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Aberrant expression of long non-coding RNAs (lncRNA) is
associated with altered DNA methylation and histone mod-
ifications during carcinogenesis. However, identifying epige-
netically dysregulated lncRNAs and characterizing their
functional mechanisms in different cancer subtypes are still
major challenges for cancer studies. In this study, we system-
atically analyzed the epigenetic alterations of lncRNAs at
important regulatory elements in three breast cancer sub-
types. We identified 87, 691, and 1,197 epigenetically dysre-
gulated lncRNAs in luminal, basal, and claudin-low subtypes
of breast cancer, respectively. The landscape of epigenetically
dysregulated lncRNAs at enhancer elements revealed that
epigenetic changes of the majority of lncRNAs occurred in
a subtype-specific manner and contributed to subtype-spe-
cific biological functions. We identified six acetylation of
lysine 27 on histone H3 (H3K27ac)-dysregulated lncRNAs
and three DNA methylation-dysregulated lncRNAs (CTC-
303L1.2, RP11-738B7.1, and SLC26A4-AS1) as prognostic
biomarkers of basal subtype. These lncRNAs were involved
in immune response-related biological functions. Treatment
of the basal breast cancer cell line MDA-MB-468 with
CREBBP/EP300 bromodomain inhibitors downregulated
H3K27 acetylation levels and caused a decrease in the expres-
sion of five H3K27ac-dysregulated lncRNAs (LINC00393,
KB-1836B5.1, RP1-140K8.5, AC005162.1, and AC020916.2)
and inhibition of the growth of breast cancer cells. One
epigenetically dysregulated lncRNA (LINC01983) and four
lncRNA regulators (UCA1, RP11-221J22.2, RP11-221J22.1,
and RP1-212P9.3) were identified as prognostic biomarkers
of the luminal molecular subtype of breast cancer by control-
ling the tumor necrosis factor (TNF) signaling pathway, T
helper (Th)17 cell differentiation, and T cell migration.
Finally, our results highlighted a profound role of
enhancer-related H3K27ac-dysregulated lncRNAs, DNA
methylation-dysregulated lncRNAs, and lncRNA regulators
in breast cancer subtype carcinogenesis and their potential
prognostic value.
Molecular The
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INTRODUCTION
Long non-coding RNA (lncRNA) has been linked to many human
cancers, including genetically heterogeneous breast cancers.1,2

Distinct breast cancer molecular subtypes (luminal, basal, human
epidermal growth factor receptor 2 [HER2], and claudin-low)
have been characterized based on gene expression, clinical, and
prognostic features of breast cancer.3 lncRNAs are frequently
differentially expressed in breast cancer subtypes.4 Aberrant
lncRNA expression could be caused by alteration of epigenetic pat-
terns, such as changes in DNA methylation and post-translational
histone modifications. For example, loss of expression of lncRNA
LOC554202 in triple-negative breast cancer (TNBC) can be ex-
plained by increased DNA methylation of its promoter-associated
CpG island.5 lncRNA Esrp2-as, which is regulated by DNA
methylation at enhancers, acts as a prognostic biomarker for breast
cancer.6 Analyses of associations between expression of lncRNAs
and their promoter histone modifications showed an important
role of trimethylation of lysine 27 on histone H3 (H3K27me3)
in lncRNA silencing.7 Although global epigenetic abnormalities
have been identified as prominent cancer hallmarks, attempts to
characterize the relationship between epigenetic alterations and
expression of lncRNAs and their prognostic value in breast cancer
subtypes have been limited.
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This study aims to analyze the relationship between lncRNA expres-
sion and epigenetic alterations. It also explores the prognostic value of
these findings in patients with breast cancer subtypes. We identified a
large number of epigenetic-dysregulated lncRNAs in luminal, basal,
and claudin-low subtypes of breast cancer. This was achieved by
comparing the alterations of the following histone modifications at
the promoter and enhancer elements of lncRNAs: lysine H3K27 acet-
ylation (H3K27ac), H3K27me3, trimethylation of Lys36 in histone
H3 (H3K36me3), monomethylation of histone H3 at lysine 4
(H3K4me1), trimethylation of histone H3 at lysine 4 (H3K4me3),
and histone H3 lysine 9 trimethylation (H3K9me3). Epigenetic-dys-
regulated lncRNAs at enhancer elements play an important role in
controlling subtype-specific biological functions. We identified six
lncRNAs with differential histone modifications at enhancers
(LINC00393, KB-1836B5.1, CASC11, RP1-140K8.5, AC005162.1,
and AC020916.2) and three lncRNAs with differential DNA methyl-
ation at enhancers or promoters (CTC-303L1.2, RP11-738B7.1, and
SLC26A4-AS1) as prognostic biomarkers of the basal subtype of
breast cancer. DNA methylation-dysregulated lncRNA LINC01983
and four lncRNA regulators (UCA1, RP11-221J22.2, RP11-
221J22.1, and RP1-212P9.3) were identified as prognostic biomarkers
of luminal subtype. Our results help provide a better understanding of
the aberrant epigenetic regulation of lncRNA expression in breast
cancer subtypes.

