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Abstract: Lower respiratory tract infection (LRTI) with respiratory syncytial virus (RSV) is associated
with reduced lung function through unclear mechanisms. In this study, we test the hypothesis
that RSV infection induces genomic reprogramming of extracellular matrix remodeling pathways.
For this purpose, we sought to identify transcriptionally active open chromatin domains using
assay for transposase-accessible-next generation sequencing (ATAC-Seq) in highly differentiated
lower airway epithelial cells. High confidence nucleosome-free regions were those predicted
independently using two peak-calling algorithms. In uninfected cells, ~12,650 high-confidence open
chromatin regions were identified. These mapped to ~8700 gene bodies, whose genes functionally
controlled organelle synthesis and Th2 pathways (IL6, TSLP). These latter cytokines are preferentially
secreted by RSV-infected bronchiolar cells and linked to mucous production, obstruction, and atopy.
By contrast, in RSV infection, we identify ~1700 high confidence open chromatin domains formed
in 1120 genes, primarily in introns. These induced chromatin modifications are associated with
complex gene expression profiles controlling tyrosine kinase growth factor signaling and extracellular
matrix (ECM) secretory pathways. Of these, RSV induces formation of nucleosome-free regions on
TGFB1/JUNB//FN1/MMP9 genes and the rate limiting enzyme in the hexosamine biosynthetic pathway
(HBP), Glutamine-Fructose-6-Phosphate Transaminase 2 (GFPT2). RSV-induced open chromatin
domains are highly enriched in AP1 binding motifs and overlap experimentally determined JUN
peaks in GEO ChIP-Seq data sets. Our results provide a topographical map of chromatin accessibility
and suggest a growth factor and AP1-dependent mechanism for upregulation of the HBP and ECM
remodeling in lower epithelial cells that may be linked to long-term airway remodeling.

Keywords: assay for transposase-accessible next generation sequencing (ATAC-Seq);
chromatin remodeling; innate response; hexosamine biosynthetic pathway

1. Introduction

Respiratory syncytial virus (RSV) is single-stranded, negative-sense member of the
Orthopneumovirus genus of the Pneuomoviridae family that represents a major cause of acute pulmonary
disease in children, adults with chronic airway disease and the hospitalized elderly. Without an effective
vaccine, virtually all children are infected by the age of two [1]. A subgroup of those infected, estimated to
number ~2.1 million children under five years of age, require medical attention in the US annually [2].
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Consequently, RSV represents the most common cause of pediatric hospitalization in children less than
five years of age [3]. In immunologically naïve infants, a subset will develop severe lower respiratory
tract infections (LRTIs), such as bronchiolitis and pneumonia. Through incompletely understood
mechanisms, LRTIs are linked to recurrent virus induced wheezing [4], atopy [5], and decreased lung
function [6].

RSV replication is restricted to the airway mucosa where the virus primarily replicates in the
epithelium. The nature, timing, and magnitude of inducible epithelial cytokine responses shape the
initial anti-viral responses to acute infection [7] and influence evolution of the adaptive immune
response [8]. In epithelial cells, RSV RNA replication occurs in cytoplasmic inclusion bodies. This event
is primarily sensed by a cytoplasmic ATP-dependent RNA helicase known as retinoic acid inducible
gene (RIG)-I [9]. Activated RIG-I binds to the mitochondrial antiviral signaling protein (MAVS) via
homotypic interactions of caspase activation and recruitment domains (CARD) on both proteins
to activate formation of the inflammasome on the mitochondrial surface. The inflammasome is a
signaling receptor complex containing kinases and ubiquitin ligases that are rate-limiting in activating
regulatory transcription factors including interferon regulatory factor (IRF)3, nuclear factor-κB (NFκB),
Jun proto-oncogene (JUN) and others. Consequently, inflammatory networks of genes are expressed
responsible for neutrophilic inflammation and anti-viral immunity [10,11].

In human RSV challenge studies, although only mild disease is observed clinically in adult
volunteers, RSV spreads to the lower airway where it produces prolonged mucosal inflammation [12].
In contrast to epithelial cells from the conducting airways, lower airway bronchiolar cells play a key
role in the pathogenesis of RSV-induced inflammation and obstruction [13]. In mice, small airway
epithelial cells of the distal bronchiole play a central role in RSV-induced neutrophilic inflammation,
mucous production, and obstruction [7]. Specifically, these bronchiolar cells synthesize Th2-polarizing,
mucogenic, and profibrotic cytokines to a greater degree than airway cells of the conducting
airways [10,11]. Cell-type selective gene disruption of the innate pathway in these lower nonciliated
bronchiolar cells interferes with airway neutrophilia, cytokine responses, and airway obstruction [7].
These findings provide direct evidence for the presence of distinct regional, cell type-specific responses
to RSV infection. The mechanisms underlying cell-type differences in response are largely unexplored.

Although it is clear that epigenetic regulation plays a key role in the complex epithelial response
to RSV infection, the phenomenon has not been studied systematically. The location and characteristics
of constitutively active open chromatin domains and how these are modified by RSV infection are not
known. In this study, we apply high resolution assay for transposase-accessible chromatin (ATAC)-next
generation sequencing (Seq) to advance our understanding of epigenetic regulation in RSV infection.
ATAC-Seq was performed in resting (control) and RSV-infected human small airway epithelial cells
(hSAECs). Using two independent peak-calling algorithms to identify high-confidence nucleosome-free
regions, we observe resting hSAECs have nucleosome-free domains in promoters controlling cell cycle
regulation and protein glycosylation. Importantly, T helper 2 (Th2) cytokines preferentially expressed
by RSV infected lower airway cells, including interleukin 6 (IL6), thymic stromal lymphopoietin
(TSLP), CCL-20, and macrophage inducible protein (MIP3α) are found in open chromatin domains.
We observe that RSV induces nucleosome repositioning of distinct genic sequences associated with
complex mRNA expression profiles. Functional pathway analysis of RSV-induced open domains on
gene bodies indicates enhanced chromatin accessibility underlies TGFβ-induced extracellular matrix
(ECM) formation and remodeling pathways. These data provide the first direct evidence that RSV
produces epigenetic reprogramming controlling tissue remodeling.

2. Materials and Methods

2.1. Cell Culture and Virus Isolation

Human small airway epithelial cells (hSAECs) were immortalized using human Telomerase/CDK4
as previously described [14,15]. hSAECs were grown in SAGM small airway epithelial cell growth
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medium (Lonza, Walkersville, MD, USA) in a humidified atmosphere of 5% CO2. The human RSV long
strain was grown in Hep-2 cells and prepared as described [7,16]. The viral titer of purified RSV pools
was varied from 8 to 9 log PFU/mL, determined by a methylcellulose plaque assay [17]. Viral pools
were aliquoted, quick-frozen on dry ice-ethanol, and stored at −70 ◦C until they were used.

2.2. Next Generation RNA Sequencing

Total RNA was isolated using RNeasy with on-column DNase I digestion (Qiagen, Germantown,
MD, USA) and integrity verified spectroscopically and by electrophoresis prior to sequencing. n = 4
independent samples were analyzed at time 0, 16 h, and 24 h of RSV infection (MOI = 1.0). Samples were
bar-coded and subjected to Illumina HiSeq 2000 (San Diego, CA, USA) paired end sequencing in the
UW BioTech Center. The trimming software skewer was used to process raw fastq files and QC statistics
computed. RNA sequences corresponding to a Phred score of 30 (99.9% base call accuracy) were used
for alignment. The trimmed paired-end reads were aligned against human genome hg19 using the
program, Spliced Transcripts Alignments to a Reference (STAR, version 2.7.5a). Mapped paired-end
reads for both genes and transcripts (isoforms) were counted in each sample using RNASeq by
Expectation Maximization (RSEM). Hierarchial Clustering (HC) was performed to identify patterns in
gene expression in the pHeatMap program in R (version 1.0.12).

2.3. Assay for Transposase-Accessible Chromatin Sequencing (ATAC-Seq)

ATAC-seq was performed in two biological replicates per treatment. Briefly, 50,000 cells (>95%
viability) were trypsinized and washed. Cell pellets were re-suspended in 300 µL of cold lysis buffer
(10 mM Tris-HCl, pH7.4, 10 mM NaCl, 3 mM MgCl2, 0.1% IGEPAL CA-630) and incubated on ice for
10 min. Nuclei were pelleted, re-suspended in 50 µL of transposition mixture (25 µL 2× TD buffer
(Illumina, Cat. No.: 15027866, San Diego, CA, USA), 2.5 µL TDE1 (Illumina Nextera Tn5 transposase,
Cat. No.: 15027865), 22.5 µL nuclease-free water) and incubate for 30 min at 37 ◦C water bath with
gentle mixing.

After purification (Qiagen MinElute PCR purification kit, Qiagen, Germantown, MD, USA, Cat.
No.: 28204), eluted DNA was pre-amplified for 5 cycles in PCR mix (30 µL NEB Next High-Fidelity
2x master mix (NEB, Cat. No.: M054 1S), 10 µL primer mix (Illumina, NEXtera DNA UD indexes,
San Diego, CA, USA; Cat. No.: 20026121), 20 µL purified DNA for 5 cycles. An additional 3
amplification cycles were added based on QPCR amplification. PCR reactions were then purified.
Libraries were analyzed on a bioanalyzer and sequenced on a NovaSeq 6000 (Illumina, San Diego, CA,
USA) with 50 million reads per sample.

2.4. ATAC-seq Data Analysis

Fastq files were analyzed for read coverage, PCR duplication and number of mapped reads
determined using FastQC (version 0.11.8). Adapter removal was using TrimGalore [18]. Alignment was
performed using RSubread package (version 3.11, [19]) to the GRCh38.p13 (hg38) genome assembly
(NCBI). Peak calling was performed using Genrich for ATAC-Seq (c 2018, [20]), using commands to
remove mitochondrial sequences, remove PCR duplicate reads and mask blacklisted sequences.
Separate analysis was using hidden markov modeleR (HMMR, version 1.2.4) optimized for
ATAC-Seq [21]. Principal components analyses (PCA) and correlation analyses were conducted
in the DiffBind package [22]. Statistical analysis was performed using DESEQ2 in the DiffBind
package (version 2.16.0), accepting an adjusted p value of <0.05 as significant. Annotation of high
confidence peaks was performed using ChIPSeeker in the R environment (version 1.24.0, [23]).
Functional annotation was performed in ReactomePA and KEGG using DOSE (version 3.8.2) and
ReactomePA packages in R [24]. Motif enrichment of peaks for known motifs was performed using
HOMER (version 4.11, [25]). This algorithm uses a binominal distribution accepting motifs that occur
at 0.1% false discovery rate (FDR) or less.
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ATAC seq data is deposited in Genome Expression Omnibus (GEO) and will be made publicly
available upon publication.

