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Cisplatin-based chemotherapy remains the standard care for
non-small cell lung cancer (NSCLC) patients. Relapse after
chemotherapy-induced dormancy affects the overall survival
of patients. The evolution of cancer cells under chemotherapy
stress is regulated by transcription factors (TFs) with binding
sites initially buried deep within inaccessible chromatin. The
transcription machinery and dynamic epigenetic alterations
during the process of dormancy-reactivation of lung cancer
cells after chemotherapy need to be investigated. Here, we
investigated the chromatin accessibility of lung cancer cells
after cisplatin treatment, using an assay for transposase-acces-
sible chromatin sequencing (ATAC-seq). We observed that
global chromatin accessibility was extensively improved.
Transcriptional Regulatory Relationships Unraveled by Sen-
tence-based Text mining (TRRUST) v.2 was used to elucidate
TF-target interaction during the process of dormancy and re-
activation. Enhancer regions and motifs specific to key TFs
including JUN, MYC, SMAD3, E2F1, SP1, CTCF, SMAD4,
STAT3, NFKBI1, and KLF4 were enriched in differential loci
ATAC-seq peaks of dormant and reactivated cancer cells
induced by chemotherapy. The findings suggest that these
key TFs regulated gene expressions during the process of
dormancy and reactivation of cancer cells through altering
promoter accessibility of target genes. Our study helps
advance understanding of how cancer cells adapt to the
stress induced by chemotherapy through TF binding motif
accessibility.

INTRODUCTION

Lung cancer is the leading cause of cancer-related deaths around the
world. The standard treatments for non-small cell lung cancer
(NSCLC) are surgery, cisplatin-based chemotherapy, and targeted
therapy. Cisplatin binds to DNA to form covalent platinum-DNA
adducts and leads to cancer cell death by inhibiting DNA and
RNA synthesis." Despite decades of application of cisplatin as one
of the most potent chemotherapy drugs for lung cancer patients,
resistance to cisplatin eventually develops and has been a major
clinical obstacle.”

Dormancy is considered to be cellular quiescence. Tumor dormancy,
which is a clinically undetectable state of cancer for a long period, is
essential for cancer cells to become resistant to cancer therapy and to
evade immune destruction.” Dormant cancer cells cause tumor recur-
rence and metastatic relapse when they awaken.” Therefore, a better
understanding of the biological characteristics of cancer cell
dormancy can help to develop potential therapeutic strategies to
deal with the residual disease.’

In many eukaryotic organisms, DNA is tightly packed and orga-
nized with the formation of nucleosomes.” When DNA is actively
transcribed into RNA, the DNA will be opened and loosened
from the nucleosome complex.® The accessibility of the DNA is
important for the activation of genes.” Many factors, such as the
chromatin structure, the position of the nucleosomes, and histone
modifications, affect the accessibility of DNA to transcriptional reg-
ulatory factors and regulate gene expression.'” Chromatin remodel-
ing may be achieved by several epigenetic mechanisms that
involve histone modifications, DNA methylation, and nucleosome
remodeling."’
scription factor (TF) binding has been identified as the most rele-
vant genomic feature associated with gene activity at a particular
site."!

Genome-wide access to chromatin or access to tran-

In this study, we profiled chromatin accessibility and transcriptome in
cisplatin-responsive dormant and reactivated cells. We observed fea-
tures of the chromatin landscape of lung cancer cells after chemo-
therapy. As described below, our integrative analyses of assay for
transposase-accessible chromatin sequencing (ATAC-seq) and
RNA sequencing (RNA-seq) revealed that adaptive cellular response
is often achieved by TF binding motif accessibility.
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RESULTS

Cisplatin-induced dormancy and reactivation showed distinct
gene expression profile