RESULTS
Identifying epigenetically dysregulated lncRNAs and protein-

coding genes (PCGs) in breast cancer subtypes

Our goal was to analyze the relationship between lncRNA expression
and epigenetic alterations in breast cancer subtypes. We focused on
differentially expressed lncRNAs and looked for differences in three
breast cancer subtypes compared with normal breast tissue or cell
lines using DESeq2. 318 (2.50%), 2,493 (19.59%), and 3,414
(24.62%) lncRNAs were differentially expressed in luminal, basal,
and claudin-low subtypes, respectively (false discovery rate [FDR] <
0.05). We also identified 2,141 (11.54%), 7,582 (40.85%), and 9,851
(51.87%) differentially expressed PCGs in luminal, basal, and clau-
din-low subtypes, respectively. Epigenetic changes have been re-
ported in a number of PCGs in breast cancer subtypes.8 We hypoth-
esized that aberrant epigenetic modifications might play a crucial role
in regulating lncRNAs in breast cancer. We systematically analyzed
differential histone modification regions (DHMRs; H3K4me1,
H3K4me3, H3K36me3, H3K27ac, H3K27me3, and H3K9me3) and
DNA methylation between breast cancer subtypes and normal sam-
ples to determine whether epigenetic changes are involved
in differential expression of lncRNAs. The genome-wide epigenetic
alterations within the lncRNA promoter and enhancer regions were
dissected. An epigenetically dysregulated lncRNA (termed epi-
lncRNA) was identified when at least one DHMR or differentially
methylated region (DMR) was located in the promoter or enhancer
of differentially expressed lncRNAs and when the dysregulated
pattern of active (or repressive) epigenetic marks contributed to tran-
scriptional dysregulation in the same (or reverse) direction (Fig-
ure 1A). As a result, we identified 65, 553, and 1,197 epi-lncRNAs
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with differential histone modification in luminal, basal, and clau-
din-low subtypes, respectively. There were 196 and 36 epi-lncRNAs
with differential DNA methylation in basal and luminal subtypes,
respectively. Similarly, 370, 884, and 4,139 epi-PCGs were identified
in luminal, basal, and claudin-low subtypes, respectively. lncRNAs
(12.16%) exhibited a much lower aberrant frequency than did
PCGs (26.23%) in breast cancer (Figure 1B). This result is consistent
with previous studies that have shown that overall occupancy of his-
tone marks across the transcriptional start sites of protein-coding and
lncRNA genes is in the range 65%–73% and 27%–38%, respectively,
for a particular tissue or cell type.9 Notably, epigenetically dysregu-
lated lncRNAs were significantly enriched for known cancer lncRNAs
when analyzed using Lnc2Cancer v2.0 (p = 0.02; hypergeometric
test).10 More specifically, 13 (p = 7.53 � 10�4), 69 (p = 1.80 �
10�5), and 96 (p = 3.47� 10�5) epigenetically dysregulated lncRNAs
in luminal, basal, and claudin-low subtypes, respectively, are known
lncRNAs associated with human cancers (Figure 1C). These lncRNAs
include RMST, CASC8, and RP11-65J3.1 in the luminal subtype,
SNHG12, CASC11, and HOTAIRM1 in the basal subtype, and
GAS5, HOTTIP, HAS2-AS1, andHOXD-AS1 in the claudin-low sub-
type. For example, LINC01016 in the luminal subtype has been re-
ported to be a known prognostic marker of breast cancer.11 We
observed significant increases in H3K27ac, H3K4me1, and
H3K4me3 levels in the LINC01016 proximal enhancer region, which
resulted in a significant upregulation of LINC01016 (fold change
[FC] = 3.68, FDR = 5.74 � 10�5; Figures 1D and 1E). As another
example, a significant enhancement of the H3K4me3 signal was
observed in the enhancer region of SNHG12 in the basal subtype,
which resulted in a significant upregulation of SNHG12 (FC = 1.74,
FDR = 5.61 � 10�6; Figures 1D and 1E). The overexpression of
SNHG12 has been previously reported to be involved in the prolifer-
ation, apoptosis, and invasion of triple-negative breast cancer.12

These observations suggested that several breast cancer lncRNAs
are subject to epigenetic dysregulation in their enhancer regions.

Additionally, we explored the regulation of lncRNA to lncRNA
expression using partial least-squares regression. We identified 98,
25, and 87 lncRNA regulators in luminal, basal, and claudin-low sub-
types, respectively. Several lncRNA regulators are known cancer
genes. For example, taurine-upregulated gene 1 (TUG1) is signifi-
cantly upregulated in the basal subtype (FC = 1.21, FDR = 3.18 �
10�2). TUG1 knockdown was reported to be significantly associated
with decreased cell proliferation and promoted apoptosis of breast
cancer cells.13 A lncRNA regulator MALAT1 was significantly down-
regulated in the claudin-low subtype (FC = 0.20, FDR = 1.22� 10�3).
It has been reported that MALAT1 suppresses breast cancer progres-
sion and metastasis.14

Characterizing genomic signatures of epigenetically

dysregulated lncRNAs

We compared the number and length of genes, exons, introns, and
isoforms of epi-lncRNAs and other lncRNAs (non-epi-lncRNAs) to
characterize genomic signatures of epigenetically dysregulated
lncRNAs. epi-lncRNAs harbored longer exon (p = 1.1 � 10�11),
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Figure 1. Epigenetically dysregulated lncRNAs in breast cancer subtypes

(A) Identifying epigenetically dysregulated lncRNAs in different breast cancer subtypes. (B) Percentage of epi-lncRNAs and epi-PCGs among all lncRNAs and PCGs on the

genome. (C) Overlapping of epi-lncRNAs in three breast cancer subtypes with cancer-lncRNAs from Lnc2Cancer 2.0. (D) Expression distribution of LINC01016 (left) in the

claudin-low subtype and HMEC and expression distribution of SNHG12 (right) in the basal subtype and normal samples. (E) Histone modification profile of LINC01016 (left)

and SNHG12 (right). Histone modification data were visualized using the Integrative Genomics Viewer (IGV) tool.
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intron (p = 1.3 � 10�4), and gene lengths (p = 1.3 � 10�14), and
higher exon, intron, and isoform numbers (p < 2.2� 10�16,Wilcoxon
rank sum test; Figure S1A), regardless of different aberrant epigenetic
modifications. epi-PCGs exhibited similar structural features to epi-
lncRNAs with the exception of exon and intron length. Furthermore,
we found that H3K4me1-dysregulated lncRNAs had a higher exon
number and longer intron and gene length (p < 0.05; Figure S1B)
compared with lncRNAs that have different aberrant epigenetic mod-
ifications. epi-lncRNAs were classified into five categories on the basis
of their relationship with PCGs: intergenic, overlapping, partially
overlapping, intronic, or exonic.15,16 859 (53.1%) and 27 (1.6%) epi-
lncRNAs belonged to intergenic lncRNAs and overlapping lncRNAs,
respectively. Structural analysis revealed that epigenetic-dysregulated
overlapping lncRNAs had higher exon, intron. and isoform number,
longer intron and gene length, and shorter exon length (p < 0.05; Fig-
ure S2A). These results suggest that lncRNAs with complex splicing
patterns are more likely regulated by aberrant epigenetic
modifications.

In addition, we compared the expression level and expression varia-
tion of epi-lncRNAs with other lncRNAs to characterize the expres-
sion pattern of epigenetically dysregulated lncRNAs. The coefficient
of variation (CV) was used to assess expression variation of genes
among patients with breast cancer. lncRNAs showed substantially
lower expression levels than did PCGs in all three breast cancer sub-
types, which has been described in previous studies.17 Interestingly,
epigenetically dysregulated lncRNAs displayed substantially higher
expression levels and lower expression variation compared with other
lncRNAs in all three breast cancer subtypes (p < 0.05). Consistently,
we observed higher expression levels and lower expression variation
of epigenetically dysregulated PCGs compared with other PCGs in
the basal and claudin-low subtypes (p < 0.05; Figure S2B). These re-
sults suggest that epigenetically dysregulated lncRNAs are stably ex-
pressed in breast cancer subtypes and may be suitable as
potential biomarkers for breast cancer.18

Epigenetically dysregulated lncRNAs at enhancer elements

contributing to cancer subtype-specific functions

The genomic distribution of epi-lncRNAs showed that abnormal his-
tone modifications H3K27ac (47.91%), H3K4me3 (25.95%), and
H3K4me1 (15.11%) within enhancers (77.77%) mainly contribute to
dysregulation of lncRNAs in the basal subtype. Both H3K27ac-dysre-
gulated lncRNAs and H3K4me1-dysregulated lncRNAs in the
enhancer region are associated with regulation of cell cycle, immune
system process, and cell communication based on guilt by association
(Figure 2A). epi-lncRNAs in the luminal subtype were mainly associ-
ated with H3K27ac (26.41%), H3K36me3 (25.90%), and H3K4me3
(19.49%) dysregulation at enhancer elements (53.46%), which mainly
Figure 2. Subtype-specific functions of epi-lncRNAs

