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Abstract

Esophageal pathologies such as atresia and benign strictures often require surgical reconstruction
with autologous tissues to restore organ continuity. Complications such as donor site morbidity
and limited tissue availability have spurred the development of acellular grafts for esophageal
tissue replacement. Acellular biomaterials for esophageal repair rely on the activation of intrinsic
regenerative mechanisms to mediate de novo tissue formation at implantation sites. Previous
research has identified signaling cascades involved in neoepithelial formation in a rat model

of onlay esophagoplasty with acellular silk fibroin grafts, including phosphoinositide 3-kinase
(PI3K), and protein kinase B (Akt) signaling. However, it is currently unknown how these
mechanisms are governed by DNA methylation (DNAme) during esophageal wound healing
processes. We performed reduced-representation bisulfite sequencing to characterize temporal
DNAme dynamics in host and regenerated tissues up to 1-week post-implantation. Overall, we
observe global hypermethylation at post-reconstruction timepoints and an inverse correlation
between promoter DNAme and the expression levels of differentially expressed proteins during
regeneration. Site-specific hypomethylation targets genes associated with immune activation while
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hypermethylation occurs within gene bodies encoding PI3K-Akt signaling components during
the tissue remodeling period. Our data provide insight into the epigenetic mechanisms during
esophageal regeneration following surgical repair with acellular grafts.

Graphical Abstract
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This work characterizes DNA methylation changes during esophageal regeneration in rats after
surgical repair with acellular grafts. CpG methylation modulates the transcriptional activity

of genes. Decreases in CpG methylation target genes involved in immune activation, while
site-specific increases in CpG methylation target genes encoding components of the PIK3-Akt
signaling pathway.
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1 Introduction

Congenital and acquired disorders of the esophagus including atresia, stricture disease, and
malignancies often require surgical reconstruction of focal or tubular esophageal segments
with autologous tissue grafts to reestablish organ continuity and restore tissue function.

(141 However, this gold standard approach is frequently hampered by complications such

as donor site morbidity and limited donor tissue availability, [°] which has spurred research
into the development of acellular biomaterials for esophageal tissue engineering. [6] Bi-layer
silk fibroin (BLSF) scaffolds represent an emerging platform for esophageal repair due to
their high structural strength and elasticity, low immunogenicity, and tunable degradative
properties, [7] These matrices have been previously demonstrated to support the formation
of innervated, vascularized esophageal tissues with contractile properties sufficient for solid
food ingestion in preclinical animal models. [7:8] Constructive remodeling of BLSF scaffolds
is dependent on the ability of host progenitor cell populations to migrate, proliferate, and
differentiate within the implant microenvironment to facilitate regeneration of functional
neotissues. [’] Molecular mechanisms governing scaffold-mediated wound healing processes
in the esophagus are largely unexplored. An increased understanding of regenerative
signaling networks and their regulation may allow for the development of instructive
biomaterial designs to maximize esophageal repair outcomes.

Recent reports from our research team utilized quantitative proteomics and in silico pathway
evaluations to identify signaling cascades which were significantly activated/inhibited during
neoepithelial regeneration in a rat model of onlay esophagoplasty with BLSF grafts.

[8] Pharmacologic inhibitor and rescue experiments demonstrated that epithelialization of
esophageal neotissues is significantly dependent in part on pro-survival stimuli capable of
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suppressing caspase activity in epithelial progenitors via activation of hepatocyte growth
factor receptor (c-MET), tropomyosin receptor kinase A (TrkA), phosphoinositide 3-kinase
(PI3K), and protein kinase B (Akt) signaling pathways. Interestingly, activation of these pro-
survival signaling cascades in cancer cells is largely influenced by epigenetic mechanisms,
such as DNA methylation (DNAme) which occurs in mammals most commonly in the
context of CpG dinucleotides. [°1 For example, a loss of DNAme at a CpG island associated
with the activation of oncogene P/K3CA expression, which encodes a catalytic subunit

of PI3K, is thought to play a part in activating the PI3K/Akt pathway and contributing

to tumorigenesis in esophageal cancer patients. [10] Altered DNAme signatures of genes
encoding integral components of c-MET and TrkA signaling pathways have also been
reported to be key drivers of various malignancies. [11:12] The involvement of DNAme

in these pathways, which are also essential to regenerative and wound healing responses,
[13-15] g]ludes to the potential role of DNAme in facilitating cell fate and lineage decisions
in esophageal neotissues. However, the role of DNAme in esophageal tissue regeneration
following surgical reconstruction remains poorly understood.

In this present study, we aimed to characterize the DNAme changes which occur

following surgical injury and neoepithelial formation in rat esophageal tissues subjected to
onlay esophagoplasty with BLSF grafts. Specifically, we performed reduced-representation
bisulfite sequencing (RRBS) to profile the DNAme landscape in host and regenerated tissues
up to 1 week post-operatively, identified CpGs which undergo differential methylation in
response to tissue damage and repair, and elucidated putative biological processes associated
with DNAme alterations.

2 Results

2.1 RRBSreveals global DNA hypermethylation during surgical reconstruction and
regeneration of esophageal tissue

In this study, we performed histological, immunohistochemistry (IHC), and RRBS analysis
on rat esophageal tissue that was collected at 1 day (Day1) and 1 week (Wk1) following
onlay esophagoplasty with BLSF grafts, as well as from nonsurgical controls (NSC) (Figure
1A and 1B). There were no significant intra-operative or post-operative complications

with onlay esophagoplasty procedures and the survival rate was 100% until scheduled
euthanasia. Masson’s trichrome staining of reconstructed esophageal tissue was performed
to temporally characterize the host response and degree of tissue regeneration following
scaffold implantation (Figure 1B). Day1 post-op, the BLSF graft was largely intact and

the implant site was populated with mononuclear inflammatory cells and neutrophils with
limited tissue integration from the host esophagus. At WK1 post-op, an epithelialized
fibrovascular scar composed of mononuclear inflammatory and fibroblastic cell types was
evident within the original graft site (Figure 1B).

We performed immunohistochemistry (IHC) staining for the three major mammalian DNA
methyltransferases DNMT1, 3A, and 3B protein expression which revealed the presence

of all 3 methyltransferases in NSC and reconstructed host tissues at Day1 and Wk1

after surgery. DNMT3B expression was primarily nuclear and was detected in epithelial,
mucosal, and skeletal muscle compartments throughout NSC and reconstructed tissues NSC

Aav Biol (Weinh). Author manuscript; available in PMC 2024 May 01.
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(Figure 1C). In contrast, NSC tissues displayed both cytoplasmic and nuclear DNMT1

and DNMT3A expression which was mainly localized to CK5+FG- basal epithelial cells.
Qualitative increases in cytoplasmic expression of these markers were also observed in host
and regenerated epithelia at Day1 and Wk1, respectively, in comparison to NSC (Figure 1C).