Conventional chemotherapy initially kills most cancer cells; however,
the residual resistant cancer cells eventually survive and cause meta-
static relapse. We first developed a short-term single-dose cisplatin
cell system that mimics the process of reversible dormancy and reac-
tivation after treatment with cisplatin'* (Figure 1A). The NSCLC cells
were treated with cisplatin for 2 days at 10 ng/uL. Most cancer cells
died, and the remaining cells entered into an inactive stage called
the quiescent stage. We defined cellular dormancy as a state in which
cells did not proliferate. The cell cycle analysis revealed that remained
cells were arrested in GO/G1 phase 15 days after cisplatin withdrawal.
About 30 days after withdrawal of cisplatin, the dormant cancer cells
underwent outgrowth and progressed into S and G2/M phase (Fig-
ure 1B). RNA-seq-based analysis confirmed the cellular states of
dormancy and reactivation, in which Ki67 was shown to be reduced
and recovered in dormant and reactivated states (Figure 1C).
Principal-component analysis showed consistency between three rep-
licates, and the gene expression patterns could easily discriminate be-
tween different cell status (Figure 1D). Short Time-series Expression
Miner (STEM) analysis of differential expression genes (DEGs) re-
vealed the dynamic mRNA expressions during the process of
dormancy and reactivation, which were classified into 5 significant
patterns (Figure 1E, p < 0.05). In patterns 1, 2, and 3, mRNA expres-
sions gradually increased during the entry into cellular dormancy. In
patterns 4 and 5, mRNA expressions gradually decreased during the
entry into cellular dormancy. During the process of shift from
dormancy to reactivation, some mRNA expressions maintained sta-
ble (patterns 2, 5) and some mRNA expressions were back to the con-
trol level (patterns 1, 3, 4). Gene Ontology (GO) enrichment of the
patterns indicated that patterns 1, 2, and 3 included the genes related
to cell adhesion, transforming growth factor B (TGF-() in extracel-
lular matrix (ECM), and mitogen-activated protein kinase (MAPK)
regulation (Figure 1F). The patterns 4 and 5 whose mRNA expres-
sions increased in the reactivated phase included genes related to
DNA replication, cell cycle phase transition et al. (Figure 1G).

Identifying transcription factors key to cisplatin-induced
dormancy and reactivation transition

We then performed detailed analysis to determine the genes that are
critical to cisplatin-induced dormancy and reactivation transition.
We found that 1,910 genes were upregulated and 1,924 genes were
downregulated in dormant status, whereas 579 genes were upregu-
lated and 235 genes were downregulated in reactivated status (Fig-

ures 2A and 2B). Pathway analyses using the Gene Set Enrichment
Analysis (GSEA) program revealed that, out of a total of 1,432
gene sets (c2.cp.v7.0.symbols.gmt), 972 gene sets were significantly
upregulated in dormant lung cancer cells compared with intact con-
trol cells (Table S1). Four hundred ninety-three gene sets were signif-
icantly activated during the process from dormancy to reactivation
(Table S2). The sets of genes that were mostly enriched in dormant
cancer cells included ECM receptor interaction, ECM proteoglycans,
and cell junction (Figure 2C). The sets of genes that were mostly en-
riched in reactivated cancer cells included DNA replication and cell
cycle regulation (Figure 2D). This indicates that lung cancer cells
surviving chemotherapy are characteristic of regulating ECM remod-
eling at the dormant phase and regulating cell cycle at the reactivated
phase.

Based on the STEM analysis, 1,134 genes, 699 genes, 493 genes, 805
genes, and 292 DEGs were observed respectively among these 5 pat-
terns (Figure 2E). These DEGs in these 5 patterns showed similar
expression patterns. Transcriptional Regulatory Relationships
Unraveled by Sentence-based Text mining (TRRUST) v.2 was
used to elucidate TF-target interaction during the process of
dormancy and reactivation (https://www.grnpedia.org/trrust). We
found that DEGs in these patterns were regulated by different
TFs. For example, HIFIA, SP1, EGRI et al. play roles in pattern
1, and SMAD4 plays a role in pattern 3; SPI, MYCN, SMAD3
et al. play roles in pattern 5; E2F1, HDACI, and TP53 play regula-
tory roles in pattern 4; and SPI1, JUN, IRF8 et al. play roles in
pattern 2 (Figure 2F).We defined TFs HIFIA, SMAD4, STAT3
et al,, which function in the switch into dormant status, and TFs
SP1, NFKBI, E2F1 et al., which function in the switch from dormant
status to reactivated status (Figure 2F). The expression profiles of
these TFs showed dynamic correspondence during the process of
dormancy and reactivation of cancer cells, suggesting that TFs
may play crucial roles in this process (Figure 2G).