(A–C) Distribution and function analysis of epi-lncRNAs in the basal (A), luminal (B), and c

cancer subtypes are shown. (D) Distribution of epi-lncRNAs of all three breast cancer s

dysregulation. (E) Unsupervised clustering was performed using epigenetically dysregula

are shown above the heatmap.
affected ripoptosome assembly involved in the necroptotic process
(Figure 2B). epi-lncRNAs in the claudin-low subtype were mainly
regulated byH3K27ac (78.27%) andH3K27me3 (14.98%) at enhancer
elements (60.85%), which affected a large number of basic biological
functions, including macromolecule metabolism, cellular macromol-
ecule biosynthesis, and cellular protein modification processes (Fig-
ure 2C). Overall, epi-lncRNAs in breast cancer subtypes were mainly
associated with H3K27ac dysregulation (67.16%) within enhancer el-
ements (Figure 2D). However, lncRNAs with H3K27ac dysregulation
affected different biological functions in different breast cancer sub-
types, such as the necroptotic process in the luminal subtype, cell
communication, cell proliferation, and immune system processes in
the basal subtype, andmacromolecule biosynthetic and protein modi-
fication processes in the claudin-low subtype (Figure 2D).

We performed unsupervised hierarchical clustering analysis using
Euclidean distance for breast cancer samples based on the expression
of these lncRNAs to further characterize the important role of epige-
netically dysregulated lncRNAs at enhancer elements. We found that
expression of these lncRNAs, especially for H3K4me1-, H3K4me3-,
and H3K27me3-dysregulated lncRNAs, can be used to distinguish
the breast cancer samples by PAM50 subtypes, which suggests that
epi-lncRNAs at enhancer elements may contribute to the distinct
biology of these subtypes. These epi-lncRNAs could not be used to
distinguish between estrogen receptor (ER)-driven luminal A and
luminal B subtypes. However, H3K4me1-, H3K4me3-, and
H3K27me3-dysregulated lncRNAs at enhancer elements are able to
distinguish luminal subtypes from basal and claudin-low subtypes
(Figure 2E). In summary, epigenetically dysregulated lncRNAs at
enhancer elements play an important role in the pathogenesis of
breast cancer subtypes by affecting distinct subtype-specific biological
functions.

The landscape of epigenetically dysregulated lncRNAs reveals a

subtype-specific pattern for cancer

Next, we systematically analyzed the epigenetically dysregulated
lncRNAs in different breast cancer subtypes and revealed the land-
scape of enhancer-associated epigenetically dysregulated lncRNAs.
92.59% of epi-lncRNAs showed a subtype-specific pattern (Figures
3A and 3B; Figure S3). Specifically, 75.38% of epi-lncRNAs in the
luminal subtype showed a subtype-specific pattern. For example,
the known breast cancer lncRNA RMST showed elevated H3K27ac,
H3K4me1, and H3K4me3 and decreased H3K27me3 at distal
enhancer elements (Figure 3C), which contributed to its upregulation
(FC = 3.87, FDR = 1.05 � 10�4). RMST is reported to be involved in
cell proliferation and apoptosis of breast cancer.19 79.02% of epi-
lncRNAs in the basal subtype showed a subtype-specific pattern.
For example, known breast cancer lncRNAs TUG1, SNHG12, and
laudin-low (C) subtypes. Distribution and function analysis of epi-lncRNAs in breast

ubtypes and function analysis of epi-lncRNAs, which are associated with H3K27ac

ted lncRNAs at enhancer elements. PAM50 classification, ER, PR, and HER2 status
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SOX2-OT were specifically epigenetically dysregulated in the basal
subtype. A significant enhancement of the H3K4me3 signal was
observed at the enhancer element of SNHG12, which contributed
to its upregulation (FC = 1.74, FDR = 5.61 � 10�6). SNHG12 has
been reported to regulate triple-negative breast cancer cell prolifera-
tion, apoptosis, and migration.12 We observed decreased
H3K36me3 in the enhancer region of SOX2-OT, which resulted in
its significant downregulation (FC = 4.34, FDR = 3.99� 10�9). A pre-
vious study has shown that ectopic expression of SOX2-OT could
reduce proliferation and increase breast cancer cell growth.20

89.81% of epi-lncRNAs in the claudin-low subtype showed a sub-
type-specific pattern. lncRNAs LINC00152, AFAP1-AS1, NNT-
AS1, and SNHG15, which are known breast cancer lncRNAs, were
specifically epigenetically dysregulated in the claudin-low subtype.
We observed elevated H3K27ac at distal enhancer elements of
LINC00152 (FC = 4.07, FDR = 3.78 � 10�12). LINC00152 was re-
ported to be significantly upregulated in MDA-MB-231 and MCF-7
cell lines, and it is thought to be involved in the epithelial-to-mesen-
chymal transition (EMT) and chemoresistance in breast cancer
cells.21

Additionally, a small number of lncRNAs are epigenetically dysregu-
lated in multiple breast cancer subtypes, which suggests that some
molecular mechanisms are shared by these three subtypes. However,
the same lncRNAs in the three subtypes were altered by different
types of epigenetic regulations in a subtype-specific manner. The
basal and claudin-low subtypes had the most epi-lncRNAs in com-
mon (Figure 3A). This result is consistent with previous studies that
the claudin-low subtype is similar to basal-like breast cancer. For
example, lncRNAs AC006262.5, LINC00704, and LUCAT1 are
shared by basal and claudin-low subtypes. AC006262.5 is an
lncRNA associated with the risk of breast cancer. It was downregu-
lated in the claudin-low subtype, and it regulated cell migration by
downregulating IGFL1. In the present study, we observed elevated
H3K27me3 in its promoter region, which results in its significant
downregulation in the claudin-low subtype (FC = 19.61, FDR =
3.37 � 10�14; Figures S4A and S4B). However, we observed elevated
H3K27ac and decreased H3K27me3 in its enhancer region in the
basal subtype, resulting in its upregulation (FC = 2.58, FDR =
1.10 � 10�2). In another example, RP11-395G23.3, CASC8,
APCDD1L-AS1, and RP11-154D17.1 are common lncRNAs in three
cancer subtypes. We observed downregulated expression and
decreased H3K27ac and H3K36me3 at the promoter element in
the luminal subtype, but upregulated expression and elevated
H3K27ac, H3K4me1, and H3K4me3 at enhancer elements in the
basal subtype, and upregulated expression and elevated H3K27ac
and decreased H3K27me3 at enhancer elements in the claudin-
low subtype (Figures S4B and S4C). Although the role of CASC8
Figure 3. Landscape of lncRNAs with differential histone modifications reveals

(A) Subtype specificity distribution of epi-lncRNAs. Some epi-lncRNAs that are cancer

modifications at enhancer elements in three breast cancer subtypes. (C) Histone mod

subtype.
in breast cancer has not been studied, CASC8 is a known protective
factor of bladder cancer.22 CASC8 was reported to be significantly
downregulated in bladder cancer, and it reduced glycolysis and in-
hibited cell proliferation.22 Taken together, a large number of epige-
netic-dysregulated lncRNAs, including many known breast cancer
lncRNAs, show distinct epigenetically dysregulated patterns in
different breast cancer subtypes. Investigation of these lncRNAs
might provide approaches for the subtype-specific treatment of
breast cancer.

