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Liver regeneration has been well studied with hope of discovering strategies to improve liver disease outcomes.
Nevertheless, the signals that initiate such regeneration remain incompletely defined, and translation of mechanism-
based pro-regenerative interventions into new treatments for hepatic diseases has not yet been achieved. We
previously reported the isoform-specific regulation and essential function of zinc-dependent histone deacetylases (Zn-
HDACs) during mouse liver regeneration. Those data suggest that epigenetically regulated anti-proliferative genes are
deacetylated and transcriptionally suppressed by Zn-HDAC activity or that pro-regenerative factors are acetylated and
induced by such activity in response to partial hepatectomy (PH). To investigate these possibilities, we conducted
genome-wide interrogation of the liver histone acetylome during early PH-induced liver regeneration in mice using
acetyL-histone chromatin immunoprecipitation and next generation DNA sequencing. We also compared the findings
of that study to those seen during the impaired regenerative response that occurs with Zn-HDAC inhibition. The results
reveal an epigenetic signature of early liver regeneration that includes both hyperacetylation of pro-regenerative
factors and deacetylation of anti-proliferative and pro-apoptotic genes. Our data also show that administration of an
anti-regenerative regimen of the Zn-HDAC inhibitor suberoylanilide hydroxamic acid (SAHA) not only disrupts gene-
specific pro-regenerative changes in liver histone deacetylation but also reverses PH-induced effects on histone
hyperacetylation. Taken together, these studies offer new insight into and suggest novel hypotheses about the

epigenetic mechanisms that regulate liver regeneration.

Introduction

Recovery from all liver injuries depends on the ability of the
liver to regenerate. Such regeneration has been extensively stud-
ied with hope of discovering new therapeutic strategies that
improve human liver disease outcomes. Mouse two-thirds par-
tial hepatectomy (PH) has been the paradigm most commonly
used to study the regulation of liver regeneration." Experiments
using this model show that partial liver resection induces a char-
acteristic hepatocellular proliferative response regulated by spe-
cific cytokines, growth and transcription factors and
intracellular signaling events. This response restores normal
hepatic mass and function, after which hepatocytes return to
their pre-regenerative state of proliferative inactivity. Neverthe-
less, the earliest events that initiate hepatic regeneration remain
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incompletely defined, and translation of mechanism-based, pro-
regenerative interventions into new treatments for liver diseases
has not yet been achieved.

We recently reported the isoform-specific regulation and
essential function of zinc-dependent histone deacetylases (Zn-
HDACs) during mouse liver regeneration.2 Those studies
showed that total Zn-HDAC activity increases and the global
abundance of histone H3 acetylated on lysine residue 9 (Ac-
H3KO9, an epigenetic mark of transcriptional activation) coinci-
dentally declines in regenerating liver. We also discovered that
some Zn-HDACGC:s (e.g., HDACs 1, 4, and 8) exhibit increased
hepatic expression, others (HDACs 9 and 11) show decreased
expression, and HDACS5 undergoes nuclear translocation in
early regenerating liver. Finally, we evaluated Zn-HDAC regen-
erative function using suberoylanilide hydroxamic acid (SAHA),
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a broad inhibitor of these enzymes, and showed that SAHA sup-
presses PH-induced hepatocellular proliferation. Those data sug-
gest a model of liver regeneration in which epigenetically-
regulated anti-proliferative factors are deacetylated and tran-
scriptionally suppressed by direct Zn-HDAC-dependent histone
deacetylation in response to PH. Consistent with that idea, the

cyclin  dependent kinase inhibitor (CDKI) Cdkn2d (i.e.,
pl9lnk4d)

is concordantly hyperacetylated and transcriptionally-
induced by SAHA in early regenerating liver.” Alternatively,
Zn-HDAC inhibition might also suppress regeneration by indi-
rectly promoting the deacetylation and suppressing the expres-
sion of pro-regenerative factors; however, such regulation has
not yet been described in any model of liver regeneration. Based
on these considerations, we undertook genome-wide interro-
gation of the liver histone acetylome during early regeneration
in the absence and presence of Zn-HDAC inhibition, using Ac-
H3K9 chromatin immunoprecipitation combined with next-
generation DNA sequencing (ChIP-Seq), to elucidate the epige-
netic regulation of liver regeneration. The results of these analy-
ses are reported here.