3. Results

We examined the resting and inducible chromatin landscape in human small airway epithelial
cells (hSAECs). hSAECs are derived from Scgb1a1+-expressing progenitor cells, representing the distal
bronchiole phenotype associated with pathogenicity of RSV pneumonia in vivo [7]. These cells also
maintain a highly differentiated epithelial phenotype without entering senescence in cell culture [15],
making this model robust for profiling chromatin landscape during cell state transitions [14,26].
Our previous work shows that hSAECs support RSV replication, and activate innate signaling in a
dose and MOI-dependent manner [13,27,28]. At a multiplicity of infection (MOI) of 1, hSAECs express
a time-dependent activation of chemokines, cytokines and anti-viral IFNs that peak at 24 h without
evidence of cell death [11]. Finally, hSAECs exhibit viral induced genomic and proteomic expression
patterns that are highly correlated with those of primary small airway epithelial cells, making this
system informative [11,14].

Uninfected (control) and RSV infected hSAECs (MOI = 1, 24 h) were subjected to ATAC-Seq
and paired end reads were obtained on a NovaSeq 6000. An average of 55 M reads were obtained;
88% of the reads were mapped to the hg38 genome (Table S1). After adapter removal, the fragment
lengths showed a typical size distribution of 100 nt with an asymmetric tail characteristic of mono- and
di-nucleosomal fragmentation (Supplementary Figure S1). To examine the distribution of fragments,
library complexity patterns were analyzed. This analysis indicated that complexity was similar among
replicates Supplementary Figure S1).

To examine whether the ATAC-Seq peaks were reproducible and similar to its replicate, correlation
metrics were calculated and subjected to hierarchical clustering. We noted that each treatment condition
correlated with its replicate for both control and RSV-infected samples (Figure 1A). Principal Component
Analysis (PCA) was also performed to determine sample variability and similarity between replicates.
We observed that the control and RSV-treated samples were widely separated in the PCA first dimension.
This dimension accounted for 88% of the variability of the sample, indicating that the data represented
a robust effect of RSV infection (Figure 1B). We concluded from this quality analysis that the ATAC-Seq
data was reproducible and informative of the RSV effect.

3.1. Open Chromatin Domains in Control Cells—“Occupancy Analysis”

Because the Tn5 transposase cleaves nucleosome-free DNA, the ATAC-Seq reads of the uninfected
(control) hSAECs were first analyzed to identify constitutively open regions. ATAC-Seq reads from
control cells were analyzed to identify the landscape and characteristics of these accessible regions.
To this end, we first evaluated the performance of different bioinformatics tools to distinguish peaks
from noise. Recent developments in peak calling algorithms have resulted in the advancement
of several tools that use different approaches and assumptions. For this work, we applied two
peak-calling algorithms to identify high-confidence peaks. The first algorithm, Genrich, is adapted
from the Galaxy Project for analysis of paired end ATAC-Seq data, creating intervals where Tn5 cuts
occur, removing mitochondrial sequences and PCR duplicates. The second algorithm, Hidden Markov
Modeling for ATAC (HMMRATAC), is a machine learning method that splits the ATAC-seq dataset
into nucleosome-free and nucleosome-enriched signals, learns the unique chromatin structure around
accessible regions, and then predicts accessible regions across the entire genome [21].

Genrich and HMMRATAC independently identified ~12,650 chromatin peaks that were considered
high confidence peaks. The overlap of these two predictions were compared by examining those
that mapped to annotated gene bodies. Peaks were identified in ~8700 gene bodies shown in the
Venn diagram in Supplementary Figure S2. To understand the locations of ATAC-Seq peaks on
gene bodies in more detail, their distribution were mapped to canonical gene locations, including
the promoter, 5′ untranslated tracts (UTRs), gene bodies (exon/intron), 3′ UTR, and distal intergenic
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sequences. These are represented as annotation plot and an “upset” plot (Figure 2A). The upset plot is
a condensed method for examining the co-localization of multiple peaks on a gene body. From this
analysis, the majority of peaks (n = ~3500) were distributed in the Promoter, 5′ UTR, Exon, Intron,
and 3′ UTR (Figure 2A). The second most common location of ATAC-Seq peaks (n = ~2800) were
located only within introns of genes. These data indicated that open chromatin domains in control
cells were primarily located within gene bodies.

We next examined the distribution of peaks across the chromosomes (Chrs). In this analysis,
ATAC-Seq peaks were mapped to individual chromosomes, where each chromosome is represented
as a linear entity scaled to its relative length. We noted ATAC-Seq peaks were distributed across the
chromosomes as well as both sex chromosomes (Figure 2B). We noted dense clusters of Tn5 cleavage
on chromosomes Chrs-5 and -9, with regions of Chrs-13–15 and -22 being devoid of peaks. To further
examine the location of ATAC-Seq peaks, the peaks were represented as a tagged heat map, where the
length of the sequenced fragment was mapped relative to the annotated transcription start site (TSS,
Figure 2C). We noted a symmetric distribution of fragments over the TSS, centered over the origin
(0, Figure 2C). As confirmation, we plotted frequency of read counts relative to the origin of the TSS.
A symmetrical peak was observed centered over the TSS (Figure 2D). These data are consistent with the
gene body annotation (c.f. Figure 2A,C,D). We interpret these data to indicate that the regions of open
chromatin domains in control cells are located primarily in the promoters of genes centered on TSSs.
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Figure 1. Sample QC. (A) Correlation analysis of the assay for transposase-accessible chromatin
sequencing (ATAC-Seq) reads for the control and respiratory syncytial virus (RSV)-infected samples.
Samples were subjected to hierarchical clustering, with distance indicated in the dendrogram. Note that
the individual control (CON) and RSV samples cluster together and the two CON samples are distant
from the RSV infected samples. (B) Principal Component Analysis. ATAC-Seq peaks were subjected to
PCA. X axis, first principal component; Y axis, second principal component. Note the first principal
component separates the RSV from the CON treated samples and represents 88% of the variability in
the experiment.
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Figure 2. Occupancy analysis of control, human small airway epithelial cells (hSAECs). (A) “Upset” plot
of genomic annotations of ATAC-Seq peaks. The upset plot provides information on correspondence
of multiple peaks in a gene body. Note the most frequent pattern are peaks contain the promoter,
5′UTR, exon, intron, and 3′ UTR. Inset, pie chart of genomic region annotation. (B) Genome coverage
of open chromatin domains. Shown is a linear representation of open peaks for each chromosome
(labeled at right). (C) Tagged heat map of open chromatin domains relative to the 5′ regulatory region
from −3000 nt to +3000 nt. Each red bar represents the length of open chromatin domain on a gene.
(D) Distribution of peaks relative to the transcription start site (TSS). Note symmetric distribution over
the TSS.

3.2. Nucleosome-Free Regions Are Associated with Organelle Function and Cell Cycle Regulation

To determine the functions of the genes within open chromatin domains, high confidence ATAC-Seq
peaks found within 3000 nt of the TSS of a known gene (over two-thirds were <1 kB of the TSS) were
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analyzed by Reactome pathway analysis. Reactome pathways are a manually curated annotation
pathway database, where pathway enrichment is identified by “Gene ratio”, where the number of genes
is expressed as a fraction of the total number of genes in that pathway [29]. Significance is determined
by an adjusted p-value (padjust). We observed that functional pathways associated with genes in
open chromatin domains were significantly associated with organelle biogenesis, N-linked protein
glycosylation, and cell cycle regulation (Figure 3).
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Figure 3. Gene pathways associated with open chromatin domains in hSAECs. Shown are genome
ontologies ranked by the number of genes in a pathway (gene ratio) and by enrichment relative to
genome (adjusted p value, padjust). N, NH2 terminal; G2/M, cell cycle phases; PLK1 Polo Like Kinase
1, AURKA, Aurora Kinase A.

3.3. Open Chromatin Domains Are Associated with Active Promoter Marks

To further confirm that open chromatin domains are enriched in active promoters, ATAC-Seq
peaks were compared with publicly accessible ChIP-Seq data sets in GEO. We observed that the
frequency of read counts in control hSAECs significantly overlapped with experimentally determined
RNA polymerase II (Pol II), and histone-3 (H3) Lys (K27) acetylation (Ac) peaks, but were not enriched
in repressed gene marks, such as H3K27me3 (Figure 4A–C). We note that the H3K27Ac peaks were
broader than the narrow peaks produced by RNA Pol II and other sequence-specific transcription
factors. The H3K27Ac mark is significant because this modification is a characteristic of transcriptional
elongation occurring via the super elongation complex [27]. These data suggest open chromatin
domains in resting cells are enriched for transcriptionally active promoters engaging RNA Pol II and
associated with histone marks associated with active transcriptional elongation.

Our previous work comparing differential protein expression between hSAECs and bronchial
cells derived from conducting airways identified a cluster of Th2-regulating and mucogenic cytokines
to be preferentially expressed by hSAECs [11]. This cluster included including IL6, TSLP, CCL-20,
and MIP-3α. We therefore examined Tn5 cleavage patterns on these promoters to see if these genes
are contained within open chromatin domains in uninfected cells. Substantial cleavage patterns
corresponding to the promoters, introns, and gene bodies of IL6 and TSLP were observed (Figure 4D,E).
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These findings extend our understanding on the mechanisms for regulation of Th2 cytokine production
by lower airway epithelial cells.
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Figure 4. Open chromatin domains are enriched in active promoters. (A) Transcription factor overlap
of ATAC-seq signals (blue tracing) with RNA Pol II (brown tracing). (B) Overlap with H3K27Ac.
(C) Overlap with H3K27me3. (D) Integrated genomic viewer (IGV) of IL6 gene in control (purple) and
RSV-infected state (blue). Note the substantial cleavage of IL6 gene body and proximal promoter in
control cells, indicating chromatin accessibility. (E) IGV of TSLP. Transcription is from left to right.
Transposase accessible regions cover the promoter, intron 2, and distal portion of intron 3.

