor samples (see Figure S14). The primers used
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Figure 4. LXRa1 and LXRa4 are highly expressed in patients with TNBC with poor survival

(A) Representative blots showing the LXR splicing events in tumors derived from 38 patients with TNBC, who were either free from disease (No Event; n = 23)
or who had relapsed or died (Event; n = 15) after follow-up (A).

(B) Differential expressions of LXRa and LXRB protein variants in No Event and Event groups were plotted in box and whiskers charts (B). The line shows the
median value, the box shows 10th to 90th percentile, and whiskers show minimum-to-maximum values. Statistical analysis was established using multiple t-
tests with Holm-Sidak for multiple correction; p < 0.05 was considered significant.

(C) Pie charts show contribution of each transcript variant and protein variant to the total amount of LXRa in No Event and Event patients (C).

(D and E) Kaplan-Meier survival curves plotting disease-free survival of patients with TNBC dichotomized based on protein expression of full-length LXRa1
and LXRa4 transcripts (D) or truncated LXRa5 and LXRB1 and LXRB4 (E). All protein measured relative to HPRT. Data derived from the mean of two different
slices of tumors. Significance determined by the Log rank (Mantel-cox) test where p < 0.05 was considered significant.

to detect different RNA species were usually specific to a single variant, but it was not possible to design
unique primers for every variant. We hypothesized that where detection was ambiguous, RNA expression
should correlate with expression of the protein for which it coded, thus identifying the correct RNA species
and validating the protein isoform previously assigned only by mass/charge. Linear correlation analysis was
performed in the seven cell lines comparing expression of each transcript variant against each protein band
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Table 1. LXRa peptides detected by S-trap column coupled with mass spectrometry (MS)

Total Coverage Ami‘n.o acids
identified ~ —10IgP PRe position
Sample peptides [LXRa] Peptides Supporting peptides [LXRa] Unique Start End
Tumor 2 3500 52.32 13% Q.AQ(+.98)GGSSC(+57.02)ILR.E No 32 41
Rep 1 A.QGGSSC(+57.02)ILR.E No 33 4
R.MPHSAGGTAGV.G No 46 56
R.ASSPPQ(+.98)ILPQ.L No 196 205
R.ASSPPQILPQLSPEQ(+.98)LGMIEK.L No 196 216
R.AMN(+.98)ELQLN(+.98)DAEFALLI.A No 345 360
Tumor 2 3971 58.66 22% K.C(+57.02)RQ(+.98)AGM(+15.99) No 158 177
Rep 2 REEC(+57.02)VLSEEQ(+.98)IRLK.K
R.QEEEQAHATSLPPR.A No 182 195
R.ASSPPQILPQLSPEQ(+.98)LGMIEK.L No 196 216
L.SPEQ(+.98)LGMIEK.L No 207 216
G.M(+15.99)IEKLVAAQQ(+.98)Q(+.98).C No 213 223
K.QLPGFLQLSR.E No 274 283
Q.VEFINPIFEFSR.A No 333 344
R.AMNELQLNDAEFALLILA No 345 360
Tumor 5 3713 61.52 [04 + 19% MQ(+.98)QTSWN(+.98) Yes [04] —14 =1
Rep 1 LXRa homolog] PLGGTC(+57.02)K.Q
59.30 16% R.AEPPSEPTEIRPQ(+.98)K.R No 70 83
[LXRa. homolog]
KC (+57.02)RQAGMR.E No 196 208
R.ASSPPQILPQLSP.E No 196 208
R.ASSPPQILPQLSPEQ(+.98)LGMIEK.L No 196 216
G.MIEKLVAAQQQC(+57.02)NRR.S No 213 227
K.TSAIEVMLLETSRRYN(+.98)PG.S No 292 309
Tumor 5 3412 38.73 9% C.VLSEEQIR.L No 168 175
Rep 2 R.ASSPPQILPQLSPEQ(+.98)LGMIEK.L No 196 216
R.ASSPPQ(+.98)ILPQ.L No 196 205
R.EDQIALLK.T No 284 291

Amino acids position numbers based on LXRa1 structure. The gray highlight indicated unique peptides of LXR variant detected by MS.