To characterize CpG methylation during regeneration we performed RRBS on genomic
DNA extracted from harvested rat esophageal tissues and sequenced reads were aligned to
the rat genome (MRATBN7.2/rn7) using Bismark (see Experimental Section). On average,
we captured 14.7 million CpGs with >70% mapping efficiency per sample which is
consistent with previous RRBS reports in rat (Figure S1A; Additional file 1: Table S1A).
Methylation calls were performed with Bismark (see Experimental Section) [*6]. To compare
global patterns of site-specific CpG methylation during regeneration, CpGs were filtered for
>5x coverage. We identified a significant increase in the percentage of methylated CpGs
captured at Day1 relative to the NSC condition (p=0.016) (Figure 1D; Additional file 1:
Table S1B). DNAme levels decreased between Dayl and Wk1, however this difference

was not significant (p=0.19). DNAme levels at Wk1 compared to the NSC condition were
not significantly different (p=0.11). This result suggests that esophageal tissues undergo a
gain in DNAme, or DNA hypermethylation, during regeneration which may be a transient
response immediately following surgical repair as methylation levels appear to trend towards
baseline (NSC) levels by WK1 post-op.

Of the captured CpGs, a total of 514,813 unique CpG sites were captured in >3 replicates

in all conditions and used in downstream analyses. These CpGs fell within intergenic
regions (40.1%), introns (43%), promoters (24.6%), and exons (21.9%) (Additional file 1;
Table S1C). Methylation calls for the total 514,813 CpGs were merged across replicates
within each condition. Consistent with our previous global CpG analysis, the distributions
of DNAme percentage at each timepoint revealed that Day1 and Wk1 conditions exhibited
a greater frequency of highly methylated CpGs (e.g., methylation percentage >80%) relative
to the NSC condition (Figure 1E).

2.2 Promoter methylation is inversely correlated with expression level of differentially
expressed proteins (DEPS) during regeneration

Previously, we identified a set of differentially expressed proteins (DEPS) that are modulated
during regeneration in esophageal tissues following BLSF implant surgery (Figure S1B and
S1C; Additional file 1: Table S1D). [8] To better understand the relationship between DEPs
and methylation changes, we investigated how methylation levels change in CpGs that fall
within genic regions encoding DEPs. Notably, methylation levels were lower in CpGs within
promoters and gene bodies that encode upregulated DEPs at Day1 compared to the NSC
(Figure S1D and S1E, Additional file 1: Table S1E and S1F). Gene ontology (GO) analysis
revealed these genes were enriched for biological processes (BP) associated with immune
activation (Figure S1D and S1E, Additional file 1: Table S1G and S1H). This could reflect
immune cell infiltration at the graft site which has been observed previously after surgical
injury and during wound healing processes. [17]

To characterize differential DNAme during post-surgical reconstruction, we identified a set
of differentially methylated CpGs (DMCs) that were determined based on their magnitude

Aav Biol (Weinh). Author manuscript; available in PMC 2024 May 01.
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of DNAme changes (=20% methylation difference) and their significance level (q<0.05)
between timepoints. We focused initially on identifying DMCs present in post-op samples
compared to NSCs (i.e., NSC—Day1, NSC—Wk1). We found that DMCs that fell within
promoter of genes encoding DEPs showed an inverse correlation in their methylation
difference compared to previously reported changes in protein expression for NSC—Day1
and NSC—WKk1 timepoints (R=—-0.52 and —0.37 respectively) (Figure 2A; Additional file 1:
Table S2A).

We observed a similar, but less apparent inverse correlation for DMCs located within the
gene body of genes encoding DEPs (Figure 2B; Additional file 1: Table S2B). We found
upregulated DEPs were associated with DNA hypomethylation at NSC—Day1 DMCs that
occurred in promoters of genes involved in immune activation such as SI00A8 (S100
Calcium Binding Protein A8) and Platelet factor 4 (Pf-4) (Figure 2A). [18] P-4 regulates
proinflammatory responses in monocytes and macrophages in humans and murine bone
marrow-derived macrophages and acts as an inhibitor of angiogenesis. [19.201 The most
upregulated DEPs were associated with DNA hypomethylation at NSC—Wk1 DMCs found
in the promoters of genes involved in T-cell activation such as Vav Guanine Nucleotide
Exchange Factor 1 (VAV1), a critical regulator of signal transduction in T-cells and B-
cells, and Proteasome subunit beta type-10 (Psmb10) which forms an immunoproteasome
complex involved in histocompatibility complex antigen presentation (Figure 2A). [21]

2.3 While the genome shows global hypermethylation, genic regions contain both hyper
and hypomethylated DMCs

We next sought to characterize timepoint-specific changes in DNAme during esophageal
regeneration. To do so, we identified DMCs that were uniquely associated to a single two-
way timepoint comparison versus those that were shared across multiple two-way timepoint
comparisons (Figure 3A). At this resolution, we observed the majority of DMCs were
uniquely associated with the NSC—Wk1 condition (n=28,552). The NSC—Day1 condition
had the second largest number of uniquely associated DMCs (n=6,120) and the Day1Wk1
condition had the fewest uniquely associated DMCs (n=535). Thus, we focused our
downstream analyses on the majority of DMCs which occur between post-surgical timepoint
conditions and the NSC (i.e., NSC—Day1 DMCs and NSC—Wk1 DMCs). While there
were 135 universally shared DMCs among all three timepoint comparisons, NSC—Day1
and NSC—WAk1 comparisons shared a total of 5,658 DMCs. We found that the majority

of DMCs in the NSC—Day1 and NSC—WKkZ1 conditions were hypermethylated (9,247 and
25,945, respectively) while a substantially smaller subset of DMCs were hypomethylated

at these same timepoints (3,032 and 8,561, respectively) (Figure 3B; Additional file 1:
Table S3A). The distribution of methylation difference comprising hypermethylated DMCs
(HyperDMCs) and hypomethylated DMCs (HypoDMCs), however, appeared comparable
across both timepoint comparisons (Figure 3C). To profile DNAme changes among shared
DMCs across individual samples, the set of CpGs comprising the 5,658 shared DMCs
between NSC—Day1 and NSC—WAk1 was further filtered for CpGs with =5x coverage
across afl experimental samples, which resulted in 3,494 CpGs (Figure 3D). Euclidean
hierarchical clustering revealed that the data separated according to CpG site dynamics

and condition. We found three DNA methylation patterns emerged during regeneration.

Aav Biol (Weinh). Author manuscript; available in PMC 2024 May 01.
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We observed >70% of CpGs gained methylation in post-surgical timepoints (Cluster 2 and
Cluster 3) while the DMCs in Cluster 1 lost methylation in post-surgical timepoints (Figure
3D). The relative distribution of CpGs captured in each cluster revealed that the majority
of DMCs in Cluster 1 and Cluster 3 occur within gene bodies (79% and 57% respectively)
and a smaller percentage occur in promoters (14% and 21% respectively). The majority of
DMC:s in Cluster 2 occur outside of promoters and gene bodies (Figure 3D; Additional file
1: Table S3B). DMCs in Cluster 3 were lowly methylated in NSCs and levels of DNAme
increased following surgical repair at Day1 and Wk1 (Figure 3D).