3.4. Overlap with Functional Enhancer Sequences

Collectively, the gene annotation, tagged matrix analysis, peak enrichment centered on TSSs,
and co-occurrence of RNA Pol II ChIP-Seq peaks suggested the ATAC-Seq cleavage sites are enriched
in proximal promoter sequences. Nevertheless, ~20% of ATAC-Seq annotations are located in
intergenic/distal intergenic regions (Figure 2A) and the H3K27Ac mark also has been associated with
active enhancers, complicating this interpretation. To further examine whether enhancer sequences are
represented, we extracted cell-type-specific enhancers from an annotated database. It is known that
active enhancers express bidirectional enhancer RNAs (eRNAs); these transcripts can be identified using
global run-on sequencing (GroSeq, [30]). We obtained active enhancer sequences from a human alveolar
(A549) cell from an annotated database of bidirectional GroSeq studies [31]. Enhancer sequences were
then compared to high-confidence chromatin domains. We observed that there was little overlap of
active enhancers with the high-confidence ATAC-Seq peaks. Only seven enhancers were present in
both, representing <0.05% of the peaks (Figure 5). Collectively, we interpret these data to indicate
that the open chromatin domains in resting hSAECs correspond to proximal promoters of actively
transcribed genes.
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A combinatorial code of cis regulatory elements on gene promoters confers cell-type and
virus-inducible gene expression patterns by binding cognate transcription factors regulated by distinct
signal transduction pathways. To identify if there are similar patterns of cis regulatory elements
in open promoters, we systematically searched for enrichment of known motifs. For this purpose,
we used HOMER, an algorithm that identifies motif enrichment relative to random DNA sequence
matched for similar guanosine-cytosince (GC) content [24]. Over 150 highly significant motifs were
identified, including members of the activator protein 1 (AP-1) complex, nuclear transcription factor
Y (NFY), Kruppel Zinc Finger (KLF), specificity protein 1 (SP1) transcription factor binding sites,
and others (Table 1). Interestingly, these factors are found at a significant fraction of the chromatin
regions, with AP-1/ATF binding sites in 15% of regions, KLF in 16%, and SP2 in 22% of regions (Table 1).

Table 1. Motif analysis.

Sequence Name/Class (Related Sequences) p-Value %Target Sequences

Viruses 2020, 12, x 9 of 22 

 

 

Figure 5. Presence of active enhancers in ATAC-Seq peaks. Venn diagram of the overlap between the 

high confidence ATAC-Seq peaks from uninfected hSAECs and active A549 enhancer sequences. 

3.5. Promoter-Enriched Open Chromatin Domains Are Enriched in Basic Domain-Leucine Zipper (bZIP) 

Binding Motifs 

A combinatorial code of cis regulatory elements on gene promoters confers cell-type and virus-

inducible gene expression patterns by binding cognate transcription factors regulated by distinct 

signal transduction pathways. To identify if there are similar patterns of cis regulatory elements in 

open promoters, we systematically searched for enrichment of known motifs. For this purpose, we 

used HOMER, an algorithm that identifies motif enrichment relative to random DNA sequence 

matched for similar guanosine-cytosince (GC) content [24]. Over 150 highly significant motifs were 

identified, including members of the activator protein 1 (AP-1) complex, nuclear transcription factor 

Y (NFY), Kruppel Zinc Finger (KLF), specificity protein 1 (SP1) transcription factor binding sites, and 

others (Table I). Interestingly, these factors are found at a significant fraction of the chromatin regions, 

with AP-1/ATF binding sites in 15% of regions, KLF in 16%, and SP2 in 22% of regions (Table 1). 

Table 1. Motif analysis. 

Sequence 

Name/Class 

(Related 

Sequences) 

P-Value 

%Target 

Sequenc

es 

 

ATF/BZIP 

(Fra, Jun, Fos, AP-

1, JunB, Fosl2, 

Bach2) 

1 × 10−1203 15% 

 

NFY/CCAAT 1 × 10−317 9.9 

 

KLF1(Zf) 

(SP1,SP2, KLF5, 

KLF3, 

KLF6,KLF14) 

1 × 10−290 15.7 

 

SP2/ZF 

(SP1, SP5) 
1 × 10−285 22 

ATF/BZIP
(Fra, Jun, Fos, AP-1, JunB, Fosl2, Bach2) 1 × 10−1203 15%

Viruses 2020, 12, x 9 of 22 

 

 

Figure 5. Presence of active enhancers in ATAC-Seq peaks. Venn diagram of the overlap between the 

high confidence ATAC-Seq peaks from uninfected hSAECs and active A549 enhancer sequences. 

3.5. Promoter-Enriched Open Chromatin Domains Are Enriched in Basic Domain-Leucine Zipper (bZIP) 

Binding Motifs 

A combinatorial code of cis regulatory elements on gene promoters confers cell-type and virus-

inducible gene expression patterns by binding cognate transcription factors regulated by distinct 

signal transduction pathways. To identify if there are similar patterns of cis regulatory elements in 

open promoters, we systematically searched for enrichment of known motifs. For this purpose, we 

used HOMER, an algorithm that identifies motif enrichment relative to random DNA sequence 

matched for similar guanosine-cytosince (GC) content [24]. Over 150 highly significant motifs were 

identified, including members of the activator protein 1 (AP-1) complex, nuclear transcription factor 

Y (NFY), Kruppel Zinc Finger (KLF), specificity protein 1 (SP1) transcription factor binding sites, and 

others (Table I). Interestingly, these factors are found at a significant fraction of the chromatin regions, 

with AP-1/ATF binding sites in 15% of regions, KLF in 16%, and SP2 in 22% of regions (Table 1). 

Table 1. Motif analysis. 

Sequence 

Name/Class 

(Related 

Sequences) 

P-Value 

%Target 

Sequenc

es 

 

ATF/BZIP 

(Fra, Jun, Fos, AP-

1, JunB, Fosl2, 

Bach2) 

1 × 10−1203 15% 

 

NFY/CCAAT 1 × 10−317 9.9 

 

KLF1(Zf) 

(SP1,SP2, KLF5, 

KLF3, 

KLF6,KLF14) 

1 × 10−290 15.7 

 

SP2/ZF 

(SP1, SP5) 
1 × 10−285 22 

NFY/CCAAT 1 × 10−317 9.9

Viruses 2020, 12, x 9 of 22 

 

 

Figure 5. Presence of active enhancers in ATAC-Seq peaks. Venn diagram of the overlap between the 

high confidence ATAC-Seq peaks from uninfected hSAECs and active A549 enhancer sequences. 

3.5. Promoter-Enriched Open Chromatin Domains Are Enriched in Basic Domain-Leucine Zipper (bZIP) 

Binding Motifs 

A combinatorial code of cis regulatory elements on gene promoters confers cell-type and virus-

inducible gene expression patterns by binding cognate transcription factors regulated by distinct 

signal transduction pathways. To identify if there are similar patterns of cis regulatory elements in 

open promoters, we systematically searched for enrichment of known motifs. For this purpose, we 

used HOMER, an algorithm that identifies motif enrichment relative to random DNA sequence 

matched for similar guanosine-cytosince (GC) content [24]. Over 150 highly significant motifs were 

identified, including members of the activator protein 1 (AP-1) complex, nuclear transcription factor 

Y (NFY), Kruppel Zinc Finger (KLF), specificity protein 1 (SP1) transcription factor binding sites, and 

others (Table I). Interestingly, these factors are found at a significant fraction of the chromatin regions, 

with AP-1/ATF binding sites in 15% of regions, KLF in 16%, and SP2 in 22% of regions (Table 1). 

Table 1. Motif analysis. 

Sequence 

Name/Class 

(Related 

Sequences) 

P-Value 

%Target 

Sequenc

es 

 

ATF/BZIP 

(Fra, Jun, Fos, AP-

1, JunB, Fosl2, 

Bach2) 

1 × 10−1203 15% 

 

NFY/CCAAT 1 × 10−317 9.9 

 

KLF1(Zf) 

(SP1,SP2, KLF5, 

KLF3, 

KLF6,KLF14) 

1 × 10−290 15.7 

 

SP2/ZF 

(SP1, SP5) 
1 × 10−285 22 

KLF1(Zf)
(SP1,SP2, KLF5, KLF3, KLF6,KLF14) 1 × 10−290 15.7

Viruses 2020, 12, x 9 of 22 

 

 

Figure 5. Presence of active enhancers in ATAC-Seq peaks. Venn diagram of the overlap between the 

high confidence ATAC-Seq peaks from uninfected hSAECs and active A549 enhancer sequences. 

3.5. Promoter-Enriched Open Chromatin Domains Are Enriched in Basic Domain-Leucine Zipper (bZIP) 

Binding Motifs 

A combinatorial code of cis regulatory elements on gene promoters confers cell-type and virus-

inducible gene expression patterns by binding cognate transcription factors regulated by distinct 

signal transduction pathways. To identify if there are similar patterns of cis regulatory elements in 

open promoters, we systematically searched for enrichment of known motifs. For this purpose, we 

used HOMER, an algorithm that identifies motif enrichment relative to random DNA sequence 

matched for similar guanosine-cytosince (GC) content [24]. Over 150 highly significant motifs were 

identified, including members of the activator protein 1 (AP-1) complex, nuclear transcription factor 

Y (NFY), Kruppel Zinc Finger (KLF), specificity protein 1 (SP1) transcription factor binding sites, and 

others (Table I). Interestingly, these factors are found at a significant fraction of the chromatin regions, 

with AP-1/ATF binding sites in 15% of regions, KLF in 16%, and SP2 in 22% of regions (Table 1). 

Table 1. Motif analysis. 

Sequence 

Name/Class 

(Related 

Sequences) 

P-Value 

%Target 

Sequenc

es 

 

ATF/BZIP 

(Fra, Jun, Fos, AP-

1, JunB, Fosl2, 

Bach2) 

1 × 10−1203 15% 

 

NFY/CCAAT 1 × 10−317 9.9 

 

KLF1(Zf) 

(SP1,SP2, KLF5, 

KLF3, 

KLF6,KLF14) 

1 × 10−290 15.7 

 

SP2/ZF 

(SP1, SP5) 
1 × 10−285 22 

SP2/ZF
(SP1, SP5) 1 × 10−285 22

Viruses 2020, 12, x 10 of 22 

 

 

Fli1/ETX 1 × 10−170 11 

 

ETV4/ETS 1 × 10−139 11 

 

ELK4/ETS 1 × 10−134 7 

 

P73/p53 

(p53) 
1 × 10−132 1.3 

 

NF-E2/BZIP 1 × 10−114 1.5 

BZIP, basic domain-leucine zipper; AP1, activator protein 1; ETS, E26 transformation-specific; NFY, 

nuclear transcription factor Y; KLF, Kruppel Zinc Finger; and SP1, specificity protein 1. 

