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1 | INTRODUCTION

Abstract

The lung metastasis of breast cancer involves complicated regulatory changes driven
by chromatin remodelling. However, the epigenetic reprogramming and regulatory
mechanisms in lung metastasis of breast cancer remain unclear. Here, we generated
and analysed genome-wide profiles of multiple histone modifications (H3K4me3,
H3K27ac, H3K27me3, H3K4mel and H3K9me3), as well as transcriptome data in
lung-metastatic and non-lung-metastatic breast cancer cells. Our results showed
that the expression changes were correlated with the enrichment of specific histone
modifications in promoters and enhancers. Promoter and enhancer reprogramming
regulated gene expression in a synergetic way, and involved in multiple important
biological processes and pathways. In addition, lots of gained super-enhancers were
identified in lung-metastatic cells. We also identified master regulators driving differ-
ential gene expression during lung metastasis of breast cancer. We found that the co-
operations between regulators were much closer in lung-metastatic cells. Moreover,
regulators such as TFAP2C, GTF2l and LMO4 were found to have potential prognos-
tic value for lung metastasis free (LMF) survival of breast cancer. Functional studies
motivated by our data analyses uncovered an important role of LMO4 in regulating
metastasis. This study provided comprehensive insights into regulatory mechanisms,

as well as potential prognostic markers for lung metastasis of breast cancer.
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metastasis. Notably, triple negative breast cancer (TNBC), charac-

terized by high malignant degree, high incidence of metastasis and

With increasing incidence and mortality, breast cancer is one of
the most common malignancy and the leading cause of death for
women worldwide.! Despite the improvement made by chemother-
apy, radiotherapy and targeted therapy in recent years, the treat-
ment outcome remain unsatisfactory for breast cancer with distant

poor prognosis, has no effective treatment currently because of
an absence of therapeutic targets.2 Therefore, understanding the
transcription regulatory programs of TNBC distant metastasis holds
important implications for the identification of novel therapy and

prognosis targets.
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Lines of evidence have suggested that abnormal epigenetic
alterations could perturb the transcription regulatory program
during cancer development and metastasis.> A major component
of epigenetic regulation is histone modification that affects the
accessibility of cis-elements, thus influences the recruitment of
transcriptional regulators.4 For example, histone methylation in-
duced by histone methyltransferase SMYD3 was required for the
MRTF-A-mediated transactivation of MYL9 via promoter bind-
ing, and promoted migration of breast cancer cells.® In addition,
enhancers defined by H3K27ac and H3K4mel reprogramming
were also found to have effects on promoting cancer metastasis.®
Moreover, computational analysis of global histone modification
profiles could provide a complete picture of chromatin structure
in specific cells, and facilitate the prediction of active cis-elements
and transcription regulatory network. For instance, specific net-
works of transcription factors (TFs) in different human monocyte
subsets were identified by the integration of genome-wide histone
modification data and gene expression data.® Also, using global
epigenetic data, tissue-specific regulatory circuits were predicted
by computationally linking TFs to promoters and enhancers.” In
addition, novel drivers of hepatocellular carcinoma were recently
identified by integrating epigenetic marks with transcription data.®
Although many previous studies had explored the whole-genome
histone modification profiles of non-metastatic breast cancer sub-
type,”1? the comprehensive analyses of epigenome in metastatic
breast cancer cells were barely reported. Most current studies
about breast cancer metastasis focused on the epigenetic alter-

ation of single gene,'**?

the holistic epigenome perturbation still
remains unclear.

MDA-MB-231 and LM2-4175 cell lines are the major model
for analysing lung metastasis of TNBC.1® LM2-4175 cell line was
originally isolated from MDA-MB-231. However, compared with
MDA-MB-231, LM2-4175 showed more aggressive characteristics
in invasion, migration and metastasis. In addition, LM2-4175 specif-
ically metastasizes to lung. Signature of lung metastasis was iden-
tified using transcription data of MDA-MB-231 and LM2-4175.1°
However, the changes of chromatin structure of whole genome and
the specific regulatory network during lung metastasis of breast
cancer were still poorly understood. In addition, given the fact
that drugs targeting epigenetic factors hold vast potential in ther-
apy of metastatic cancer,**'® the genome-scale epigenetic analy-
sis will provide data and theoretical support for these therapeutic
strategies.

In this study, we analysed the chromatin remodelling and tran-
scriptional changes during lung metastasis of breast cancer by in-
tegrating ChlIP-Seq data of multiple histone modifications and
RNA-Seq data. Genome-scale cis-elements and master regulators
were identified in lung-metastatic cells. We found that multiple bi-
ological processes and pathways were reprogrammed by chromatin
remodelling in lung metastasis of breast cancer. Our study provided
a comprehensive insight into the whole cistrome in the lung-meta-
static breast cancer cells, as well as data resource for the develop-
ment of therapeutic strategies based on epigenetics.

2 | MATERIALS AND METHODS

2.1 | Cell culture

Both MDA-MB-231 and LM2-4175 cell lines were obtained from
ATCC and cultured in DMEM (Thermo Fisher Scientific) supple-
mented with 10% FBS (Gibco) at 37°C and 5% CO, in a humidified
incubator.