Cisplatin affects chromatin accessibility

Chromatin remodeling and histone modification are important
mechanisms regulating eukaryotic gene expression. Cisplatin cova-
lently modifies DNA and inhibits DNA and RNA synthesis. We
found that chromatin-remodeling complexes and histone-modifying
enzymes showed differential expression in cisplatin-induced dormant
and reactivated cancer cells (Figure 3A). Pathway analyses using the
GSEA program revealed that chromatin remodeling, chromatin
H2A acetylation, H3K4 methylation, and H3K9 methylation were
the significantly upregulated gene sets in reactivated cancer cells

Figure 1. Cisplatin-induced dormancy and reactivation showed distinct gene expression profile

A549 cells showed reversible states of dormancy and reactivation after 2-day treatment with cisplatin. (A) Schematic diagram of the cisplatin treatment experiment. (B) Cell
cycle analysis of dormant and reactivated cancer cells induced by cisplatin. (C) The differential gene expression profiles measured by RNA-seq. (D) Principal-component
analysis showed that the three groups of cells had globally different gene expression profiles. (E) Short Time-series Expression Miner (STEM) analysis of differential expression
genes (DEGs) revealed the dynamic mMRNA expressions during the process of dormancy and reactivation, which were classified into 5 significant patterns. The p values are
shown in the lower left corner of the profile boxes. (F) GO enrichment of the patterns indicated that differentially expressed genes in dormant cancer cells enriched in the genes
related to cell adhesion, TGF-8 in extracellular matrix, and MAPK regulation. (G) GO enrichment of the patterns indicated that differentially expressed genes in reactivated
cancer cells enriched in the genes related to DNA replication and cell cycle phase transition.
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Figure 2. Identifying transcription factors key to
cisplatin-induced dormancy and reactivation transition
RNA-seq was performed to identify gene expression profiles.
(A and B) Scatterplots of RNA-seq data comparing mRNA
abundance between dormant cancer cells and untreated
control cells (A) and between reactivated cancer cells and
dormant cancer cells (B). The cutoff values were fold change
of >1.5or <0.5 for up- or downregulated genes. (C) Pathway
analyses using the Gene Set Enrichment Analysis (GSEA)
program revealed that the sets of genes that were mostly
enriched in dormant cancer cells included ECM receptor
interaction, ECM proteoglycans, and cell junction et al. (D) The
sets of genes that were mostly enriched in reactivated cancer
cells included DNA replication and cell cycle regulation. (E)
Five patterns of gene expression based on the STEM analysis
were shown. On the top of each profile are the values for
relative gene expressions, presented in log2 (V(i)/(V(0)). (F)
Transcription factor-target interaction during the process of
dormancy and reactivation was elucidated by TRRUST v.2.
(G) Gene expression profiles of key transcription factors.
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Figure 3. Cisplatin affects chromatin accessibility

(A) Gene expression profiles of genes related to chromatin remodeling complexes and histone-modifying enzymes. (B and C) GSEA analysis of dormant and reactivated

cancer cells. (D) Accessible peaks in dormant and reactivated cancer cells evaluated by ATAC-seq. (E) Location of ATAC peaks.
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compared with dormant cancer cells. These gene sets were downregu-
lated in dormant cancer cells compared with untreated cancer cells,
suggesting that chromatin modifications act as potential regulatory
factors during the process of cisplatin-induced dormancy and reacti-
vation of cancer cells (Figures 3B and 3C).

