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70-75% breast cancer patients are estrogen receptor alpha positive (ERa+), and the antiestrogen drug tamoxifen has been used for
the past three decades. However, in 20-30% of these patients, tamoxifen therapy fails due to intrinsic or acquired resistance. A
previous study has showed ERa signaling still exerts significant roles in the development of tamoxifen resistance and several
IncRNAs have been demonstrated important roles in tamoxifen resistance. But ERa directly regulated and tamoxifen resistance
related IncRNAs remain to be discovered. We reanalyze the published ERa chromatin immunoprecipitation-seq (ChIP-seq) and
RNA-seq data of tamoxifen-sensitive (MCF-7/WT) and tamoxifen-resistant (MCF-7/TamR) breast cancer cells. We demonstrate
that there are differential ERa recruitment events and the differentials may alert the expression profile in MCF-7/WT and
MCEF-7/TamR cells. Furthermore, we make an overlap of the ERa binding IncRNAs and differentially expressed IncRNAs
and get 49 ERw positively regulated IncRNAs. Among these IncRNAs, the expression levels of AC117383.1, AC144450.1, RP11-
15H20.6, and ATXNI1-ASl1 are negatively correlated with the survival probability of breast cancer patients and ELOVL2-AS],
PCOLCE-ASI1, ITGA9-ASI1, and FLNB-AS1 are positively correlated. These IncRNAs may be potential diagnosis or prognosis

markers of tamoxifen resistance.

1. Introduction

Breast cancer is the most commonly diagnosed cancer and
the leading cause of cancer death among female cancers, with
an estimated 2.1 million newly diagnosed female breast can-
cer cases in 2018 around the world [1]. About 75% of all
breast cancer cases are estrogen receptor alpha positive
(ERa+); thus, the selective ER modulator tamoxifen has been
the standard treatment for ERa+ breast cancer patients.
However, up to 30% of these cases relapse due to tamoxifen
resistance [2]. Various mechanisms have been proposed to
explain tamoxifen resistance, including the abnormal ER«
signaling pathway, alterations in cell cycle and apoptosis
molecules, and activation of TGF-f or NF-xB signaling
pathway [3, 4]. Noncoding RNAs (ncRNAs) also play an

important role in tamoxifen resistance [5]. Long noncod-
ing RNAs (IncRNAs) are a new type ncRNAs with more
than 200 nucleotides, and they are involved in a wide variety
of physiological and pathological processes [6]. What is more,
IncRNAs have been demonstrated to play a significant role in
drug resistance. Urothelial carcinoma associated 1 (UCA1)
has been confirmed to contribute to multiple cancer drug
resistance, including cisplatin resistance in bladder cancer
and ovary cancer, gefitinib resistance in lung cancer, and
tamoxifen resistance in breast cancer [7]. Besides, breast can-
cer antiestrogen resistance 4 (BCAR4), IncRNA-ROR (ROR,
regulator of reprogramming), colon cancer associated tran-
script 2 (CCAT2), DSCAM-AS1, and LINC00894 are also
reported to enhance or attenuate tamoxifen resistance [8].
But the important role and complex working mechanism of
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IncRNAs in tamoxifen resistance still need to be illustrated,
and there is also an urgent need to discover more novel diag-
nosis and prognosis markers.

In this work, we reanalyze the published ERa ChIP-seq
and RNA-seq data of tamoxifen-sensitive (MCF-7/WT) and
tamoxifen-resistant (MCF-7/TamR) breast cancer cells [9].
We find that there are differential ERa recruitment events,
and these events may lead to changes of expression profile
between MCF-7/WT and MCF-7/TamR cells. And we also
find that the ERa signaling is also estradiol (E2) dependent
in MCF-7/TamR cells. Here, we provide insight into how
ERa signaling promotes tamoxifen resistance through
IncRNAs and get eight IncRNAs that may act as potential
diagnosis or prognosis markers.

2. Materials and Methods

2.1. ChIP-seq and RNA-seq Data Analysis. The ChIP-seq and
RNA-seq data were downloaded from the GEO dataset
(GSE86538). Quality control of the raw reads was performed
by FastQC [10]. ChIP-seq reads were aligned to the hgl9
genome assembly using Bowtie 2 [11]. ChIP-seq peaks were
called using MACS, and the p value 1.00e-05 was used as the
cut-off [12]. RNA-seq reads were aligned and annotated
using hgl9 with Hisat2, and SAMtools was used to sort
and reorder the SAM files [13, 14]. HT-seq and DESeq2
were used to analyze the differential expression, and fold
change>2 or <0.5 and p value < 0.05 were used as the
cut-off [15, 16].