2.2 | ChIP-Seq

For chromatin immunoprecipitation, MDA-MB-231 and LM2-4175
cells were harvested and performed by ChIP-IT High Sensitivity kit
(Active Motif) according to manufacturer's instructions. Briefly, the
cross-linked chromatin was sonicated into a size of 200-500 bp frag-
ments. The sheared chromatin was immunoprecipitated using an-
tibodies (Table S1). All of the ChIP-Seq reads were mapped to the
unmasked human reference genome (hg19) using Bowtie 2.0 with
default parameters. Only uniquely mapped reads were retained.
ChlP-Seq peak calling was performed using MACS v2.0.10 soft-
ware,'” with“broad option”. Regions with g < 0.01 were identified as
peaks. For each cell line, the inputs were used as control data. The
nearest RefSeq gene was assigned to each peak.

2.3 | RNA-Seq

Total RNA of MDA-MB-231 and LM2-4175 were extracted using
RNeasy Mini Kit (Qiagen) according to manufacturer's instructions,
and quantified using the Qubit 2.0 fluorometer (Thermo Fisher
Scientific). Approximately 10 pg was used for library preparation
with TruSeq sample Prep Kit V2 (lllumina). RNA-Seq libraries were
sequenced using an lllumina HiSeq 2500 with paired-end reads of
150 bases. Reads were mapped to the human reference genome
(hg19) by tophat 2.0'® with default parameters. Cufflinks**?° was
applied to quantify FPKM (Fragments Per Kilobase per Million) val-
ues of RefSeq genes using annotation of GENCODE v19.2! Also, the
differentially expressed genes (DEGs) between different cell lines
were identified by cuffdiff. Genes with at least 1.5-fold change (FC)
and g < 0.05 were kept.

2.4 | Bioinformatic analyses

2.4.1 | Average density profile of histone marks

The average tag density of histone modifications around transcrip-
tion start site (TSS) 3 kb of genes with different expression levels
was calculated and showed. Briefly, in each cell line, all genes were
categorized into 10 groups by ranking their expression values. Genes
in group 1 had a top 10% expression level of the whole transcrip-
tome, and so on. The TSS £3 kb region of each gene was split into
200 bins, and tag density (tags per Kilobase per Million) in each bin
was calculated. We averaged the tag density of each group and plot-
ted the profile using R scripts.
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2.4.2 | ldentification and analysis of promoter state

In each cell line, we defined TSS +2 kb as promoters, and identi-
fied the state of each promoter according to the dominant histone
modification on it. Promoters dominantly modified by H3K4me3 and
H3K27ac were identified as active promoters. Repressive promoters
were defined by enrichment of H3K27me3. In addition, promoters
enriched by both active markers (H3K4me3 or H3K27ac) and repres-
sive marker (H3K27me3) were considered to be poised. Promoters
without any histone modification enrichment were classed as 'None'
state. The detailed thresholds were listed in Figure S3A.

2.4.3 | ldentification and analysis of enhancer and
super enhancer

The active distal enhancers of MDA-MB-231 and LM2-4175 were
identified by H3K27ac peaks located at least 2000 bp away from
TSS. The gained and lost enhancers in LM2-4175 were identi-
fied using the ‘getDifferentialPeaks’ script in HOMER software.??
Enhancers showing at least fourfold tag count differences between
two cell types and P < 0.0001 were considered to be differential. In
addition, we identified super-enhancers, which were regions com-
prising multiple enhancers and collectively bound by an array of
transcription factors. Super-enhancers were identified using Rank
Ordering of Super-enhancers algorithm (ROSE).?® Briefly, H3K27ac
peaks within 12.5 kb were stitched together as candidate super-re-
gions. Then, we ranked all the stitched regions by increasing read
counts. Super-enhancers were defined as the sites whose signals

were higher than the inflection point of curve.

2.4.4 | Functional enrichment

The Gene Ontology (GO) 2*2° and Kyoto Encyclopaedia of Genes
and Genomes (KEGG) 2 enrichment analysis was conducted by
DAVID.?"?8 Terms with Benjamini-Hochberg correction (FDR < 0.05)
were kept.

2.4.5 | Analysis of clinical data

We combined clinical data of 404 samples from three independent
public datasets, including GSE2034,%? GSE2603" and GSE5327.%°
Both ER+ (240 samples) and ER- (164 samples) patients were in-
cluded. There were 68 patients with lung metastasis among them.
Others patients were without any metastasis. Using nonnegative
matrix factorization (NMF) method, these samples were unsuper-
vised-clustered by the expression values of DEGs between MDA-
MB-231 and LM2-4175. The clinical information of matched patients
was also downloaded. In survival analysis, samples with expression
values greater than average were classed as high-expressed group,
and samples with expression values less than average were classed
as low-expressed group. The lung metastasis free (LMF) survival of
low- and high-expressed groups was compared. Kaplan-Meier esti-

mator was applied to estimate the LMF survival for the two groups,
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and the differences were analysed using the log rank test. Survival

analysis was conducted by R package ‘Survival'.

2.4.6 | Motif enrichment

We collected the position weight matrix (PWM) of 662 TFs from
previous study,” and scanned these known motifs in cell-line-spe-
cific active promoters and enhancers. The P-value of motif scanning
was calculated by ‘findMotifsGenome’ script in HOMER software.??
Using a relatively strict threshold, motifs with P-value less than 1071
in at least one dataset were presented. Only TFs which were differ-
entially expressed were shown.