Results

Identification of PH-induced changes in liver histone
acetylation

AcetyL-histone H3K9 ChIP-Seq was performed on liver tissue
harvested 12 hours after PH or sham surgery from 3 replicate
animals in each surgical group. The sequence data were first
examined to characterize the abundance and distribution of acet-
ylated sequences with respect to gene transcription start sites
(TSS). This analysis showed accumulation of acetylated sequence
in close proximity to TSS, with 76.6% of sequences immunopre-
cipitated from regenerating liver and 78.3% of those recovered
from sham-operated liver within £2000 base pairs (bp) of such
sites (Supplementary Fig. 1A).

Next, the sequence data were analyzed to define and compare
the heights of individual sequence peaks between experimental
groups. The specific genes containing or proximate to sequence
peaks identified as differendially abundant in regenerating vs.
sham-operated liver were also determined. Gene sequences over-
represented in DNA immunoprecipitated from regenerating (vs.
sham-operated) liver correspond to loci that are hyperacetylated
in response to PH, while under-represented sequences represent
genomic sites that are deacetylated during regeneration. Using a
(Benjamini-Hochberg) false discovery rate threshold of q < 0.1
(with which <10% of genes identified as differentially acetylated
are expected to be false positives®), this analysis identified 454
gene sequences with decreased acetylation and 480 with increased
acetylation in regenerating (vs. sham-operated) liver (Table 1 and
Supplementary Table 1). These sequences corresponded to 392
and 410 unique genes, respectively (i.e., several genes are repre-
sented by multiple distinct sequences in this dataset). These data
establish the methodology for and feasibility of using acetyL-
histone ChIP-Seq to define genome-wide patterns of histone
acetylation during liver regeneration.
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Functional classification of regenerative changes in liver
histone acetylation

Next, to characterize functional patterns of change in liver his-
tone acetylation during early regeneration, gene ontology (GO)
and similar classification schema were used to categorize genes
identified as differentially acetylated in liver after PH vs. sham
surgery. First, we identified gene category terms that were signifi-
cantly enriched (using q < 0.1) for genes that are significantly
hyper- or de-acetylated by PH (also using q < 0.1). The results
showed enrichment, among hyperacetylated genes, for those asso-
ciated with ‘regulation of cell cycle’ (Table 1). Genes linked to
development- and metabolism-related categories were also
enriched in this group. Of note, the total numbers of hyper- and
de-acetylated genes identified in early regenerating liver were
comparable (Table 1 and Supplementary Table 1). Nevertheless,
in contrast to the analysis of hyperacetylated genes, functional
classification of the deacetylated genes did not show enrichment
in any cell proliferation-associated term but did demonstrate
these genes to be enriched in categories associated with regulation
of cell death (Table 1). The deacetylated genes, like those that are
hyperacetylated, were also enriched in metabolism-related
categories.

Hyperacetylated genes

Based on the findings described above, functional annotation
tools were subsequently used to more comprehensively identify
all differentially-acetylated genes associated with any cell prolifer-
ation- or cell death-related gene category term (whether or not
those gene categories were significantly enriched for such differ-
entially acetylated genes). Using this approach, 36 of the 410
unique, hyperacetylated genes in regenerating liver were linked to
terms associated with regulation of cell cycle and 8 were linked to
cell death terms (Tables 1 and 2). Many of these hyperacetylated
genes are known to be induced during, to positively regulate, or
to interact with factors that promote liver regeneration. For
example, Cendl (i.e., cyclin d1), Cdknla (i.e., p21), Gadd45g,
Len2, and Mye are induced in early regenerating liver *7; Cend]1,
Egfr, and Prlr promote liver regeneration ®''; and 7¢f7/2 (also
known as 7¢f4) binds to B-catenin, whose signaling is activated
during and promotes regeneration.'