3.6. RSV Inducible Changes in Chromatin Accessibility 

To identify virus-inducible changes in chromatin accessibility, ATAC-Seq peaks were analyzed 

for differential expression. ATAC-Seq peaks in RSV-infected cells were compared to those from 

uninfected cells using a DESEQ2 contrast in DIFFBIND (comparing count abundance). 1700 

differentially cleaved sites were identified in both peak-calling algorithms. These differentially 

expressed peaks mapped to 1120 gene bodies. In contrast to the gene-body annotations seen in the 

occupancy analysis of resting hSAECs, RSV-induced ATAC-Seq peaks were primarily found on 

introns. As shown in the gene annotation “upset plot”, ~700 ATAC-Seq peaks were found in a gene 

intron only, with 500 peaks located in a distal intergenic sequence (Figure 6A). These locations were 

distributed over all chromosomes, with more pronounced clustering on Chr 5 and Chr 9, and in a 

similar pattern to the peaks found in uninfected hSAECs (Figure 6B). 

The RSV-inducible peaks were then mapped to annotated transcriptional start sites (TSSs) from 

human genome 38. We noted the RSV-induced ATAC-Seq peaks centered on the TSSs of annotated 

genes (Figure 6C). However, in contrast to the smooth tails of the constitutive ATAC-Seq peaks, the 

flanking sequences of the RSV-induced ATAC-Seq peaks showed periodicity (compare Figure 6C to 

Figure 2D). Of note, a larger peak 3′ to the TSS was identified in the RSV-inducible Data set. This 

asymmetric distribution is consistent with the intronic enrichment of the RSV-induced chromatin 

domains noted in Figure 6A. 

Fli1/ETX 1 × 10−170 11

Viruses 2020, 12, x 10 of 22 

 

 

Fli1/ETX 1 × 10−170 11 

 

ETV4/ETS 1 × 10−139 11 

 

ELK4/ETS 1 × 10−134 7 

 

P73/p53 

(p53) 
1 × 10−132 1.3 

 

NF-E2/BZIP 1 × 10−114 1.5 

BZIP, basic domain-leucine zipper; AP1, activator protein 1; ETS, E26 transformation-specific; NFY, 

nuclear transcription factor Y; KLF, Kruppel Zinc Finger; and SP1, specificity protein 1. 

3.6. RSV Inducible Changes in Chromatin Accessibility 

To identify virus-inducible changes in chromatin accessibility, ATAC-Seq peaks were analyzed 

for differential expression. ATAC-Seq peaks in RSV-infected cells were compared to those from 

uninfected cells using a DESEQ2 contrast in DIFFBIND (comparing count abundance). 1700 

differentially cleaved sites were identified in both peak-calling algorithms. These differentially 

expressed peaks mapped to 1120 gene bodies. In contrast to the gene-body annotations seen in the 

occupancy analysis of resting hSAECs, RSV-induced ATAC-Seq peaks were primarily found on 

introns. As shown in the gene annotation “upset plot”, ~700 ATAC-Seq peaks were found in a gene 

intron only, with 500 peaks located in a distal intergenic sequence (Figure 6A). These locations were 

distributed over all chromosomes, with more pronounced clustering on Chr 5 and Chr 9, and in a 

similar pattern to the peaks found in uninfected hSAECs (Figure 6B). 

The RSV-inducible peaks were then mapped to annotated transcriptional start sites (TSSs) from 

human genome 38. We noted the RSV-induced ATAC-Seq peaks centered on the TSSs of annotated 

genes (Figure 6C). However, in contrast to the smooth tails of the constitutive ATAC-Seq peaks, the 

flanking sequences of the RSV-induced ATAC-Seq peaks showed periodicity (compare Figure 6C to 

Figure 2D). Of note, a larger peak 3′ to the TSS was identified in the RSV-inducible Data set. This 

asymmetric distribution is consistent with the intronic enrichment of the RSV-induced chromatin 

domains noted in Figure 6A. 

ETV4/ETS 1 × 10−139 11

Viruses 2020, 12, x 10 of 22 

 

 

Fli1/ETX 1 × 10−170 11 

 

ETV4/ETS 1 × 10−139 11 

 

ELK4/ETS 1 × 10−134 7 

 

P73/p53 

(p53) 
1 × 10−132 1.3 

 

NF-E2/BZIP 1 × 10−114 1.5 

BZIP, basic domain-leucine zipper; AP1, activator protein 1; ETS, E26 transformation-specific; NFY, 

nuclear transcription factor Y; KLF, Kruppel Zinc Finger; and SP1, specificity protein 1. 

3.6. RSV Inducible Changes in Chromatin Accessibility 

To identify virus-inducible changes in chromatin accessibility, ATAC-Seq peaks were analyzed 

for differential expression. ATAC-Seq peaks in RSV-infected cells were compared to those from 

uninfected cells using a DESEQ2 contrast in DIFFBIND (comparing count abundance). 1700 

differentially cleaved sites were identified in both peak-calling algorithms. These differentially 

expressed peaks mapped to 1120 gene bodies. In contrast to the gene-body annotations seen in the 

occupancy analysis of resting hSAECs, RSV-induced ATAC-Seq peaks were primarily found on 

introns. As shown in the gene annotation “upset plot”, ~700 ATAC-Seq peaks were found in a gene 

intron only, with 500 peaks located in a distal intergenic sequence (Figure 6A). These locations were 

distributed over all chromosomes, with more pronounced clustering on Chr 5 and Chr 9, and in a 

similar pattern to the peaks found in uninfected hSAECs (Figure 6B). 

The RSV-inducible peaks were then mapped to annotated transcriptional start sites (TSSs) from 

human genome 38. We noted the RSV-induced ATAC-Seq peaks centered on the TSSs of annotated 

genes (Figure 6C). However, in contrast to the smooth tails of the constitutive ATAC-Seq peaks, the 

flanking sequences of the RSV-induced ATAC-Seq peaks showed periodicity (compare Figure 6C to 

Figure 2D). Of note, a larger peak 3′ to the TSS was identified in the RSV-inducible Data set. This 

asymmetric distribution is consistent with the intronic enrichment of the RSV-induced chromatin 

domains noted in Figure 6A. 

ELK4/ETS 1 × 10−134 7

Viruses 2020, 12, x 10 of 22 

 

 

Fli1/ETX 1 × 10−170 11 

 

ETV4/ETS 1 × 10−139 11 

 

ELK4/ETS 1 × 10−134 7 

 

P73/p53 

(p53) 
1 × 10−132 1.3 

 

NF-E2/BZIP 1 × 10−114 1.5 

BZIP, basic domain-leucine zipper; AP1, activator protein 1; ETS, E26 transformation-specific; NFY, 

nuclear transcription factor Y; KLF, Kruppel Zinc Finger; and SP1, specificity protein 1. 

3.6. RSV Inducible Changes in Chromatin Accessibility 

To identify virus-inducible changes in chromatin accessibility, ATAC-Seq peaks were analyzed 

for differential expression. ATAC-Seq peaks in RSV-infected cells were compared to those from 

uninfected cells using a DESEQ2 contrast in DIFFBIND (comparing count abundance). 1700 

differentially cleaved sites were identified in both peak-calling algorithms. These differentially 

expressed peaks mapped to 1120 gene bodies. In contrast to the gene-body annotations seen in the 

occupancy analysis of resting hSAECs, RSV-induced ATAC-Seq peaks were primarily found on 

introns. As shown in the gene annotation “upset plot”, ~700 ATAC-Seq peaks were found in a gene 

intron only, with 500 peaks located in a distal intergenic sequence (Figure 6A). These locations were 

distributed over all chromosomes, with more pronounced clustering on Chr 5 and Chr 9, and in a 

similar pattern to the peaks found in uninfected hSAECs (Figure 6B). 

The RSV-inducible peaks were then mapped to annotated transcriptional start sites (TSSs) from 

human genome 38. We noted the RSV-induced ATAC-Seq peaks centered on the TSSs of annotated 

genes (Figure 6C). However, in contrast to the smooth tails of the constitutive ATAC-Seq peaks, the 

flanking sequences of the RSV-induced ATAC-Seq peaks showed periodicity (compare Figure 6C to 

Figure 2D). Of note, a larger peak 3′ to the TSS was identified in the RSV-inducible Data set. This 

asymmetric distribution is consistent with the intronic enrichment of the RSV-induced chromatin 

domains noted in Figure 6A. 

P73/p53
(p53) 1 × 10−132 1.3

Viruses 2020, 12, x 10 of 22 

 

 

Fli1/ETX 1 × 10−170 11 

 

ETV4/ETS 1 × 10−139 11 

 

ELK4/ETS 1 × 10−134 7 

 

P73/p53 

(p53) 
1 × 10−132 1.3 

 

NF-E2/BZIP 1 × 10−114 1.5 

BZIP, basic domain-leucine zipper; AP1, activator protein 1; ETS, E26 transformation-specific; NFY, 

nuclear transcription factor Y; KLF, Kruppel Zinc Finger; and SP1, specificity protein 1. 

3.6. RSV Inducible Changes in Chromatin Accessibility 

To identify virus-inducible changes in chromatin accessibility, ATAC-Seq peaks were analyzed 

for differential expression. ATAC-Seq peaks in RSV-infected cells were compared to those from 

uninfected cells using a DESEQ2 contrast in DIFFBIND (comparing count abundance). 1700 

differentially cleaved sites were identified in both peak-calling algorithms. These differentially 

expressed peaks mapped to 1120 gene bodies. In contrast to the gene-body annotations seen in the 

occupancy analysis of resting hSAECs, RSV-induced ATAC-Seq peaks were primarily found on 

introns. As shown in the gene annotation “upset plot”, ~700 ATAC-Seq peaks were found in a gene 

intron only, with 500 peaks located in a distal intergenic sequence (Figure 6A). These locations were 

distributed over all chromosomes, with more pronounced clustering on Chr 5 and Chr 9, and in a 

similar pattern to the peaks found in uninfected hSAECs (Figure 6B). 

