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SUMMARY

The mammalian liver exhibits remarkable regenerative capabilities after injury or resection. Central to this
process is the precise modulation of gene expression, driven by changes in chromatin structure and the tem-
poral activation of distal regulatory elements. In this study, we integrated chromatin accessibility and tran-
scriptomic data after partial hepatectomy in mice. We show that the expression of crucial regeneration genes
is orchestrated by a diverse array of cis-regulatory elements, including regeneration-specific enhancers and
enhancers repurposed from various developmental stages. These enhancers collaborate to activate the tran-
scriptional programs required for hepatocyte priming and proliferation, with their activity initially regulated by
the activator protein-1 (AP-1) complex and ATF3, and subsequently by nuclear factor erythroid 2 (NFE2)-
related factor 2 (NRF2) during proliferation. Our results also indicate that hepatic regeneration involves the
repression of enhancers regulating liver-specific metabolic functions, particularly those involved in lipid
metabolism. This study provides a genome-wide atlas of enhancer-gene interactions, offering new insights
into the regulatory mechanisms underlying liver regeneration.

INTRODUCTION

Regenerative capacity varies greatly, not only across species but
also between tissues, organs, and developmental stages within
the same species. The evolutionary conservation of regenera-
tion-associated genes suggests that variations in regenerative
ability arise from differences in how these genes are regulated af-
ter injury, rather than simply whether they are present.’”
Genome-wide chromatin profiling has identified cis-regulatory
elements activated by injury that orchestrate regenerative tran-
scriptional programs. These regeneration-responsive elements
have been characterized in regenerating zebrafish heart,**
fins,>® and spinal cord,” as well as Drosophila wing imaginal
discs.®? In mice, similar enhancer activity has been observed
in skeletal muscle,'® Schwann cells,’" skin stem cells,'®'® and
heart."*'> Recent studies show that regeneration-responsive
enhancers can be engineered to drive pro-regenerative gene

expression specifically in damaged tissues via transgenic
models or viral vectors.”'® These elements are transiently acti-
vated after injury and deactivate once repair is complete, mini-
mizing potential tumorigenic risk.

In vertebrates, the liver has remarkable regenerative capacity,
fully restoring mass and function after injury or partial hepatec-
tomy (PHx)."”'® Under normal conditions, hepatocytes are
quiescent, but within 4 h after PHx, approximately 95% re-enter
the cell cycle.'?° This is triggered by a cytokine-driven priming
phase, which induces proliferation genes and represses liver-
specific differentiation genes.?’ Growth factors then promote
cell-cycle progression, leading to mitosis by 48 h.'® Proliferation
is later arrested by transforming growth factor (TGF)-p and acti-
vins via tumor-suppressor gene activation, thus preserving liver
size and homeostasis.'®*

Understanding the regulatory mechanisms of liver regenera-
tion could have profound implications for regenerative medicine.
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Although genetic and epigenetic drivers have been
described,?>** the role of specialized enhancers in controlling
pro-regenerative genes remains unclear. Recent studies have
explored histone modifications and DNA methylation after
PHx,?"2°2” chromatin accessibility dynamics after toxicity in a
model of hereditary tyrosinemia,”® and epigenetic changes dur-
ing biliary reprogramming.”® Single-cell approaches have further
revealed the gene regulatory networks (GRNs) of hepatic cells
during the later stages of liver regeneration after PHx.*%=?

However, our understanding of how early signals reshape
gene expression and chromatin architecture during liver regen-
eration remains incomplete. Although recent evidence suggests
that hepatocytes adopt a fetal-like chromatin and transcriptional
state,*>*" it remains unclear whether regeneration relies solely
on reactivating developmental networks or involves a distinct
regeneration-specific program.

Here, we profiled gene expression and chromatin accessibility
during the early stages of liver regeneration in mice. Using an
integrative algorithm that combines chromatin state and 3D
conformation data, we identified regulatory elements specifically
activated after PHx and predicted their target genes. This anal-
ysis revealed reduced accessibility at regions associated with
liver-specific metabolic genes, alongside increased accessibility
at regulatory elements linked to pro-proliferative genes. Addi-
tionally, we constructed a GRN that uncovered a cascade of
transcription factor (TF) activation, highlighting key TFs that are
upregulated and/or essential for regeneration. Our findings
further suggest that liver regeneration involves both regenera-
tion-specific enhancers and reactivated developmental en-
hancers, each governed by distinct regulatory mechanisms
and associated with different biological functions.

RESULTS

Liver regeneration-responsive regulatory elements
To identify regulatory elements involved in early liver regenera-
tion, we performed genome-wide transcriptomics and chromatin
accessibility profiling on mouse livers at 6, 24, and 48 h after
sham (control) or two-thirds (2/3) PHx (REG) surgery
(Figure 1A), using the same samples for RNA sequencing
(RNA-seq)*® and assay for transposase-accessible chromatin
using sequencing (ATAC-seq). The time points selected corre-
spond with critical stages in liver regeneration, marking the
end of the priming stage (6 h), the entry of hepatocytes into the
S phase of the cell cycle (24 h), and their progression into mitosis
(48 h). The latter two fall within the proliferation or progression
phase of liver regeneration.'”®

First, we used correspondence analysis and association
plots®* to cluster the expressed genes (11,512 genes)
(Figures S1A-S1C). This method enabled us to identify the genes
that were differentially expressed either in the control livers or at
specific time points during regeneration (6, 24, or 48 h post PHx)
(Figures 1B and 1C), as well as those that were co-expressed
across different regeneration time points (Figures S1D and
S1E; Table S1). The cluster corresponding to the initial stage of
regeneration (REG 6 h) showed the highest gene count, with
1,375 genes exhibiting significantly higher expression levels at
6 h compared with the other conditions (Figures 1B, 1C, and
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S1C). As previously reported,*® we found that the gene expres-
sion profile at the initial time point post-PHx resembled that of
the corresponding sham-operated control, albeit with a ten-
dency toward increased expression levels in regeneration
(Figures S1A and S1B). This similarity is likely due to the distur-
bance in gene expression caused by surgical stress and anes-
thesia. The other gene clusters specific to regeneration encom-
passed approximately 200-400 genes each (Figures 1B, 1C,
S1D, and S1E). Notably, the cluster of genes co-expressed
across regeneration (REG 6-24-48 h) comprised only 227 genes
(Figures S1D and S1E). This suggests a dynamic transcriptomic
profile with sequential gene activation and repression.

Gene Ontology (GO) analysis revealed that control livers were
enriched for lipid-related pathways, including steroid and bile
acid metabolism, as well as lipid catabolism (Figure 1D), consis-
tent with known suppression of bile acid synthesis during liver
regeneration to prevent cytotoxicity.® In contrast, genes associ-
ated with cell signaling, cell response, proliferation, and mitosis
were specifically enriched in particular regeneration clusters,
indicating a sequential activation during regeneration
(Figure 1D). For instance, the REG 6 h cluster showed unique
enrichment for hepatocyte growth factor (HGF) response and
phospholipid biosynthesis, whereas several terms related to
the mitotic cell cycle were significantly enriched among the
REG 48 h cluster. HGF is among the earliest mitogens detected
after PHx in mice and plays a crucial role in liver regeneration,®”
while the synthesis of phospholipids is essential for generating
new cell membranes and, therefore, for hepatocyte proliferation
during regeneration.®® These transcriptomic changes after PHx
accurately reflect known physiological events underlying early
liver regeneration.”>%°

Next, we examined the changes in chromatin accessibility that
could trigger these transcriptional profiles by mapping open re-
gions by ATAC-seq in livers at 6, 24 and 48 h after sham surgery
or 2/3 PHx (Figures S2A and S2B). We performed pairwise com-
parisons between control and regeneration at each time point (|
FC| > 1.7) and identified more than 17,000 differentially acces-
sible chromatin regions in at least one time point, compared
with 60,000 that were non-differentially accessible (NDA). Differ-
entially accessible regions were classified into de novo,
increasing or decreasing peaks: de novo peaks were open re-
gions detected exclusively during regeneration; increasing
peaks were regions already open in the control but displaying
higher accessibility during regeneration; and decreasing peaks
were regions with lower accessibility during regeneration
(Figures 2A and 2B). We observed a similar number of
decreasing peaks over time, with nearly 4,000 identified at
each time point (Figure 2C). In contrast, the number of increasing
peaks slightly increased over time (1,717 peaks at 6 h, 2,935
peaks at 24 h, and 2,886 peaks at 48 h after PHx) and de
novo peaks were more enriched at 6 h and 48 h compared
with 24 h: 427, 449, and 255 peaks, respectively (Figure 2C).
Differentially accessible peaks from all classes were mostly
time point specific (Figure S2C), indicating that chromatin archi-
tecture changes throughout the regenerative process.