for which it could potentially code. There was a strong and significant positive correlation between tran-
script variants and the protein isoform for which they were predicted to code: a1 protein correlated with
al.1 (R =0.97; p < 0.0001; Figure S13 top row) and 1.3 (R?=0.78; p = 0.0084; Figure S13 top row). B1 pro-
tein correlated with B1.1 transcript (R? = 0.99; p < 0.0001; Figure 513 bottom row). During primer design it
became clear that due to complexity arising from the large number of LXR coding transcripts, several tran-
scripts were not distinguishable from each other due to sequence homology (denoted with asterisks in Fig-
ure 3C). Specifically, indistinguishable transcripts were a1.4 and @2.3; 3.1 and &5.1; and @3.3 and &5.3. We
tested all potential protein isoforms for correlation with the ambiguous primer pairs: a1.4/22.3 correlated
with a2 protein (p = 0.0022; R? = 0.97; Figure S13 row 2) but not a1 protein (p > 0.05); 3.1/a5.1 correlated
with a3 protein (p = 0.034; R? = 0.63; Figure 513 row 3) but not a5 protein (p > 0.05); and 23.3/a5.3 corre-
lated with a5 protein (p = 0.029; R? = 0.65; Figure S13 row 4) but not a3 protein (p > 0.05). We also designed
primers against the exon 5 and 7 junction to simultaneously recognize the a2 and a5 variants that lack exon
6 and a portion of the LBD. These a.2/a5 primers detected RNA that correlated with a5 protein (p = 0.0065;
R?=0.8; Figure S13 fourth row) but not with a2 (p > 0.1; Figure S13 second row).

Next, although cytoplasmic extraction was not possible in frozen tumor samples as they had lost cellular sub-
structure in the freezing process, given the number of replicates was larger (n = 38), we considered testing for
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Table 2. LXRp peptides detected by S-trap column coupled with mass spectrometry (MS)

Total Coverage Ami.n.o acids
identified ~ —10lgp ~ XRE___ posttion
Sample peptides [LXRB] Peptides Supporting peptides [LXRP] Unique Start End
Tumor 2 3500 46.60 7% L.MIQQLVAAQ.L No 226 234
Rep 1 Q.Q(+.98)LVAAQLQC(+57.02)NK.R No 229 239
Q.VEFINPIFEFSR.A No 346 357
K.RPQDQ(+.98)LR.F No 410 416
Tumor 2 rep 2 3971 39.62 10% R.RSVWRGGAR.R No 113 121
K.EAGM(+15.99)REQ(+.98)C(+57.02) No 151 168
VLSEEQIRKK.K
KVTPWPLGADPQSR.D Yes [B1] 248 260
K.RPQDQ(+.98)LR.F No 410 416
Tumor 5 3713 56.33 14% R.SVWRGGAR.R No 113 121
Rep 1 E.LM(+15.99)IQQ(+.98)LVAAQ.L No 225 234
V.QLTAAQ(+.98)ELMIQ(+.98).Q No 218 228
Q.Q(+.98)LVAAQLQC(+57.02)NK.R No 229 239
K.RSFSDQ(+.98)PK.V No 240 247
K.VTPWPLGADPQ(+.98)SR.D Yes [B1] 248 260
A.LQQ(+.98)PYVEALLS.Y No 394 404
E.ALLSYTR.I No 401 407
Tumor 5 3412 59.82 20% R.RSVWRGGAR R No 113 121
Rep 2 C.VLSEEQIR.K No 159 166
R.KQ(+.98)QQ(+.98) No 172 189
ESQSQSQSPVGPQG.S
E.GVQLTAAQ(+.98)ELMIQ.Q No 216 228
E.LM(+15.99)IQQ(+.98)LVAAQ.L No 225 234
Q.QLVAAQ(+.98)LQ No 229 239
(+.98)C(+57.02)N(+.98)K.R
K.RSFSDQ(+.98)PK.V No 240 247
R.EDQIALLK.A No 297 304
A.LQQ(+.98)PYVEALLS.Y No 394 404
K.RPQDQ(+.98)LR.F No 410 416

Amino acids position numbers based on LXRB1 structure. The gray highlight indicated unique peptides of LXR variant detected by MS.

correlations a reasonable approach (see Figure S14). As for cell lines, both a1.1 and «1.3 correlated with a1
protein (p < 0.05 for both); #2.3 correlated with a2 protein (p = 0.036); 3.1 correlated with a3 protein (p =
0.056); a4.1 correlated with a4 protein (p = 0.0037; note, this variant was not detected in cell lines); and &5.3
(p =0.039) and a2/a5 (p = 0.054) correlated with .5 protein. For LXRB, B1.1 transcript correlated with B1 protein
(p = 0.022). B3 and B4 are almost identical in size (46 and 47 kDa, respectively) and so are indistinguishable by
immunoblotting. B4 transcript (p = 0.031) but not B3 (p > 0.05) correlated with the band corresponding to p3/p4
protein (see Figure S14 bottom row) confirming this as LXRB4. The correlative analysis we performed here, in
combination with our other validation experiments, allows high confidence that the splice variants had been
correctly identified. In combination with the siRNA in the cell line studies above and MS experiments, these
correlative observations indicate that five LXRa. variants and two LXRB variants are expressed in TNBC.