To integratively analyze the chromatin accessibility profiles during
the process of cisplatin-responsive dormancy and reactivation, we
performed ATAC-seq to generate a profile of chromatin accessibility
in dormant and reactivated A549 cells. Three independent chemo-
therapy treatments were performed. We sequenced 3 samples per
group for hg38 species with ATAC-seq, on average generating
112,428,090 raw reads and 112,366,083 clean reads after filtering dirty
reads, including low-quality reads, N reads, and adaptor sequences.
We obtained an average of 86% mapping rates. We identified a signif-
icant number of differentially accessible chromatin regions between
cisplatin-treated groups and control group by deepTools. More re-
gions were opened in dormant cancer cells and reactivated cancer
cells. ATAC-seq profiles revealed the peak location and peak length
in dormant and reactivated lung cancer cells. The differentially acces-
sible peaks (false discovery rate [FDR] < 0.05) were identified between
dormant cancer cells and control untreated cancer cells. On average,
we identified 108,407 accessible peaks in dormant cells and 107,898
accessible peaks in reactivated cells, which possessed more open chro-
matin regions than untreated control cells (peak number = 72,309)
(Figure 3D). A large proportion of ATAC peaks are located in inter-
genic regions (Figure 3E).

Accessible chromatin overlapped extensively with putative cis-
regulatory sequences

To define the differential TF activity and explore the relationship be-
tween TF binding sites (TFBSs) and chromatin accessibility, we
scanned for motifs for TFs within open regions in chromosomes
with Hypergeometric Optimization of Motif EnRichment (HOMER).
This showed the significantly enriched motifs for TFs such as JUN,
MYC, SMAD3, E2F1, SP1, CTCF, SMAD4, STAT3, NFKBI, and
KLF4 in dormant cells and reactivated cells (Figure 4A). We then
explored the relationship between TF expression and chromatin acces-
sibility of their target genes. Pearson’s correlation analysis revealed that
the promoter accessibility of their target genes was correlated with the
expression of TFs (Figure 4B). For example, the promoter accessibility
of MMP2 and MMP?7 is positively correlated with the expression of
STAT3, and the promoter accessibility of BCL6 is negatively correlated
with the expression of SMAD4. The Integrative Genomics Viewer
(IGV) was used to analyze the genomic profiles of specific differentially
accessible regions. We identified regions of significant interest contain-
inga putative enhancer region and predicted binding sites for these TFs
in 2 kb upstream of transcription start site (TSS) (Figure 4C).

We then tried to explore the relationship of TF binding profiles,
which were derived from ATAC-seq peaks, and the target gene
expression level. We found that expression of target genes of TFs
JUN, MYC, SMAD3, E2F1, SP1, CTCF, SMAD4, STAT3, NFKBI,
and KLF4 overlapped with the expression profiles in dormant and
reactivated states (Figure 5A). The expression profiles of the target
genes of these TFs showed dynamic correspondence with the
promoter accessibility. For example, in dormant cancer cells,
STAT3 upregulates MMP2 and MMP?7 through increasing their pro-
moter accessibility. SMAD4 downregulates BCL6 through decreasing
BCL6 promoter accessibility. The upregulated target genes were used
to identify enriched GO categories. GO categories related to ECM
remodeling and chromosome organization were the most enriched
categories (Figure 5B). This indicated that TFs controlled the adapted
alteration of lung cancer cells with chemotherapy.

DISCUSSION

Here we provide a genome-wide survey of accessible chromatin in
dormant and reactivated states of lung cancer cells induced by
chemotherapy. Combined with the gene expression profiles, we found
that ECM remodeling and cell cycle regulation dominate the process
of dormancy and reactivation. The expression of TFs JUN, MYC,
SMAD3, E2F1, SP1, CTCF, SMAD4, STAT3, NFKBI1, and KLF4 affects
transcriptional outcome of their target genes by regulating chromatin
accessibility of gene promoter. Based on GO analysis of the upregu-
lated target genes of enriched TFs, we found that the target genes of
these TFs were mainly involved in the biological processes in the
dormant and reactivated cells.