2.2. Visualization of the ChIP-seq Peaks and RNA-seq
Differential Expression Genes. The aligned ChIP-seq reads
were annotated and visualized using ChIPseeker, and
(-3kb_3kb) was set as the transcription start site (TSS)
region [17]. The RNA-seq differential expression genes (fold
change > 2 or <0.5, p value < 0.05) were visualized as a heat-
map using R package of ggplot2 [18].

2.3. Functional Enrichment Analysis. The ERa ChIP-seq
binding genes in the (-3kb_3kb) region and upregulated
genes in MCF-7/TamR cells (fold change>2, p value <
0.05) were selected for the further functional enrichment
analysis. We did the Gene Ontology (GO) and Kyoto Ency-
clopedia of Genes and Genomes (KEGG) enrichment analy-
sis of the candidate genes using R package of ClusterProfiler,
and p value < 0.05 was used as the cut-off [19].

2.4. The Correlation Analysis and Survival Analysis. We
analyzed the correlationship between expression level of
candidate IncRNAs and ERa status using the breast inva-
sive carcinoma (BRCA) data from The Cancer Genome
Atlas (TCGA). We also analyzed whether the expression
levels of candidate IncRNAs correlated with patient survival
time (based on p value from the univariate Cox propor-
tional hazards model and log-rank test) and visualized their
correlationship through Kaplan-Meier plot. Spearman’s
rank correlation analysis was used to detect significant cor-
relations between IncRNA and mRNA with a coefficient
(absolute value) cut-off of 0.3 and a p value cut-off of
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0.01. The correlation analysis and survival analysis were
performed through the TANRIC website [20].

3. Results

3.1. The Differential ERa Recruitment Between MCF-7/WT
and MCF-7/TamR Cells. To determine whether there were
differential ERa recruitment events between MCE-7/WT
and MCF-7/TamR, we reanalyzed the published ERa ChIP-
seq data of these cells (Figure 1(a)). The ERa binding peaks
of MCF-7/WT and MCEF-7/TamR cells that were stimulated
with estradiol (E2) were more centralized around the tran-
scription start site (TSS) (-3kb_3kb) than these peaks of
MCEF-7/TamR cells without E2 (Figures 2(a)-2(c)). What is
more, MCF-7/TamR cells that were stimulated with E2 con-
tained much more ERa binding peaks than these peaks of
MCF-7/TamR cells without E2 (MCF-7/TamR-E2 17025
peaks, MCF-7/TamR 9703 peaks, p value < 1.00e-05)
(Table S1). The ERa directly regulated genes in MCEF-
7/TamR cells had 66.4% overlap of MCF-7/TamR-E2 cells
(IncRNA, 63.9%). In contrast, the ERa directly regulated
genes in MCF-7/TamR-E2 cells just had 25.0% overlap of
MCEF-7/TamR cells (IncRNA, 24.3%) (Figures 3(a) and
3(b)), which indicated that ERa signaling in MCF-7/TamR
cells was also E2-dependent. GO enrichment analysis of ER«
binding events showed that the misregulated autophagy and
I-kB kinase/NF-kB signaling pathway in MCF-7/TamR cells
may lead to tamoxifen resistance (Figures 3(c) and 3(d)).
KEGG pathway enrichment analysis of ERa binding
genes indicated that the cellular senescence, inflammatory
mediator regulation of TRP channels, and mitophagy
may regulate tamoxifen resistance (Figures 3(e) and 3(f)).
The differential ERa recruitment events between MCEF-
7/WT and MCF-7/TamR cells may change their sensitivity
to tamoxifen.