2.4.7 | Network analysis

Genes associated with promoters/enhancers which contained sig-
nificant motifs of TFs were identified as potential targets. Then
cell-specific TF-target networks were constructed using cytoscape
3.0.3! The network nodes represented TFs or target genes, and
edges represented proximal or distal regulation. We disassembled
the network into modules using MCODE tool.®2 Jaccard index Jn

score was used to measure the co-localizations of pairwise TFs.

2.4.8 | Analysis of enriched hallmarks of cancer

The GO terms and genes that associated with hallmarks of cancer
were obtained in a previous study.33 In each hallmark, we measured
the percentage of genes with the differential promoter, enhancer or
expression in lung-metastatic cells and showed it in a pie plot.

2.5 | Functional validation of LMO4

Molecular experiments were performed to determine the function
of LMOA4. Details of quantitative real-time PCR, Western analysis,
RNA-mediated interference and cell migration assay were described
in Supplementary Methods and Table S2.

3 | RESULTS

3.1 | MDA-MB-231 and LM2-4175 cell lines are
suitable models for analyzing lung metastasis of
breast cancer

In the attempt to assess the recapitulation of real process in lung
metastasis by MDA-MB-231 and LM2-4175 cell lines, it is necessary
to analyse the genome-scale transcription of these cell lines and
measures the association of gene expression between cell lines and
clinical patients.

Here, MCF-7, MDA-MB-231 and LM2-4175 cell lines were con-
sidered as research models for non-metastasis, moderate-metasta-
sis and high-metastasis-to-lung breast cancer, respectively. Analysis
of RNA-Seq data showed that there was an enormous difference
between MCF-7 and MDA-MB-231/LM2-4175 transcriptome



8
8 | wWiLEy

LI ET AL

(approximately 10 000 differentially expressed genes), whereas
LM2-4175 and MDA-MB-231 had relatively similar profiles of gene
expression (Figure S1A-C, Table S3), implying the high heteroge-
neity between ER+/PR+ breast cancer and TNBC.The differential
expression pattern of TFs among different cell lines were shown in
Figure S1D. We found that some TFs specifically expressed in ER+/
PR+ cells, while some other TFs exclusively expressed in TNBC.
Furthermore, compared with MDA-MB-231, there were 1441
up-regulated genes and 1361 down-regulated genes in LM2-4175
(Figure S1A). Both protein-coding and non-coding genes were found
to be differentially expressed in LM2-4175. For example, transcrip-
tion factor JUN, LMO4, NFKBIA, FOXA2, TFAP2C, MEF2A and
POU2F2 were up-regulated in LM2-4175 (Figure S1E). Moreover,
some long intergenic non-coding RNA (lincRNA) such as LINC00973
(FC:1.80, P-value: 0.016), SFTA1P (FC: 1.72, P-value: 0.0019) were
up-regulated in LM2-4175 (Figure S1F). Notably, SFTA1P, as a lin-
cRNA that specifically expressed in lung, was found to increase in
LM2-4175 significantly.

Considering the same origin of MDA-MB-231 and LM2-4175 cell
lines, the DEGs between MDA-MB-231 and LM2-4175 were reason-
ably speculated to be associated with specific aggressive metasta-
sis to lung. Gene expression profiles of 404 clinical samples were
used to verify the recapitulation of real process in lung metastasis
by MDA-MB-231 and LM2-4175. NMF clustering classified the pa-
tients into two groups based on the expression values of DEGs be-
tween MDA-MB-231 and LM2-4175. We found that the expression
of these regulated genes could not significantly distinguish the lung-
metastatic patients from the non-lung-metastatic ones in all breast
cancer patients (Figure 1A, chi-square test P-value: 0.28). But the
expression of these genes could significantly distinguish the lung-
metastatic patients from the non-lung-metastatic ones in 164 ER-
clinical patients (Figure 1B, chi-square test P-value: 1.36E-5). Thus,
MDA-MB-231 and LM2-4175 could mirror the transcriptional fea-
ture during lung metastasis. Moreover, the recapitulation was spe-
cific to ER- patients, providing a suitable model for analysing lung
metastasis of TNBC.

3.2 | Perturbation of chromatin landscape drives
differential gene expression in lung metastatic cells

To investigate the global chromatin remodelling during lung me-
tastasis of breast cancer, multiple histone modifications including
H3K4me3, H3K27ac, H3K4mel, H3K27me3, H3K9me3 and Pol-II
were profiled using ChIP-Seq assay in MDA-MB-231 and LM2-4175
(Table S4).

We explored the correlation between gene expression and
dynamic changes of chromatin at gene promoters. As shown in
Figure 1C, it was evident that genes with higher expression value
had more enrichment of H3K4me3, H3K27ac and H3K4mel, but
less enrichment of H3K27me3 and H3K9me3 on their promoters;
whereas genes with lower expression value had more enrichment
of H3K27me3 and H3K9me3, but less enrichment of H3K4me3,
H3K27ac and H3K4mel on their promoters. These results indi-
cated that gene expressions in both MDA-MB-231 and LM2-4175
were closely associated with a series of histone modifications. We
identified the differentially modified regions of each type of histone
modification. Results showed that 69.3% (1941/2802) DEGs were
associated with the histone modification changes (Table 1), indicat-
ing the important role of chromatin reprogramming in regulating
gene expression in lung metastasis of breast cancer.