Deacetylated genes

Similar examination of genes deacetylated in response to PH
showed 37 of 392 associated with cell cycle- and 31 linked to cell
death-related gene category terms (Tables 1 and 2). Unlike the
hyperacetylated genes, this list included genes linked to ‘cell cycle
arrest’ and ‘negative regulation of cell proliferation” (Table 2).
Thus, many more genes deacetylated by PH are associated with
anti-proliferative and/or pro-apoptotic activity compared to
those hyperacetylated by PH. Several of these deacetylated genes,
including Cebpa, Foxo3, Gasl, and Lats2, are also known to be
suppressed during early liver regeneration *'>'> and Cebpa was
recently shown to be essential for termination of regeneration.'®
Nevertheless, the regenerative regulation and function of many
deacetylated genes in Table 2 is not yet well-characterized.
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Table 1. Summary of differentially acetylated genes in liver 12 hr after PH vs. Sham Surgery (FDR<0.1)

GO terms enriched for

Total (unique)

Effect of PH genes’

differentially acetylated genes
(FDR<0.1)

Number of genes linked to>:
Cell Death*

Cell proliferation*

Decreased Acetylation 454 (392)

cellular ketone metabolic 37 31

process, regulation of cell
death, lipid metabolic
process, regulation of
programmed cell death,
sulfur amino acid metabolic
process, organic acid
metabolic process

Increased Acetylation 480 (410)

gland development, cellular 36 8

process, system development,
anatomical structure
development, organ
development, multicellular
organismal development,
lactation, developmental
process, cellular metabolic
process, regulation of cell
cycle, vasculature
development

"In PH vs. Sham replicates.

?|dentified using DAVID bioinformatics database (see references 11-12) from GOTERM_BP_ALL, PANTHER_BP_ALL, KEGG_PATHWAY, PANTHER_PATHWAY

on significantly de- or hyper-acetylated genes, respectively.

3Based on examination of all terms into which DAVID sorted differentially acetylated genes.

“See Table 2 for specific genes.

Together, these data define stereotypical, early regenerative
changes in liver histone acetylation, and show that those patterns
include both hyperacetylation of pro-regenerative and pro-prolif-
erative genes and deacetylation of anti-proliferative and pro-apo-
ptotic genes. Specific examples of histone acetylation patterns in
regenerating and sham-operated liver for several differentially
acetylated genes listed in Table 2 are shown in Figure 1.

Next, we examined biological interactions between genes
identified as differentially acetylated after PH. The goal of this
interactome analysis was to assess whether differences in patterns
of functional connectivity between hyper- vs. de-acetylated genes
could be identified, and, if so, to determine the specific genes
with the greatest levels of connectivity to other hyper- and de-
acetylated genes. Such genetic “nodes” are candidate drivers of
the biological functions associated with hyper- vs. de-acetylated
genes (e.g., in this case regenerative function), and also might be
useful for distinguishing regenerative patterns of connectivity
between such genes. This analysis showed that several genes
linked to cell proliferation- and cell death-associated gene cate-
gory terms (Table 2) were also among the most highly connected
nodes within genes hyper- or de-acetylated, respectively, by PH
(Figs. 2A, B). For example, Myc, Egfr, Cendl, Tcf712, Pik3rl,
and Rarg were identified as over-connected, hyperacetylated
genes (Table 2 and Fig. 2A) and Nr3cI (i.e., glucocorticoid
receptor @), Cebpa, Foxol, and Foxo3 were highly connected
among deacetylated genes (Table 2 and Fig. 2B) in early regener-
ating liver. Several of these over-connected genes are also known
to be transcriptional regulators, and many of the genes to which
they are connected are targets of their regulation. Thus, these
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data show that epigenetic regulation of liver regeneration is char-
acterized by coincident, concordant alterations in the histone
acetylation of specific transcription factors and their targets.

The influence of SAHA on regenerative changes in liver
histone acetylation

Anti-proliferative genes that are deacetylated (and transcrip-
tionally suppressed) by Zn-HDACs during normal liver regener-
ation could mediate the anti-regenerative activity of Zn-HDAC
inhibition, and discovery of such genes should elucidate the epi-
genetic mechanisms that control regeneration. We previously
identified Cdkn2d (i.e., p191“k4d) as one such candidate.? Nota-
bly, the analysis here demonstrated that Cdkn2d is deacetylated
after PH (with q = 0.11; Supplementary Table 1 and Supple-
mentary Fig. 2). To identify other gene candidates whose SAHA-
dependent reversal of PH-induced histone deacetylation might
mediate the anti-regenerative effects of Zn-HDAC inhibition,
ChIP-Seq was used to compare acetylation patterns in regenerat-
ing liver harvested 12 h after PH from replicates of SAHA- vs.
vehicle-treated mice (n = 4 each). This analysis identified 1198
gene sequences with decreased acetylation and 1257 with
increased acetylation (corresponding to 1162 and 1229 unique
genes respectively) in SAHA- (vs. vehicle-) treated liver (for
q<0.1; Table 3 and Supplementary Table 2). Surprisingly, the
number of genes identified as hyperacetylated (the predicted
direct effect of Zn-HDAC inhibition) was comparable to the
total deacetylated (which is necessarily an indirect effect of such
inhibition) by SAHA in regenerating liver (Table 3). As with the
analysis of regenerating and sham-operated liver, the acetylated
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Table 2. Cell proliferation & cell death-associated genes differentially acetylated 12 hr after PH vs. Sham Surgery