3.2. The Misregulated Genes in MCF-7/TamR Cells. To find
more misregulated genes in tamoxifen resistance, we further
analyzed the published RNA-seq data of MCF-7/WT and
MCEF-7/TamR cells (Figure 1(b)). There were 4192 protein-
coding genes (2006 upregulated, 2186 downregulated) and
1137 IncRNAs (588 upregulated, 549 downregulated) in
MCEF-7/TamR cells when compared with MCE-7/WT cells
(fold change >2 or <0.5, p value < 0.05) (Figures 4(a) and
4(b)) (Table S2). Many upregulated genes such as cancer
stem cell marker (SOX2/9), hypoxia inducible factor
(HIF1a), TGF-f signaling associated receptor (TGFBR2),
and differentiation related transcription factor (RUNX2)
were reported to promote tamoxifen resistance [21-24].
Functional annotation of the upregulated genes indicated
that an enrichment of GO terms included mesenchymal cell
differentiation, Wnt signaling pathway, extracellular
structure organization, embryonic organ development, and
response to steroid hormone (p<0.05) (Figure 4(c)).
KEGG pathway analysis of the upregulated genes showed
that an enrichment of signaling pathways included focal
adhesion, Hippo signaling pathway, extracellular matrix-
receptor interaction, adherens junction, and endocrine-
regulated calcium reabsorption (p<0.05) (Figure 4(d)).
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FIGURE 1: Proposed work flow of the procedure to identify the ERa promoting tamoxifen resistance-related IncRNAs. In breast cancer
tamoxifen-sensitive cell MCF-7/WT (WT) and tamoxifen-resistant cell MCF-7/TamR (TAMR), (a) estrogen receptor « (ER«) binding or
no binding events are determined by ChIP-seq and the differential ERa redistribution is visualized by UCSC genome browser; (b) the
differential gene expression profile is investigated by RNA-seq and presented in a heatmap. (c) By analyzing the ChIP-seq and RNA-seq
data from GSE86538, the overlap genes (candidate genes) may be ERa promoted and tamoxifen resistance related. And further, these
genes will be verified by functional enrichment analysis by clusterProfiler package and survival analysis via the TANRIC website.

These functions were consistent with the morphological
changes and indicative of a metastatic phenotype that may
promote tamoxifen resistance.

3.3. The ERa Directly and Positively Regulated IncRNAs. The
ERa recruitment events altered after the MCF-7/WT cells
acquired tamoxifen resistance (Figures 2(a)-2(c)). The anal-
ysis of ERa ChIP-seq data of MCF-7/WT-E2 and MCF-
7/TamR-E2 cells, respectively, showed 3857 and 2714 unique
binding sites (937 IncRNA genes; 683 IncRNA genes) around
TSS region (-3kb_3kb, p <1le-5) (Figures 3(a) and 3(b)),
and the redistribution of ERa binding may lead to the acqui-
sition of tamoxifen resistance. The redistribution of ER«
binding may change the expression profile in MCF-7/WT
and MCF-7/TamR cells. The RNA-seq data of MCF-7/WT
and MCEF-7/TamR cells found 5329 genes (4192 protein-
coding genes, 1137 IncRNA genes, fold change > 2 or <0.5,
p value < 0.05) (Figure 5(a)). In order to find the ER« directly

regulated genes in tamoxifen resistance, we analyzed the
overlap genes between ERa binding genes and misregulated
genes in MCF-7/TamR. We supposed that the lost ERa bind-
ing in MCF-7/TamR-E2 cells may result in downregulated
genes and the acquired ERar binding may lead to upregulated
genes. We found 80 overlap IncRNAs between unique
IncRNAs in MCF-7/WT-E2 (ChIP-seq) and downregulated
IncRNAs in MCF-7/TamR (RNA-seq) and 63 overlap
IncRNAs between unique IncRNAs in MCF-7/TamR-E2
(ChIP-seq) and upregulated IncRNAs in MCF-7/TamR
(RNA-seq) (Figures 5(b) and 5(c), left). We also analyzed
the correlationship between the expression level of overlap
IncRNAs and ER status (positive or negative) and got 49 can-
didate IncRNAs (Figures 5(b) and 5(c), right), which were
directly and positively regulated by ERa.