LXR splice variants are differentially correlated with expression of target genes in Event and
No Event patients

We previously reported that LXRa expression is positively correlated to target gene expression in ER-nega-
tive patients who had relapsed and/or died due to their disease (Event patients) but not those who survive
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Table 3. Unique peptides of LXR variants

Amino acid

position (based on

LXRa1 structure)

Also, Peptide Unique peptides
LXR recognize mass Start End Exon (after trypsin digestion)
Al a2 1607.8137 1 15 2 MSLWLGAPVPDIPPD
1348.7140 293 300 ) SAIEVMLLETSR
a2 o5 1148.6343 235,236-297 300 5/7 VT-VMLLETSR
o3 a5 2307.1761 46 69 3 MPHSAGGTAGVGLEAAEPTALLTR
ad - 1550.7090 —-14 -1 -1d MQQTSWNPLGGTCK
554.3045 -19 —15 -1d QPPGR
XP_ - 2942.3842 Additional 64 Exon -7a GEAEWDYLWEGPPDIELGEP
0243040XXX amino acids NLLGSR
1170.5538 due to the DEENRPPWK
1005.4669 A EVAGEGQGMK
741.3890 ? retairﬁed TSPPSPR
intron in
590.3079 IEEEnR RPCSK
510.2381 exon 6 and 7 T
B1 1423.7328 248 260 Exoné/ VTPWPLGADPQSR
1475.7892 268 279 exon7abc FAHFTELAIISVQ
B3 1021.5564 249-280 286 Exoné/exon7b V-TEIVDFAK
B4 545.3405 249-293 299 Exoné/Exon 7¢ V-TLGREDQ

Amino acids position number based on a1 and/or B1 amino acid numbering position. Amino acid numbering position with “-

"

indicates the additional amino

acid(s) coming before a1 and/or B1's amino acid position number 1. The numerical exons represent the first discovered exons. The numerical exons followed

with alphabets represent the later discovered exons.

disease free (No Event patients) (Hutchinson et al., 2021). Here, we tested the hypothesis that differential
LXR splice variant expression between cancers may contribute to disease etiology via their ability to control
expression of gene targets. Two canonical LXR target genes representing LXR's roles in cholesterol meta-
bolism (ABCA1) and chemoresistance (ABCB1) were tested for correlations with LXR splice variant expres-
sion (Hutchinson et al., 2021; Pan et al., 2019).

Expression of both full-length isoforms (a1 and a4) positively correlated with expression of ABCA1 and
ABCB/1 but interestingly only in Event patients (p < 0.05 for all; Figure 5). Strikingly, expression of B1 was
inversely correlated with both ABCA1 and ABCB1 but only in No Event patients (p < 0.05; Figure 5). Statis-
tically significant correlations between a2, .3, or a5 with target genes were not observed (see Figure S15).
From these data, we concluded that while full-length LXRa is associated with activation of gene targets in
patients who relapse or die; LXRB is associated with inhibition of the same target genes in TNBC survivors.

DISCUSSION

The objective of this study was to establish the repertoire, expression levels, and pathophysiological sig-
nificance of LXR splice variants in BCa. In TNBC, we found evidence that five LXRa and two LXR splice var-
iants are expressed at RNA and protein levels. Three of these isoforms, a4, @5, and B1, are new to the liter-
ature and do not have validated UNIPROT records. Our data demonstrate that LXR splice variants have
clinical significance in TNBC; full-length LXRa. (a1 and a4) is associated with shorter DFS, while LXRB and
LXRa variants with truncated ligand-binding domains were associated with longer DFS.

This current study’s findings may provide preliminary evidence for oncogenic or tumor suppressive func-
tions of LXR splice variants. High expression of the full-length a1 was strongly associated with shorter
DFS at both transcript and protein level. High expression of two other isoforms, a3 (transcript only) and
a4 (transcript and protein), were also associated with shorter DFS. Although both have disruptions to their
AF1 domains, they are otherwise homologous to full-length a1, including, importantly, an uninterrupted
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