Increased Acetylation by PH vs. Sham Surgery

Decreased Acetylation by PH vs. Sham Surgery

Gene category terms’ Cell Proliferation®>  Cell Death?  Gene category terms' Cell Proliferation®*  Cell Death?
Cell Proliferation Adipor2 Dap Cell Proliferation Acvr2b Bcl6
-Bladder cancer Atf5 Lgals9 -Cell cycle control Arid5b Bik
-Oncogenesis Ber Myc -Cell proliferation and differentiation Bcar1 Birc5
-Endometrial cancer Calmi3 Mycl1 -Cell cycle arrest Bclé Bmf
-Glioma Cend1 Nlirp12 -Developmental growth Cebpa Bok
-Melanoma Cda Tnfrsf1a -Growth Corolc Cadm1
-Prostate cancer Cdkn1a Tnfsf14 -Negative regulation of cell proliferation Csk Clec2d
-Prostate gland growth Cish Tns1 Cell death Ddah1 Dapk1
-Regulation of cell cycle Cxadr -Apoptosis Dusp6 Dpm1
-Regulation of growth Cyr61 Erbb3 Erbb3
-Regulation of mitotic cell cycle Egfr Cell Death
EIf3 -Death Ern1 Ern1
Cell Death Epgn -Induction of apoptosis Fgfrl1 Foxo1
-Induction of apoptosis Ets2 -Induction of programmed cell death Foxa3 Foxo3
Gadd45g -Negative regulation of apoptosis Foxo1 Gas1
Gpam -Negative regulation of cell death Foxo3 Gclc
Hpgd -Negative regulation of neuron apoptosis Fyn Gclm
Igf1 -Negative regulation of programmed cell death Gas1 H2-bl
Kdm2b -Positive regulation of apoptosis Gtpbp4 H2-K1
Lcn2 -Positive regulation of cell death Hdac5 H2-q6
Myc -Positive regulation of cell killing ll6ra [tm2b
Npm2 -Positive regulation of programmed cell death Jmy Jmy
Pik3r1 -Programmed cell death Lats2 Khdc1a
Prlr -Regulation of apoptosis Lst1 Lst1
Prox1 -Regulation of cell death Mafb Map3k5
Psap -Regulation of cell killing MkI2 Msh2
Rai1 -Regulation of neuron apoptosis Mreg Notch2
Rarg -Regulation of programmed cell death Msh2 Nr3c1
Sertad2 Ndfip1 Pim1
Sik1 Neo1 Sgpl1
Smad7 Notch2 Tmbim6
Smcla Prl2c5 Traf4
Tcf712 Sesn2
Tns1 Smarca2
Vav2 Sned1
Zfp655 Thce
Tspan3
Ulk1

"Identified using DAVID bioinformatics database as described in text (see references 11-12).
2Listed by “Official gene symbol” (genes in bold are over-connected in the interactome analysis in Figures 2A-B; 2 hyper- and 8 deacetylated genes shown in
italics were sorted by DAVID to both cell proliferation- and cell death-related gene category terms).

sequences identified in this experiment also clustered around
TSS. In this case, 65.8% of acetylated sequences recovered from
SAHA-treated mouse liver and 74.4% of such sequences from
vehicle-treated controls were within 2000 bp of those sites
(Supplementary Fig. 1B). This experiment also demonstrated
selective enrichment of genes hyper- (but not de-) acetylated by
SAHA after PH in classification terms associated with cell cycle
regulation and cell death (Table 3). Functional annotation analy-
ses identified 227 (of 1229) genes hyperacetylated by SAHA and
38 (of 1162) deacetylated genes as linked to cell cycle regulation
terms, and 99 hyperacetylated and 36 deacetylated genes as asso-
ciated with cell death terms (Table 3 and Supplementary
Table 3). Thus, in contrast to the histone acetylomic analysis
comparing early regenerating to sham-operated liver, more pro-
apoptotic genes were hyperacetylated than deacetylated by SAHA