The RSV-inducible peaks were then mapped to annotated transcriptional start sites (TSSs) from 

human genome 38. We noted the RSV-induced ATAC-Seq peaks centered on the TSSs of annotated 

genes (Figure 6C). However, in contrast to the smooth tails of the constitutive ATAC-Seq peaks, the 

flanking sequences of the RSV-induced ATAC-Seq peaks showed periodicity (compare Figure 6C to 

Figure 2D). Of note, a larger peak 3′ to the TSS was identified in the RSV-inducible Data set. This 

asymmetric distribution is consistent with the intronic enrichment of the RSV-induced chromatin 

domains noted in Figure 6A. 

NF-E2/BZIP 1 × 10−114 1.5

BZIP, basic domain-leucine zipper; AP1, activator protein 1; ETS, E26 transformation-specific; NFY, nuclear
transcription factor Y; KLF, Kruppel Zinc Finger; and SP1, specificity protein 1.



Viruses 2020, 12, 804 10 of 21

3.6. RSV Inducible Changes in Chromatin Accessibility

To identify virus-inducible changes in chromatin accessibility, ATAC-Seq peaks were analyzed for
differential expression. ATAC-Seq peaks in RSV-infected cells were compared to those from uninfected
cells using a DESEQ2 contrast in DIFFBIND (comparing count abundance). 1700 differentially cleaved
sites were identified in both peak-calling algorithms. These differentially expressed peaks mapped to
1120 gene bodies. In contrast to the gene-body annotations seen in the occupancy analysis of resting
hSAECs, RSV-induced ATAC-Seq peaks were primarily found on introns. As shown in the gene
annotation “upset plot”, ~700 ATAC-Seq peaks were found in a gene intron only, with 500 peaks located
in a distal intergenic sequence (Figure 6A). These locations were distributed over all chromosomes,
with more pronounced clustering on Chr 5 and Chr 9, and in a similar pattern to the peaks found in
uninfected hSAECs (Figure 6B).

The RSV-inducible peaks were then mapped to annotated transcriptional start sites (TSSs) from
human genome 38. We noted the RSV-induced ATAC-Seq peaks centered on the TSSs of annotated
genes (Figure 6C). However, in contrast to the smooth tails of the constitutive ATAC-Seq peaks,
the flanking sequences of the RSV-induced ATAC-Seq peaks showed periodicity (compare Figure 6C
to Figure 2D). Of note, a larger peak 3′ to the TSS was identified in the RSV-inducible Data set.
This asymmetric distribution is consistent with the intronic enrichment of the RSV-induced chromatin
domains noted in Figure 6A.

Transcription factor binding enrichment of the RSV-inducible ATAC-Seq peaks was next examined
using HOMER to identify enriched cis-regulatory motifs. Like the results of the analysis of ATAC-Seq
from uninfected hSAECs, HOMER identified a highly significant enrichment of ATF sequences
(adj p value of 1 × 10−187) in 19% of the RSV-induced nucleosome-free domains. But, in contrast,
a different pattern of co-occuring motifs was identified. These sequences included the p53-related
TP63, Transcriptional Enhancer Factor Domain (TEAD)3, forkhead (FOXA1), nuclear factor (NF)1
and others (Table 2). Interestingly, discussed later, many of these motifs are cognate sites for pioneer
transcription factors involved in opening chromatin [32].

Table 2. Motif analysis of RSV induced nucleosome free regions.

Sequence Name/Class (Related Sequences) p-Value %Target Sequences
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Figure 6. Analysis of RSV-induced open chromatin domains. (A) Upset plot of genomic annotations of
ATAC-Seq peaks. Note the highest frequency of sites corresponds to intronic locations in gene bodies.
(B) Genome coverage of open chromatin domains each chromosome (at right). (C) Distribution of
peaks relative to the transcription start site (TSS). (D) tagged heat map of open chromatin domains
relative to the 5′ regulatory region from −3000 nt to +3000 nt. Each red bar represents the length of
open chromatin domain on a gene.
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3.7. RSV-Induced Open Chromatin Peaks Are Associated with Active Promoters and JUN Binding

RSV-induced peaks also substantially overlapped with experimentally determined RNA Pol II
and H3K27Ac peaks, indicating these sequences were enriched in activated promoters. Interestingly a
substantial overlap of RSV-inducible nucleosome free regions was seen with JUN ChIP-Seq (Figure 7).
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Figure 7. RSV-induced promoters are enriched in active histone marks and JUN/AP1 binding. Shown are
transcription factor overlap plots of ATAC-seq signals with ChIP-seq binding of RNA Pol II, H3K27Ac,
and JUN by Peak Count Frequency. Note the H3K27Ac binding is consistent with the broad domains
produced by histone modification in contrast to the narrow peaks corresponding to polymerase and
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3.8. RSV-Induced Chromatin Domains Are Devoid of Tissue-Specific Enhancers

Although the majority of RSV-inducible chromatin regions mapped to intronic sequences
(Figure 6A), we examined whether these sequences contained functionally active enhancers from A549
airway epithelial cells [31]. No overlap was seen between the two data sets (Figure 8). Collectively,
we interpret these data to indicate that the RSV-induced open chromatin domains correspond primarily
to introns in actively transcribed genes.
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Figure 8. RSV-induced ATAC-Seq peaks are devoid of functional enhancers. Venn diagram of
the overlap between the high confidence ATAC-Seq peaks from RSV-infected cells and active A549
enhancer sequences.
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3.9. RSV-Induced Chromatin Opening Is Associated with Distinct Profiles of Gene Expression

We next sought to obtain insight into the relationship of RSV-inducible chromatin opening and
gene expression. In this approach, RSV-induced ATAC-Seq peaks proximally located to TSSs were
selected. These peaks were ±3000 bp of the TSS; of these, two-thirds were within <1 kB of the TSS,
indicating that these were within the proximal promoter. We then quantified mRNA expression
patterns for these genes by next generation sequencing. Short-read RNA-seq data from 0, 16, and
24 h of RSV-infected hSAECs were normalized, scaled, and subjected to hierarchical clustering (n = 4
independent samples at each time point). From the hierarchical clustering, we identified four distinct
clusters of gene expression (Figure 9). These clusters included a cluster of genes that are induced after
24 h of infection; a cluster of genes induced at 16 h and fall by 24 h, and two clusters of genes whose
expression declined over the course of infection (Figure 9).
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Figure 9. mRNA expression changes associated with RSV-induced changes in chromatin accessibility.
mRNA expression patterns of genes within 3000 bp of RSV induced nucleosome free regions were
scaled and grouped by hierarchical clustering using Euclidian distance as the distance metric. Each row
represents a different gene. Four distinct expression patterns are separated by white space. Bottom left,
the “Fold” annotation column indicates the fold change in accessibility of the nearest ATAC-seq peak
to the TSS. Note the higher accessibility scores tend to occur in the top 2 clusters; expression of these
genes is increased by RSV infection.
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To determine relationship with changes in chromatin accessibility and gene expression, the fold
change in RSV-induced ATAC-Seq peak intensity of the nearest peak to the TSS was extracted and used
to annotate each row of the hierarchical cluster. We found that genes with an increase in RSV-induced
chromatin accessibility were more likely to show inductions of gene expression during the 24 h RSV
infection, and genes whose expression fell were more likely to have reduced levels of chromatin
accessibility (Figure 9). These findings suggest that promoters that have increased RSV-induced
accessibility show enhanced gene expression.

3.10. Functional Enrichment of Gene Expression Changes

RSV-induced chromatin changes were analyzed by pathway enrichment, where signaling by
receptor tyrosine kinases and ECM organization were the most enriched pathways (Figure 10A).
Within these clusters, we noted that the genes encoding Glutamine-Fructose-6-Phosphate Transaminase
2 (GFPT2), transforming growth factor B (TGFB1), JUNB, fibronectin (FN1), and matrix metalloprotein
(MMP9) were identified. These genes play coordinate role in ECM remodeling in inducible epithelial
mesenchymal transition [33,34].

An integrated network pathway analysis also identified three major hubs of ECM organization
and adherent junctions interactions. Within these hubs, integrins, TGFβ, and cytoskeletal proteins
(collagen and Laminin) are also identified (Figure 10B). Collectively, these functional analyses indicate
that RSV-induced chromatin accessibility is associated with expression of TGFβ-induced ECM
modifying proteins.

3.11. Growth Factor Induction of TGFB1-JUNB, FN1, and MMP9

To understand the effects of RSV infection on chromatin accessibility for the TGFβ-ECM pathway,
an integrated genome viewer (IGV) visualization was performed. Here, counts of ATAC-Seq cleavage
were mapped to individual gene features. In control hSAECs, GFPT2 is in a partially open chromatin
configuration, with peaks identified corresponding to the TSS and intron 5 (Figure 11A). The accessibility
of GFPT2 is increased upon RSV infection. The highly inducible GFPT2 mRNA expression is also noted
(Figure 11B).

Similarly, accessibility of the TGFB1 TSS is substantially enhanced by RSV infection; this chromatin
opening is associated with a fourfold increase in mRNA expression (Figure 11A,B). The nuclease
cleavage pattern of JUNB is the most dramatic of the focus genes in the growth factor-ECM pathway.
Here the proximal promoter, gene body, and 3′UTR of JUNB are dramatically increased in response to
RSV infection. The proximal promoter of FN1 is opened as a result of RSV infection; this gene shows a
late pattern of expression (Figure 11B). Finally, RSV induces open chromatin domain of MMP9, both in
its proximal promoter and a further upstream site, previously shown to be functionally important in
MMP9 expression.
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Figure 10. Pathway analysis of genic regions associated with RSV induced open chromatin domains.
(A) Shown are genome ontologies ranked by the number of genes in a pathway (gene ratio) and by
enrichment relative to genome (p value). (B) Integrated network analysis of genes shows 3 major
functional pathways are affected by RSV induced changes in chromatin accessibility. Node size and
fold change in nucleosome free domain are indicated in the legend.
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Figure 11. Inducible chromatin changes in the TGFβ growth factor-ECM pathway. (A) Integrated
genomic viewer (IGV) of ATAC-Seq cleavage fragments mapped to the GFPT2, TGFB1, JUNB, and FN1
genes in control and RSV-infected state. Note the increased transposase digestion of promoter elements
after RSV infection. (B) mRNA changes of each gene. Shown is mean ± SD (n = 4 independent RNA-seq
reads quantified by RSEM). *, p < 0.05, **, p < 0.01 post hoc Tukey’s test.