We next classified ATAC-seq peaks by distance to the nearest
transcription start site as promoter (500 bp), proximal (<1 kb), or
distal (>1 kb) regions. In comparison with NDA, the de novo,
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Figure 1. Gene expression profiles of liver regeneration after PHx
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(A) Experimental design. Male and female mice aged 8-16 weeks underwent either sham surgery (SHAM/CTRL) or 2/3 PHx/REG. Mice were euthanized at 6, 24,
or 48 h post surgery, and liver lobes were snap-frozen. RNA-seq data were obtained from Herranz-Itdrbide et al.** and the same biological samples were used for

ATAC-seq.

(B) Standardized expression profiles of four gene clusters: control, 6 h, 24 h, and 48 h after PHx. Gene expression values are Z- score normalized. Mean
expression (line) + standard deviation (shade) and gene counts are shown per cluster.
(C) Heatmaps of expression for each cluster. Columns represent conditions (averaged across replicates), and gene expression is Z- score normalized, gene order
was established by hierarchical clustering. Gene counts per cluster are shown above.
(D) GO terms enriched in each gene cluster (one-sided Fisher’s exact test pagjusted < 0.05). NFKB, nuclear factor k-light-chain-enhancer of activated B cells. See

also Figure S1.

increasing, and decreasing peaks tended to be more prevalent in
the distal regions (>90%), primarily within introns and intergenic
regions, while less than 7% were in promoters and only 2%-3%
within proximal regions (Figures 2D and S2D). Indeed, most pro-
moters remained relatively stable during regeneration,
comprising nearly 25% of NDA peaks. Given that distal regions
are typically associated with enhancers, these findings suggest
that the chromatin response to PHx predominantly involves the
modulation of enhancer accessibility.

To further characterize regeneration-responsive regulatory el-
ements (RREs), we integrated ATAC-seq data with H3K27ac
profiles from undamaged®® and regenerating livers,® as this his-
tone mark is linked to active enhancers.”' First, we observed a
highly statistically significant overlap (Fisher’s exact test, p =
2.2e7 %) between RREs (extended to 500 bp to incorporate the
flanking nucleosomes) and H3K27ac. Approximately 65% of
RREs were flanked by H3K27ac enriched regions, further sup-
porting their role as enhancers. We observed that the H3K27ac

signature differed for each type of RRE (Figure 2E). Compared
with NDA, de novo and increasing RREs exhibited a higher pro-
portion of peaks exclusively marked by H3K27ac during regen-
eration (REG specific). In contrast, decreasing peaks tended to
be marked both in control and regeneration or only in the control.
While certain de novo peaks exhibited regeneration-specific
H3K27ac, indicating they can gain acetylation after PHx, most
of them were unmarked in all conditions. This suggests that
the regulation mediated by these elements may occur indepen-
dent of this histone tail acetylation. As previously proposed, the
active enhancer repertoire cannot be fully characterized by
H3K27ac alone.*?

Switch in chromatin accessibility from RREs linked to
homeostatic lipid metabolism to proliferation-
associated RREs

To better understand gene regulation during liver regeneration,
we mapped genome-wide functional enhancer-gene pairs.

Cell Genomics 5, 100887, July 9, 2025 3
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(A) Genome browser views and schematics of de novo, increasing and decreasing peaks.
(B) Quantile normalized ATAC-seq signals +1 kb from peak summits, grouped by peak class.

(C) Number of differentially accessible peaks per class at each time point.

(D) (Top) Genomic annotation of peaks. (Bottom) Proportion of promoters, proximal, and distal enhancers per class peaks.
(E) H3K27ac presence in control (uninjured) and regeneration (40 h post PHXx) livers in NDA peaks and RREs. See also Figure S2.

Proximal enhancers were assigned to the nearest gene, while the
target genes of distal enhancers were predicted using the activ-
ity-by-contact (ABC) model of enhancer-promoter regulation.**
Briefly, this model is based on the principle that each enhancer
regulates gene expression proportionally to its activity, and the
frequency of its interaction with the gene’s promoter. The ABC
model combines chromatin state data, such as accessibility
and histone modifications, to assess enhancer activity, and
uses chromosome conformation capture (Hi-C) data to infer con-
tact frequency between enhancers and promoters. This model
outperforms simpler alternatives such as distance-based and
Hi-C contact-based predictions. For input into the ABC model,
we used our ATAC-seq data, publicly available H3K27ac chro-
matin immunoprecipitation sequencing (ChlP-seq) data from re-
generating livers*® and in situ Hi-C and promoter-capture Hi-C
data from intact livers.**

The ABC algorithm predicted 15,816 distal enhancer-gene
pairs, of which 15,499 (97.9%) were associated with expressed
genes in at least one condition (Tables S2 and S3). Unlike con-
ventional methods that assign enhancers solely based on the
proximity to the nearest gene, the ABC method allowed us to
predict the target genes of distal enhancers even when these
were located megabases away. For instance, it identified an

4 Cell Genomics 5, 100887, July 9, 2025

interaction between two increasing enhancers and a de novo
enhancer with the promoter of the Pnpla8 gene, despite being
separated by more than 1.2 Mb in the linear genome
(Figure 3A). We next assessed the Pearson’s correlation coeffi-
cient between chromatin accessibility at regeneration-respon-
sive promoters and enhancers and their target gene expression
across time points. Promoters showed the highest correlation,
followed by proximal and distal enhancers (Figure S3A). More-
over, increasing peaks exhibited significantly stronger correla-
tions than de novo or decreasing peaks (Figure S3B). Altogether,
these results support the accuracy of ABC-predicted enhancer-
gene pairs.

Next, we analyzed the expression of predicted target genes
during regeneration and found distinct transcriptional patterns
across RRE types: genes linked to de novo and increasing pro-
moters were largely upregulated, while those associated with
decreasing promoters showed consistent downregulation (AN-
OVA with Tukey’s honestly significant difference [HSD] test,
p < 0.05) (Figure 3B). The target genes of de novo and increasing
enhancers displayed no statistically significant differences be-
tween them, but differed significantly from those associated
with decreasing enhancers across all time points (Figure 3B).
Furthermore, the target genes of de novo and increasing RREs
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Figure 3. Enhancer-gene predictions using the ABC algorithm reveal opposite regulation for proliferation and metabolic genes

(A) Genome browser screenshot showing an ABC algorithm prediction at 48 h post-PHx. One de novo and two increasing enhancers (light and dark purple) are
linked to the upregulated gene Pnpla8, located kilobases away. One replicate is shown for simplicity.

(B) Log2FC (TPM) of target genes associated with RREs in REG vs. CTRL samples. Two-way ANOVA followed by Tukey’s HSD test was used to assess statistical
differences between peak classes (de novo, increasing, and decreasing) and genomic regions (promoter, proximal, distal) at 6, 24, and 48 h. Significance shown
only between peak classes: ns, non-significant; “pagjusted < 0.05, **Padjusted < 0-01, ™ Pagjustea < 0.001.

(C) Expression of target genes linked to de novo, increasing, and decreasing RREs, clustered by log2FC (TPM), gene order was established by hierarchical
clustering. (Below) Time-specific GO terms enriched in each RRE class (one-sided Fisher’s exact test pagjusted < 0.05).

(legend continued on next page)
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tended to be upregulated during regeneration, whereas
decreasing RREs were found to be mainly associated with
downregulated genes (Figure 3C). GO analysis revealed that
de novo and increasing RRE target genes were significantly en-
riched in signaling pathways known to play a role in liver regen-
eration at all three time points, such as the activin/TGF-$
pathway,'® with increasing RREs also associated with genes
involved in the cell cycle (Figure 3C). In contrast, decreasing
RREs mainly controlled the expression of genes related to
liver-specific functions in lipid metabolism, including pathways
associated with cholesterol and retinol metabolism, as well as
bile acid biosynthesis. These findings align with the enriched bio-
logical functions identified in our transcriptomics analysis.
Notably, the target genes from de novo and increasing RREs
were enriched in functions that parallel those of the REG-specific
transcriptomic gene clusters (Figure 1D), including the acute-
phase response at 24 h and the mitosis-related signaling path-
ways at 48 h post PHx. In contrast, the steroids/cholesterol,
retinol and bile acid metabolic pathways, specifically enriched
for decreasing RRE-target genes, also exhibited enrichment
within the cluster of control-specific genes from the RNA-seq
analysis (Figure 1D). This suggests that de novo and increasing
enhancers are activated post PHx to upregulate genes required
for early liver regeneration, whereas decreasing RREs influence
gene expression in the intact adult liver but have reduced activity
after PHx. Furthermore, our analysis revealed an enrichment of
genes associated with the DNA methylation pathway among all
decreasing RREs (Figure 3C). The dynamics of DNA methylation
during liver regeneration are complex,*® and consistent with this,
we identified genes within this group involved in both methylation
and demethylation processes.