In addition, the genome-scale enrichment of these histone mod-
ifications was compared between MDA-MB-231 and LM2-4175 cell
lines. Results showed that the H3K4me3 enrichment around TSS
was globally higher in LM2-4175 than in MDA-MB-231 cells (Figure
S2A), possibly because of the up-regulation of histone methyltrans-
ferases (HMTs) SETD7 (Figure S2B, FC: 1.62, P-value: 0.031), and
the down-regulation of histone lysine demethylases (KDMs) KDM2A
(Figure S2C, FC: 0.62, P-value: 0.025). Moreover, global H3K27ac
enrichment showed a slight decrease in LM2-4175 cell (Figure S2A).
The histone acetyltransferases (HATs) KAT5 was also found to be
down-regulated (Figure S2D, FC: 0.64, P-value: 0.046), and histone
deacetylases (HDACs) HDAC9 was significantly upregulated (Figure
S2E, FC: 3.09, P-value: 0.00056). These global changes of histone
modification as well as the corresponding enzymes implied that
therapies targeted chromatin reprogramming had potential value for
lung metastasis of breast cancer.

As illustrated in Figure 1D, LMO4, an up-regulated TF, showed
increased H3K4me3 enrichment of its promoter in LM2-4175. Its
upstream region had increased enrichment of Pol-Il, and obviously
decreased enrichment of H3K27me3 and H3K9me3 in LM2-4175.
Whatis more, the downstream region of LMO4 significantly enriched
by H3K4mel and H3K27ac, both of which were enhancer markers,
indicating that LMO4 gained a potential enhancer in lung-metastatic
cells. These results demonstrated that by enriching on different sites
of genes, multiple histone modifications could remodel the gain/loss
of active promoter and/or enhancer, and cooperatively affect gene
expression during lung metastasis of breast cancer. Therefore, in the
following sections, we provided a comprehensive epigenetic map
and well-analysed information for exploring potential mechanisms in

the metastasis of breast cancer.

FIGURE 1

Integrated analysis of transcriptome and genome-wide histone modification data. (A) Nonnegative matrix factorization (NMF)

clustering for 404 breast cancer patients using expression values of differentially expressed genes between MDA-MB-231 and LM2-4175.
Both ER and metastasis state were shown by the annotation colour bar. (B) NMF clustering for 164 ER- breast cancer patients using
expression value of differentially expressed genes between MDA-MB-231 and LM2-4175. Both ER and metastasis state were shown by
the annotation colour bar. (C) The average tag density profiles of multiple histone modifications around the TSSs clustered according to the
expression values of their associated genes. Blue lines represented low expressed genes, and red lines represented high expressed genes.
(D) Chromatin modification changes from MDA-MB-231 to LM2-4175 around transcription factor LMOA4. The region covered by yellow box

represents promoter, and green box represents enhancer
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3.3 | lIdentification of active promoters associated
with lung metastasis of breast cancer

To analyse the chromatin reprogramming on promoters, four types
of promoter states were identified, including 'Active’, 'Repressive’,
'Poised' and 'None'. Enrichment of H3K4me3, H3K27ac and
H3K27me3 were used to define the promoter states of all genes
(see Materials and Methods and Figure S3A). Compared with MDA-
MB-231, thousands of promoters showed transformed states in
LM2-4175 (Figure S3B and Figure 2A). More than 3000 non-active
promoters in MDA-MB-231 were activated, but only 409 promoters
turned to be repressive in LM2-4175, suggesting that LM2-4175 cells
gained more accessible chromatin structure at promoters of a num-
ber of genes. Function enrichment analysis of these activated genes
showed that many biological processes that essential for metastasis
were enriched, such as regulation of cell migration, cell proliferation,
angiogenesis, cell growth, regulation of cell communication and sig-
nal transduction (Table S5).

We next investigated the correlation between expression differ-
ence and changes of chromatin states at gene promoters. Notably,
the gene expression FC were quite consistent with the transforma-
tion of promoter states, as genes with promoters converted from
repressive state to active state showed the highest average FC
(log2(FC)> 3), and genes with promoters converted from none state
to repressive state showed the lowest average FC (log2(FC) <-3)
(Figure 2B). Promoters of CD70, PHACTR1 and RASEF, which were
repressive in MDA-MB-231, changed to be active in LM2-4175 cells
(Figure 2C and Figure S3C). CD70, as a member of tumour necrosis
factor (TNF) ligand family, had been repeatedly reported to involve
in tumour proliferation, invasion, metastasis and T cell immunity.>*
Importantly, CD70 was considered as an emerging target in cancer
immunotherapy.®® Our results showed that CD70 had an accessible
promoter and actively expressed in lung-metastatic breast cells, im-
plying the importance of CD70 and providing a potential diagnosis
and therapy biomarker.