Lung cancer recurrence, despite surgery and chemotherapy, may
occur at variable times after primary tumor removal and, finally,
death due to metastases.'”” Mathematical modeling of clinical data
and experiments in mouse models suggest an extended period of
dormancy at premetastatic sites.'* Newly uncovered mechanisms
that govern cancer dormancy and reactivation include tumor evolu-

14,15
> In

tion, stem cell signaling, and micro-environmental niches.
this study, we first analyzed the transcriptomic profiles of dormant
and reactivated lung cancer cells induced by cisplatin. We found
the key TFs governing the shift of cellular dormancy and reactiva-
tion, which control the entry of cancer cells into dormant states
and control the reentry of dormant cancer cells into the cell cycle.
The target genes of these TFs displayed corresponding expression
during the process of dormancy and reactivation, indicating that
these TFs can determine cell fate. These master TFs regulate expres-
sion of each specific gene with the involvement of chromatin remod-
eling. It is obvious that the regulation of these TFs is of crucial
importance for the gene expression profiles during the reversible
process of dormancy and reactivation. Within eukaryotes, specific

Figure 4. Accessible chromatin overlapped extensively with putative cis-regulatory sequences
(A) Motifs for transcription factors within open regions in chromosomes were identified with HOMER. (B) The correlation between the expression of transcription factors and
the promoter accessibility of their target genes was evaluated by Pearson’s correlation analysis. (C) The genomic profiles of specific differentially accessible regions of

transcription factor target genes visualized by Integrative Genomics Viewer (IGV).

Molecular Therapy: Nucleic Acids Vol. 26 December 2021 275


http://www.moleculartherapy.org

Molecular Therapy: Nucleic Acids

Group

WA
Hc
4

GO terms
Reproductive structure development

Extracelluar structure organization
Response to extracelluar stimulus
Extracelluar matrix organization

Extracelluar matrix disassembly

Regulation of histone modification
Regulation of chromosome organization

Histone modification
Covalent chromatin modification

obooEEOOO

Dormancy1
Dormancy2
Dormancy3
Reactivation1
Reactivation1
Reactivation3

Figure 5. The relationship of TF binding profiles
(A) Heatmap of key transcription factors and their target genes. (B) GO enrichment of the patterns indicated that target genes were enriched in key molecular functions.
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genes are expressed under conditions in which RNA polymerase and
TFs access the cis-regulatory elements.' Transcription is a complex
process that involves sequence-specific factors along with RNA poly-
merase transcriptional machinery and chromatin-remodeling factors
that control the opening of chromatin.'” Epigenetic reprogramming
is considered to have the potential to simultaneously regulate multi-
ple genes.'® Recent studies in high-throughput technologies high-
lighted the importance of simultaneous activation of genes rather
than alterations in a single gene. “Open” and “closed” chromatins
represent active and repressed states of individual genes. Chromatin
remodeling events can change the transcriptional state of cells, re-
sulting in a higher possibility of allowing the transcription of genes
in cancer growth and therapy resistance.'>'® In this study, we used
ATAC-seq to detect the changes in chromatin access and gene
expression during the progression of lung cancer after cisplatin ther-
apy. ATAC-seq is an effective method to reveal chromatin accessi-
bility at a genome-wide level, and it can identify H3K4, H3K36,
and H3K79 trimethylation in the open chromatin region.”® This
technology linked with RNA-seq can furnish high resolution of the
possible functional interactions.”’ Recent evidence has indicated
that epigenetic mechanisms, such as abnormal DNA methylation,
may regulate the long-time commitment of disseminated tumor cells
to stand still while preserving growth potential.”” The expression of
the anti-angiogenic genes TIMP3 and CDHI is raised during
dormancy and is reduced during the transition to active growth
via changes in histone modification and DNA methylation.”> The
analysis of chromatin remodeling led to the identification of epige-
netic modification in multiple TFs that determine the process of
dormancy and reactivation.

In this study, we report the analysis that lung cancer cells that sur-
vived chemotherapy displayed ECM remodeling during the dormant
phase and cell cycle transit during the activation phase. Sp1-like fac-
tors and Kriippel-like factors (KLFs) are important components of the
cellular transcriptional machinery, regulating multiple cancerous bio-
logical processes such as cell growth, differentiation, angiogenesis,
apoptosis, and stem cell reprogramming.”* ECM and its related
cell-cell adhesion exert a direct effect on cellular quiescence.”® KLFs
belong to the relatively large family of Sp1-like TFs.*® KLF4 is en-
riched in the quiescent cortical cells of the thymus epithelium and
regulates the major EMC protein laminin o.>”** Sp1 family members
and E2F cooperatively activate exit from and the progression of the
cell cycle.*® In this study, the integrated computational analysis iden-
tified multiple TFs, in particular the Spl family and its interacting
proteins such as smad3 and smad4.