To validate putative RREs as enhancers capable of driving
gene expression, we conducted a transient reporter assay in
hepatocyte cell cultures. We cloned candidate RREs upstream
of aminimal promoter and a luciferase gene cassette to assess
their enhancer activity. Specifically, we tested four candidate
sequences: (1) a distal increasing enhancer upstream of
Hmox1; (2) an increasing enhancer located within the 10th
intron of Adcy1; (3) a proximal de novo enhancer that progres-
sively gains accessibility and is predicted to regulate Ccdc120,
a gene exhibiting increased expression throughout regenera-
tion; and (4) an intronic de novo enhancer predicted by the
ABC model to target Il1rn, a gene upregulated 6 h post PHx
(Figure S3C). These constructs were transiently transfected
into a hepatocyte cell line,*® serum starved for 24 h to induce
quiescence, and then either stimulated with 10% fetal bovine
serum for 3 h or maintained in serum-free conditions
(Figure 3D), mimicking the quiescence-to-proliferation transi-
tion characteristic of liver regeneration. Serum stimulation
significantly increased luciferase activity for the Hmox1
(increasing) and ll1rn (de novo) RREs (n = 6, ANOVA with Tu-
key’s HSD test, p < 0.05), while the other two showed non-sig-
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nificant increases (Figure 3E). Under serum conditions, all four
RREs exhibited significantly higher activity than the control, but
not under starvation, suggesting that they act as enhancers
activated upon cell cycle re-entry.

Cascade of TF activation during early liver regeneration
We next conducted a TF footprint analysis within RREs using
HINT-ATAC*’ to identify potential transcriptional regulators of
the liver response after PHx. We identified differential TF foot-
prints by comparing the ATAC-seq profiles of regenerating and
control livers within all RREs at each time point. Only TFs that
were expressed in our transcriptomics data and exhibited a sig-
nificant change in activity (p < 0.05) were considered in the
analysis.

We observed that predicted TFs footprints within RREs during
liver regeneration differed entirely from those in control livers
(Figure 4A). Across all regeneration time points, we identified
various combinations of the activator protein-1 (AP-1) dimer motif
(FOS/JUN) (Figure S4A) and the nuclear factor erythroid 2 (NFE2)
binding site. Some motifs were shared between two time points,
such as early growth response 2 (EGR2) at 6 and 48 h, and
CCAAT/enhancer-binding protein p (C/EBPp) at 24 and 48 h
post PHx. Others were exclusive to specific time points, including
EGR1 and MYC at 6 h; and activating TFs (ATFs) 1, 3and 7, NFE2-
related factor 2 (NRF2), X-box binding protein 1 (XBP1), and One-
cut1/hepatocyte nuclear factor 6 at 24 h (Figures 4A and S4B-
S4E). At 48 h, we detected Mothers against decapentaplegic
homolog 3 (SMAD3) footprints (Figure 4A), and although not
significantly, the NRF2 motif also seemed to be enriched
(Figure S4E). Notably, many of these TFs were upregulated at
the transcriptional level, including Fos, Jun, Egrl, Atf3, Nrf2,
and Cebpj (Figure 4B). Several of these are well-known regula-
tors of the transcriptional response during liver regeneration.
For instance, Fos and Jun are immediate-early genes induced
within the first hours after PHXx, playing a key role in promoting he-
patocyte proliferation.’® Similarly, C/EBPp contributes to cyto-
kine-mediated activation pathways and supports both prolifera-
tion and metabolic homeostasis in remnant hepatocytes,’”
while XBP1 regulates proteostasis and the acute-phase response
during liver regeneration.*® In control livers, we predicted the
binding sites for D-box binding PAR bZIP TF (DBP) and C/EBP«
(Figure 4A), both of which showed decreased expression at
48 h after PHx (Figure 4B), along with nuclear factor interleukin
3 regulated (NFIL3), among others.

To further investigate putative TFs involved in liver regenera-
tion, we analyzed motif enrichment in RREs using AME (MEME
Suite).*® We compared TF motif enrichment in de novo and
increasing or decreasing RREs at each time point against all
accessible regions (Mann-Whitney U test p < .05). Since the mo-
tifs within enhancer and core-promoter sequences may recruit
different trans-acting factors,”® we analyzed them separately.
We selected the top 10 TF motifs per time point and peak class,

(D) Reporter assay design. Candidate de novo and increasing RREs were cloned upstream of a luciferase cassette, transfected into hepatocyte cultures, serum-
starved for 24 h, then either kept in starvation or treated with 10% fetal bovine serum (FBS) for 3 h. The constructs were measured in two independent experiments

in a total of six biological replicates.

(E) Relative luciferase activity under starvation or FBS treatment. Two-way ANOVA with Tukey’s HSD test was used to compare constructs vs. minP and between

serum conditions (p < 0.05). See also Figure S3.
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Figure 4. Time point-specific TF motif patterns during liver regeneration
(A) Differential TF binding sites at each time point identified by HINT-ATAG* footprinting. Each point represents a TF; only those with expression >1 TPM in at
least one condition and significant change in activity (o < 0.05) are labeled. Circle color reflects log2FC of the TF-encoding gene. (Below) ATAC-seq profiles for
two example TF footprints at 24 h post PHx (CTRL vs. REG).
(B) Expression of Fos, Jun, Egr1, Atf3, Nrf2, Cebpb, Cebpa, and Dbp over time in CTRL (gray) and REG (red). Significance: **pagjusted < 0.01, *Pagjustea < 0.05
(DESeq2, pairwise comparison vs. control, Wald test, assuming negative binomial distribution).
(C) Top 10 enriched TF motifs in de novo, increasing, or decreasing promoters (left) and enhancers (right), identified using AME*® with the HOCOMOCO v11
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excluding non-expressed TFs. Our analysis revealed substantial
differences between promoters and enhancers, and distinct TF
motif patterns in increasing or decreasing regions (Figure 4C).
E2F, SP, and Krippel-like factor motifs were consistently en-
riched in de novo and increasing promoters across all time
points, with several encoded by genes co-expressed in the 6
or 6-48 h REG clusters (Table S1). The E2F family is known for
its critical role in regulating the cell cycle and apoptosis, with
E2F1 specifically binding to the promoter regions of genes
involved in the progression to the S phase.”' FOS and JUN mo-
tifs were also among the top hits, enriched in both de novo and
increasing promoters and enhancers, but absent from
decreasing RREs (Figure 4C). These TFs were highly expressed
in the liver at 6 h post PHx (Figure 4B). We also identified the
STAT3 motif, a key TF driving hepatocyte proliferation during
liver regeneration,®® exclusively enriched in de novo and
increasing enhancers at both 6 h (pagjustea = 4.23¢7°%) and 48 h
(Padjustea = 2.11€7%) post PHx (Figure S4F). Although STAT3
was not among the top 10 enriched motifs, its significant enrich-
ment, along with the strong enrichment for the E2F and AP-1 mo-
tifs, further supports the robustness of our findings. In addition,
the ATF3 motif was enriched in both de novo and increasing pro-
moters and enhancers, with NRF1 and NRF2 motifs also exclu-
sively enriched within these enhancers. In contrast, decreasing
enhancers showed enrichment for the COUP TFs 1 and 2, nu-
clear factors | (NFI) B and C, and DBP motifs (Figure 4C).

Subsequently, we integrated our transcriptomics data, TF
binding predictions, and enhancer-gene map to construct a
GRN. We selected the top 10 most enriched TFs in RREs at
each time point (Figure 4C) and computed Pearson’s correlation
coefficients between the expression of each TF and that of its
predicted target genes. We retained only significant interactions
(Icorrelation| > 0.8) and TFs with motifs present in at least five
RREs. Most TFs showed positive correlations with their targets,
suggesting a predominantly activating role via enhancers
(Figures 5A, S5A, and S5B). For instance, NRF2 positively corre-
lated with all its targets, especially at later stages, whereas
BACH2 showed mixed effects, negatively correlating with 66%
of its targets (Figures S5A-S5C).

We next profiled gene expression over time and categorized
edges based on their corresponding RRE behavior at each
time point. The resulting GRN suggested a cascade of TF activa-
tion during the early stages of liver regeneration (Figures 5B-5D).
At 6 h post PHXx, key early induced TFs, including EGR1, the AP-1
subunits JUN and FOS, and ATF3, were upregulated, likely
driving the expression of their target genes via de novo and
increasing enhancers (Figures 5B-5F and S5D). As regeneration
progressed, additional TFs, such as CUX1, may have contrib-
uted to the transcriptional activation of genes at 24 h
(Figure 5C). By 48 h after PHx, several TFs including NRF2,
FOXM1, MEF2A, NRF1, and FOXK1 emerged as potential cen-
tral drivers of gene upregulation (Figures 5D, S5D, and S5E).
Notably, we observed co-localization of NRF2 and FOXM1 mo-
tifs at numerous RREs, suggesting potential cooperation in acti-
vating their target genes at 48 h post PHx (Figures 5G, 5H, and
S5F). Conversely, some TFs likely mediated the downregulation
of their target genes at specific time points. For instance, FOXK1,
FOXO4, and FOXM1 motifs were primarily associated with
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decreasing enhancers and low gene expression at 6 h post
PHXx (Figures 5B and S5D). Meanwhile, downregulated regulons
at 24 and 48 h included DBP, NFIB, and NFIC (Figures 5C, 5D,
S5D, and S5E).