3.4 | Enhancer reprogramming contributes to
expression changes in lung metastasis

Lines of evidence showed that not only the promoter states could

contribute to the expression difference but also enhancer gain or

TABLE 1 The number of differentially modified regions and
associated DEGs

Histone modifications Differential peaks Associated DEGs

H3K27ac 3862 157
H3K27me3 9105 143
H3K4mel 55285 811
H3K4me3 13172 1340
H3K9me3 6834 315
Pol 463 51
Total 88721 1941°

Abbreviation: DEGs, differentially expressed genes.
*The number of unique genes associated by at least one differentially
modified histone modification.

loss played an important role in regulating gene expression by influ-
encing the recruitment of TFs and co-factors on the distal regions.
Accordingly, we next investigated the changes of enhancer land-
scape during lung metastasis of breast cancer based on the enrich-
ment of H3K27ac, which is a typical marker of active enhancers.
There were 1248 gained and 856 lost promoter-distal enhancers
in LM2-4175 compared with MDA-MB-231 (Figur2D). Genes asso-
ciated with gained enhancers were found to be significantly more
up-regulated than genes associated with lost enhancers (Figure 2E),
indicating that enhancer reprogramming resulted in expression
changes of its adjacent genes. Moreover, genes with activated pro-
moters in LM2-4175 appeared to have a tendency to gain distal ac-
tive enhancer (Figure S4A). Some genes were found to be associated
with promoter state transformation and enhancer reprogramming
simultaneously, implying the synergetic interaction between pro-
moters and enhancers in lung metastasis of breast cancer. Genes
with both activated promoters and distal enhancers showed re-
markably activated expression (Figure 2F). For example, PTGS2 (FC:
106.11, P-value: 0.00056), MSI2 (FC: 19.83, P-value: 0.00058) and
WFS1 (FC: 2.45, P-value: 0.00065) gained both active promoter
and enhancer in LM2-4175, allowing a great increase in transcrip-
tion level. However, genes associated with repressed promoters and
located near lost enhancers showed down-regulated expression in
LM2-4175 (Figure 2F). The comparison of gene expression FC of mul-

tiple promoter/enhancer state combinations further demonstrated

FIGURE 2 Promoter and enhancer reprogramming during lung metastasis of breast cancer. (A) Promoter state transformation from
MDA-MB-231 to LM2-4175 cells. The colour in heatmap represents the enrichment percentage of H3K4me3, H3K27ac and H3K27me3.
Promoter state of LM2-4175 was shown in red font, and promoter state of MDA-MB-231 was shown in blue font. (B) The average expression
fold-change in genes associated with the different type of promoter state transformation. The horizontal axis represents the promoter
state of MDA-MB-231 and LM2-4175, in which states of MDA-MB-231 are shown before the hyphen, and states of LM2-4175 are shown
after the hyphen. (C) Promoter state transformation of CD70. The region covered by yellow box represents promoter. The promoter of
CD70 transformed from repressive state (in MDA-MB-231) to active state (in LM2-4175). Both H4K4me3 and H3K27ac enrichment were
increased, while H3K27me3 enrichment was decreased. CD70 expression was also up-regulated. (D) Identification of gained and lost
enhancers based on enrichment fold change (FC) of H3K27ac. (E) Expression FC of genes associated with gained and lost enhancers. (F)
Differentially expressed genes associated with both promoter state transformation and enhancer reprogramming. P indicates promoter,
E indicates enhancer, and Exp indicates expression. The first row in heatmap represents promoter states of LM2-4175, the second row
represents promoter states of MDA-MB-231, the third row represents enhancer changes and the fourth row represents expression FC
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FIGURE 3 Gained super-enhancers in lung-metastatic cells. (A) Identification of super-enhancers in LM2-4175 cell line. (B) Identification

of super-enhancers in MDA-MB-231 cell line. (C) Venn diagram for super-enhancers in MDA-MB-231 and LM2-4175 cell lines. (D) Examples of
genes associated with gained super-enhancers. The regions covered by yellow box represent super-enhancers in LM2-4175 cell line. (E) Genes
that associated with gained super-enhancers were differentially expressed between lung-metastatic and non-metastatic patients. Metastasis
state was shown by the annotation colour bar. Fourteen genes which have prognostic significance for lung metastasis free (LMF) survival were
marked with '*'. (F) LMF survival analysis of KHDRBS3 and MEF2A. Patients with high (greater than average) expression value were considered
as high-expressed group, and patients with low (less than average) expression value were considered as low-expressed group

FIGURE 4 Functions and cancer hallmarks changed by epigenetic remodelling. (A) Functions and pathways enriched by differentially
expressed genes associated with both promoter state transformation and enhancer reprogramming. The rows in heatmap represent Gene
Ontology (GO) or Kyoto Encyclopaedia of Genes and Genomes (KEGG) terms, and columns represent genes. The presences of genes in each
term are shown in red in heatmap. The promoter states and enhancer changes of each gene are shown below the heatmap. The colour boxes
outside the row labels represent different function classes. (B) Changed events in epigenome and transcriptome in each of 10 hallmarks

of cancer. The pie plot indicates cancer hallmarks, changed promoter percentage, changed enhancer percentage and changed expression
percentage (from inside to outside). The associated genes were exemplified beside each hallmark. The changed events were listed in the
bracket, P indicates promoter state transformation, E indicates enhancer reprogramming, and Exp indicates expression changes
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the complex interplay between promoter states, enhancer repro-

gramming and gene expression changes (Figure S4B).

3.5 | Gained super-enhancers promote lung
metastasis of breast cancer

Moreover, we revealed that the super-enhancers were differentially
distributed between MDA-MB-231 and LM2-4175. For example,
many genes such as MEF2A, FOXP1, JUN and TGFBR2 gained new
super-enhancer in LM2-4175 (Figure 3A,B). Significantly, up to 970
super-enhancers were newly formed in lung-metastatic cells, indi-
cating that the chromatin structure was turned to be more accessi-
ble in metastatic cells (Figure 3C). As shown in Figure 3D, KHDRBS3
gained a super-enhancer on its downstream region of TSS, and
significantly up-regulated in LM2-4175. KHDRBS3 was previously
reported to enhance stemness and metastasis in basal-like breast
cancer.3® What is more, MEF2A gained a contiguous super-enhancer
on its gene-body, and was also up-regulated in LM2-4175. MEF2A
was previously found to promote epithelial-mesenchymal transition
(EMT) and invasiveness of hepatocellular carcinoma.’’