In conclusion, here we tried to apply a new technology, integration of
ATAC-seq and RNA-seq, to study differences in gene expression pro-
file during chemotherapy-induced dormancy and reactivation. We
identified chemotherapy-responsive accessible chromatin regions
and motifs at differential chromatin states via ATAC-seq. We found
some crucial TFs that could control the adaptive cellular response af-
ter chemotherapy, and this provides insights into therapeutic strate-
gies to deal with the residual disease after chemotherapy.

MATERIALS AND METHODS

Cell culture and treatment

Human lung adenocarcinoma cell line A549 obtained from ATCC
was cultured in RPMI-1640 medium (HyClone Life Sciences, USA)
supplemented with penicillin G (100 U/mL), streptomycin
(100 mg/mL), and 10% fetal calf serum. Cells were maintained at
37°C in a humidified atmosphere of 5% CO,. Cisplatin (P4394) was
purchased from Sigma-Aldrich (St. Louis, MO, USA). A549 cells
were treated with cisplatin at 10 ng/pL for 48 h.

Cell cycle analysis

Cells were treated with cisplatin for 48 h. Cells were harvested at
different times and fixed with cold 70% ethanol. Cells were washed
twice with cold PBS and incubated for 30 min with PI/RNase solution
(C1052, Beyotime, China). Samples were analyzed on a FACScan flow
cytometer (Becton Dickinson, California, USA).

RNA-seq

RNA-seq analysis was performed with the BGISEQ-500 platform
(BGI, Shenzhen, China). Total RNA was isolated, and a cDNA
library was constructed. High-quality clean reads were aligned to
the human reference genome with Bowtie2. The expression levels
for each of the genes were normalized as fragments per kilobase
of exon model per million mapped reads (FPKM) by expectation
maximization (RSEM). The cutoff values were fold change of
>1.5 or <05 for up- or downregulated genes. The RNA-seq
data presented in this study can be found in the NCBI Sequence
Read Archive (SRA) database. The accession number is SRA
PRJNA730205.

STEM analysis

STEM software (version 1.3.13) was used to identify the dynamic gene
expression clusters in dormant and reactivated cancer cells induced
by cisplatin.”® The statistically enriched genes with similar expression
patterns were assessed according to the default parameter.

ATAC-seq

ATAC-seq analysis was performed by BGI-Shenzhen (https://en.
genomics.cn). Cells were harvested and resuspended in cold lysis
buffer, followed by spinning down by centrifuge. Crude nuclei
were prepared and immediately continued to the transposition
reaction. After transposition, purified DNA was amplified. qPCR-
based methods were used to quantify ATAC-seq libraries. The
libraries were sequenced with Illumina high-throughput sequencing
instruments. Raw reads were filtered to remove low-quality or
adaptor sequences by SOAPnuke. Cleaned reads were mapped to
the reference genome of hg38 with Bowtie2 (version 2.2.5). We
used MACS?2 (version 2.1.2) to call peaks (open chromatin regions).
IDR (v.2.0.4) was applied to measure the reproducibility of findings
identified from replicate samples. The promoter accessibility was
presented by normalized reads counted by featureCounts. The
different enrichment peaks from different samples were plotted
by IGV. The gene element annotation of peak or different
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enrichment peak from different samples was carried out by bed-
tools intersect mode with overlap 50% as well. To identify the po-
sition of nucleosomes, broad peaks called by MACS2 were analyzed
with NucleoATAC (v.0.3.4). The ATAC-seq data presented in this
study can be found in the NCBI SRA database. The accession num-
ber is SRA PRJNA731334.

TF-target interaction analysis

TRRUST was used to elucidate the TF-target interaction.”’ A cutoff
for —loglO(p value) was presented to select significant potential
TF-target interactions. Values of the —logl0 bigger than 1.3 were
considered to be statistically significant.

Motif analysis

De novo motif discovery from ATAC-seq was achieved by HOMER.
The motif with the most significant p value predicted by HOMER was
selected as key TF.
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