4. Discussion

RSV is an important human pathogen responsible for acute inflammation and lower respiratory
tract infection (LRTI). The mechanisms underlying chronic sequelae of RSV infection, including airway
remodeling, atopy, and chronic reduction in pulmonary function are not fully understood.
In experimental viral challenges and fatal cases of RSV LRTI, RSV replication is predominately seen in
the airway epithelial cell [12,35]. Using ex vivo models of lower airway epithelial cells, we know that
RSV infection is associated with global reprogramming of gene expression and protein secretion patterns.
In this study, we extend the understanding of the effects of virus in this pathobiologically relevant
model by focusing on understanding open chromatin states and inducible changes. High-confidence
Tn5 transposase-accessible regions were predicted using two independent peak-calling algorithms.
Here, we discover that open chromatin domains in resting lower respiratory cells are highly enriched in
active promoters controlling housekeeping functions (organelle biosynthesis, protein N-glycosylation,
and cell cycle regulation). By contrast, RSV-induced open chromatin domains are highly enriched in
AP1 binding motifs and overlap JUN peaks in GEO ChIP-Seq data sets. Importantly, genes undergoing
RSV induced remodeling are involved in growth factor-tyrosine signaling and ECM production.
These data provide important insights into the mechanisms of RSV-induced structural remodeling that
may be linked to chronic infectious sequelae.
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Previous systems-level studies using gene profiling experiments have suggested that lower
airway epithelial cells produce greater amounts of Th2-activating CCL-type chemokines than do
epithelial cells of the conducting airways [10,36]. These findings were extended using unbiased
comparative proteomics analysis. Here, proteins preferentially secreted by RSV infected bronchiolar
cells compared to tracheal derived cells indicated enhanced secretion of Th2 activating cytokines
(MIP1α, TSLP), mucin expressing (CCL20), and fibrogenic cytokines (IL6) [11]. Because RSV infection
similarly activates NFκB, STAT, and IRF pathways in both upper and lower airway epithelial cells,
the mechanisms for how preferential Th2 cytokine expression is exhibited by lower epithelial cells
have not been determined. Here we provide direct evidence that these genes are contained in open
chromatin domain in resting hSAECs. Substantial Tn5 transposase cleavage is seen on the IL6, TSLP,
CCL20, and MIP1α promoters, and these promoters overlap experimentally determined H3K27Ac
and RNA Pol II peaks. H3K27 marks are characteristic of inducible promoters bound by the positive
transcriptional elongation factor [37]. With promoters in an open chromatin environment engaged with
RNA Pol II, activated NFκB, STAT, and IRF are able to induce high level of expression in response to
RSV infection. Together, these data indicate that promoters expressing this subgroup of Th2 cytokines
are primed for rapid transcriptional elongation, a major mode of cytokine activation in response to the
innate immune response [13,28].

We observe that RSV infection results in formation of some ~1700 open chromatin domains across
the genome distributed over all chromosomes, including both sex chromosomes. These domains are
associated with distinct functional patterns involving tyrosine kinase signaling and ECM organization.
TGFB1 expression is increased in RSV disease, where it induces collagen synthesis and airway
remodeling [38]. However, the mechanism for how TGFB1 is activated by RSV infection in epithelial
cells has not been fully explained. Here, we observe that the TGFB1 promoter is remodeled into an
open state by RSV, and this process is associated with enhanced mRNA expression.

We also note that RSV induces chromatin opening of GFPT2, the rate limiting enzyme in the
hexosamine biosynthetic pathway (HBP). Our previous work has shown that TGFB1 induces epithelial
cell state transition and GFPT2 expression. Activation of the HBP was demonstrated by intracellular
accumulation of uridine diphosphate N-acetylglucosamine (UDP-GlcNAc) and GFPT2-dependent FN1
glycosylation [33]. UDP-GlcNAc is the obligate activator of O-linked N-acetylglucosamine transferase
(OGT). GFPT2 enhances capacity for protein glycosylation and folding, relieving proteostasis produced
by increased ECM production and viral protein secretion, making its expression a key regulatory
step in the unfolded protein response [33]. Although activation of the HBP has not been previously
described in RSV infection, metabolomics profiling studies of airway epithelial cells indicate that
GFPT2 is upregulated in response to infection with human metapneumovirus [39]. Through the actions
of GFPT2 and enhanced glycosylation of insoluble ECM proteins, such as FN1, RSV infected airway
cells are able to produce more extracellular matrix, providing structural remodeling of the lung in LRTI.

MMP9 is a zinc-metalloproteinase involved in ECM remodeling, where it cleaves FN, Col IV,
laminin, growth factor receptors, and other substrates. Previous work has shown that MMP9 gene
expression is induced by RSV infection, where it represents the major gelatinolytic activity in cultured
supernatants [40]. The expression of MMP9 has been studied in detail; it is known that MMP9
transcription is controlled by cooperative AP1 and NFκB binding sites occluded by a nucleosome array
in unstimulated cells. This nucleosome is repositioned upon stimulation with phorbol myristic acid
(PMA)n a manner dependent on extracellular signal-regulated kinase (ERK) signaling, resulting in
increased acetylated histone H3 binding [41]. Our findings showing increased chromatin accessible
sites in the AP1/NFκB binding region of the upstream promoter are consistent with the nucleosome
eviction model for MMP9 activation [38].

Our data strongly suggest that RSV-inducible open chromatin domains are highly enriched in
AP-1 binding, supported by motif analysis, and overlap with experimentally determined JUN binding
in ChIP-seq. AP1 has been demonstrated to be essential for chromatin accessibility of glucocorticoid
receptor [42], and involved in chromatin opening during T cell activation [43]. In these latter studies,
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consistent with our findings here, inducible AP1 binding was observed in open chromatin produced
by T cell receptor (TCR) stimulation. We note studies that show systemic induction of c-JUN results
in organ fibrosis in mice [44]. RSV-induced AP1 activation is coordinated via post-translational
modifications, including JUN N terminal kinase-mediated phosphorylation and upregulated mRNA
expression of JUNB and FOS [45].

We interpret the findings that TGFβ-ECM pathway genes are regulated by enhanced chromatin
accessibility to suggest the functional role of pioneer factors in RSV-induced gene reprogramming.
Pioneer factors are a subclass of transcription factors that activate repressed genes important in cell
state transition and differentiation. A number of pioneer factors have been identified, including FoxA,
p53, and NFY [46]; we note binding motifs for this subclass of transcription factors are enriched in
RSV-induced open chromatin environments (Table 2). Although most models of cellular reprogramming
have been developed to study models of development and oncogenic transformation, we contend that
cellular reprogramming also occurs in airway epithelial cells in response to virus infection and chronic
inflammation (asthma and chronic obstructive pulmonary disease). For example, chronic activation of
innate signaling via Toll like receptor 3 induces epithelial mesenchymal transition (EMT) through a
complex series of partial cell state transitions mediated by RELA [26,34]. The role of AP1 as a pioneer
factor in innate signaling-induced EMT has not been explored to our knowledge.

Activation of growth factor-TGFβ-HBP and extracellular remodeling may play an important
role in structural remodeling of the airway, linking LRTI with chronic sequelae. Mentioned earlier,
RSV replicates for up to 28 d in the lower respiratory tract in viral challenge models [12], where chronic
inflammation and signals may be generated to promote disruption of the epithelial barrier and
structural remodeling. Viral infection induced EMT induces secretion of IL6, TGFβ, and other growth
factors that trigger expansion of subepithelial myofibroblasts [13]. Myofibroblasts are αSMA+/COL1+

and are thought to be major sources of ECM deposition, contributing to lamina reticularis expansion
and interstitial fibrosis [47]. This process may be important in the reduction of lung function seen in
observational studies of LRTI cohorts [48].

4.1. Limitations

In this first description of chromatin remodeling, we have chosen to use very stringent filter
requiring chromatin domains to be independently predicted by two unrelated Peak Calling algorithms.
This initial analysis will undoubtedly be expanded as more sensitive and reproducible informatics
algorithms are developed. Our experimental model is a standardized RSV infection using a multiplicity
of infection of 1. In this model, RSV replication activates the NFκB and IRF transcription factors
in defined kinetics [28], producing innate gene expression with minimal effects on cell death [11].
The kinetics of gene expression, cell death and presumably chromatin remodeling will be influenced by
changes in MOI. Our study is not designed to address whether similar or distinct effects of chromatin
remodeling occur with other viral infections, but this is an interesting question to pursue.

4.2. Future Directions

In future studies, it will be of interest to test the role of JUN as a virus induced pioneer transcription
factor and understand its role and mechanism in chromatin opening. It will be of interest to examine
the effects of other respiratory viruses on chromatin regulation.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4915/12/8/804/s1,
Figure S1: Fragment size and library complexity, Figure S2, overlap of peak-calling algorithms for occupancy
analysis; and Figure S3, overlap of peak-calling algorithms for RSV-induced chromatin opening. Table S1:
number of mapped reads in the ATAC-Seq data set.

Author Contributions: Conceptualization, X.X., D.Q., M.M., and A.R.B.; methodology, X.X.; software, M.M. and
A.R.B.; validation, M.M.; writing—original draft preparation, A.R.B.; writing—review and editing, X.X., D.Q.,
M.M., R.P.G., and A.R.B.; and funding acquisition, R.P.G. and A.R.B. All authors have read and agreed to the
published version of the manuscript.

http://www.mdpi.com/1999-4915/12/8/804/s1


Viruses 2020, 12, 804 19 of 21

Funding: This work was partially supported by NIH grants AI062885 (ARB, RPG) and NCATS UL1TR002373 (ARB).