Epigenetically dysregulated lncRNAs at enhancer elements are

associated with disease prognosis in breast cancer subtypes

To gain insights into the potential prognostic value of dysregulated
H3K27ac at enhancer elements, DNA methylation-associated
lncRNAs and lncRNA regulators were analyzed using multivariate
Cox regression analysis (see Materials and methods). We found six
enhancer-related epi-lncRNAs with differential histone modification
in the basal subtype (LINC00393, KB-1836B5.1, CASC11, RP1-
140K8.5, AC005162.1, and AC020916.2) and were able to signifi-
cantly distinguish patients in high-risk groups from those in low-
risk groups in terms of overall survival (Table 1). We observed
elevated H3K27ac and H3K4me1 at enhancer elements of
LINC00393 and KB-1836B5.1, which contributed to their upregu-
lated expression (FC = 20.49, FDR = 8.07 � 10�11 for LINC00393;
FC = 2.46, FDR = 1.02 � 10�4 for KB-1836B5.1; Figures 4A–4D).
High KB-1836B5.1 expression was associated with advanced tumor
stage (p = 0.01; Fisher’s exact test). The higher expression group of
LINC00393 or KB-1836B5.1 had significantly shorter survival times
in the basal subtype (FDR = 3.87 � 10�2 for LINC00393; FDR =
3.87� 10�2 for KB-1836B5.1; Figure 4C). These results are consistent
with those of previous studies where upregulation of LINC00393 was
proposed as a biomarker of the basal subtype.23 KB-1836B5.1 was re-
ported to be significantly upregulated in glioma.24 Significant
enhancement of H3K27ac, H3K4me1, and H3K4me3 signals in the
enhancer region of CASC11 were observed, which resulted in signif-
icant CASC11 upregulation (FC = 2.21, FDR = 6.84 � 10�4; Figures
4B–4D). The higher expression group of CASC11 had shorter sur-
vival time than did the lower expression group (FDR = 4.15 �
10�2; Figure 4C). Previous evidence has shown that CASC11 is a
risk lncRNA of colorectal cancer and hepatocellular carcinoma. In
colorectal cancer, c-MYC binds to the promoter of CASC11 and in-
creases the H3K27ac signal to enhance CASC11 expression. Increased
CASC11 expression in colorectal cancer is associated with tumor size,
serosal invasion, lymph metastasis, and the tumor-node-metastasis
(TNM) stage.25 In hepatocellular carcinoma, higher expression of
CASC11 is associated with a worse prognosis in hepatocellular carci-
noma patients.26 In addition, we identified three biomarkers for the
basal subtype, which include protective factor RP1-140K8.5,
a highly cancer subtype-specific pattern

-lncRNAs are shown on the left. (B) Landscape of lncRNAs with differential histone

ification profile of RMST in the luminal subtype and LINC00152 in the claudin-low
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Table 1. The information of epi-lncRNAs associated with survival in breast cancer subtypes

Subtype lncRNA name Alteration of epigenetics Regulatory elements Epigenetic alteration Expression Multiple Cox HR model(p) Log-rank test(FDR)

Basal LINC00393 H3K27ac, H3K4me1 enhancer up Up 7.61 � 10–3 3.87 � 10–2

Basal KB-1836B5.1 H3K27ac, H3K4me1 enhancer up Up 1.86 � 10–3 3.87 � 10–2

Basal CASC11 H3K27ac, H3K4me1, H3K4me3 enhancer up Up 7.50 � 10–3 4.15 � 10–2

Basal RP1-140K8.5 H3K27ac, H3K4me1 enhancer up Up 3.74 � 10–2 3.87 � 10–2

Basal AC005162.1 H3K27ac, H3K4me1 enhancer up Up 1.80 � 10–2 3.87 � 10–2

Basal AC020916.2 H3K27ac, H3K4me1, H3K4me3 enhancer up Up 3.96 � 10–3 4.15 � 10–2