Importantly, we found that some genes associated with gained
super-enhancers were differentially expressed between non-lung-
metastatic and lung-metastatic patients, and related to clinical out-
come. As shown in Figure 3E, 18 genes that located near gained
super-enhancers were found to be significantly up-regulated in
lung-metastatic patients. Furthermore, 14 of these genes had ob-
vious prognostic significance for LMF survival, as the patients with
high expression showed more probability of lung metastasis. The
survival analysis of KHDRBS3 and MEF2A were shown in Figure 3F.
Therefore, the accessible chromatin structure resulted from super-
enhancer reprogramming enables the activation of multiple genes

for promoting lung metastasis.

3.6 | Promoter and enhancer remodelling
disrupt multiple functions and pathways in lung-
metastatic process

We hypothesized that genes influenced by chromatin changes of
both promoter and distal enhancer might play important roles in lung
metastasis of breast cancer. Function enrichment analysis suggested
that these genes were mainly involved in five classes of biological
function, including cell migration, vascular system development,

mesenchymal cell proliferation, regulation of muscle cell differen-
tiation and neurogenesis (Figure 4A). As angiogenesis, EMT, mesen-
chymal cell proliferation and migration are indispensable processes
which lead to metastasis, targeting the involved genes through
epigenetic intervention will possibly inhibit these important path-
ways of metastasis. In addition, genes involved in nervous system
development were also found to be epigenetically reprogrammed.
Interestingly, the influences of the nervous system in non-nervous
system cancers were paid little attention. A recent review high-
lighted the relationship between neurogenesis and tumour micro-
environment of prostate, pancreas, stomach and skin cancer.*® Our
epigenetic analysis implied that nervous system development might
have potential importance in the microenvironment changes of lung
metastasis of breast cancer.

Furthermore, multiple signalling pathways were discovered to
be influenced by chromatin reprogramming (Figure S5). For exam-
ple, gene expressions of PI3K-Akt, HIF-1, Rap1, VEGF, TGF-beta and
Ras signalling pathways were affected either by the promoter state
transformation or enhancer reprogramming. In addition, we anal-
ysed the perturbations of cancer hallmarks on multiple levels, and
every aspect was found to be changed by epigenetic reprogramming.
The top affected hallmarks were as follows: ‘Inducing Angiogenesis’,
‘Activating Invasion & Metastasis’, ‘Tumour Promoting Inflammation’
and ‘Sustaining Proliferative Signalling’ (Figure 4B). In conclusion,
changes of chromatin structure were involved in multiple biological
functions and pathways, suggesting there was huge potential to de-

velop therapeutic strategy based on epigenetic modifications.

3.7 | Identification of regulators driving differential
gene expression in lung metastasis

To identify regulators that are most important for describing lung
metastasis of breast cancer, we analysed the core transcription regu-
latory network by computationally integrating ChlP-Seq, RNA-Seq
data and motif information (see Materials and Methods).

Motif enrichment for active promoters and enhancers was
compared between MDA-MB-231 and LM2-4175 to identify the
essential factors involved in specific lung metastasis. As shown
in Figure 5A, compared with MDA-MB-231, obviously more TFs
were enriched by specific promoters and enhancers of LM2-4175.
Especially, specific promoters in LM2-4175 were significantly en-
riched in as many as 19 factors, such as TFAP2C, POU2F2 and

FIGURE 5 Motif enrichment analysis and identification of regulatory network. (A) Motif enrichment analysis of specifically active
promoters and enhancers in MDA-MB-231 and LM2-4175. The point colour indicates the number of promoters/enhancers containing the
certain motif. The point size indicates the -log P-value of enrichment analysis. Font colour indicates the expression changes of transcription
factors (TFs), red for up-regulated and blue for down-regulated TFs. LM2-4175.E: specific enhancers of LM2-4175; LM2-4175.P: specific
promoters of LM2-4175; MDA-MB-231.E: specific enhancers of MDA-MB-231; MDA-MB-231.P: specific promoters of MDA-MB-231. (B)
Framework for identification of master regulatory network and TF-TF interaction. (C) Modules of the regulatory network. Only TFs were
shown here because of the limited space. The downstream target genes were shown in Table Sé6. The node border was used to present

the expression changes, where the red border indicates up-regulated genes and the blue border indicates down-regulated genes. Red
edges represent the proximal (promoter) regulation, blue edges represent the distal (enhancer) regulation and green edges represent that
both proximal and distal regulations exist. Solid edges represent the LM2-4175-specific regulation, and dashed edges represent the MDA-

MB-231-specific regulation
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a bioinformatic framework was designed to analyse the regulatory
network that driving differential expression during lung metastasis
and explore potential co-occupancy or cooperation between reg-
ulators (Figure 5B). Briefly, active promoters and enhancers were
identified according to the enrichment of multiple histone modifi-
cations as mentioned above. We scanned the active promoters and
enhancers using available PWMs of motifs. Genes associated with
promoters/enhancers which contained motifs of TFs were identi-
fied as target genes. And then cell-specific TF-target networks were
constructed. The pairwise co-localizations between factors were
quantified to analyse the changes of interaction among regulators
during lung metastasis (Figure 5B). To visualize different features,
we combined the MDA-MB-231 and LM2-4175 specific network,
and illustrated multiple different data types within a single network.
Both proximal (promoter) and distal (enhancer) regulatory were pre-
sented, and expression changes of TFs were also annotated. The
whole network was split into modules based on the network topol-
ogy structure (Figure 5C). The regulation relationships between TFs
and target genes were listed in Table Sé.