Acknowledgments: The authors wish to thank the UW biotechnology core and the NIAID-funded Tissue culture
and immunoassay corefor technical assistance.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

References

1. Piedimonte, G.; Perez, M.K. Respiratory syncytial virus infection and bronchiolitis. Pediatr. Rev. 2014, 35,
5193–5200. [CrossRef] [PubMed]

2. Leader, S.; Kohlhase, K. Respiratory syncytial virus-coded pediatric hospitalizations, 1997 to 1999.
Pediatr Infect. Dis. J. 2002, 21, 629–632. [CrossRef] [PubMed]

3. O’Brien, K.L.; Baggett, H.C.; Brooks, W.A.; Feikin, D.R.; Hammitt, L.L.; Higdon, M.M.; Howie, S.R.;
Knoll, M.D.; Kotloff, K.L.; Levine, O.S.; et al. Causes of severe pneumonia requiring hospital admission in
children without HIV infection from Africa and Asia: The PERCH multi-country case-control study. Lancet
2019, 394, 757–779. [CrossRef]

4. Rakes, G.P.; Arruda, E.; Ingram, J.M.; Hoover, G.E.; Zambrano, J.C.; Hayden, F.G.; Platts-Mills, T.A.E.;
Heymann, P.W. Rhinovirus and Respiratory Syncytial Virus in Wheezing Children Requiring Emergency
Care. Am. J. Respir. Crit. Care Med. 1999, 159, 785–790. [CrossRef]

5. Sigurs, N.; AlJassim, F.; Sigurbergsson, F.; Bjarnason, R.; Kjellman, B.; Robinson, P.D.; Gustafsson, P.
Asthma and allergy patterns over 18 years after severe RSV bronchiolitis in the first year of life. Thorax 2010,
65, 1045–1052. [CrossRef]

6. Zomer-Kooijker, K.; Van Der Ent, C.K.; Ermers, M.J.J.; Uiterwaal, C.S.P.M.; Rovers, M.M.; Bont, L.J.
Increased Risk of Wheeze and Decreased Lung Function after Respiratory Syncytial Virus Infection.
PLoS ONE 2014, 9, e87162. [CrossRef] [PubMed]

7. Tian, B.; Yang, J.; Zhao, Y.; Ivanciuc, T.; Sun, H.; Wakamiya, M.; Garofalo, R.P.; Brasier, A.R. Central Role of
the NF-κB Pathway in theScgb1a1-Expressing Epithelium in Mediating Respiratory Syncytial Virus-Induced
Airway Inflammation. J. Virol. 2018, 92, e00441-18. [CrossRef] [PubMed]

8. Norlander, A.E.; Peebles, J.R.S.; Peebles, R.S. Innate Type 2 Responses to Respiratory Syncytial Virus Infection.
Viruses 2020, 12, 521. [CrossRef]

9. Liu, P.; Jamaluddin, M.; Li, K.; Garofalo, R.P.; Casola, A.; Brasier, A.R. Retinoic Acid-Inducible Gene I Mediates
Early Antiviral Response and Toll-Like Receptor 3 Expression in Respiratory Syncytial Virus-Infected Airway
Epithelial Cells. J. Virol. 2006, 81, 1401–1411. [CrossRef]

10. Zhang, Y.; Luxon, B.A.; Casola, A.; Garofalo, R.P.; Jamaluddin, M.; Brasier, A.R. Expression of Respiratory
Syncytial Virus-Induced Chemokine Gene Networks in Lower Airway Epithelial Cells Revealed by cDNA
Microarrays. J. Virol. 2001, 75, 9044–9058. [CrossRef]

11. Zhao, Y.; Jamaluddin, M.; Zhang, Y.; Sun, H.; Ivanciuc, T.; Garofalo, R.P.; Brasier, A.R. Systematic Analysis of
Cell-Type Differences in the Epithelial Secretome Reveals Insights into the Pathogenesis of RSV-Induced
Lower Respiratory Tract Infections. J. Immunol. 2017, 198, 3345–3364. [CrossRef] [PubMed]

12. Jozwik, A.; Habibi, M.S.; Paras, A.; Zhu, J.; Guvenel, A.; Dhariwal, J.; Almond, M.; Wong, E.H.C.; Sykes, A.;
Maybeno, M.; et al. RSV-specific airway resident memory CD8+ T cells and differential disease severity after
experimental human infection. Nat. Commun. 2015, 6, 10224. [CrossRef] [PubMed]

13. Brasier, A.R. RSV Reprograms the CDK9•BRD4 Chromatin Remodeling Complex to Couple Innate
Inflammation to Airway Remodeling. Viruses 2020, 12, 472. [CrossRef] [PubMed]

14. Tian, B.; Li, X.; Kalita, M.; Widen, S.G.; Yang, J.; Bhavnani, S.; Dang, B.; Kudlicki, A.; Sinha, M.; Kong, F.; et al.
Analysis of the TGFβ-induced program in primary airway epithelial cells shows essential role of NF-κB/RelA
signaling network in type II epithelial mesenchymal transition. BMC Genom. 2015, 16, 529. [CrossRef]

15. Ramirez, R.D. Immortalization of Human Bronchial Epithelial Cells in the Absence of Viral Oncoproteins.
Cancer Res. 2004, 64, 9027–9034. [CrossRef]

16. Tian, B.; Yang, J.; Zhao, Y.; Ivanciuc, T.; Sun, H.; Garofalo, R.P.; Brasier, A.R. BRD4 Couples NF-κB/RelA with
Airway Inflammation and the IRF-RIG-I Amplification Loop in Respiratory Syncytial Virus Infection. J. Virol.
2017, 91. [CrossRef] [PubMed]

http://dx.doi.org/10.1542/pir.35-12-519
http://www.ncbi.nlm.nih.gov/pubmed/25452661
http://dx.doi.org/10.1097/00006454-200207000-00005
http://www.ncbi.nlm.nih.gov/pubmed/12237593
http://dx.doi.org/10.1016/S0140-6736(19)30721-4
http://dx.doi.org/10.1164/ajrccm.159.3.9801052
http://dx.doi.org/10.1136/thx.2009.121582
http://dx.doi.org/10.1371/journal.pone.0087162
http://www.ncbi.nlm.nih.gov/pubmed/24498037
http://dx.doi.org/10.1128/JVI.00441-18
http://www.ncbi.nlm.nih.gov/pubmed/29593031
http://dx.doi.org/10.3390/v12050521
http://dx.doi.org/10.1128/JVI.01740-06
http://dx.doi.org/10.1128/JVI.75.19.9044-9058.2001
http://dx.doi.org/10.4049/jimmunol.1601291
http://www.ncbi.nlm.nih.gov/pubmed/28258195
http://dx.doi.org/10.1038/ncomms10224
http://www.ncbi.nlm.nih.gov/pubmed/26687547
http://dx.doi.org/10.3390/v12040472
http://www.ncbi.nlm.nih.gov/pubmed/32331282
http://dx.doi.org/10.1186/s12864-015-1707-x
http://dx.doi.org/10.1158/0008-5472.CAN-04-3703
http://dx.doi.org/10.1128/JVI.00007-17
http://www.ncbi.nlm.nih.gov/pubmed/28077651


Viruses 2020, 12, 804 20 of 21

17. Ueba, O. Respiratory syncytial virus. I. Concentration and purification of the infectious virus. Acta Med.
Okayama 1978, 32, 265–272.

18. Kreuger, F. Trimgalore. 2020. Available online: https://github.com/FelixKrueger/TrimGalore (accessed on 17
July 2020).

19. Liao, Y.; Smyth, G.K.; Shi, W. The R package Rsubread is easier, faster, cheaper and better for alignment and
quantification of RNA sequencing reads. Nucleic Acids Res. 2019, 47, e47. [CrossRef]

20. Gaspar, J.M. Genrich: Detecting Sites of Genomic Enrichment. 2019. Available online: https://github.com/

jsh58/Genrich. (accessed on 17 July 2020).
21. Tarbell, E.D.; Liu, T. HMMRATAC: A Hidden Markov ModeleR for ATAC-seq. Nucleic Acids Res. 2019,

47, e91. [CrossRef]
22. Ross-Innes, C.S.; Stark, R.; Teschendorff, A.E.; Holmes, K.A.; Ali, H.R.; Dunning, M.J.; Brown, G.D.; Gojis, O.;

Ellis, I.O.; Green, A.R.; et al. Differential oestrogen receptor binding is associated with clinical outcome in
breast cancer. Nature 2012, 481, 389–393. [CrossRef]

23. Yu, G.; Wang, L.-G.; He, Q.-Y. ChIPseeker: An R/Bioconductor package for ChIP peak annotation, comparison
and visualization. Bioinformatics 2015, 31, 2382–2383. [CrossRef] [PubMed]

24. Yu, G.; Wang, L.-G.; Yan, G.-R.; He, Q.-Y. DOSE: An R/Bioconductor package for disease ontology semantic
and enrichment analysis. Bioinformatics 2014, 31, 608–609. [CrossRef]

25. Heinz, S.; Benner, C.; Spann, N.; Bertolino, E.; Lin, Y.C.; Laslo, P.; Cheng, J.X.; Murre, C.; Singh, H.; Glass, C.
Simple Combinations of Lineage-Determining Transcription Factors Prime cis-Regulatory Elements Required
for Macrophage and B Cell Identities. Mol. Cell 2010, 38, 576–589. [CrossRef] [PubMed]

26. Tian, B.; Widen, S.G.; Yang, J.; Wood, T.G.; Kudlicki, A.; Zhao, Y.; Brasier, A.R. The NFκB subunit RELA is a
master transcriptional regulator of the committed epithelial-mesenchymal transition in airway epithelial
cells. J. Boil. Chem. 2018, 293, 16528–16545. [CrossRef]

27. Tian, B.; Zhao, Y.; Kalita, M.; Edeh, C.B.; Paessler, S.; Casola, A.; Teng, M.N.; Garofalo, R.P.; Brasier, A.R.
CDK9-Dependent Transcriptional Elongation in the Innate Interferon-Stimulated Gene Response to
Respiratory Syncytial Virus Infection in Airway Epithelial Cells. J. Virol. 2013, 87, 7075–7092. [CrossRef]
[PubMed]

28. Brasier, A.R.; Tian, B.; Jamaluddin, M.; Kalita, M.K.; Garofalo, R.P.; Lu, M. RelA Ser276
Phosphorylation-Coupled Lys310 Acetylation Controls Transcriptional Elongation of Inflammatory Cytokines
in Respiratory Syncytial Virus Infection. J. Virol. 2011, 85, 11752–11769. [CrossRef] [PubMed]

29. Yu, G.; He, Q.-Y. ReactomePA: An R/Bioconductor package for reactome pathway analysis and visualization.
Mol. BioSyst. 2016, 12, 477–479. [CrossRef] [PubMed]