Basal CTC-303L1.2 DNA methylation enhancer up down 2.45 � 10–2 3.14 � 10–2

Basal RP11-738B7.1 DNA methylation enhancer down Up 6.25 � 10–4 2.45 � 10–2

Basal SLC26A4-AS1 DNA methylation promoter down Up 0 � 100 7.15 � 10–4

Luminal LINC01983 DNA methylation promoter down Up 2.53 � 10–2 3.25 � 10–2

Luminal UCA1 lncRNA regulator – – down 5.14 � 10–3 7.70 � 10–3

Luminal RP11-221J22.2 lncRNA regulator – – Up 4.81 � 10–2 1.94 � 10–2

Luminal RP11-221J22.1 lncRNA regulator – – Up 4.66 � 10–2 2.56 � 10–2

Luminal RP1-212P9.3 lncRNA regulator – – up 2.25 � 10–2 2.56 � 10–2

Molecular Therapy: Nucleic Acids
AC005162.1, and risk factor AC020916.2. We observed elevated
H3K27ac and H3K4me1 at enhancer elements of RP1-140K8.5 and
AC005162.1, which contributed to their upregulation (FC = 5.82,
FDR = 4.92 � 10�9 for RP1-140K8.5; FC = 3.89, FDR = 2.00 �
10�6 for AC005162.1; Figures 4B–4D). Lower expression of RP1-
140K8.5 or AC005162.1 was associated with poor prognosis in the
basal subtype (FDR = 3.87 � 10�2; Figure 4C). Functional analysis
showed that RP1-140K8.5 was involved in the T cell-mediated im-
mune response and defense response by regulating interleukin (IL)-
12A, ADAM15, and IL-5. AC005162.1 was involved in the regulation
of the immune system process, the T cell receptor signaling pathway,
and tumor necrosis factor (TNF) production by regulating CD6,
CD47, and GSTP1. We observed elevated H3K27ac and H3K4me3
in the enhancer region of AC020916.2, which resulted in its signifi-
cant upregulation (FC = 2.63, FDR = 7.49 � 10�4; Figures 4B–4D).
A log-rank test showed that higher expression of AC020916.2 indi-
cated poorer prognosis (FDR = 4.15 � 10�2; Figure 4C). Functional
analysis showed that AC020916.2 was involved in the immune system
process and apoptotic process by regulating, for example, PARP1,
CD44, and CD48. These observations may suggest a heavy immune
infiltration in basal breast cancer. This is supported by previous
studies that showed that a considerable number of immune
response-related genes exhibit significant variable expression across
the basal cell subtype. Targeting these enhancer-related epi-lncRNAs
in the basal subtype may help to achieve a more favorable response to
immune therapy. We further investigated the effects of C646 treat-
ment in the expression of six H3K27ac-dysregulated lncRNAs in hu-
man breast cancer (MDA-MB-468) cells. C646 is a histone acetyl-
transferase CREBBP/EP300 inhibitor. As expected, inhibition of
CREBBP/EP300 histone acetyltransferase activity resulted in a signif-
icant loss of active enhancer mark H3K27ac (Figure 4E). The results
of real-time polymerase chain reaction (PCR) showed that treatment
with 20 mM C646 in MDA-MB-468 cells for 24 h significantly
decreased expression levels of LINC00393, KB-1836B5.1, RP1-
674 Molecular Therapy: Nucleic Acids Vol. 23 March 2021
140K8.5, AC005162.1, and AC020916.2 compared with untreated
cells (p < 0.01, Student’s t test; Figure 4F). CREBBP/EP300 knock-
down resulted in significant inhibition of the growth of MDA-MB-
468 cells in a dose-dependent manner (Figure 4G; p < 0.001). These
results indicate that active enhancer mark H3K27ac takes part in
modulating the enhancer-related lncRNA transcription of
LINC00393, KB-1836B5.1, RP1-140K8.5, AC005162.1, and
AC020916.2, which have potential tumor-promoting activities in
the breast cancer basal subtype. Additionally, we identified three
epi-lncRNAs (SLC26A4-AS1, CTC-303L1.2, and RP11-738B7.1)
with differential DNA methylation that can significantly affect the
survival of patients with basal subtype breast cancer (Table 1; Figures
4B and 4C). Upregulation of SLC26A4-AS1 is associated with its pro-
moter hypermethylation (FC = 2.36, FDR = 0.02), and high
SLC26A4-AS1 expression had significantly longer overall survival
(FDR = 7.14 � 10�4). SLC26A4-AS1 has been reported to be signif-
icantly associated with papillary thyroid cancer patient disease-free
survival and overall survival for gastric cancer patients.27 RP11-
738B7.1 enhancer hypomethylation increases its expression (FC =
2.13, FDR = 1.2� 10�3), and high levels of RP11-738B7.1 expression
were correlated with poor outcome (FDR = 0.02). DNA hypermethy-
lation at CTC-303L1.2 enhancer regions decreased its expression
(FC = 0.53, FDR = 7.3 � 10�3), and low CTC-303L1.2 expression
had significantly shorter overall survival (FDR = 0.03). Functional
analysis showed that SLC26A4-AS1, CTC-303L1.2, and RP11-
738B7.1 were related to the chemokine signaling pathway, IL-15-
mediated signaling pathway, and transcriptional misregulation in
cancer, respectively. We obtained an RNA sequencing (RNA-seq) da-
taset of 42 triple-negative breast cancer clinical samples and 21 adja-
cent non-tumor tissues (Gene Expression Omnibus [GEO]:
GSE58135) to further validate the pattern of lncRNA expression
in independent clinical samples. The expression changes for 77.8%
(seven out of nine) epi-lncRNAs were validated (FDR < 0.05;
Figure S5A).
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In the luminal subtype, we identified one epi-lncRNA (LINC01983)
with differential DNA methylation and four lncRNA regulators
(UCA1, RP11-221J22.2, RP11-221J22.1, and RP1-212P9.3) that
significantly affected the survival of patients (Table 1; Figures 5A
and 5B). Upregulation of LINC01983 is associated with its promoter
hypomethylation (FC = 2.56, FDR = 0.04), and high LINC01983
expression had a significantly poorer overall survival (FDR = 0.03).
LINC01983 was involved in lymphocyte chemotaxis, T cell migration,
and the chemokine-mediated signaling pathway. UCA1 was downre-
gulated in the luminal subtype (FC = 0.18; FDR = 3.51 � 10�8) and
associated with the TNF signaling pathway through regulating
CXCL6 and MAP3K8, which can mediate the inflammatory immune
response. Low UCA1 expression is an independent prognostic factor
for poor overall survival (FDR = 7.70� 10�3). UCA1 has been found
to be differentially expressed inmany cancer types, such as breast can-
cer.4 Low expression of RP11-221J22.1 and RP11-221J22.2 is inde-
pendently correlated with decreased overall survival (FDR = 2.56 �
10�2 and FDR = 1.94 � 10�2, respectively). Functional analysis
showed that both RP11-221J22.1 and RP11-221J22.2 were related
to T helper (Th)1 and Th2 cell differentiation, the mitogen-activated
protein kinase (MAPK) signaling pathway, and Th17 cell differentia-
tion by regulating STAT6, MAPK10, and STAT3. High expression of
RP1-212P9.3 is independently correlated with decreased overall sur-
vival (FDR = 2.56 � 10�2). Additionally, in the luminal subtype, we
did not identify any survival-related epi-lncRNAs with differential
histone modification. We set out to explore the prognostic values of
these epi-lncRNA-related modules. We identified three modules,
including epi-lncRNAs (KCNC4-AS1 and APCDD1L-AS1), as prog-
nostic biomarkers of the luminal subtype (Table 2). Module 1 consists
of two epi-lncRNAs (KCNC4-AS1 and APCDD1L-AS1) and 33
PCGs. Module 2 consists of KCNC4-AS1 and 34 PCGs. Module 3
consists of APCDD1L-AS1 and 74 PCGs. Functional analysis showed
that these two lncRNAs are involved in the regulation of inflamma-
tory response, apoptosis, cell division, cell communication, and nu-
clear factor kB (NF-kB) signaling by regulating genes such as
STAG2, JAG2, VAMP8, HMGB1, and LITAF (Figure 5C).
APCCD1L-AS1 is reported to significantly distinguish the high-
expression group from the low-expression group in lung squamous
cell carcinoma.28 Each of these modules was able to significantly
distinguish patients in high-risk groups from those in low-risk groups
in terms of overall survival in the luminal subtype (Figure 5D). We
obtained an RNA-seq dataset of 42 ER-positive (ER+) breast cancer
primary tumors and 30 adjacent breast tissues (GEO: GSE58135) to
further validate the pattern of lncRNA expression in independent
clinical samples. The expression changes for 66.7% (four out of six)
detected lncRNAs were validated (FDR < 0.05; Figure S5B). Taken
Figure 4. Epigenetically dysregulated lncRNAs at enhancer elements are asso

(A) Forest plot according to the result of multivariate Cox regression analysis of epigen

epigenetically dysregulated lncRNAs in basal and normal samples. (C) Kaplan-Meier sur

Histone modification profile of epigenetically dysregulated lncRNAs in basal subtype. (E

inhibitor C646 (20 mM) to the MDA-MB-468 cell line. Cells were treated with C646 for

pression. n = 6; mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001 by Student’s t test. (G) CC

10, 20, and 40 mM) for 12 h.
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together, these results confirm the reproducibility of lncRNA bio-
markers in independent samples.