Focusing on ATF3, which was significantly upregulated at 6 h
post PHx (Figure 4B), we performed immunohistochemical anal-
ysis and confirmed the presence of ATF3-positive hepatocyte
nuclei in regenerating livers at this time point, but not in controls
(Figure 6A). Next, we identified a set of putative ATF3 target re-
gions by analyzing available ATF3 ChlP-seq datasets in mice
and comparing them with de novo and increasing RREs. ATF3
peaks were significantly enriched at these RREs, particularly at
6 h post PHx (Fisher’s exact test, p,gjustea < 0.001) (Figure 6B),
supporting the GRN predictions. Further analysis confirmed
that ATF3 binds to the promoters and enhancers of over 85%
of the GRN-predicted ATF3 target genes. Among these, Hcar2,
which was upregulated at 6 h, was associated with a de novo
RRE (Figure 6C), while Trib1, previously shown to be regulated
by ATF3 in HepG2 cells,®® was linked to three increasing en-
hancers with ATF3 binding (Figure S6A). Additionally, functional
characterisation of predicted ATF3 target genes linked to de
novo and increasing RREs (Table S4), using the Kyoto Encyclo-
pedia of Genes and Genomes Pathway database, revealed
enrichment in regeneration-related pathways. These included
glucagon signaling and adherens junctions across all time
points, as well as the MAPK, TGF-p, and Hippo signaling path-
ways, particularly at later stages (Figure 6D). Furthermore, we
analyzed Atf3 expression using a published single-cell RNA-
seq dataset from livers collected at different time points post
PHx,*" although no scRNA-seq data were available for 6 h.
Atf3 was predominantly expressed in a subset of hepatocytes
at 24 and 48 h post PHx (Figures 6E and 6F), confirming that
its expression was mostly restricted to regenerating hepato-
cytes. Moreover, GRN-predicted ATF3 target genes, validated
through ChIP-seq analysis, exhibited higher expression levels
in Atf3-expressing cells compared with those without Atf3
expression (Figure S6B). Altogether, these findings support our
GRN predictions and highlight the role of ATF3 in transcriptional
regulation during liver regeneration.

We next integrated our ATAC-seq dataset with the published
NRF2 ChIP-seq profiles from mouse intact livers.>* NRF2 is a
TF that plays a key role in the response to oxidative stress by
binding to the antioxidant response elements in the promoter re-
gions of cytoprotective genes, such as phase Il detoxification en-
zymes, thus inducing their expression.”® We focused our analysis
on increasing RREs, since these regions were more likely to
feature NRF2 in the intact liver. Indeed, we observed a significant
overlap between increasing RREs and NRF2 peaks at all time
points (Fisher’'s exact test, pagjustea < 0.001), with this overlap
becoming more pronounced at the later stages of regeneration
(Figure 6G). These results are consistent with the concurrent in-
crease in Nrf2 expression over time (Figure 4B) and further rein-
force the role of NRF2 especially at this later time point. Hmox1,
a well-established NRF2 target,”® was upregulated 48 h post
PHx and associated with an NRF2-bound increasing RRE
(Figure 6H). Similarly, Aldh7a7°” was also upregulated and linked
to an NRF2-bound increasing RRE (Figure 6H). Moreover, single-
cell analysis of Nirf2 expression®’ revealed its overexpression in
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Figure 5. Early regeneration GRN

(A) GRN with edges colored by TF-target Pearson’s correlation coefficient (blue, >0.8; gray, < —0.8). While most correlations are positive, negative interactions
are predicted for some TFs.

(B) GRN at 6 h: Nodes are colored by target gene normalized expression and edges by RRE classification at 6 h.

(C) GRN at 24 h: same as (B), but for 24 h.

(D) GRN at 48 h: same as (B), but for 48 h.

(E) Number and type of RREs with ATF3 motifs (left axis) and Atf3 expression in Z scores (right axis) (REG in red, CTRL in gray).

(F) Expression of predicted target genes linked to ATF3 motif-containing RREs. Each column is one condition (average across replicates), gene expression as Z
scores.

(G) Number of RREs containing TF motif pairs.

(H) Expression of predicted target genes associated with RREs with co-localization of the NRF2 and FOXM1 motifs. Each column is one condition (average across
replicates), gene expression as Z scores. See also Figure S5.

hepatocytes at 24 and 48 h post PHx (Figure S6C), with a similar  identified by the GRN and validated by ChIP-seq, showed signif-
expression pattern observed for its known target genes, Hmox1  icantly higher expression in Nrf2-expressing cells compared with
and Aldh1a7 (Figures S6D and S6E). Overall, NRF2 target genes, non-expressing ones in the scRNA-seq data (Figure S6B).
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tested RREs associated with Hcar2
(Figure 6C) and Adcy? (Figure S3C),
both identified by the GRN as ATF3 tar-
gets. As candidate NRF2-regulated en-
hancers, we selected the Hmox1-linked
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Functional analysis of NRF2-bound increasing RRE targets re-
vealed enrichment in wound healing, kinase activity, apoptosis,
angiogenesis, and epithelial proliferation (Figure S6F; Table S5).
As expected, when all target genes were considered, there
was enrichment for oxidative stress response (GO: 0006979;
Padjustea = 2.1067%%). This suggests NRF2 may bind both pro-
moters and enhancers of regeneration-related genes under
normal conditions, but during regeneration increased Nrf2
expression and RRE accessibility likely promote NRF2 binding
to RREs, leading to target gene upregulation. In contrast, DBP,
which is downregulated during regeneration according to our
transcriptomics analysis (Figure 4B) and the published scRNA-
seq data®' (Figure S6G), likely detaches from RREs, contributing
to their closure and reduced gene expression.

To confirm that ATF3 and NRF2 act as transcriptional activa-
tors of liver regeneration through RREs, we co-transfected
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Promoter [ Increasing enhancer [ Decreasing enhancer

enhancer (Figure 6l) and an intronic
enhancer associated with Cdh1, a gene
upregulated at 48 h post PHx and pre-
dicted by the GRN as a potential NRF2 target. Transient co-
transfection assays in hepatocyte cultures revealed a significant
increase in luciferase expression in ATF3-expressing cells with
the Adcy1-associated RRE and in NRF2-expressing cells with
the Hmox1 RRE, compared with non-expressing control cells (-
ANOVA with Tukey’s HSD; p < 0.05) (Figure 6l). Additionally,
the Hcar2 and Cdh1 enhancers showed a trend toward
increased luciferase activity upon ATF3 and NRF2 overexpres-
sion, respectively. These results support ATF3 and NRF2 as tran-
scriptional activators of RREs.

Interplay of regeneration-specific and developmental
regulatory elements

While liver regeneration and development share some molecular
mechanisms, the two processes differ significantly. For
instance, their cellular origins are distinct: liver regeneration after
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Figure 7. Enhancers from development are repurposed in the adult liver to activate the expression of regeneration genes
A) Liver developmental stages used for ATAC-seq data in the comparative analysis with de novo RREs.
B) Genome browser views of a de novo enhancer overlapping a developmental enhancer (Reused) and one specific to regeneration (REG specific).
C) Proportion of de novo RREs classified as reused or REG specific.

D) Proportion of de novo peaks overlapping developmental enhancers at each developmental stage.

F) Heatmap of enriched TF motifs in reused and REG-specific de novo RREs. Scaled enrichment E-score shown. fAll family members included.

G) Normalized accessibility of REG-specific de
H) Normalized expression of REG-specific YY1

novo peaks with YY1 motifs.
putative target genes.

1) UMAP of gene expression from quiescent (PHx0) and regenerating livers (PHx24, PHx48), colored by condition (left) and annotated cell type (right).
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(E) GO term analysis of target genes from reused vs. REG-specific de novo RRES (Dagjusted < 0.05).
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J) Feature plot of Yy1 expression in PHx0 and PHx24-PHx48. See also Figure S7.

PHx is primarily driven by mature

during embryonic development, hepatocytes originate from hep-

atoblasts —bipotential precursors that

epithelial cells.® To determine if the gene expression changes

observed during liver regeneration rely

mechanisms used during liver development or involve unique,

hepatocytes, whereas
matin accessibility
also give rise to biliary
(Figure 7A). This pe

on the same regulatory liver bud growth (E

regeneration-specific regulatory networks, we analyzed chro-

data from mouse liver development, span-

ning embryonic day 11.5 (E11.5) to postnatal day 0 (P0)*®

riod encompasses the stages of accelerated
10-E13), hepatoblast differentiation into he-

patocytes (E14), and hepatocyte maturation (E15-P0), a process
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that continues after birth.'® We specifically examined whether de
novo RREs—regions uniquely accessible in regenerating livers
but not in uninjured ones —were also accessible during any stage
of liver development. Such overlap would indicate the reuse of
developmental enhancers for regeneration. Conversely, regions
exclusively accessible during regeneration, with no accessibility
during development, would suggest the presence of regenera-
tion-specific enhancers (Figure 7B). Our analysis revealed that
45% of de novo RREs were developmental enhancers repur-
posed for regeneration (Reused), while the remaining 55%
were enhancers exclusive to regeneration (REG specific)
(Figure 7C). Among the Reused enhancers, most were either re-
purposed from late developmental stages (E16.5 and PO)
(Figures 7B-7D) or were active throughout all stages of liver
development (Figures S7A and S7B). To further characterize
these regulatory elements, we explored their distribution in the
genome. While both subtypes of de novo RREs were predomi-
nantly located in distal regions, consistent with the general distri-
bution of all RREs, their proportions in proximal and promoter
regions differed significantly (chi-square p < 2.2e—16). Specif-
ically, Reused RREs were more abundant in proximal (2%) and
promoter (6%) regions, compared with REG-specific regulatory
elements (1% and 2%, respectively). These findings suggest that
regeneration-specific regulatory mechanisms primarily function
through distal enhancers.