3.4. Survival Analysis of the Candidate IncRNAs. To verify
whether the IncRNAs we identified in the above steps were
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FiGURE 2: The distribution feature of ERa ChIP-seq peaks of MCF-7/WT with estradiol (E2) (WT-E2), MCF-7/TAMR without E2 (TAMR),
and MCF-7/TAMR with E2 (TAMR-E2) cells. The profile (a) and peak count frequency (b) of ERax ChIP peaks binding to transcription start
site (TSS) regions in WT-E2, TAMR, and TAMR-E2 cells. (c) Genomic annotation of ERa ChIP-seq peaks and their distribution percentage
in different genomic region in WT-E2, TAMR, and TAMR-E2 cells.

associated with the prognosis, we analyzed the expression
data of the IncRNAs and the clinical survival information
to perform multivariate Cox regression via the TANRIC
website. Four IncRNAs (AC117383.1, AC144450.1, RP11-
15H20.6, and ATXN1-AS1) highly expressed in MCEF-
7/TamR cells were negatively related with the survival prob-

ability of breast cancer patients and other four IncRNAs
(ELOVL2-AS1, PCOLCE-AS1, ITGA9-AS1, and FLNB-
AS1) lowly expressed in MCF-7/TamR cells were positively
related (Figures 6(a)-6(h)). To our knowledge, these eight
IncRNAs have not been previously studied, and they may
be promising prognosis markers of tamoxifen resistance.
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F1GURE 3: Functional enrichment analysis of ER« binding genes in MCF-7/WT-E2 and MCF-7/TamR-E2 cells. Venn plot of the overlap genes
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3.5. Correlation Analysis between Candidate IncRNAs and  lated mRNAs of the eight candidate IncRNAs (Table S3).
mRNAs. By Spearman’s rank correlation analysis between =~ Among the eight IncRNAs, there were five antisense
IncRNA and mRNA, we identified tens of significantly corre-  IncRNAs (ATXN1-AS1, ELOVL2-AS1, PCOLCE-ASI,



Protein coding RNAs

TAMR

(a)
GO analysis

WT

p-adjust

Morphogenesis of an epithelium
Synapse organization

Mesenchymal cell differentiation -

Axon development -

Ameboidal-type cell migration -
Axonogenesis

Wnt signaling pathway -

Cell—cell signaling by wnt -

Regulation of cell morphogenesis -
Extracellular structure organization -
Ossification -

Axon guidance A

Regulation of animal organ morphogenesis -
Negative regulation of nervous system development -
Neuron projection guidance -
Extracellular matrix organization
Embryonic organ development -
Negative regulation of cell development
Forebrain development

Cartilage development

Epithelial tube morphogenesis

Glial cell differentiation -

5.0e-06

1.0e-05

1.5e-05

Mesenchyme development - 2.0e-05

Negative regulation of neuron differentiation -
Connective tissue development

Negative regulation of neurogenesis
Osteoblast differentiation -

Muscle system process

Synapse assembly

Response to steroid hormone

2.5e-05

||||||III|||||||||'||||||||||||L

0 25 50 75
Gene ratio

(0

Long non coding RNAs

AGE-RAGE signaling in diabetic complications | °

Arrhythmogenic right ventricular cardiomyopathy

BioMed Research International

TAMR
(b)

WT

KEGG analysis
Axon guidance - o Count
Focal adhesion -
Oxytocin signaling pathway - °
Hippo signaling pathway °
Relaxin signaling pathway - °
Adrenergic signaling in cardiomyocytes - °
ECM-receptor interaction °

p-adjust

0.01

Hypertrophic cardiomyopathy -
Dilated cardiomyopathy -

0.02

Bacterial invasion of epithelial cells -
Adherens junction -

Endocrine regulated calcium reabsorption | e
Mucin type O—glycan biosynthesis {e
Ferroptosis {e

0.03

0.04

0.02 0.03 0.04 0.05
Gene ratio

(d)

FI1GURE 4: The misregulated genes and their functional enrichment analysis. Heatmap of misregulated protein-coding genes (a) and IncRNAs
(b) in MCF-7/WT (WT) and MCF-7/TamR (TAMR) cells. Bar plot of GO enrichment analysis (c) and dot plot of KEGG pathway enrichment
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ITGA9-AS1, and FLNB-ASI1). A previous study demonstrated
that antisense IncRNA can hybridize with sense RNA and form
RNA duplexes, which promoted the stability of the sense RNA
[25]. In our results, we found that ATXN1-AS1, ELOVL2-AS1,
and FLNB-AS1 were separately positively correlated with their
sense RNA ATXNI, ELOVL2, and FLNB, which were essential
genes in cellular activities. What is more, the rest five IncRNAs
were also significantly correlated with key genes. AC117383.1
was positively correlated with ligand-dependent corepressor
LCOR, AC144450.1, with ceramide synthase 6 LASS6,
RP11-15H20.6 with zinc finger protein ZNF431, PCOLCE-
AS1 with RNA-binding protein RBM5, and ITGA9-AS1 with
C-terminal domain small phosphatase-like protein CTDSPL.
The correlation analysis may demonstrate the important
function of these eight IncRNAs and give us a clue to study
their working mechanism.