Collectively, our findings underline the crucial roles of H3K27ac-dys-
regulated lncRNAs, DNA methylation-dysregulated lncRNAs, and
lncRNA regulators in basal and luminal breast cancer carcinogenesis
and their potential prognostic value. In addition, the inhibition of
enhancer-related H3K27ac-dysregulated lncRNAs by histone acetyl-
transferase CREBBP/EP300 inhibitors offers a potential way to inhibit
breast cancer growth and warrants further investigation.

DISCUSSION
In this study, we systematically analyzed epigenetically dysregulated
lncRNAs in luminal, basal, and claudin-low breast cancer subtypes.
A large number of epigenetically dysregulated lncRNAs were identi-
fied in each of the three breast cancer subtypes, which included
many known cancer lncRNAs. Epigenetically dysregulated lncRNAs
showed complex splicing patterns and stable expression in breast
cancer subtypes. Epigenetic alterations in a subtype-specific manner
were shown by 92.6% of lncRNAs. A small number of common epi-
lncRNAs shared by different subtypes showed differences in epige-
netic dysregulation patterns. Functional analysis revealed that epige-
netic-dysregulated lncRNAs at enhancer elements could control
breast cancer subtype-specific biological functions. For the same his-
tone modification mark H3K27ac, which accounts for 67.16% epi-
lncRNAs in the three subtypes, H3K27ac-dysregulated lncRNAs at
enhancer elements contributed to breast cancer subtype-specific bio-
logical functions. We thus present a landscape of epigenetic-dysre-
gulated lncRNAs at enhancer elements as a valuable resource for
studies of breast cancer subtypes and highlight a crucial role of
enhancer-related epi-lncRNAs in the development of breast cancer
subtypes.

We identified six H3K27ac-dysregulated lncRNAs at enhancer ele-
ments and three DNA methylated-dysregulated lncRNAs as inde-
pendent prognostic biomarkers of the basal subtype of breast cancer.
Three of these lncRNAs (LINC00393, KB-1836B5.1, and CASC11)
have been identified as risk factors in many cancers, such as glioma,
liver cancer, and colorectal cancer. SLC26A4-AS1 has been reported
to be a protective factor of gastric cancer and papillary thyroid can-
cer. Five lncRNAs (RP1-140K8.5, AC005162.1, AC020916.2, CTC-
303L1.2, and RP11-738B7.1) were identified as biomarkers in the
basal subtype. RP1-140K8.5, AC005162.1, and CTC-303L1.2 act as
protective factors, while AC020916.2 and RP11-738B7.1 are risk fac-
tors in the basal subtype. In the breast cancer MDA-MB-468 cell line,
CREBBP/EP300 bromodomain inhibitors downregulated the
ciated with prognosis in basal subtypes

etically dysregulated lncRNAs at enhancer elements. (B) Expression distribution of

vival curves according to the expression of epigenetically dysregulated lncRNAs. (D)

) Western blot analysis with H3K27ac after adding CREBBP/EP300 bromodomain

12 h. (F) qRT-PCR analyses of H3K27ac-dysregulated lncRNAs following its sup-

K-8 assays of the viability of the MDA-MB-468 cell line following C646 treatment (5,
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Figure 5. Epigenetically dysregulated lncRNAs at enhancer elements are associated with prognosis in luminal subtypes

(A) Expression distribution and Kaplan-Meier survival curves of lncRNA regulators in the luminal subtype. (B) Kaplan-Meier survival curves of an lncRNA with differential DNA

methylation and epi-lncRNA-related modules in the luminal subtype. (C) The lncRNA-PCG co-expression networks showed the epi-lncRNAs-related modules in the luminal

subtype.
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Table 2. Modules of epi-lncRNAs associated with survival in the luminal subtype

Modules lncRNAs PCGs

1 KCNC4-AS1, APCDD1L-AS1

IRS1, ABHD2, HMGB1, CALML3, SLC4A7,

ADAM23, TBXA2R, CFB, VDAC3, EVI2A,

BUB1B, GPR65, ADAMTS2, TNFRSF10A,

RIN1, TPP1, ABCD2, IFIT3, SCN4B, ZNF256,

CPB1, RBM4, NPIPA1, LIG4, DGKQ, GRINA,

LITAF, ADAM20, VAMP8, CHRNA3, URI1,

STXBP5L, ZKSCAN1

2 KCNC4-AS1

IRS1, ABHD2, HMGB1, CALML3, SLC4A7,

ADAM23, TBXA2R, CFB, VDAC3, EVI2A,

BUB1B, GPR65, ADAMTS2, TNFRSF10A,

RIN1, TPP1, ABCD2, IFIT3, SCN4B, ZNF256,

CPB1, RBM4, NPIPA1, LIG4, DGKQ, GRINA,

LITAF, ADAM20, VAMP8, CHRNA3, URI1,

STXBP5L, ZKSCAN1, GBF1

3 APCDD1L-AS1

IRS1, ABHD2, HMGB1, CALML3, SLC4A7,

ADAM23, TBXA2R, CFB, VDAC3, EVI2A,

BUB1B, GPR65, ADAMTS2, TNFRSF10A,

RIN1, TPP1, ABCD2, IFIT3, SCN4B, ZNF256,

CPB1, RBM4, NPIPA1, LIG4, DGKQ, GRINA,

LITAF, ADAM20, VAMP8, CHRNA3, URI1,

STXBP5L, ZKSCAN1, KCND2, ETV6, ITPR2,

JAG2, APOA1, LIG3, SNRPG, WASF3, MC3R,

LAMA3, NPC1, NDUFA10, TCEA2, C11orf58,

SCGB1D1, B2M, GPX5, SSTR2, SSTR5, C8A,

SLC16A6, NKTR, TNFRSF1A, ABCA2, MADD,

NOL4, GEM, CCNB2, COL8A2, MGAM, ORC5,

IDH3G, PPP1R10, KIF20B, DHX16, TSHR,
STAG2,

RPS13, FGF3, HIST1H1C, GRIN2A
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expression of lncRNAs associated with enhancers and inhibition of
tumor growth. This observation underlined that LINC00393, KB-
1836B5.1, RP1-140K8.5, AC005162.1, and AC020916.2 were modu-
lated by the active enhancer mark H3K27ac and that they have po-
tential tumor-promoting activities. They may therefore be candidates
for gene therapy approaches to breast cancer. In the luminal subtype,
DNA methylation-deregulated lncRNA LINC01983 and lncRNA
regulators (UCA1, RP11-221J22.2, RP11-221J22.1, and RP1-
212P9.3) were identified as prognostic biomarkers. UCA1 has been
reported to promote the EMT of breast cancer. LINC01983, RP11-
221J22.2, RP11-221J22.1, and RP1-212P9.3 were identified as bio-
markers in the luminal subtype. Currently, large-scale multi-dimen-
sional omics and clinical data on breast cancer subtypes, especially
for the claudin-low subtype, are scarce. The predictive capacities of
our approach could be further improved as more large-scale multi-
dimensional omics and clinical data of breast cancer subtypes
become available.
678 Molecular Therapy: Nucleic Acids Vol. 23 March 2021
In summary, our study analyzes the relationship between lncRNA
expression and epigenetic alterations and explores their prognostic
value in patients with breast cancer subtypes. We report that six
enhancer-related H3K27ac-dysregulated lncRNAs, four DNA
methylation-dysregulated lncRNAs, and four lncRNA regulators
could serve as prognostic biomarkers for breast cancer subtypes.
The expression levels of enhancer-related H3K27ac-dysregulated
lncRNAs were downregulated after inhibition of histone acetyltrans-
ferases CREBBP and EP300. The inhibition of the expression of these
lncRNAs has potential as a long-term treatment for breast cancer, but
further studies are needed in this direction.