We predicted the interactions between TFs based on their
shared target genes in each cell line. Results showed that there
was much closer cooperation of multiple factors on active genes in
LM2-4175 than that in MDA-MB-231 (Figure 6A). Twenty-three fac-
tors were found to have tight correlation (JI > 0.3) with more than
10 other factors in LM2-4175, whereas there were no any factors
tightly correlated with more than five other factors in MDA-MB-231.
Specifically, the cooperation of TFs in LM2-4175 cell line was shown
in Figure 6B, providing candidate information for functional valida-
tion and exploring novel mechanisms or therapy targets. Obviously,
TFAP2C, POU2F2, GTF2l, MYEF2, FOXAZ2, IRF1, ETS1 and NFE2L2
actively interacted with multiple factors, suggesting these regula-
tors may play important roles in lung metastasis of breast cancer.
Importantly, the prognostic power of these regulators was analysed
using clinical survival data of 404 patients. Results showed that
TFAP2C, GTF2I, MEF2A, CEBPB, CEBPG, HSF1 and LMO4 were sig-
nificantly associated with poor outcome. The high-expressed groups
of these regulators had lower LMF survival in breast cancer patients
(Figure 6C and Figure Sé).

3.8 | LMO4 plays an important role in the
regulation of EMT and migration

According to our above results, TF LMO4 was found to gain ac-
tive promoter and super-enhancer, resulting in activated expres-
sion in LM2-4175(Figure 1D). Moreover, our regulatory network
analysis also indicated that LMO4 might play an important role in

driving differential expression of downstream target genes and ac-
tively involving in TF-TF interaction in LM2-4175 (Figures 5,6A,B).
Importantly, high expression of LMO4 was proved to be associated
with poor outcome of breast cancer patients (Figure 6C). Thus, we
speculated that LMO4 might play an important role in regulating
lung metastasis of breast cancer. And molecular experiments were
performed to validate its biological functions.

We knocked down LMO4 in LM2-4175 cells with siRNA transfec-
tion. Both the protein and mRNA levels of LMO4 were significantly
decreased in transfected cells compared with siNC (Figure 7A,B).
Furthermore, expression levels of predicted target genes of LMO4
were decreased after knock-down of LMO4 (Figure 7C). Importantly,
genes involved in EMT were also found to be down-regulated in
LMO4 decreased LM2-4175 cells, suggesting that LMO4 may regu-
late the EMT process in breast cancer lung metastasis (Figure 7D). In
addition, cell migration ability after LMO4 knocking down was also
confirmed by transwell assay. It was shown that the migration ability
was strikingly inhibited in LMO4 decreased cells (Figure 7E). Overall,
these results suggested that LMO4 played an essential role in reg-

ulating cell migration and EMT in lung metastasis of breast cancer.

4 | DISCUSSION

The comprehensive epigenetic study reported here identifies the
whole cistrome in the lung metastasis process of breast cancer cells,
and elucidates how the interplay between TFs and chromatin cis-
elements drives differential expression and activates the biological
processes associated with lung metastasis. Changes of gene expres-
sion were found to be co-ordinately affected by multiple histone
modifications. Based on the ChIP-Seq data, specific cis-elements
such as active promoters and enhancers were identified and proved
have a strong association with gene expression change. Importantly,
many evidence showed that genes regulated by chromatin repro-
gramming were involved in important processes or pathways in lung
metastasis of breast cancer cells. The holistic map of all TSS-proxi-
mal elements as well as TSS-distal enhancers allowed us to perform
thoroughly searches for specific sequence patterns of all known TFs.
These analyses provided comprehensive regulatory network and po-
tential regulators that might be involved in regulating lung metasta-
sis of breast cancer.

In this study, we applied ChIP-Seq and RNA-Seq assays to anal-
yse the chromatin structure and transcriptome of TNBC cell lines.
Recently, Perreault et al®® reported the epigenetic and transcrip-
tional profiling of TNBC HCC1806 cell by performing nascent tran-
scription profiling using Precision Run-On coupled to sequencing

FIGURE 6 Cooperations of multiple transcription factors (TFs). (A) TF-TF cooperation was quantified by Jaccard index (JI) score. The
colour in heatmap represents the JI score. Left panel: TF-TF cooperation on specifically active cis-elements (promoters and enhancers) of
LM2-4175 cell line; right panel: TF-TF cooperation on specifically active cis-elements (promoters and enhancers) of MDA-MB-231 cell line.
TFs marked by asterisk have tight correlation (JI > 0.3) with more than ten other factors. Font colour indicates the expression changes of
TFs, red for up-regulated and blue for down-regulated TFs. (B) Specific TF-TF cooperation network in LM2-4175 cell line. Node size was
proportional with the number of neighbours. Edge width was proportional with Jaccard index between two TFs. (C) Lung metastasis free
survival analysis of regulators. Other significant regulators were shown in Figure Sé
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FIGURE 7 Function validation of transcription factor LMO4 in lung metastasis of breast cancer. (A) The efficiency of LMO4 knockdown
was confirmed by Western blotting assay in LM2-4175 cells transfected with siLMO4 and vector siRNA. B-actin was used as a control.