To better understand the functional implications for the patterns of DNAme we observed,
we performed GO and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment
analysis on the genes associated with identified DMC clusters. [22] Interestingly, we found
DMC:s in Cluster 3, which start out lowly methylated and gain methylation, were associated
with genes that were enriched for GO (BP) terms associated with cytokine production
(Figure S2A; Additional file 1: Table S3C). Genes associated with DMCs within promoters
in Cluster 3 were not enriched for any KEGG pathways (Figure S2B; Additional file 1:
Table S3D). In contrast, DMCs in Cluster 1, which are hypomethylated at post-surgical
timepoints, were associated with genes that are enriched for GO (BPs) such as epithelial
cell differentiation and regulation of cell migration (Figure S2C; Additional file 1: Table
S3E). We found hypermethylated DMCs, found in Cluster 1 and Cluster 2, occur in genes
involved in pathways that have been implicated in esophageal regeneration in previous
studies. Specifically, genes associated with DMCs in Cluster 2 were enriched for KEGG
pathways including vascular endothelial growth factor (VEGF), Ras, and PI13K-Akt (Figure
S2B and S2D; Additional file 1: Table S3D and Table S3F). [23-25]

Next, to investigate whether methylation patterns were indicative of changes in gene
regulatory elements, we determined whether DMC locations were enriched for certain
classes of transcription factor binding sites (TFBS). We performed TFBS motif enrichment
analysis in our DMCs using Hypergeometric Optimization of Motif EnRichment (HOMER).
[26] We found Cluster 1 and Cluster 2 were enriched for several members of the basic
helix-loop-helix (bHLH) family of transcription factors (TF) which have been implicated in
cell lineage determination and differentiation (Figure S2E; Additional file 1: Table S3G).
[27.28] DMCs in Cluster 3 were enriched for motifs associated with the ETS Homologous
Factor (EHF) which targets genes that characterize epithelial-specific expression patterns,
and E26 transformation-specific (ETS) TF family such as E74 Like ETS Transcription
Factor 4 (EIf4) and ETS1 which have been implicated in cell proliferation, apoptosis,
morphogenesis, and mesenchymal—epithelial interactions, especially during development
(Figure S2E; Additional file 1: Table S3G). [29-31]

2.4 Hypomethylation occurs at CpG sites found in promoters of genes associated with
immune activation.

To investigate which genes are targeted by DNA hypomethylation, which is a known
regulatory mechanism for transcriptional expression, we first identified and characterized
shared and unique HypoDMCs between timepoint comparisons (Figure 4A). To gain
insight into the biological processes regulated through DNAme changes during esophageal

Aav Biol (Weinh). Author manuscript; available in PMC 2024 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Urban et al.

Page 7

regeneration, we focused our analyses on HypoDMCs that were unique to each timepoint
comparison. We identified 1,396 HypoDMCs unique to “NSC—Day1” (Figure 4A, orange
shaded region), of which, 53% were found in gene bodies and 12% were found in promoters
(Figure 4A and 4B; Additional file 1: Table S4A). We identified 6,898 HypoDMCs unique
to “NSC—WKk1” (violet shaded region), of which, 55% were found in gene bodies and
12% were found in promoters (Figure 4A and 4B; Additional file 1: Table S4A). For
unique HypoDMCs occurring within promoters, GO enrichment analysis of associated
genes revealed a strong enrichment in BPs involved in immune activation and inflammation
(Figure 4C, Additional file 1: Table S4B). Specifically, for the genes associated with unique
NSC—Day1 HypoDMCs within promoters, we observed enrichment of BPs associated
with NK T-cell activation and Interleukin-17 production, while genes associated with
unique NSC—Wk1 HypoDMCs within promoters were enriched for leukocyte migration
(Figure 4C, Additional file 1: Table S4B). To further identify signaling pathways that

could be regulated by DNA hypomethylation within promoters, we performed pathway
enrichment analysis on associated genes using Protein Analysis Through Evolutionary
Relationships (PANTHER) Pathway. [32] This analysis could identify novel pathways
involved in esophageal tissue regeneration. The genes associated with uniqgue NSC—Wk1
HypoDMCs within promoters were enriched for PANTHER pathways involved in T-cell
activation, angiogenesis, and Wnt signaling (Figure 4D; Additional file 1: Table S4C).

As DNAme occurring within the gene body has also been shown to modulate gene
expression, we performed enrichment analysis for uniqgue HypoDMC:s that fall within the
gene body. [33:341 GO enrichment analysis of genes associated with unique NSC—Day1
HypoDMCs within gene bodies revealed low enrichment for BPs including cholesterol
homeostasis and lipid homeostasis (Figure 4E, Additional file 1: Table S4D). In contrast, the
genes that were unique to NSC—Wk1 HypoDMCs within gene bodies were associated with
cell morphogenesis (Figure 4E, Additional file 1: Table S4D). Genes associated with unique
NSC—Wk1 HypoDMCs occurring in gene bodies were enriched for PANTHER pathways
such as epidermal growth factor (EGF) and platelet-derived growth factor (PDGF) which are
important signaling pathways involved in tissue regeneration and wound healing processes
(Figure 4F, Additional file 1: Table S4E). [35-37] Notably, unique NSC—Day1 HypoDMCs
within promoters and within gene bodies were not significantly enriched for any PANTHER
pathways, which may be attributable to the smaller total number of unique NSC—Day1
HypoDMC:s. Interestingly, we found NSC—Wk1 HypoDMCs occur in the promoter of the
gene encoding DNMT3A, which conducts de novo methylation and interacts with histone
methyltransferases to regulate transcriptional activity (Additional file 1: Table S4B). Both
functions are critical for cell fate transitions and may contribute to cell proliferation and
regeneration during wound healing processes. [3€]

Next, we sought to determine how changes in DNA methylation could impact the binding of
specific regulatory factors. We identified binding motifs enriched in unique HypoDMCs
using HOMER. Unique HypoDMCs were enriched for binding motifs associated with
regulatory factors involved in immune activation and inflammation such as interferon
regulatory factors (Irf, 1rf8), CCAAT enhancer-binding protein (Cebp), EIf4, and PU.1.
[39.40] Motifs of RUNX TF family members, which have been shown to activate PI3K-Akt

Aav Biol (Weinh). Author manuscript; available in PMC 2024 May 01.
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pathways, were also enriched at HypoDMCs (Figure 4G, Additional file 1: Table S4F).
[41,42]

2.5 Hypermethylation in post-surgical repair timepoints targets biological processes
involved in PI3K-Akt signaling.

We identified 5,256 HyperDMCs unique to “NSC—Day1” (Figure 5A, orange shaded
region), of which, 46% were found in gene bodies and 10% were found in promoters (Figure
5A and 5B; Additional file 1: Table S5A). We identified 21,954 HyperDMCs unique to
“NSC—Wk1” (violet shaded region), of which, 55% were found in gene bodies and 10 %
were found in promoters (Figure 5A and 5B; Additional file 1: Table S5A). GO enrichment
analysis revealed that unique NSC—Day1 HyperDMCs occur within promoters of genes
involved in receptor protein tyrosine kinase signaling and growth (Figure 5C, Additional
file 1: Table S5B), while unique NSC—Wk1 HyperDMCs occur in genes involved in lipid
oxidation and angiogenesis (Figure 5C, Additional file 1: Table S5B). PANTHER Pathway
enrichment analysis revealed that unique NSC—Day1 HyperDMCs occur in promoters

of genes involved in the VEGF signaling which is the major regulator of angiogenesis.