MATERIALS AND METHODS
Histone modification and expression data on breast cancer

subtypes

We downloaded six types of histone modification data (including
H3K27ac, H3K27me3, H3K36me3, H3K4me1, H3K4me3, and
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H3K9me3) in breast cancer cell lines (MCF-7, HCC1954 and MDA-
MB-231) from the Encyclopedia of DNA Elements (ENCODE) and
the GEO from the National Center for Biotechnology Information
(GEO: GSE29069 and GSE85158). These cell lines represent luminal
(MCF-7), basal (HCC1954), and claudin-low (MDA-MB-231) sub-
types. Human mammary epithelial cells (HMECs) were used as a con-
trol cell line. Transcriptomic data for breast cancer were obtained from
The Cancer Genome Atlas (TCGA). Samples of breast cancer subtypes
were classified by PAM50 subtyping as described byNiknafs et al.29We
obtained351 luminal subtype samples, 93basal subtype samples, and 29
normal samples.We collectedRNA-seqdata for 23 claudin-low subtype
samples (MDA-MB-231 cell line) and 25 control samples (HMEC cell
line) from the GEO (GEO: GSE37918, GSE58135, GSE72141,
GSE59335, GSE68248, GSE72524, GSE80409, GSE84577, GSE85579,
and GSE91395). Raw reads for RNA-seq data were uniquely mapped
to human reference genome versions of hg19/GRCh37 using Bowtie 2
(version 2.0.6). The value of reads per kilobase transcript per million
mapped reads (RPKM) was calculated as the expression of the Univer-
sity of California Santa Cruz (UCSC) known genes and lncRNAs of
GENCODE (release 35). DNAmethylation data from 565 luminal sub-
type samples, 137 basal breast cancers, and 34 normal tissues using the
Illumina human methylation 450K array were obtained from TCGA.
We also obtained survival data of luminal and basal subtype patients
from TCGA.

Identification of epigenetically dysregulated lncRNAs and PCGs

First, we identified differentially expressed lncRNAs and PCGs by
comparing gene expression of three breast cancer subtypes with
normal cells using DESeq2.30 The p values were determined by the
Benjamini-Hochberg method. lncRNAs or PCGs with an FC greater
than 2 and an FDR less than 0.05 were considered significant. Second,
reads from chromatin immunoprecipitation combined with high-
throughput sequencing (ChIP-seq) data were mapped to hg19/
GRCh37 assembly of the human genome using Bowtie 2.31 Peak
detection was run using MACS2 with a threshold of q less than
0.05.32 H3K27ac peaks observed for breast cancer subtypes are
considered to be active or potentially active enhancer regions. The
promoter of a gene was defined as 0.5 kb upstream and downstream
of the transcriptional start site (TSS).33,34 DHMRs of different histone
modifications were identified using MACS2 bdgdiff using default pa-
rameters in three breast cancer cell lines; HMECs were used as a con-
trol. We used the DMRcate R package to identify DMRs.35 A region
was called significant when the Benjamini-Hochberg adjusted p value
was less than 1 � 10�3. Finally, lncRNAs and PCGs were defined as
epigenetically dysregulated lncRNAs or PCGs according to the
following criteria: (1) lncRNAs and PCGs were differentially ex-
pressed in the breast cancer subtype; (2) their promoters or enhancers
overlapped at least one DHMR or DMR; and (3) the histone modifi-
cation and DNA methylation alteration at regulatory elements corre-
sponded with expression changes of genes.

Identification of lncRNA regulators

We used partial least-squares regression to determine the regulation
of lncRNA to lncRNA expression. For each differentially expressed
lncRNA, a partial least-squares regression model was constructed us-
ing the pls package to explain lncRNA expression changes using other
differentially expressed lncRNAs as covariates. lncRNAs with signif-
icant coefficients (FDR < 0.05) were identified as lncRNA regulators.

Co-expression networks and functional enrichment analysis of

epigenetic-dysregulated lncRNAs

A lncRNA-PCG co-expression network was constructed for each
breast cancer subtype using the normalized signal intensity of individ-
ual genes based on guilt by association.29,36 For each lncRNA-PCG
pair, we calculated the Pearson correlation coefficient (PCC). We
chose lncRNA-PCG pairs with significant correlations (PCC > 0.7
and FDR < 0.05) to construct the co-expression network. Functional
enrichment analysis based on Gene Ontology (GO) annotation terms
was carried out for each of the epigenetic-dysregulated lncRNAs us-
ing its co-expressed PCGs with the R package clusterProfiler.37 The
significance threshold was FDR less than 0.05.

Identification of lncRNA biomarkers

Multivariable Cox proportional hazard regression analysis was per-
formed considering the pathologic stage, ER status, progesterone re-
ceptor (PR) status, HER2 status, and lymph node number as covari-
ates. We estimated the expression median of the selected lncRNAs
(p < 0.05) and divided the patients with a specific breast cancer sub-
type into two groups. A log-rank test was used to assess the differences
in survival times between different groups of patients.38

We identified modules as lncRNA-related modules based on
lncRNA-PCG co-expressed networks using the R package biclique.39

Univariate Cox regression analyses were carried out for individual
PCGs and lncRNAs in the modules with their expression values as
variables. A risk score was computed for every patient according to
a linear combination of the expression values weighted by coefficients
from univariate Cox regression analysis. The risk score was computed
as follows:

risk score =
Xn

i= 1

bi � Expi; (1)

where n is the number of genes in the module, bi represents the coef-
ficient of univariate Cox regression analysis of the ith gene in the
module, and Expi represents the expression of the ith gene in the
module. All patients were classified into two groups for each module
according to the median of the risk scores. The Kaplan-Meier method
and log-rank test were used to estimate the difference in survival time
between the two groups.

Cell culture and treatment

The human breast cancer cell line MDA-MB-468 was obtained from
the Cell Bank of the Chinese Academy of Sciences (Shanghai, China).
Cells were cultured in Roswell Park Memorial Institute 1640 (RPMI
1640)medium (Gibco,USA), which contained 10% fetal bovine serum
(Gibco) and 1%penicillin-streptomycin (100U/mL penicillin, 0.1mg/
mL streptomycin; C0222, Beyotime, China) at 37�C with 95% air and
5% carbon dioxide. The cells were seeded into 6-, 12-, and 96-well
Molecular Therapy: Nucleic Acids Vol. 23 March 2021 679
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plates and incubated in RPMI 1640 medium for 12 h followed by in-
cubation with different concentrations of C646 or dimethyl sulfoxide
(DMSO, Sigma-Aldrich) as a negative control (NC). C646 was pur-
chased from MedChemExpress (HY-13823, MedChemExpress,
China).