30. Kim, T.-K.; Hemberg, M.; Gray, J.M.; Costa, A.M.; Bear, D.M.; Wu, J.; Harmin, D.A.; Laptewicz, M.;
Barbara-Haley, K.; Kuersten, S.; et al. Widespread transcription at neuronal activity-regulated enhancers.
Nature 2010, 465, 182–187. [CrossRef]

31. Wang, J.; Dai, X.; Berry, L.D.; Cogan, J.D.; Liu, Q.; Shyr, Y. HACER: An atlas of human active enhancers to
interpret regulatory variants. Nucleic Acids Res. 2018, 47, D106–D112. [CrossRef]

32. Milos, P.M.; Zaret, K.S. A ubiquitous factor is required for C/EBP-related proteins to form stable transcription
complexes on an albumin promoter segment in vitro. Genes Dev. 1992, 6, 991–1004. [CrossRef]

33. Zhang, J.; Jamaluddin, M.; Zhang, Y.; Widen, S.G.; Sun, H.; Brasier, A.R.; Zhao, Y. Type II
Epithelial-Mesenchymal Transition Upregulates Protein N-Glycosylation to Maintain Proteostasis and
Extracellular Matrix Production. J. Proteome Res. 2019, 18, 3447–3460. [CrossRef] [PubMed]

34. Tian, B.; Patrikeev, I.; Ochoa, L.; Vargas, G.; Belanger, K.K.; Litvinov, J.; Boldogh, I.; Ameredes, B.T.;
Motamedi, M.; Brasier, A.R. NF-κB Mediates Mesenchymal Transition, Remodeling, and Pulmonary Fibrosis
in Response to Chronic Inflammation by Viral RNA Patterns. Am. J. Respir. Cell Mol. Boil. 2017, 56, 506–520.
[CrossRef] [PubMed]

35. E Johnson, J.; A Gonzales, R.; Olson, S.J.; Wright, P.F.; Graham, B.S. The histopathology of fatal untreated
human respiratory syncytial virus infection. Mod. Pathol. 2006, 20, 108–119. [CrossRef] [PubMed]

36. Olszewska-Pazdrak, B.; Casola, A.; Saito, T.; Alam, R.; Crowe, S.E.; Mei, F.; Ogra, P.L.; Garofalo, R.P.
Cell-Specific Expression of RANTES, MCP-1, and MIP-1α by Lower Airway Epithelial Cells and Eosinophils
Infected with Respiratory Syncytial Virus. J. Virol. 1998, 72, 4756–4764. [CrossRef] [PubMed]

https://github.com/FelixKrueger/TrimGalore
http://dx.doi.org/10.1093/nar/gkz114
https://github.com/jsh58/Genrich.
https://github.com/jsh58/Genrich.
http://dx.doi.org/10.1093/nar/gkz533
http://dx.doi.org/10.1038/nature10730
http://dx.doi.org/10.1093/bioinformatics/btv145
http://www.ncbi.nlm.nih.gov/pubmed/25765347
http://dx.doi.org/10.1093/bioinformatics/btu684
http://dx.doi.org/10.1016/j.molcel.2010.05.004
http://www.ncbi.nlm.nih.gov/pubmed/20513432
http://dx.doi.org/10.1074/jbc.RA118.003662
http://dx.doi.org/10.1128/JVI.03399-12
http://www.ncbi.nlm.nih.gov/pubmed/23596302
http://dx.doi.org/10.1128/JVI.05360-11
http://www.ncbi.nlm.nih.gov/pubmed/21900162
http://dx.doi.org/10.1039/C5MB00663E
http://www.ncbi.nlm.nih.gov/pubmed/26661513
http://dx.doi.org/10.1038/nature09033
http://dx.doi.org/10.1093/nar/gky864
http://dx.doi.org/10.1101/gad.6.6.991
http://dx.doi.org/10.1021/acs.jproteome.9b00342
http://www.ncbi.nlm.nih.gov/pubmed/31424945
http://dx.doi.org/10.1165/rcmb.2016-0259OC
http://www.ncbi.nlm.nih.gov/pubmed/27911568
http://dx.doi.org/10.1038/modpathol.3800725
http://www.ncbi.nlm.nih.gov/pubmed/17143259
http://dx.doi.org/10.1128/JVI.72.6.4756-4764.1998
http://www.ncbi.nlm.nih.gov/pubmed/9573240


Viruses 2020, 12, 804 21 of 21

37. Gao, Y.; Chen, L.; Han, Y.; Wu, F.; Yang, W.-S.; Zhang, Z.; Huo, T.; Zhu, Y.; Yu, C.; Kim, H.; et al. Acetylation of
histone H3K27 signals the transcriptional elongation for estrogen receptor alpha. Commun. Boil. 2020, 3, 165.
[CrossRef] [PubMed]

38. Tourdot, S.; Mathie, S.; Hussell, T.; Edwards, L.; Wang, H.; Openshaw, P.J.; Schwarze, J.; Lloyd, C.M.
Respiratory syncytial virus infection provokes airway remodelling in allergen-exposed mice in absence of
prior allergen sensitization. Clin. Exp. Allergy 2008, 38, 1016–1024. [CrossRef]

39. Zhao, Y.; Chahar, H.S.; Komaravelli, N.; Dossumekova, A.; Casola, A. Human metapneumovirus infection of
airway epithelial cells is associated with changes in core metabolic pathways. Virology 2019, 531, 183–191.
[CrossRef]

40. Yeo, S.-J.; Yun, Y.-J.; Lyu, M.-A.; Woo, S.-Y.; Woo, E.-R.; Kim, S.-J.; Lee, H.-J.; Park, H.-K.; Kook, Y.-H.
Respiratory syncytial virus infection induces matrix metalloproteinase-9 expression in epithelial cells.
Arch. Virol. 2002, 147, 229–242. [CrossRef]

41. Ma, Z.; Shah, R.C.; Chang, M.J.; Benveniste, E.N. Coordination of Cell Signaling, Chromatin Remodeling,
Histone Modifications, and Regulator Recruitment in Human Matrix Metalloproteinase 9 Gene Transcription.
Mol. Cell. Boil. 2004, 24, 5496–5509. [CrossRef]

42. Biddie, S.C.; John, S.; Sabo, P.J.; Thurman, R.E.; Johnson, T.A.; Schiltz, R.L.; Miranda, T.B.; Sung, M.-H.;
Trump, S.; Lightman, S.; et al. Transcription Factor AP1 Potentiates Chromatin Accessibility and
Glucocorticoid Receptor Binding. Mol. Cell 2011, 43, 145–155. [CrossRef]

43. Yukawa, M.; Jagannathan, S.; Vallabh, S.; Kartashov, A.V.; Chen, X.; Weirauch, M.T.; Barski, A. AP-1 activity
induced by co-stimulation is required for chromatin opening during T cell activation. J. Exp. Med. 2019, 217.
[CrossRef] [PubMed]

44. Wernig, G.; Chen, S.-Y.; Cui, L.; Van Neste, C.; Tsai, J.M.; Kambham, N.; Vogel, H.; Natkunam, Y.;
Gilliland, D.G.; Nolan, G.; et al. Unifying mechanism for different fibrotic diseases. Proc. Natl. Acad. Sci. USA
2017, 114, 4757–4762. [CrossRef] [PubMed]

45. Dey, N.; Liu, T.; Garofalo, R.P.; Casola, A. Tak1 regulates nf-kappab and ap-1 activation in airway epithelial
cells following rsv infection. Virology 2011, 418, 93–101. [CrossRef] [PubMed]

46. Iwafuchi-Doi, M.; Zaret, K.S. Pioneer transcription factors in cell reprogramming. Genes Dev. 2014, 28,
2679–2692. [CrossRef]

47. Brewster, C.E.; Howarth, P.H.; Djukanovic, R.; Wilson, J.; Holgate, S.T.; Roche, W.R. Myofibroblasts and
subepithelial fibrosis in bronchial asthma. Am. J. Respir. Cell Mol. Biol. 1990, 3, 507–511. [CrossRef]

48. Martinez, F.D. The Origins of Asthma and Chronic Obstructive Pulmonary Disease in Early Life. Proc. Am.
Thorac. Soc. 2009, 6, 272–277. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1038/s42003-020-0898-0
http://www.ncbi.nlm.nih.gov/pubmed/32265480
http://dx.doi.org/10.1111/j.1365-2222.2008.02974.x
http://dx.doi.org/10.1016/j.virol.2019.03.011
http://dx.doi.org/10.1007/s705-002-8316-1
http://dx.doi.org/10.1128/MCB.24.12.5496-5509.2004
http://dx.doi.org/10.1016/j.molcel.2011.06.016
http://dx.doi.org/10.1084/jem.20182009
http://www.ncbi.nlm.nih.gov/pubmed/31653690
http://dx.doi.org/10.1073/pnas.1621375114
http://www.ncbi.nlm.nih.gov/pubmed/28424250
http://dx.doi.org/10.1016/j.virol.2011.07.007
http://www.ncbi.nlm.nih.gov/pubmed/21835421
http://dx.doi.org/10.1101/gad.253443.114
http://dx.doi.org/10.1165/ajrcmb/3.5.507
http://dx.doi.org/10.1513/pats.200808-092RM
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Cell Culture and Virus Isolation 
	Next Generation RNA Sequencing 
	Assay for Transposase-Accessible Chromatin Sequencing (ATAC-Seq) 
	ATAC-seq Data Analysis 

	Results 
	Open Chromatin Domains in Control Cells—“Occupancy Analysis” 
	Nucleosome-Free Regions Are Associated with Organelle Function and Cell Cycle Regulation 
	Open Chromatin Domains Are Associated with Active Promoter Marks 
	Overlap with Functional Enhancer Sequences 
	Promoter-Enriched Open Chromatin Domains Are Enriched in Basic Domain-Leucine Zipper (bZIP) Binding Motifs 
	RSV Inducible Changes in Chromatin Accessibility 
	RSV-Induced Open Chromatin Peaks Are Associated with Active Promoters and JUN Binding 
	RSV-Induced Chromatin Domains Are Devoid of Tissue-Specific Enhancers 
	RSV-Induced Chromatin Opening Is Associated with Distinct Profiles of Gene Expression 
	Functional Enrichment of Gene Expression Changes 
	Growth Factor Induction of TGFB1-JUNB, FN1, and MMP9 

	Discussion 
	Limitations 
	Future Directions 

	References