(43 Unique NSC—Wk1 HyperDMCs occur in promoters of genes involved in muscarinic
acetylcholine receptors 1 and 3 signaling (Figure 5D, Additional file 1: Table S5C).

We focused on hypermethylation that occurs at CpG sites within gene bodies, which

has been shown to upregulate gene expression, for unique NSC—Day1 and NSC—WKk1
HyperDMCs. [3444] Interestingly, both unique NSC—Day1 and NSC—Wk1 HyperDMCs
occur within the gene bodies of genes involved in developmental BPs such as cell
morphogenesis and tube development (Figure 5E, Additional file 1: Table S5D). This
observation may suggest development BPs are upregulated in regenerating esophageal
tissues following surgical injury. Most notably, PANTHER Pathway enrichment analysis
revealed that uniqgue NSC—Day1 and NSC—Wk1 HyperDMCs occur within gene bodies
of genes involved in signaling pathways that have been previously implicated in tissue
regeneration such as EGF, PDGF and Ras. [4°2523] Ras activates PI3K-Akt signaling, which
we previously showed was involved in neotissue formation following surgical repair with
BLSF grafts (Figure 5F, Additional file 1: Table S5E). [846] P13K has also been shown to
mediate PDGF and VEGF signaling. [47:24]

Hypermethylation of CpG sites can decrease the accessibility of TF binding to regulatory
regions and can modulate the expression of genes and their downstream targets. [48:4°]

Motif analysis on unique HyperDMCs revealed an enrichment for motifs associated with the
Forkhead (FOX) TF family (Foxal, Foxo3, Foxm1, and Foxa2). The observed enrichment
was more significant for NSC—Wk1 HyperDMCs than NSC—Day1 HyperDMCs (Figure
5G, Additional file 1: Table S5F). The Forkhead TF family has been shown to activate
PI3K-Akt signaling which induces the transcription of genes that promote cell survival and
suppress apoptotic responses. [50.51]

Aav Biol (Weinh). Author manuscript; available in PMC 2024 May 01.
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2.6 Putative enhancers lifted over from the human genome show dynamic methylation
during esophageal regeneration

Given that we observe protein expression changes that correlate with DNAme changes at
proximal regulatory elements (promoters and gene bodies), we also aimed to characterize
differential methylation across distal regulatory elements. Due to the lack of annotations
available for regulatory genomic features in the rat genome, we used the UCSC liftOver tool
to lift human genome annotations to the rat genome to analyze differential methylation
across conserved distal regulatory regions (Figure 6A). [52] First, we investigated the
DNAme dynamics of CpGs that occur within conserved esophagus enhancer regions.
Human esophagus gene-enhancer interaction networks were obtained from EnhancerAtlas
2.0 and lifted over to the rat genome with a 91% liftOver conversion rate (Additional

file 1: Table S6A). 521 We found that the majority of the lifted esophagus enhancers

resided within 100 kb of their associated gene’s transcription start site (TSS) in the rat
genome (Figure S3A). To obtain regional resolution of DNAme dynamics, we determined
the average methylation levels for CpGs found across lifted esophagus enhancer regions.
Lifted enhancers were considered to be differentially methylated if the average methylation
level assigned to the lifted enhancer between the NSC condition and at each surgical
timepoint exhibited a difference of at least 20%. Global analysis revealed CpGs that occur
across lifted esophagus enhancers were hypermethylated at Day1 and Wk1 compared to
NSC (Figure 6B; Additional file 1: Table S6B). We then focused on characterizing the
methylation dynamics across conserved esophagus enhancers that were associated with
genes, which we refer to as gene-enhancer pairs, that were also previously identified

as DEPs during esophageal regeneration.[8] We found a comparable number of gene-
enhancer pairs associated with genes encoding upregulated and downregulated DEPs in

the NSC—Day1 comparison, while there were more gene-enhancer pairs associated with
genes encoding upregulated DEPs compared to downregulated DEPs in the NSC—Wk1
comparison (Figure S6B). We determined the likelihood that differentially methylated lifted
esophagus enhancers were associated with genes that encode DEPs using a logarithmic odds
ratio (logOR) analysis (see Experimental Section). We analyzed the differentially methylated
lifted gene-enhancer pairs and DEP directional expression for each timepoint comparison
which revealed that hypomethylated gene-enhancer pairs were more strongly associated
with DEPs that were upregulated at both timepoint comparisons (Figure 6C; Additional

file 1: Table S6C). Our results suggest that the likelihood of hypermethylated lifted
esophagus enhancers was positively associated with downregulated DEPs and negatively
associated with upregulated DEPs at both timepoint comparisons (Figure 6C; Additional
file 1: Table S6C). Similarly, we found a subtle association between hypomethylated

lifted esophagus enhancers which were positively associated with upregulated DEPs and
negatively associated with downregulated DEPs (Figure 6C; Additional file 1: Table S6C).

In our study, we showed that NSC—Day1 HypoDMCs were associated with genes involved
in immune activation and this finding is supported by previous work that found neutrophils
and mononuclear cells infiltrate the surgical implant site 1-day after BLSF surgery.[®] Based
on these observations, we also investigated the DNAme dynamics of CpGs that occur
across conserved neutrophil enhancer regions. Human neutrophil gene-enhancer interaction
regions for the cell line (HL-60) were obtained from EnhancerAtlas 2.0 and lifted over
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to the rat genome with a 91% liftOver conversion rate (Additional file 1: Table S6D).

[52] Similar to the lifted esophagus enhancers, we characterized the average methylation
levels for CpGs across lifted neutrophil gene-enhancer pairs and used a 20% methylation
difference threshold to determine differentially methylated neutrophil gene-enhancer regions
(Additional file 1: Table S6E). We found that the majority of lifted neutrophil enhancers
resided within 100 kb of their associated gene’s TSS in the rat genome (Figure S6C).
Global analysis of methylation levels across lifted neutrophil enhancers showed that CpGs
were hypermethylated at Day1 and Wk1 compared to NSC (Figure 6D). We focused

on characterizing the methylation dynamics across conserved neutrophil gene-enhancer
regions that were associated with genes that were previously identified as DEPs during
esophageal regeneration.[8] We found a high number of gene-enhancer pairs associated
with genes encoding upregulated compared to genes encoding downregulated DEPs for
both timepoint comparison (Figure S6D). We performed a logOR analysis for differentially
methylated lifted neutrophil gene-enhancer regions and DEP expression. Hypomethylated
lifted neutrophil gene-enhancer regions showed the strongest association with upregulated
DEPs for the NSC—Day1 comparison (Figure 6E; Additional file 1: Table S6F). In
contrast, hypomethylated lifted neutrophil gene-enhancer regions were associated with both
upregulated and downregulated DEPs for the NSC—Wk1 timepoint comparison (Figure
6E; Additional file 1: Table S6F). We found a slight association between hypermethylated
lifted neutrophil gene-enhancer regions and upregulated DEPs and downregulated DEPs
for the NSC—WK1 (Figure 6E; Additional file 1: Table S6F). Our results suggest that the
likelihood of hypomethylated lifted neutrophil enhancers in the NSC—Wk1 was positively
associated with upregulated DEPs and was negatively associated with upregulated DEPs,
while hypermethylated lifted neutrophil enhancers likelihood was negatively associated
with upregulated DEPs and positively associated with downregulated DEPs (Figure 6E;
Additional file 1: Table S6F). The implications of methylation dynamics of lifted neutrophil
enhancers in the NSC—Day1 comparison was less clear but may reflect changes in cell
populations found at the implant site, specifically infiltrating neutrophils after surgical
repair.