(B) The efficiency of LMO4 knockdown was confirmed by gRT-PCR in LM2-4175 cells transfected with siLMO4 and vector siRNA. (C)
Expression changes of predicted target genes of LMO4 after LMO4 knockdown. Expression levels were analysed by gRT-PCR. Student’s t
test was used for statistical comparison (*P < 0.05; **P < 0.01). (D) Expression changes of EMT associated genes after LMO4 knockdown.
Expression levels were analysed by qRT-PCR. Student’s t test was used for statistical comparison (*P < 0.05; **P < 0.01; ***P < 0.001).

(E) The migration abilities were examined by the Transwell assay in LM2-4175 cells. Student’s t test was used for statistical comparison

(***P < 0.001)

(PRO-seq) and ChlIP-exonuclease (ChlIP-exo). We analysed the over-
lap between our data and the HCC1806 cell data (Table S7). Results
showed that a great number of histone modifications peaks were
overlapped between HCC1806 and MDA-MB-231/LM2-4175 cell
lines. However, a relatively small number of overlapped top-ex-
pressed genes between them were found, possibly because that the
HCC1806 transcriptome was sequenced by nascent transcriptional
profiling PRO-seq, and MDA-MB-231/LM2-4175 transcriptome was
profiled by RNA-seq. In an attempt to analyse the lung metastasis of
breast cancer more accurately, we are planning to perform PRO-seq
and ChlP-exo in MDA-MB-231/LM2-4175 cell lines.

Although it is more accurate to analyse the epigenetic alter-
ations and transcriptional data from the same individual samples,
the technology limitations of ChIP-Seq assay using tissue samples
necessitate the use of cell lines in this study. So we cautiously as-
sessed the recapitulation power of MDA-MB-231 and LM2-4175
cell lines for real breast cancer patients before we conducted the
integrated analysis. Results showed that the cell lines represented a
suitable in vitro model system to study the underlying mechanisms
of lung metastasis of breast cancer. What is more, the identified
genes or regulators from analysis of cell lines were further verified
using transcriptional and clinical data of patients to ensure their
functions.

According to our results, many biological functions and path-
ways, including cell migration, angiogenesis, immune response and
mesenchymal cell proliferation, were epigenetically reprogrammed
in lung-metastatic breast cancer cells. Therefore, therapies targeting
epigenetic factors are likely to improve many aspects and be effec-
tive for inhibiting breast cancer lung metastasis. Recent studies have
highlighted the strong potential of drugs targeting histone-modify-
ing enzymes for invasive cancer.** Some of these drugs are currently
in various stages of clinical trials.*> Entinostat/MS-275, a HDAC
inhibitor, was reported to inhibit angiogenesis and metastasis,*® as
well as reverse EMT.#*8 Entinostat/MS-275 is currently used in mul-
tiple phase Il clinical trials of breast cancer treatment. Our study
provides data resource and theoretical support for therapeutic strat-
egies based on epigenetics.

Apart from providing a reference resource, the integrated anal-
ysis identified potential biomarkers for therapy and prognosis of
lung metastasis of breast cancer. For example, lung-metastatic
breast cancer cells showed an increased global level of H3K4me3
and decreased level of H3K27ac. Some corresponding enzymes that
regulate histone methylation and acetylation were also found to be

differentially expressed, and could possibly to become indicators

for predicting lung metastasis. In addition, lots of gained super-en-
hancers were identified in lung-metastatic breast cancer cells. We
found that genes associated with gained super-enhancers were
observed to have potential prognostic value for lung metastasis of
breast cancer. Accumulating evidence point to the critical role of
super-enhancers play in cancer progression.*’ Besides, there have
been many attempts to use super-enhancer profiles for prognosis
and therapy of cancer.* Our data resource and results provided di-
rections for further exploring the clinical implications of super-en-
hancers in breast cancer metastasis. Especially, LMO4 was found to
gain active promoter and super-enhancer in LM2-4175, and patients
with highly expressed LMO4 showed increased probability of lung
metastasis. A series of experiments also proved the functions of
LMO4 in promoting EMT and invasion. Furthermore, in lung-met-
astatic cells, the cooperative relationship of TFs were far closer
than in non-lung-metastatic cells, indicating that there was a subtle
regulatory mechanism controlling lung metastasis of breast cancer.
Besides, the regulators that frequently interacted with other factors
were identified as important factors for lung metastasis and showed
prognostic power. This study not only confirmed the role of known
factors (such as TFAP2C) but also identified some potential regu-
lators (such as LMO4) which played pivot roles in lung metastasis.

In summary, based on integrated epigenetic and transcriptional
analysis, our study provided comprehensive insights into the regu-
latory mechanism, as well as potential prognostic markers for lung
metastasis of breast cancer. Besides, our data resource will enable
numerous further functional and computational studies to examine
the role of regulators and advance our understanding of lung metas-

tasis of breast cancer.
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