4. Discussion

Tamoxifen therapy for five years reduced the annual breast
cancer death rate by 34% and an absolute reduction in mor-
tality of 9.2% at 15 years [2]. Despite that, there were 30%
ERa+ breast cancer patients relapsed resulting from tamoxi-
fen resistance [22]. In our work, we focused on ERa+ breast
cancer, which accounted for three quarters of all breast can-
cer cases. We used the ERa+ breast cancer cells MCF-7/WT
and its derived tamoxifen resistant cells MCF-7/TamR to
investigate ERa-regulated and tamoxifen resistance-related
IncRNAs. By analyzing the ERa ChIP-seq data of MCF-
7/WT-E2 and MCF-7/TamR-E2 cells and RNA-seq data of
MCEF-7/WT and MCEF-7/TamR cells, we may further under-
stand the molecular mechanism of tamoxifen resistance and
find more diagnosis and prognosis markers.
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FiGure 6: Continued.
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FIGURE 6: Survival analysis of the candidate IncRNAs. (a-h) Bar plot shows the expression level of the candidate IncRNAs in MCF-7/WT and
MCE-7/TamR cells and Kaplan-Meier curve of the candidate IncRNAs expression and survival probability of breast cancer patients.

We supposed whether the ERa signaling in MCEF-
7/TamR cells was E2-dependent, and we analyzed the
ERa ChIP-seq data of MCF-7/TamR cells without E2
stimulation and with E2 stimulation. We found that the
ERa directly regulated genes in MCF-7/TamR cells had
two-thirds overlap of MCF-7/TamR-E2 cells, and in con-
trast, the ERa directly regulated genes in MCF-7/TamR-
E2 cells just had a quarter overlap of MCF-7/TamR cells,
which indicated that ERa signaling in MCF-7/TamR cells
was also E2-dependent. We wanted to find the differential
signaling pathway that ERa regulated in MCF-7/WT and
MCE-7/TamR cells. We did the GO enrichment analysis
of the ERa binding genes and compared their differential
functional annotation. A differential enrichment of GO terms
included that autophagy and I-«xB kinase/NF-xB signaling
pathway, and these terms were demonstrated to take an impor-
tant part in tamoxifen resistance [23, 24]. We proposed the
upregulated IncRNAs in MCF-7/TamR cells may result from
the ERa binding and the downregulated IncRNAs in MCEF-
7/TamR cells may due to the loss of ERa binding. So we ana-
lyzed the RNA-seq data of MCF-7/WT and MCF-7/TamR cells
and made an overlap of the ERa binding genes and misregu-
lated genes in MCF-7/TamR cells. But the overlap just made
up 5.69% and 5.22% of these genes, which meant other signal-
ing pathways except ERw signaling also played an important
role in tamoxifen resistance. Despite that, we demonstrated
the positive relation between the ERa status and the 143 over-
lap IncRNAs by analyzing the TCGA data [20]. These above
steps and further survival analysis helped us get eight candidate
IncRNAs. Furthermore, we did Spearman’s rank correlation
analysis of these eight IncRNAs and may demonstrate their
important function in cellular activities. This bioinformatics
process facilitated the selection of most possible tamoxifen
resistance-related IncRNAs.

To our knowledge, these eight IncRNAs have not been
previously studied, and they may be promising tamoxifen
resistance diagnosis or prognosis markers. Further under-
standing the function of the eight IncRNAs will help the cli-
nician to early diagnose whether the patients are tamoxifen

resistant and bring some clinical indications in the develop-
ment of novel prognostic factors in breast cancer.

5. Conclusion

In this study, we show the differential ER distribution events
and differential expression profile in tamoxifen-sensitive and
tamoxifen-resistant breast cancer cells and further demonstrate
that the ER signaling pathway in tamoxifen-resistant breast can-
cer cells is also E2-dependent. Besides, we find eight candidate
IncRNAs that may serve as diagnosis or prognosis markers.

Abbreviations

ERa+: Estrogen receptor alpha positive

IncRNA: Long noncoding RNA

ChIP-seq: Chromatin immunoprecipitation-seq

MCE-7/WT: MCE-7 tamoxifen-sensitive cell line
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