GO term enrichment analysis of de novo RRE target genes re-
vealed distinct functional categories. Reused RRE genes were
enriched in cell-cell interactions and carbohydrate biosynthesis,
including gluconeogenesis genes like Sik1 (Figures 7E and S7C),
a process regulated during both regeneration and birth.> In
contrast, REG-specific targets were enriched in liver-related
functions, such as alcohol metabolism and hormone responses,
including insulin, leptin, and growth hormone signaling, such as
peroxisome proliferator-activated receptor gamma (Pparg) gene
(Figures 7E, S7D, and S7E). These pathways act as auxiliary
mitogens, delaying but not impairing regeneration when
disrupted.'®

Next, we performed TF motif enrichment between REG-spe-
cific and Reused de novo RREs (Figure 7F). Although many TFs
were shared between these two groups, distinct TF signatures
were identified. For instance, NRF2 was exclusively enriched in
Reused enhancers, while other TFs, such as the transcriptional
repressor YY1, were uniquely enriched in REG-specific en-
hancers. We focused on YY1 due to its well-established role in in-
testinal stem cell renewal®® and its involvement in hepatic lipid
metabolism.®’ YY1 overexpression promotes the growth of
immortalized, non-tumorigenic human hepatocytes, whereas its
depletion inhibits the growth of hepatocellular carcinoma cells.®?
We observed that the YY1 binding motif was predominantly en-
riched in REG-specific de novo RREs that became accessible
at 6 h after PHx (Figure 7G), while its predicted target genes
were generally downregulated at this time point (Figure 7H). Pear-
son’s correlation coefficient analysis between the accessibility of
these REG-specific RREs with YY1 motifs and the expression of
their associated target genes revealed that nearly 70% exhibited
a negative correlation (Figure S7F). This suggests that these re-
gions might function as REG-specific silencers rather than en-
hancers, consistent with the role of YY1 as a transcriptional
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repressor.®® To determine which cells express Yy7 during regen-
eration, we analyzed a published scRNA-seq dataset from livers
collected at 0, 24, and 48 h post-PHx.®" We found that Yy7 was
highly expressed in hepatocytes and endothelial cells during
regeneration, with lower levels of expression observed in quies-
cent hepatocytes and immune cells (Figures 71 and 7J). Alto-
gether, our results suggest that liver regeneration involves a
collaborative interplay between regeneration-specific regulatory
elements and developmental enhancers repurposed in adult-
hood, each governed by distinct regulatory mechanisms and
linked to specific biological functions.

DISCUSSION

The mammalian liver possesses an exceptional capacity for
compensatory growth following injury or PHx, a process driven
by transcriptional reprogramming and epigenetic modifica-
tions.?"** In quiescent hepatocytes, pro-regenerative genes
are maintained in active or permissive chromatin states,””*
enabling rapid and widespread transcriptional changes in
response to injury.®® During regeneration, some hepatocytes
preserve their original chromatin landscape, while others shift to-
ward a fetal-like state.*°*' Despite significant progress in under-
standing the epigenetic events of liver regeneration, the mecha-
nisms regulating chromatin architecture, specific enhancers,
and transcriptional networks that control regenerative programs
remain unclear.

Here, we identify the regulatory elements that are dynamically
modulated during early liver regeneration after PHx (RREs) and
uncover new TFs potentially regulating their activity. RREs
mainly function as enhancers activating the expression of regen-
eration-associated genes, particularly those involved in key
signaling and cell cycle pathways. However, RREs also include
regions that become inactive during regeneration, which may
lead to a global downregulation of liver-specific homeostatic
functions, such as the biosynthesis of bile acids and retinol.
This suggests that hepatocytes suppress energy-intensive
metabolic programs characteristic of quiescent hepatocytes to
prioritize proliferation. An inverse correlation between hepato-
cyte proliferation and metabolic function during liver regenera-
tion has been previously proposed.®>® A similar shift in chro-
matin accessibility has been observed in chronic liver injury,”®
and spatially resolved transcriptomics during liver regeneration
further confirm an initial downregulation of metabolic genes,
concurrent with hepatocyte priming and proliferation.® Consis-
tently, single-cell studies show that regenerating hepatocytes
undergo reprogramming after PHx, shifting from metabolic to
developmental functions.***' However, a subset of hepatocytes
retains the chromatin landscape of metabolically active unin-
jured cells.***' Consequently, changes in RRE accessibility
may occur selectively within specific hepatocyte populations.

Hepatocyte metabolic reprogramming in the injured liver is
essential for meeting energy demands, supplying anabolic pre-
cursors, and regulating signaling pathways that drive tissue
repair.®” Our findings suggest that, during regeneration, hepato-
cytes suppress bile acid biosynthesis and undergo changes in
cholesterol metabolism through transcriptional and chromatin
regulation. While lipid utilization increases during regeneration



Cell Genomics

to support the synthesis of phospholipids and cholesterol, both
essential for cell membrane formation,®® repression of Cyp7a?
post PHx limits bile acid production from cholesterol, despite
Cyp7al protein levels remaining stable.*®° Furthermore, the
ubiquitin ligase Uhrf2-mediated suppression of cholesterol
biosynthesis genes is essential for regeneration,”® and a hyper-
cholesterolemic diet impairs liver repair.”’ Further studies are
warranted to elucidate the relationship between steroid meta-
bolic regulation and hepatic regeneration.

Our study also identifies potential transcriptional regulators
orchestrating liver regeneration. The AP-1 complex emerges as
a key factor driving the transcriptional response at the chromatin
level, especially during the priming phase. In particular, the AP-1
subunit JUN is a critical regulator of hepatocyte proliferation, as
studies have shown that liver regeneration is impaired in mice
lacking JUN.”® The role of AP-1 appears to be conserved across
various regenerative models,”® including Drosophila wing discs®
and zebrafish heart,”* as well as killifish and zebrafish fin regen-
eration,® in which AP-1 motifs are essential for the activation of
RREs. Consequently, the AP-1 complex may serve as a master
regulator, collaborating with tissue-specific TFs, to facilitate
the opening of de novo RREs as a pioneer factor and activate
gene expression during regeneration. Significantly, recent evi-
dence suggests that AP-1 can act as a pioneer factor in hepato-
cytes by contributing to global changes in chromatin accessi-
bility after in vivo reprogramming by the Yamanaka factors.””
Furthermore, our findings suggest a cascade of TF activation af-
ter PHx, with ATF3, alongside JUN and FOS, driving the tran-
scriptional response during the priming stage of liver regenera-
tion. While the role of ATF3 in liver regeneration remains
unclear, it is rapidly induced after PHx in rats’® and has been
implicated in various processes, including hepatic prolifera-
tion,”” the inhibition of gluconeogenesis,”® a liver-specific func-
tion that is initially downregulated during liver regeneration,”®
and the regulation of lipoprotein and bile acid metabolism,° pro-
cesses that undergo alterations during liver regeneration, as
observed in our study. Here, we propose that ATF3 selectively
binds to the promoters and enhancers of genes essential for
the initiation of regeneration, while NRF2 and FOXM1 likely
mediate gene upregulation during the proliferation stage. Signif-
icantly, it has been demonstrated that the absence of NRF2 im-
pairs liver regeneration,®' while its ectopic activation enhances
regenerative capacity.®” Moreover, previous studies have shown
that FOXM1 is essential for hepatocyte mitosis by stimulating the
expression of cell cycle genes during liver regeneration.®®

A long-standing question in regenerative biology is whether
regeneration recapitulates embryonic development. Research
in animals with a high regenerative potential has shown that
the genes involved in development are frequently reactivated af-
ter injury and are essential for successful regeneration.®**° How-
ever, evidence also suggests that the regulatory networks con-
trolling tissue regeneration and proliferation in wounded
tissues differ from those involved in developmental growth." In
the liver, recent studies indicate that a subset of hepatocytes un-
dergo reversible reprogramming after PHx, activating the same
gene expression programs that are used for physiological
growth during the postnatal stage of development.®°*! At the
same time, STAT3 binding to injury-specific enhancers, rather
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than developmental enhancers, to activate reprogramming-
related genes® suggests distinct regulatory networks between
regeneration and development. Our findings indicate that the re-
generating liver is capable of reactivating developmental en-
hancers, preferentially from the postnatal or late developmental
stages, to regulate genes associated with cell junctions and
glucose metabolism. Significantly, hepatocytes acquire junc-
tional integrity and polarity and undergo changes in glucose
metabolism during the maturation stage of liver development,
a process that takes place around the perinatal period.'® These
changes bear resemblance to those observed during liver regen-
eration after PHx.