3 Discussion

The application of bioengineered biomaterials in graft implants has therapeutic potential

to improve the treatment and prognosis of patients with esophagus defects and other
gastroenterological diseases.[87] Several pathways have been implicated in epithelial
esophageal regeneration following surgical repair with acellular grafts previously in rats;
however, the role of DNA methylation in tissue regeneration are not well understood.[7:8] In
this report, we characterized changes in CpG methylation with RRBS in rat esophageal
tissues following onlay esophagoplasty with BLSF grafts and during neoepithelial
formation. Our findings indicate global hypermethylation occurs after surgery with acellular
grafts at Day1 and Wk1 which correspond to post-surgical timepoints associated with
neotissue formation (Figure 1).

Interestingly, while the majority of DMCs were hypermethylated in post-surgical timepoint
samples, we found hypomethylated DMCs occur in promoters and the gene bodies of
genes that are involved in immune activation and inflammation. We postulate that this
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subset of hypomethylated DMCs may reflect changes in the cell populations present in

the surgical implant site. Histological and proteomics findings from previous work found
that inflammatory cells including neutrophils infiltrate surgical wounds sites one day after
esophageal reconstruction.[8] Our results showed that hypomethylation occurs in CpGs of
genes involved in immune activation after surgery. It is unclear whether the hypomethylated
DMCs we identified reflect a new population of infiltrating immune cells or changes in
DNAme levels of other cell types at the surgical implant site. Future studies using single-cell
techniques can help identify cell-type specific epigenetic signatures in esophageal tissues
during regeneration.[53.54]

Surprisingly, we found that site-specific hypermethylation appears to target several pathways
which have been implicated in tissue regeneration in previous studies.[®! Specifically, it

has been shown that epithelial esophageal regeneration is mediated, in part, through pro-
survival stimuli and the inhibition of apoptotic pathways such as caspase and Baculoviral
IAP Repeat Containing 3 (Birc3).[8] Our results showed that CpG hypermethylation

occurs in promoters and gene bodies of genes involved in cytokine pathways which
regulate cell growth and apoptotic signaling such as VEGF, PDGF and EGF receptor
signaling (Figure 5C and 5D).[43] It has been demonstrated that promoter hypermethylation
is important for repressing gene transcription, while gene body hypermethylation can
upregulate gene expression.[5®] Our findings provide evidence that epigenetic mechanisms,
specifically promoter hypermethylation, may contribute to the inhibition of apoptotic
signaling during regeneration. Additionally, we found several motifs in the Forkhead TF
family which target genes that promote cell survival and suppress apoptotic signaling were
enriched for HyperDMCs (Figure 5G).[50] Additional studies are required to assess how
hypermethylation of Forkhead binding motifs affects transcription factor binding and gene
regulation.

Whether the DNAme dynamics we observed here reflect a transient signaling response
induced by surgical injury or changes to the cell populations found in the regenerating
tissues is not clear. While further gene expression analyses, protein-DNA binding
experiments, and gene-enhancer interaction network studies are necessary to elucidate how
these pathways and their molecular components are precisely affected by changing DNAme
dynamics, our work offers novel insight into potential epigenetic mechanisms that may

be involved in esophageal regeneration, thereby identifying promising potential therapeutic
targets that could be modulated to improve the regeneration process.

4 Experimental Section

Onlay rat esophagoplasty model

All in vivo procedures and animal husbandry were carried out pursuant to National Institutes
of Health guide for the use of laboratory animals under the protocol number AUP-19-

153 approved by the Animal Care and Use Committee of the University of California,
Irvine. Adult male Sprague-Dawley rats (Charles River Laboratories, San Diego, CA)
weighing 260-300 grams were randomized into the 3 groups according to implantation
period including nonsurgical controls (NSC) (n=8), Day1 post-op (n=8), and WK1 post-

op (n=8). Day1 and Wk1 groups were subjected to onlay esophagoplasty with BLSF
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grafts using published protocols, [5¢] as described below. Prior to surgical reconstruction,
animals were single housed in wire cages and maintained on a nutritionally balanced

liquid diet formulation (TestDiet, Richmond, IN mixed with PediaSure, Abbott Laboratories,
Columbus, OH) for Day1 prior to surgery and continued for 3 days post-operatively. In
addition, rats were also given to free access water during the entire study period. General
anesthesia was induced and maintained by 2-4% isoflurane inhalation. Abdominal fur was
then clipped, and the skin was sterilized with betadine and 70% ethanol. The surgical area
was covered by sterile drapes. The intra-abdominal portion of the lower esophagus was
approached by a vertical midline abdominal incision. The esophagus was then pulled to the
skin level using two vessel loops and a full thickness 7x3 mm elliptical defect was created
on the anterior esophageal wall. The defect was repaired with an equal sized BLSF graft

via anastomosis with the surrounding host tissue using absorbable 7-0 polyglactin running
sutures. Four 7-0 nonabsorbable polypropylene sutures were positioned at the proximal/
distal and lateral edges of the implanted matrix in order to identify the original scaffold
margins. The scaffold was then covered with an omental patch to minimize any potential
leakage from the suture line and the esophagus was placed back into the abdomen and tissue
layers were sutured closed. Post-operative pain control was managed with 0.5% bupivacaine
diluted 1:1 with saline as well as Buprenorphine SR (1.2 mg/kg, subcutaneously) and
fluxine meglumine (2.5 mg/kg; subcutaneously). Animals received enrofloxacin (5mg/kg;

3 days post-operatively, subcutaneously) for mitigation of potential bacterial infection. All
rats were transferred from liquid diet to standard rat chow 3 days after surgery and were
euthanized by carbon dioxide asphyxiation at experimental timepoints. Following animal
harvest, esophageal tissues from each group were equally segregated for either epigenetic or
histological/immunohistochemical analyses (n=4 per group for each assay). For epigenetic
studies, biopsy punches were utilized to acquire host esophageal tissues surrounding 2 mm
of the original defect circumference at Day1 post-op, while neotissues at WK1 post-op were
isolated from the initial graft area. Full thickness esophageal specimens were harvested in
parallel from NSC for baseline epigenetic evaluations.