Cell Counting Kit-8 (CCK-8) assay

The cells were seeded into 96-well plates for 24 h at a density of 1 �
103 cells/well. C646 was diluted to different concentrations (0, 5, 10,
20, and 40 mM) and subsequently added to the plates for another 24-h
treatment. After 24 h, the cell viability was measured using a CCK-8
proliferation assay (Beijing Solarbio Science & Technology, Beijing,
China). The cells were incubated in 100 mL of RPMI 1640 medium
mixed with 10 mL of CCK-8 solution/well for an additional 2 h at
37�C. The optical density (OD) of each well was measured at
450 nm with a microplate reader (Bio-Rad, USA) to determine the
cell viability of MDA-MB-468.

Total RNA extraction and quantitative reverse-transcriptase

PCR (qRT-PCR)

Total RNA from different groups of the MDA-MB-468 cell line was
extracted with TRIzol reagent (Invitrogen, USA) according to the in-
structions of the manufacturer. The concentration and purity of RNA
were determined using a NanoDrop 8000 spectrophotometer
(Thermo Fisher Scientific, USA). cDNA was prepared using a high-
capacity cDNA reverse transcription kit (Applied Biosystems, USA)
following the protocol of the manufacturer. qRT-PCR was performed
on an ABI 7500 Fast real-time PCR system (Applied Biosystems,
USA). The conditions used were as follows: hold stage was 95�C for
10 min, and cycling was 40 cycles of 95�C for 30 s, 60�C for 30 s,
and 72�C for 30 s. Expression levels of the following lncRNAs were
examined: AC005162, AC020916, RP1-140K8.5, KB-1836B5.1,
LINC00393, and CASC11. The expression level of the b-actin gene
served as the reference. The forward and reverse primer sequences
used are listed in Table S1. Each qRT-PCR was processed in triplicate.
The threshold cycle (Ct) value was subsequently determined, and the
relative quantification of lncRNA expression was calculated using the
comparative Ct method.

Western blot

The cells in six-well plates were washed with phosphate-buffered sa-
line (PBS, pH 7.4) three times on ice. Cells were subsequently lysed
for 10 min using radioimmunoprecipitation assay (RIPA) buffer
(Sigma-Aldrich) and centrifuged at 10,000 � g for 10 min at 4�C.
The supernatants were collected. The total protein in lysates was
measured using the bicinchoninic acid (BCA) protein assay kit (Beyo-
time, China). Cell lysates (60 mg) were electrophoresed using SDS-
PAGE on a 12.5% polyacrylamide gel and transferred onto nitrocellu-
lose membranes by semi-dry electroblotting using the Trans-Blot
Turbo system (Bio-Rad). Membranes were blocked with 5% non-fat
milk and 0.1% Tween 20 (Thermo Fisher Scientific, USA) for
60 min at room temperature, and subsequently probed at 4�C for
12 h with the following primary antibodies: anti-histone H3 (1:500,
YT2163, Immunoway, China), acetyl-histone H3 (1:500, YK0010, Im-
680 Molecular Therapy: Nucleic Acids Vol. 23 March 2021
munoway, China), and b-actin (1:1,000, Abcam, UK). The mem-
branes were washed and incubated with horseradish peroxidase
(HRP)-labeled secondary antibodies (goat anti-rabbit-HRP or goat
anti-mouse-HRP) (Abcam) and diluted 1:10,000 for 1 h at room tem-
perature on a rocker. Lastly, membranes were washed three times with
PBST (PBS with 0.05% Tween 20, pH 7.4) followed by scanning and
analysis using Odyssey version 1.2 software (LI-COR Biosciences,
USA). The b-actin was used as the internal control. All blots were per-
formed in three or more biological replicates.

SUPPLEMENTAL INFORMATION
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Table S1. The forward and reverse primers used for quantitative reverse 

transcription-polymerase chain reaction 

Target genes  Primer sequences 

RP1-140K8.5 Forward 5’-ACCTTGGCTGAGTCTTGACA-3’ 

 Reverse 5’-CAATTCCCACCAGCACGAAC-3’ 

KB-1836B5.1 Forward 5’-GAGGACCCCAGGTGTGTTTT-3’ 

 Reverse 5’-GGACCACAACAGTCTCGCTT-3’ 

CASC11 Forward 5’-GGCCTGTCAAGAGATGAGGT-3’ 

 Reverse 5’-TCGTTGGAACACATGCTTGG-3’ 

LINC00393 Forward 5’-CGTTGTTACGACAGCACAGA-3’ 

 Reverse 5’-TCACTGCAGTTGACCTCCAA-3’ 

AC005162.1 Forward 5’-CTTTCTCTTCTGACTGTCCAGTGAG-3’ 

 Reverse 5’-GTTCCCTTAAATTAGCTCCTCTGTC-3’ 

AC020916.2 Forward 5’-ATCCGTCCAGGCCGACTTCCTAACT-3’ 

 Reverse 5’-TGCACCTAGAAGCTCTCTTCTGTGG-3’ 

β-actin Forward 5’-ATCGTCCACCGCAAATGCTTCTA-3’ 

 Reverse 5’-AGCCATGCCAATCTCATCTTGTT-3’ 

 

 

 

 



 

Figure S1. Genomic signatures of epigenetically dysregulated lncRNAs. (A)The 

comparison of epi-lncRNAs with non-epi-lncRNAs (epi-PCGs with non-epi-PCGs) 

and (B) comparison among lncRNAs with different aberrant epigenetic modifications 

in exon length, intron length, overall gene length, exon number, intron number and 

isoform number. P values were calculated by wilcoxon rank sum test.  



 

Figure S2. Genomic signatures of epigenetically dysregulated lncRNAs. (A) The 

comparison of epi-lncRNAs with non-epi-lncRNAs according to five categories in exon 

length, intron length, overall gene length, exon number, intron number and isoform 

number. (B) Expression characteristics of epi-lncRNAs. Comparison of average 

expression and coefficient of variation between epi-lncRNAs with non-epi-lncRNAs 

(epi-PCGs with non-epi-PCGs) in basal, luminal and claudin-low subtypes. P values 

were calculated by wilcoxon rank sum test. 

 



 

Figure S3. Landscape of DNA methylation-dysregulated lncRNAs and lncRNA 

regulators in basal subtype and luminal subtype.  

 



 

Figure S4. Examples of common epi-lncRNAs in different breast cancer subtypes. 

(A) Histone modification profile of AC006262.5 shared by basal and claudin-low 

subtypes. (B) Histone modification profile of CASC8 shared by luminal, basal and 

claudin-low subtypes. (C) Expression distribution of AC006262.5 and CASC8 in breast 

cancer and control samples. 



 

Figure S5. Confirmation of the differential expression of selected lncRNAs in the basal 

(A) and luminal (B) subtypes of breast cancer. 
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