In summary, our study provides a genome-wide atlas of
enhancer-gene interactions and highlights key transcriptional
regulators in early liver regeneration. These findings could be a
valuable resource for researchers aiming to target regulatory el-
ements involved in liver regeneration, with significant implica-
tions for regenerative medicine. Potential applications include
the ectopic activation of regeneration enhancers to exert tempo-
ral and spatial control over the expression of pro-regenerative
factors within an injured area, as proposed by Yan et al.'® The
addition of regenerative TFs could also be used to enhance the
regenerative potential, particularly in the context of liver failure.

Limitations of the study

While this study provides key insights into liver regeneration, more
biological replicates would improve robustness, and additional
time points could provide a more comprehensive understanding
of the process. In vivo transgenic reporter assays could further
clarify enhancer function during regeneration. However, compli-
ance with stringent European regulations on animal research limits
the inclusion of additional replicates, time points or transgenic
models. Future studies could also benefit from experiments
such as ChlP-seq for TFs identified in our GRN. The lack of
high-quality antibodies, particularly for TFs with less characterized
roles in liver regeneration, has limited our ability to generate ChIP-
seq data using liver tissue from hepatectomies. The absence of
detectable changes in chromatin accessibility does not neces-
sarily indicate that specific enhancers or regulatory regions are
non-functional; therefore, complementary approaches, such as
histone modification profiling or Hi-C, are needed to fully under-
stand enhancer dynamics during liver regeneration. Finally,
CRISPR-Cas9-mediated enhancer modifications could provide
direct evidence of enhancer function in liver regeneration.
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STARxMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Anti-ATF3 antibody [EPR19488] Abcam ab207434; RRID: AB_2734728
Critical commercial assays

Nano-GLO® Dual-Luciferase Reporter Assay Kit Promega N1610

Optiprep Density Gradient Medium Sigma-Aldrich D1556

Deposited data

RNA-seq liver regeneration https://doi.org/10.1016/j.redox.2020.101841 GEO: GSE181476
post-PHx (6h, 24h, 48h)

ATAC-seq liver regeneration Present study GEO: GSE266402
post-PHx (6h, 24h, 48h)

ChlP-seq H3K27ac in liver pre-PHx (0 h) https://doi.org/10.1038/s41467-023-37247-9 GEO: GSE188742
ChlP-seq H3K27ac in liver, post-PHx (40 h) https://doi.org/10.1016/j.stem.2016.03.001 GEO: GSE76935
ChIP-seq Atf3 in Intestinal organoids https://doi.org/10.1186/s13619-024-00197-8 GEO: GSE262282
ChlP-seq Atf3 in bone marrow macrophages https://doi.org/10.1038/s41586-020-2576-2 GEO: GSE140581
ChlIP-seq Atf3 in hepatic macrophages https://doi.org/10.1016/j.immuni.2020.04.001 GEO: GSE128336
ChlIP-seq Atf3 in pancreatic tissue https://doi.org/10.1091/mbc.e17-04-0254 GEO: GSE60250
ChlP-seq Nrf2 in liver https://doi.org/10.1124/mol.118.112144 GEO: GSE109865
Hi-C liver https://doi.org/10.1186/s13059-021-02374-3 GEO: GSE155158
scRNA-seq liver regeneration https://doi.org/10.1101/gr.267013.120 GEO: GSE151309
post-PHx (Oh, 24h, 48h)

ATAC-seq liver development https://doi.org/10.1038/s41586-020-2093-3 GEO: GSE172627

Experimental models: Cell lines

Immortalised hepatocytes

Lépez-Luque et al.*®

https://doi.org/10.1002/hep.28134

Experimental models: Organisms/strains

Mouse: C57BL/6J

The Jackson Laboratory

RRID: IMSR_JAX:000664

Oligonucleotides

Primer: ATACseqPeak_39376

cloning primer forward:
GTAGCTAGCGGAATGGGATGGGGAGACAG
Primer: ATACsegPeak_39376

cloning primer reverse:
ATGAAGCTTCTCAGCCCAAATTCAGATGG
Primer: ATACseqPeak_76443

cloning primer forward:
GTAGCTAGCGCTTGCCTGAACCCTTCTCC
Primer: ATACseqPeak_76443

cloning primer reverse:
ATGAAGCTTCCTAAGCCCGTAACAGGACC
Primer: ATACsegPeak_69905

cloning primer forward:
GTAGCTAGCCAGCTTTGGACTGTCTGCTC
Primer: ATACsegPeak_69905

cloning primer reverse:
ATGAAGCTTGTGTGTACCAGTTCGAAGTG
Primer: ATACseqPeak_9588

cloning primer forward:
GTAGCTAGCCAGGACGAGTACTTCACCAG

This paper

This paper

This paper

This paper

This paper

This paper

This paper

N/A

N/A

N/A

N/A

N/A

N/A

N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Primer: ATACsegPeak_9588 This paper N/A

cloning primer reverse:

ATGAAGCTTCCATGAAGAAGGGCAAGTGC

Primer: ATACsegPeak_70885 This paper N/A

cloning primer forward:

CTGCGGGCTAGCAGTAGAAG

Primer: ATACsegPeak_70885 This paper N/A

cloning primer reverse:

ATGAAGCTTGACCTGACTCCTGGTCTGTC

Primer: ATACsegPeak_57343 This paper N/A

cloning primer forward:

GTAGCTAGCTCCTCTGTGTTGAAGAAGGC

Primer: ATACsegPeak_57343 This paper N/A

cloning primer reverse:

ATGAAGCTTCCAGGCTAGGATGTGATAGC

Recombinant DNA

Plasmid: pGL4.27[luc2P/minP/Hygro] Promega E8451

Plasmid: pNL1.1.TK[NIuc/TK] Vector Promega N1501

Plasmid: Atf3 (NM_007498) Origene MR201634

Mouse Tagged ORF Clone

Plasmid: Nfe2I2 (NM_010902) Mouse Origene MR226717

Tagged ORF Clone

Software and algorithms

grape-nf in-house https://github.com/
guigolab/grape-nf

STAR 2.4.0 Dobin et al.?”

RSEM Li et al.®®

clusterProfiler Yu et al.?°

heatmap3 https://github.com/
slzhao/heatmap3

DESeq?2 Love et al.”® N/A

Trimmomatic Bolger et al.”’ N/A

Bowtie2 Langmead et al.”” N/A

Sambamba Tarasov et al.”® N/A

MACS2 Zhang et al.”* N/A

bwtool Pohl et al.”® N/A

BWA Li et al.”® N/A

Juicer Durand et al.”’ N/A

Activity-by-contact algorithm Fulco et al.*® N/A

Seurat v5.0.3 Hao et al.?® N/A

Harmony v1.2.0 Korsunsky et al.® N/A

HINT-ATAC Lietal.*’ N/A

SAMtools v.1.16 Danecek et al.'” N/A

MEME Suite 5.4.1 McLeay et al.*® N/A

Cytoscape Software v3.10.2 Shannon et al.’”" N/A

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animal procedures

C57BL/6J wild-type (WT) mice were obtained from Jackson Laboratories and housed at the IDIBELL (Barcelona, Spain). All exper-
iments complied with the EU Directive 2010/63/UE for animal experiments and the institution’s guidelines (Ethics Committee for An-
imal Experimentation of the IDIBELL) and were approved by the General Direction of Environment and Biodiversity, Government of
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Catalonia (experiments #4589). Animals were 8 to 16-week-old male and female mice, housed under a 12h light/dark cycle with free
access to food and water. Partial hepatectomies (PHx) were performed by removing two-thirds of the adult mouse liver, as described
by Higgins and Anderson (1931)."% The mice that had undergone surgery without liver resection (sham-operated) were used as con-
trols. The mice were euthanised 6, 24 and 48 h after surgery, and their liver lobes were immediately frozen in liquid nitrogen and stored
at —80°C. The same livers used to extract RNA were used to prepare the ATAC-seq libraries. The number of animals used in the study
was minimised for ethical reasons. Thus, 2 hepatectomised and 1-2 sham-operated animals were used for each time point after
surgery.