Histological and immunohistochemical (IHC) analyses

Reconstructed esophageal segments (N=4 per timepoint) as well as nonsurgical control
(NSC) specimens (N=4) were fixed in 10% formalin for 12 hours, dehydrated in graded
alcohols, and paraffin embedded. Tissue sections (5 pm) were stained with Masson’s
trichrome to reveal global tissue architecture using standard histological protocols. Masson’s
trichrome staining and immunohistochemical (IHC) analyses were performed on four
biological replicates in each condition: non-surgical controls (NSCs), Day1, and WK1 (n=4
for each condition). IHC evaluations were performed on tissue sections following antigen
retrieval (10 mM sodium citrate buffer, pH 6.0) and incubation in phosphate-buffered saline
with 0.3% Triton X-100, 5% fetal bovine serum, and 1% bovine serum albumin for 1

hour at room temperature. Sections were then stained with primary antibodies including
anti-DNA methyltransferase (DNMT)1 (cat. # 24206-1-AP, 1:200 dilution, Proteintech,
Rosemont, IL), anti-DNMT3A (cat. #GTX129125, 1:200 dilution, GeneTex, Irvine, CA),
anti-DNMT3B (cat. # PA1-884, 1:200 dilution, Invitrogen, Waltham, MA), anti-cytokeratin
(CK)5 [cat. # ab53121, 1:200 dilution, Abcam], and anti-filaggrin (FG) (cat. #sc-80609,
1:200 dilution, Santa Cruz Biotechnology). For DNMT1, 3A, and 3B detection, specimens
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were then incubated with species-matched horseradish peroxidase (HRP)-conjugated
secondary antibodies in combination with hematoxylin counterstain. For CK5 and filaggrin
detection, samples were probed with species-matched Alexa Fluor 488 and 647-conjugated
secondary antibodies (Thermo Fisher Scientific) and nuclear counterstain was carried

out with 4, 6-diamidino-2-phenyllindole (DAPI). An Axioplan-2 microscope (Carl Zeiss
Microlmaging, Thornwood, NY) was deployed for sample visualization and representative
fields were acquired with Axiovision software (version 4.8).

RRBS Library preparation

10mg of tissue each was collected for DNA isolation using Qiagen DNeasy Blood &
Tissue kit (Qiagen, Hilden, Germany). 4.5ug of genomic DNA was digested with Mspl
overnight. The digested products were size-selected using AMPure XP beads to remove
anything above 300bp or small fragment retention. 100ng size-selected DNA was bisulfite-
converted using EZ DNA Methylation-Gold Kit (Zymo Research, Irvine, CA). The eluted
DNA was performed immediately using the Accel-NGS Methyl-seq DNA library kit
(Swift Biosciences, Ann Arbor, MI) according to the manufacturer’s instructions. Final
libraries were generated from 9-14 PCR cycles. PCR products were cleaned up using the
SPRIselect beads (Beckman Coulter, Orange, CA) to remove the primer dimers. Libraries
were confirmed by an Agilent Bioanalyzer, and the yields were quantified by KAPA gPCR.
Sequencing was performed at the UCI Genomics High Throughput Facility. 100bp paired-
end reads were sequenced by Illumina Nova-seq 6000 sequencing system.

RRBS data processing and detection of DMCs

Adaptor and low-quality RRBS reads in FASTQ format were trimmed and filtered using
Trim Galore (version 0.6.6) with the following parameters: “--paired --clip_r1 10 --clip_r2
15 --three_prime_clip_r1 10 --three_prime_clip_r2 10 --fastqc”. Reads were aligned to the
rat genome (MRatBN7.2/rn7, data: 2020/11/10) with Bismark (version 0.23.0) [571. On
average, 22.8 million trimmed reads per sample were aligned to rat genome (mRatBN7.2/
7, release 105, Ensembl). As a quality control measure, the RRBS data analysis as
performed on biological replicates that had a mapping efficiency value =70%. CpG sites
were called using the “bismark_methylation_extractor” function (--comprehensive option)
in Bismark. Differential methylated cytosines (DMCs) were called with methylIKit (version
1.14.2) for CpGs with a minimum of 5 counts.[58]

Genomic feature annotations

The methylation percentages for genomic regions, gene bodies, promoters, 5’ -UTRs,

exons, introns and 3’-UTRs were found using BEDTools’ intersect function to finding

the overlapping CpGs (=5x coverage) in the sample BED files and genomic tracks from
UCSC genome table browser (BEDTools version 2.25.0). Intergenic features were acquired
by finding regions outside of gene bodies using BEDTools’ complement function and the
size of each chromosomes in the rat genome (rn7) which was obtained by downloading the
rn7.chrom.sizes.txt file from NCBI.[59.60]1 Genomic promoter features were defined as 2kb
upstream and 500bp downstream of gene transcription start sites (TSS) acquired from UCSC
genome table browser. Gene body features were defined as 500bp downstream of TSS from
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UCSC genome table browser to prevent overlap between the promoter track and gene body
track.

Identification of gene network and ontologies from DMC-associated gene lists

The list of genes associated with DMCs were obtained by intersecting locations of CpGs
with locations of annotated genes in the rat genome assembly (mRatBN7.2) obtained from
NCBI Rattus norvegicus Annotation Release 108 (Assembly accession: GCF_015227675.2).
The enrichment analysis was performed on the genes associated with DMCs within
promoters and within gene bodies for Gene Ontology (GO) Biological Processes (BP),
Protein Analysis Through Evolutionary Relationships (PANTHER) Pathway, and Kyoto
Encyclopedia of Genes and Genomes (KEGG) enriched pathways using ShinyGO (version
0.75).[22:32.6162] Enriched GO (BP) and pathways were filtered using a false discovery rate
(calculated according to the Benjamini & Hochberg method)< 0.05.[63]

Determining differentially methylated transcription factor binding sites (TFBS)

DMC files, in BED format, were inputted into Hypergeometric Optimization of Motif
EnRichment (HOMER) software (Mersion 4.11) to identify enrichment of known TFBS
motifs, reposited within the software’s vertebrae database.[26] BED files were converted to
Rnor_6.0 genome assembly version with UCSC’s liftOver tool. Analyses were performed
with the list of CpGs (5x coverage) present in at least 3 replicates per experimental condition
as background and the motif size parameter set to 200bp. TFBS motif results were finally
filtered for p-value< 0.01.

LiftOver human enhancer tracks

Human enhancer-gene interaction networks annotated in hg19 for esophagus whole cell

and the neutrophil-like cell line (HL-60) were obtained from EnhancerAtlas 2.0.[52] The
downloaded files were processed with Python 3.0 to create BED files that include the
chromosome number, start and end coordinates of the enhancer region, strandedness, and the
associated gene names. The UCSC liftOver tool was used to lift over BED files from the
human genome to the rat genome. Minimum ratio of bases that must remap was set at 0.1.
BED files for hg19 enhancer tracks were first lifted over to the hg38 genome (100% liftOver
conversion rate) and then lifted over to the rat genome (rn7) (91% liftOver conversion rate)
since the liftOver tool does not allow for a direct conversion from hg19 to rn7.