METHOD DETAILS

ATAC sequencing

ATAC-seq libraries were prepared following the Omni-ATAC protocol '™ with minor modifications. Briefly, 10-20 mg of frozen liver
were placed in a pre-chilled Tenbroeck tissue grinder containing 1 mL of the Omni-ATAC homogenisation buffer and let thaw for
5 min. The tissue was homogenised on ice using a glass Tenbroeck grinder and then filtered through a 70pm Flowmi strainer. Nuclei
were pelleted for 5 min at 350 g and isolated using iodixanol density gradient centrifugation (OptiPrep). The nucleus band was trans-
ferred to a fresh tube and diluted in ATAC-seq resuspension buffer (ATAC-RSB)-Tween. Nuclei were counted using trypan blue stain-
ing and 50,000 nuclei were aliquoted per sample and resuspended in 50 pL of the transposition mixture (25 pL of 2x TD buffer (lllu-
mina, San Francisco, CA), 2.5 pL of transposase (lllumina, San Francisco, CA), 16.5 pL of PBS, 0.5 pL of 1% digitonin, 0.5 puL of 10%
Tween 20 and 5 pL of H,0). Transposition reactions were incubated at 37°C for 30 min in a thermomixer at 1,000 RPM. Reactions
were cleaned up with the Qiagen MinElute PCR Purification Kit (Qiagen, Frederick, MD) and eluted into 10 pL of the elution buffer.
Purified DNA was used to prepare the ATAC-seq libraries, as described previously.'® The quality of the tagmented libraries was vi-
sualised with the Agilent Bioanalyzer High Sensitivity DNA Assay (Agilent Technologies, Savage, DE) and sequenced on the Hi-
Seq2500 platform at the Center for Genomic Regulation (CRG) sequencing facility in Barcelona, Spain. A minimum of 49 million
paired-end 50-bp-long reads were obtained per sample.

|103

Immunohistochemistry

Paraffin-embedded tissues were cut into 4-um-thick sections. Immunohistochemical (IHC) analyses were performed using standard
procedures.*® Sections were incubated overnight at 4°C with a recombinant anti-ATF3 antibody (1:100; ab207434, Abcam). Binding
was developed with the VECTASTAIN ABC HRP Kit (rabbit IgG; PK-4001, Vector Laboratories). Tissues were visualised and imaged
under a microscope.

Reporter assays

Candidate RREs were amplified from mouse genomic DNA using the primers listed in key resources table and cloned into the
pGL4.27[luc2P/minP/Hygro] plasmid (Promega). Nhel and Hindlll restriction sites were added to the 5' ends of the forward and
reverse primers, respectively, to facilitate directional cloning. The amplified PCR products of RREs and the pGL4.27 plasmid
were double digested with Nhel-HF and HindllI-HF restriction enzymes (New England Biolabs), followed by dephosphorylation of
the 5’ ends of the digested plasmid using calf intestinal alkaline phosphatase (0.01u CIAP/pmol of DNA ends). After digestion, the
PCR-amplified inserts and the linearized vector were purified and then ligated at a 1:3 vector-to-insert ratio using T4 DNA ligase
(New England Biolabs), following the manufacturer’s instructions. The ligation products were transformed into DH5a« competent cells
(Invitrogen), and successfully transformed Ampicillin-resistant colonies were confirmed by sequencing.

In-house immortalised hepatocyte cell line*® was grown in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10%
fetal bovine serum (FBS) (Sera Laboratories International Ltd, West Sussex, UK), Penicillin (100 U/mL), Streptomycin (100 pg/mL),
Amphotericin (2.5 pg/mL) and L-glutamine (2 mM), and maintained in a humidified atmosphere of 37°C, 5% CO2. Cells seeded in
12-well plates at a density of 3 x 10* cells per well were transiently cotransfected using polyethylenimine (3uL PEI/ug DNA) with
995 ng/mL of DNA reporter of interest per well (recombinant pGL4.24 [luc2P/minP/Hygro]) and 5 ng/mL of NanoLuc plasmid
(N1501, Promega, Madison, WI, USA) in complete media. 16 h post-transfection, the medium was replaced, and cells were
serum-starved for 24 h. After, cells were either switched to complete medium with 10% FBS or continued serum starvation for an
additional 3 h. Cells were then harvested, lysed, and luciferase activities were measured using the Nano-GLO Dual-Luciferase Re-
porter Assay Kit (Promega, Madison, WI, USA) following the manufacturer’s instructions. Firefly luciferase signal was divided by the
NanoLuc signal to determine relative luciferase activity. The activity for each luciferase construct was normalised for the activity of the
minimal promoter (minP). The constructs were measured in two independent experiments in a total of six biological replicates. Sta-
tistical significance was assessed using two-way ANOVA followed by Tukey’s Honest Significant Difference (Tukey’s HSD) test to
compare each construct against minP, and to compare between starvation and FBS-treatment. Normality and homogeneity of vari-
ance were assumed. All tests were two-sided. Differences were considered statistically significant when p-value was <0.05.

Validation of transcriptional activators was performed following the same experimental conditions with minor modifications. Cells
were transiently cotransfected with 800 ng/mL of luciferase reporter, 195 ng of mouse ATF3 plasmid (MR201634, Origene) or mouse
Nfe2I2 plasmid (MR226717, Origene), and 5 ng/mL of NanoLuc plasmid (N1501, Promega, Madison, WI, USA) in complete media.
16 h post-transfection, the medium was replaced and 24 h later cells were harvested, lysed, and luciferase activities were measured

Cell Genomics 5, 100887, July 9, 2025 €3




¢? CellPress Cell Genomics

OPEN ACCESS

using the Nano-GLO Dual-Luciferase Reporter Assay Kit (Promega, Madison, WI, USA) following the manufacturer’s instructions.
The constructs were measured in two independent experiments in a total of six biological replicates. Statistical significance was as-
sessed using one-way ANOVA followed by Tukey’s HSD. Normality and homogeneity of variance were assumed. All tests were two-
sided. Differences were considered statistically significant when p-value was <0.05.

RNA sequencing data analysis

RNA-seq raw data for WT mice at 6, 24 and 48 h after PHx were downloaded from GEO accession number GSE181476° and pro-
cessed using the in-house pipeline grape-nf (available at https://github.com/guigolab/grape-nf). RNA-seq reads were aligned to the
Mus musculus genome assembly GRCm39 using the STAR 2.4.0 software®’ allowing up to 4 mismatches per paired alignment. We
used the mouse genome GENCODE annotation vM27. Only alignments for reads mapping to ten or fewer loci were reported. Genes
and transcripts per kilobase million (TPMs) were quantified using RSEM.®® Tracks were visualised with the UCSC Genome Browser.
From the RNA-seq data, the expression values for 55,360 annotated genes were estimated and the gene expression matrix was
quantile normalised. Only genes with >1 TPM in at least one condition were considered for subsequent analyses (11,512 genes). Cor-
respondence analysis and association plots®* were used to cluster and identify the genes with differential expression profiles during
early liver regeneration. Briefly, we used the APL R package, considering 5 dimensions and clusters were defined setting a threshold
of Sa score > —0.05. Normalised expression values as z-scores were used to visualise differential expressed genes using line plots or
hierarchical clustering from heatmap3 R package. Gene Ontology enrichment analysis of the clusters of interest was performed using
the Bioconductor package clusterProfiler,®® one-sided Fisher’s exact test was applied and p-adjust <0.05 was used as cut-off, no
assumptions about the underlying distribution of gene expression data was done. Differential gene expression analysis of the TFs
from Figure 4 was performed using DESeq2°° using Wald test, assuming negative binomial distribution.

ATAC sequencing data analysis

Reads were trimmed in silico to remove adapter sequences and low-quality reads using Trimmomatic®' while FastQC was used to
check their quality. The reads were aligned to the mouse (mm39) reference genome using Bowtie2.°? Duplicate reads were removed
using Picard (http://broadinstitute.github.io/picard/), and the mitochondrial reads and the reads mapping to the ENCODE blacklisted
regions were filtered out using BEDTools2. Sambamba®® was used to eliminate fragments larger than 400 bp. Peak calling was per-
formed using a MACS2% run in the pair-end mode, requesting an p-adjust <0.01. Read depth-normalised values (pileup) were gener-
ated by MACS2 and stored in bigWig files. All the ATAC-seq samples were checked for the library complexity and PCR bottlenecking
following ENCODE standards https://www.encodeproject.org/data-standards/terms/#library (Table S6). Each replicate, time point
and condition in the ATAC-seq data was processed independently. However, we combined the data, processing together the
read alignments from all 6 experiments in the regenerated livers. The peaks that had at least 50% overlap in each replicate in at least
one condition were retained, while the peaks with an overlap smaller than 25 nucleotides were discarded. The maximum heights of all
the peaks were then quantified for each sample using bwtool.?® These values were quantile-normalised among the samples and the
peak heights were averaged between replicates (Table S7). Differentially accessible regions were identified using an absolute fold-
change larger than 1.7 as the cut-off between regeneration and control at each time point. These regions were classified into de novo
(open regions detected exclusively in REG), increasing (both in CTRL and REG, and at least 1.7-fold higher in REG) or decreasing
peaks (1.7-fold lower in REG). Finally, the peaks were classified into promoters (+-500 bp around the TSS), proximal enhancers
(+-500 bp away from promoters) or distal enhancers (>1 kb from the TSS), considering all possible protein-coding and non-coding
isoforms from the GENCODE mouse annotation vM27.

ChIP sequencing data analysis

ChlP-seq raw read data corresponding to H3K27ac histone modification pre-PHx>® and post-PHx*° as well as NRF2 binding in intact
liver"* and ATF3 binding in different tissues'%>~'°® were obtained from NCBI GEO. Reads were aligned to the Mus musculus genome
assembly GRCm39 with BWA.“® Peak calling was performed using MACS2,%* applying a cut-off of 0.05 for the FDR. Fold changes in
relation to input control data were calculated and converted into the BigWig format. All the ChlP-seq samples were checked for the
library complexity and PCR bottlenecking following ENCODE standards https://www.encodeproject.org/data-standards/terms/
#library (Table S6). The presence of H3K27ac around RREs was analyzed by extending the ATAC-seq peaks to 500 bp to incorporate
the flanking nucleosomes and using BEDTools2 intersectBed with default conditions. The overlap between ATAC-seq peaks and
NRF2 and ATF3 ChIP-seq peaks was analyzed using BEDTools intersectBed with default conditions. The statistical significance
of this overlap between the ATF3 peaks and the de novo and increasing peaks, and between the NRF2 peaks and the increasing
peaks was calculated using BEDTools2 Fisher’s exact test.

Hi-C data analysis

Raw read sequences for in situ and promoter-capture Hi-C from intact livers** were downloaded from NCBI GEO under the acces-
sion number GSE155161. The Juicer pipeline®” was used to process these data. In brief, paired-end reads were mapped to the Mus
musculus genome assembly GRCm39 with BWA,® keeping the most 5 alignment block. The custom-made Juicer script “chimer-
ic_blacklist.awk” was used to select the proper pair alignments. These alignments in turn were sorted and duplicates were removed.
Hi-C matrices were generated with the Juicer Pre command, using standard resolutions of up to 5 kb and the SCALE normalisation
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method. To calculate the contact probability of the promoter and enhancer regions, these regions were projected onto particular 5-kb
genomic intervals and before calculating the probability as a fraction of the normalised read counts supporting the interaction of the
promoter and enhancer intervals (n-th diagonal) divided by the normalised read counts supporting the interaction of the promoter
with itself (zero-diagonal). The generated Hi-C contact matrices were also used to calculate the background contact probabilities
by averaging contact probabilities genome-wide across contacting regions at the same distance and using these average values
to impute contact probabilities to the regions that are absent in the Hi-C matrices due to their low mappability.

Enhancer-gene pair association

Proximal peaks were classified as proximal enhancers and associated with the nearby promoters directly. For distal peaks, the ac-
tivity-by-contact (ABC) algorithm*® was implemented. The activity of the corresponding regions was calculated as a geometric mean
of the ATAC-seq and H3K27ac signals. The maximum pileup signal across all the regeneration samples combined (see above) was
used as a source of the ATAC-seq data. The maximum fold-change from the regenerated livers (GEO: GSE76935)*° was used as a
source of H3K27ac data. H3K27ac was determined in nucleosomes adjusted to the open chromatin regions, extending these regions
by 250 bp in both directions. All enhancers lying closer than 2 Mb up- or downstream of the corresponding promoter were considered
candidate regulatory elements. The maximum value from the in situ Hi-C, promoter-capture Hi-C or the same distance background
control was used to calculate the contact probabilities of the promoter and enhancer regions. The activity of the promoter was
included in the prediction model, assuming the contact probability of the promoter with itself to be equal to one. ABC scores
were calculated for the promoter and each candidate enhancer by multiplying the activity value with the contact probability. Finally,
the ABC scores were normalised for each enhancer by the sum of the ABC scores for all the enhancers and promoter. For each
enhancer, the interaction with the highest ABC score was selected, filtering for expressed genes only (>1 TPM in at least one con-
dition) (Tables S2 and S3). Gene Ontology Biological Process enrichment for the annotated genes was performed using the Bio-
conductor package clusterProfiler,®® one-sided Fisher’s exact test was applied with a p-adjust <0.05 as a cut-off, no assumptions
about the underlying distribution of gene expression data was done. Pearson’s correlation coefficient was determined between the
enhancer profile and the gene expression profile. Statistical differences were calculated using one-way analysis of variance (ANOVA)
with Tukey’s HSD for multiple comparisons (p-value <0.05). To identify gene expression differences between the de novo, increasing
and decreasing RRE-associated candidate target genes, two-way ANOVA with Tukey’s HSD test for multiple comparisons was per-
formed for each type of element (promoter, proximal and distal) (p-value <0.05).

Single-cell RNA sequencing analysis

The single-cell RNA-seq dataset generated from mouse livers collected at 0, 24 and 48 h post-PHx was retrieved from GEO:
GSE151309.%"' The standard 10x Genomics Cell Ranger output was downloaded and imported using the Read10x function in Seurat
v5.0.3.%8 The genes detected in 10 or fewer cells were filtered out. Cells with unique gene counts exceeding 500 for PHx0, 300 for
PHx24, and 200 for PHx48 were retained, while cells with total gene counts above 4,000 or a mitochondrial gene percentage greater
than 30% were filtered out. Seurat objects were then normalised and scaled to remove unwanted sources of variation, enhancing
comparability among the samples. The top 2,000 variable genes were identified using the FindVariableFeatures function in Seurat
for subsequent principal component analysis (PCA). To address potential batch effects, the RunHarmony function of Harmony
v1.2.0% was applied to integrate the merged Seurat object. The clustering of cells was performed using the FindNeighbors and
FindClusters functions in Seurat with a resolution parameter set to 0.4. Dimensionality reduction was achieved through Uniform Mani-
fold Approximation and Projection (UMAP). Cell clusters were annotated based on the expression of marker genes in accordance
with Chembazhi et al. (2021).%" Visualisation plots were generated using scCustomize v2.1.2 to facilitate interpretation and analysis.

Transcription factor motif enrichment analysis

TF differential binding analysis was performed with HINT-ATAC,*” a computational footprinting tool tailored for ATAC-seq data. As
input, BAMs of biological replicate samples were merged with SAMtools v.1.16"°° and differentially accessible peaks were used as
input regions for each time point. The resulting footprints were searched for motif enrichment using the HOCOMOCO v11 database.
The analysis focused exclusively on the TFs expressed in the RNA-seq data (>1 TPM). Only the TF motifs with a HINT-ATAC absolute
fold change activity value greater than 1.5 and an associated p-value <0.05 were considered significant (visualised by volcano plots).
TF footprints were also visualised as lineplots, showing the mean of the ATAC-seq signal (adjusted for Tn5 cutting-bias) in the 200 bp
window centered at each occupied motif.

For TF motif analysis, the Analysis of Motif Enrichment (AME) tool from the MEME suite v5.4.1%° was used, using the HOCOMOCO
v11 database and default parameters. To check for differential TF binding between the promoter and enhancer regulatory elements,
the peaks located within 500 bp upstream or downstream of the transcriptional start site were considered promoter peaks and the
rest were considered putative enhancer peaks. Only the TFs that were significantly enriched (Mann-Whitney U test, p-adjust <0.05)
and expressed in the RNA-seq data (>1 TPM) were considered a hit, with the redundant hits removed. Only the top 10 TF motifs for
each time point and peak class were represented in the heatmaps from Figure 4C.
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Gene coexpression regulatory network

To construct the early regeneration gene coexpression regulatory network (GRN), we computed the correlation of expression across
all samples between target genes linked to RREs (RRE-linked targets) and potential regulatory TFs, based on the presence of their
motifs within these RREs. The GRN was generated using the expression values of 1,805 RRE-linked targets and 37 TFs. Only TF-
target gene pairs containing the TF motif present in the RRE and those with absolute values of Pearson’s correlation coefficient equal
to or higher than 0.8 were considered as reliable. The resulting GRN included 1,829 nodes, of which 37 were source nodes (selected
TFs), interconnected by 3,794 edges representing de novo, increasing and decreasing regulatory interactions. Network visualisation
was performed using Cytoscape Software v3.10.2."°" Nodes were displayed according to Edge-weighted Spring-Embedded Layout
analysis of TF-target correlation of expression (Pearson’s correlation coefficient between TF and target expression). Node size was
adjusted to denote TFs and colored by normalised expression values calculated as z-scores for each time point. Edges were colored
depending on TF-target correlation of expression (negative or positive) or based on RREs classification at each time point. Edge
transparency was adjusted depending on RRE classification at each time point for visualisation purposes (Non-differentially acces-
sible peaks were made more transparent).

Developmental analysis

To determine if the regeneration enhancers were repurposed from development, ATAC-seq data from mouse livers at different em-
bryonic stages were obtained from the ENCODE development series ENCSR326DKM.°® The ATAC-seq postnatal dataset was ob-
tained from the reference epigenome ENCSR687SNT.>® Peak coordinates were converted from mm10 to mm39 using the liftOver
tool from the UCSC Genome Browser. De novo peaks overlapping open regions in the fetal or postnatal day 0 livers were considered
to be reused. This overlap was calculated using BEDTools2 intersectBed.

QUANTIFICATION AND STATISTICAL ANALYSIS

The quantitative and statistical analyses are described in the relevant sections of the method details or in the figure legends.
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