Determining differentially methylated lifted enhancers

The BED files containing our filtered set of CpGs (=5x coverage found in =3 samples in
each condition, n=514,813) for each timepoint were intersected with lifted enhancer BED
files obtained from EnhancerAtlas 2.0 using BEDTools (version 2.25.0). We calculated the
average methylation values for CpGs for each lifted enhancer. Differentially methylated
enhancers were identified using a 20% threshold value for the methylation difference
between each surgical timepoint compared to the NSC (i.e., NSC—Day1 and NSC—Wk1).
We filtered the lifted unique gene-enhancer pairs for genes that were previously identified as
DEPs during esophageal regeneration based on data from Gundogdu et al. Sci Reports.
2021.[8] Logarithmic odds ratio (IlogOR) analyses were performed to determine the
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significance of differentially methylated gene-enhancers pairs with genes encoding DEPs.
Our confusion matrices were configured to consider hypomethylated/hypermethylated or not
lifted enhancers and upregulated/downregulated or not DEPs. Fisher’s exact test was used to
determine the significance of odds ratios using R (version 4.0.5).

Statistical Analysis

All statistical tests were performed with R (version 4.0.5). To ensure high-quality reads were
used in the analysis, only RRBS samples with an alignment efficiency of 70% or greater
were used in downstream data analysis which resulted in the following number of biological
replicates: NSC (n=4), Day1 (n=5), and WK1 (n=4). Significance values were calculated
using the Wilcoxon rank-sum test in R (version 4.0.5) because the data did not follow a
Gaussian distribution. The p-values were listed in each figures and nsindicates a p-value
>0.05. Euclidean hierarchical clustering was performed on CpGs with >5x coverage that
were captured in all samples: NSC (n=4), Day1 (n=5), and WK1 (n=4) (n=3,494 CpGsS).

The hierarchical clustering was performed with pHeatmap package (version 1.0.12) using
the Ward’s minimum variance method (Ward.D2) clustering method in RStudio (version
4.0.5). DMC statistical analysis was performed on CpGs with >5x coverage that were

found in a minimum of three biological replicates in each condition and were present

across all conditions (n=514,813 CpGs). DMCs were determined by comparing in the

mean differences in methylated calls for a particular cytosine between the non-surgical
controls and post-op timepoint samples using a threshold value of g-value <0.01 and
meth.diff value >20% using the R package methylKit (Version 1.16.0). The DEP data was
obtained from Gundogdu et al. Sci Reports. 2021 which identified DEPs from proteomic
analysis of regenerating rat esophageal tissues following repair with acellular grafts using a
threshold value of >2-fold (log2ratio >1 or <-1) between the NSC controls and post-surgical
timepoints (1 day, 1 week, 1 month, 2 months post-op) (N= 4 for experimental condition).[8]
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Figure 1. RRBS characterization of temporal DNA methylation dynamics during esophageal
regener ation.

A) Schematic representation of the experimental setup. Timeline, experimental conditions,
and corresponding controls are shown. For RRBS, non-surgical controls (NSCs. n=4),

Dayl (n=5), and WK1 (n=5). For histological and immunohistochemical (IHC) analyses,
NSCs (n=4), Day1 (n=4), and Wk1 (n=4). B) Masson’s trichrome staining of reconstructed
esophageal tissues was performed to temporally characterize early phases of tissue
regeneration and host tissue responses during the scaffold implantation period (n=4 for

each condition). Arrows denote anastomotic borders of the implant site and asterisks denote
residual scaffold fragments. C) Top: Representative images of NSC and neotissues supported
by acellular grafts demonstrating protein expression of cytokeratin (CK)5 and filaggrin (FG)
expression in red (FG) or green (CK5) while DAPI nuclear counterstain is detailed in blue.
Cyan coloring is a consequence of merging CK5 and DAPI staining. IHC profiling of
DNMTL, 3A, and 3B protein expression in NSC and in reconstructed host tissues at Day1
and WK1 after surgery with counterstain. For all panels, images are representative of four
biological replicates (n=4 for each condition). Scale bars = 200 um. D) Boxplot displaying
the mean genome-wide CpG methylation percentage using the average number of CpG
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captured with =5x coverage in each condition: NSC (n=3,311,677), Day1 (n=2,708,305),
and WK1 (n=13,610,699) for NSC (n=4), Day1 (n=5), and Wk1 (n=4) biological replicates.
Boxplots indicate the mean (middle thicker line) and interquartile range (outer box) of NSC
(n=4), Day1 (n=5), and Wk1 (n=4) independent biological replicates. The p-values were
calculated using Wilcoxon rank-sum test. nsindicates p > 0.05. E) Histograms displaying
the distribution of CpG methylation percentage in each experimental group for CpGs (=5x
depth) that were captured in at least 3 replicates in each experimental group (n=514,813) for
NSC (n=4), Dayl (n=4), and Wk1 (n=4) biological replicates.
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Figure 2. CpG methylation levels are inver sely correlated with DEP expression levelsduring
regener ation.

A) Left: Scatterplot displaying the methylation difference for NSC—Dayl1 DMCs that fall
within promoters, as well as the logofold protein expression value for the protein encoded
by the gene associated with that DMC. Orange line represents linear regression and gray
shading represents 95% confidence interval. Right: Scatterplot displaying the methylation
difference for NSC—Wk1 DMCs that fall within promoters, as well as the log,fold protein
expression value for the protein encoded by the gene associated with that DMC. Violet line
represents linear regression and gray shading represents 95% confidence interval. Dotted

Adv Biol (Weinh). Author manuscript; available in PMC 2024 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Urban et al.

Page 23

horizontal lines represent logofold protein expression value of 1 and —1. Dotted vertical lines
represent 20% methylation difference threshold for calling DMCs. The average log,fold
protein expression of DEPs which were previously identified in post-surgical timepoints
compared to the NSC for biological replicates (4 for each condition). The proteomics data
was obtained from Gundogdu et al. Sci Reports. 2021.[8] B) Left: Scatterplot displaying

the methylation difference for NSC—Day1 DMCs that fall within gene bodies, as well

as the log,fold protein expression value for the protein encoded by the gene associated

with that DMC. Orange line represents linear regression and gray shading represents 95%
confidence interval. Right: Scatterplot displaying the methylation difference for NSC—Wk1
DMC:s that fall within gene bodies, as well as the log,fold protein expression value for

the protein encoded by the gene associated with that DMC. Violet line represents linear
regression and gray shading represents 95% confidence interval. Dotted horizontal lines
represent logofold protein expression value of 1 and —1. Dotted vertical lines represent 20%
methylation difference threshold for calling DMCs. The average log,fold protein expression
of DEPs which were previously identified in post-surgical timepoints compared to the NSC
for biological replicates (4 for each condition) (n=1,506 DEPs). The proteomics data was
obtained from Gundogdu et al. Sci Reports. 2021.[8]
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Figure 3. DNA hypermethylation islargely observed at post-surgical repair timepoints.
A) Venn diagram displaying shared and unique DMCs called among the comparison groups:

NSC—Dayl (DMCs called at Day1 relative to NSC baseline), NSC—Wk1 (DMC:s called
at WK1 relative to NSC baseline), DaylWk1 (DMCs called at WK1 relative to Day1).
DMCs were called at a threshold of 20% CpG methylation difference and g-value<0.01.
The number of DMCs for each group comparison: NSC—Day1 (n=12,279), NSC—Wk1
(n=34,506) and Day1Wk1(1,467). B) Bar plot showing the number of hypermethylated
and hypomethylated DMCs in each comparison group. The number of hypermethylated
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DMC:s for the NSC—Day1 (n=9,247) and NSC—WHk1 (25,945) groups. The number of
hypomethylated DMCs for the NSC—Day1 (n=3,032) and NSC—Wk1 (8,561) groups. C)
Density plot depicting the distribution of hypermethylated and hypomethylated DMCs in
each comparison group. D) Top: For shared DMCs that are represented in each individual
sample with =5x coverage (n=3,494), corresponding CpG methylation levels within in
each sample are shown in the heatmap. Euclidean hierarchical clustering was performed
with pHeatmap package (version 1.0.12) using the ward.D2 clustering method in RStudio
(version 4.0.5). Three clusters with different temporal DNA methylation dynamics were
identified. Bottom: Pie charts displaying the distribution of DMCs corresponding to each
cluster that fall within a gene body, promoter, or neither.
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Figure 4. Hypomethylation occursat CpG sitesfound in promoters of genes associated with

immune activation.

A) Venn diagram displaying shared and unique hypomethylated DMCs (HypoDMCs)
between NSC—Day1 (n=3,032) and NSC—WAk1 (n=8,561) groups. B) Pie charts showing
the proportions of unique HypoDMCs located within gene bodies, promoters, or neither for
NSC—Day1 and NSC—Wk1 comparison groups. Panels C-F) Plots depicting enriched GO:
biological processes (BPs) and PANTHER pathways. The x-axis indicates fold enrichment
and the colors indicate the false-discovery rate (FDR). C) Bar plot depicting GO: (BPs)
enriched for genes associated with HypoDMCs found within promoters that are unique
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to NSC—Day1 (top) or that are unique to NSC—WAk1 (bottom). 132 and 550 genes

were associated with uniqgue NSC—Day1 and NSC—Wk1 HypoDMCs within promoters,
respectively. (D) Bar plot depicting PANTHER pathways enriched for genes associated
with HypoDMCs found within promoters that are unique to NSC—WAkZ1. No PANTHER
pathways were significantly enriched for the genes associated with uniqgue NSC—Day1
HypoDMCs found within promoters. E) Bar plot depicting GO: BPs enriched for genes
associated with HypoDMCs found within gene bodies that are unique to NSC—Day1

(top) or that are unique to NSC—WAk1 (bottom). 539 and 2,073 genes were associated

with unique NSC—Day1 and NSC—Wk1 HypoDMCs within gene bodies, respectively.
F) Bar plot depicting PANTHER pathways enriched for genes associated with HypoDMCs
found within gene bodies that are unique to NSC—Wk1. No PANTHER pathways were
significantly enriched for the genes associated with uniqgue NSC—Day1 HypoDMCs found
within gene bodies. G) Transcription factor binding motifs enriched for uniqgue NSC—Day1
and NSC—WKk1 HypoDMCs. Moatif logos are shown in the left column. Bar plot shows
the degree of statistical significance for each motif enrichment. Motifs were ranked by
-logqp(p-values) in each condition calculated by HOMER.
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Figure 5. Hypermethylation at post-surgical repair timepointstargets genesinvolved in PI3K-
Akt signaling.

A) Venn diagram displaying shared and unique hypermethylated DMCs (HyperDMCs)
between NSC—Day1 (n=9,247) and NSC—WAk1 (n=25,945) groups. B) Pie charts showing
the proportions of unique HyperDMCs located within gene bodies, promoters, or neither for
NSC—Dayl and NSC—Wk1 comparison groups. Panels C-F) Plots depicting enriched GO:
biological processes (BPs) and PANTHER pathways. The x-axis indicates fold enrichment
and the colors indicate the false-discovery rate (FDR). C) Bar plot depicting GO: (BPs)
enriched for genes associated with HyperDMCs found within promoters that are unique
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to NSC—Day1 (top) or that are unique to NSC—WAk1 (bottom). 460 and 1,438 genes

were associated with uniqgue NSC—Day1 and NSC—Wk1 HyperDMCs within promoters,
respectively. D) Bar plot depicting PANTHER pathways enriched for genes associated

with HyperDMCs found within promoters that are unique to NSC—Day1 (top) or that

are unique to NSC—WKk1 (bottom). E) Bar plot depicting GO: BPs enriched for genes
associated with HyperDMCs found within gene bodies that are unique to NSC—Day1 (top)
or that are unique to NSC—WAkK1 (bottom). 1,715 and 4,999 genes were associated with
unique NSC—Day1 and NSC—Wk1 HyperDMCs within gene bodies, respectively. F) Bar
plot depicting PANTHER pathways enriched for genes associated with HyperDMCs found
within gene bodies that are unique to NSC—Day1 (top) or that are unique to NSC—WHk1
(bottom). G) Transcription factor binding motifs enriched for uniqgue NSC—Day1 and
NSC—Wk1 HyperDMCs. Motif logos are shown in the left column. Bar plot shows the
degree of statistical significance for each motif enrichment. Motifs were ranked by -log1g(t-
values) in each condition calculated by HOMER.
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Figure 6. Conserved enhancer regions exhibit differential methylation that is associated with
differentially expressed proteins showed content specific trends between the two timepoint

comparisons.

A) Schematic illustration of experimental workflow for characterizing methylation changes
in conserved genomic regions between GRCh37/hg19 and mRatBN7.2/rn7 genomes. Black
circles represent methylated CpGs, while white circles represent unmethylated CpGs. In
this scenario, the enhancer of interest is hypermethylated at Dayl and Wk1 compared to

the NSC. B) Violin plots depicting the distribution of CpG methylation percentage for all
CpGs within lifted esophagus enhancers (n=13,189) for each experimental timepoint. The p-
values were calculated with Wilcoxon rank-sum test. C) Bar plots show the logOR between
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differentially methylated lifted esophagus enhancers that were hypomethylated (red) and
hypermethylated (blue) and DEPs for each timepoint comparison. The colored circles at the
bottom reflect timepoint comparisons (i.e., orange indicates NSC Day1 and violet indicates
NSC—Wk1). LogOR significance was calculated with Fisher’s exact test. Note: LogOR
were 71s. D) Violin plots depicting the distribution of CpG methylation percentage for all
CpGs within lifted neutrophil enhancer regions (n=11,294) for each experimental timepoint.
The p-values were calculated with Wilcoxon rank-sum test. E) Bar plots show the logOR
between differentially methylated lifted neutrophil enhancers that were hypomethylated
(red) and hypermethylated (blue) and DEPs for each timepoint comparison. The colored
circles at the bottom reflect timepoint comparisons (i.e., orange indicates NSC Day1 and
violet indicates NSC—WKk1). LogOR significance was calculated with Fisher’s exact test.
Note: LogOR were 7s.
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