in early regenerating liver.
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Next, gene-specific differences in liver histone acetylation
during early regeneration in SAHA- and vehicle-treated mice
(Supplementary Table 2) were compared to those observed
between regenerating and sham-operated liver (Supplementary
Table 1). Using q < 0.1 to identify differentially acetylated
genes in each experiment, this analysis showed that SAHA
reversed PH-induced deacetylation of 57 genes and prevented
regenerative hyperacetylation of 80 genes (Supplementary
Table 4). To further evaluate the impact of Zn-HDAC inhi-
bition on early regenerative changes in liver histone acetyla-
tion, a similar evaluation was conducted using a threshold of
q < 0.2 for identification of differentially acetylated genes in
each experiment. In this case, the results showed SAHA-
dependent reversal of regenerative deacetylation of 157 genes
and disruption of hyperacetylation of 116 genes (Supplemen-
tary Table 4). Further examination revealed that among the
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Figure 1. Patterns of Histone H3K9 Acetylation in Early Regenerating Liver. Examples of gene-specific patterns of histone acetylation in regenerat-

ing vs. sham-operated liver are shown for several specific genes identified a

Foxo3, Nr3c1, Gas1) 12 hours after PH. UCSC gene maps (transcription (*) and translation (**) start sites, exons (E), and introns () as designated) are
aligned with abundance of immunoprecipitated sequence (sequence reads per bp with scale indicated to the right) integrated from livers of 3 replicates
each after PH or sham surgery. The sequence abundance images were generated using the Integrative Genomics Viewer (IGV) genome browser.*>*! The

bars below the sequence abundance data indicate specific sequence(s) ident

s (A) hyperacetylated (Ccnd1, Myc, Ahr, Cdkn1a) or (B) deacetylated (Cebpa,

ified as differentially acetylated.

cell proliferation- and cell death-associated genes differentially
acetylated during normal early regeneration (Table 2), SAHA
reversed PH-induced changes in liver histone acetylation of
17 that were normally deacetylated and 12 that were hyper-
acetylated (Table 4). Similarly, evaluation of the impact of
SAHA on regenerative histone hyper- and de-acetylation of
the over-connected genes identified by the interactome analy-
ses (Figs. 2A, B) showed that Zn-HDAC inhibition disrupts
PH-induced effects on acetylation of many of the most over-
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connected hyperacetylated (e.g., Abr, Egfr, Myc, Pik3rl, and
Tef712) and deacetylated (e.g., CAREBP/Mxlpil, Dbp, Foxol,
Foxo3, Nr3cl, Srebfl)) genes (Supplementary Table 4). Taken
together, these data show that SAHA-mediated Zn-HDAC
inhibition reverses regenerative changes in both liver histone
de- and hyperacetylation, and they identify several specific
targets of such regulation. Examples of gene-specific, SAHA-
dependent disruption of PH-induced changes in liver histone
acetylation are illustrated in Figure 3.
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A. Interactome Map of Genes Hyper-acetylated in Regenerating Liver

Most over-connected
Mye

Egfr

Ccndl (i.e. cyclin DI)
Tef712 (i.e. Tcf4)

Ywhagq (i.e. 14-3-3 theta)
Pik3r1 (i.e. PI3K reg class 1A)
Ahr

Tgm?2

microRNA 122a

Rarg

‘aan

fency

fima

Most over-connected
Nr3cl (i.e. GCR-alpha)
Cebpa
" Foxol (i.e. Fkhr)

i Dbp
Foxo3a
Thrb (i.e. TR-betal)
Usfl
Scdl
Mixipl (i.e. ChREBP)

Srebfl (i.e. Srebpl)

Figure 2. Interactome Plots of Differentially Acetylated Genes in Early Regenerating Liver. Patterns of biological interaction between (A) hyper- or
(B) de-acetylated genes in regenerating vs. sham-operated liver are illustrated (with interactions identified using MetaCore™ from GeneGo and images
generated using Cytoscape version 3.1.1 (http://cytoscape.org)). Functional interactions are indicated by lines between designated genes, with increased
connectivity represented by increased node size. The most over-connected genes in each set are listed.

Examination of the concordance between histone acetylation
and mRNA expression in SAHA- vs. vehicle-treated
regenerating liver

Finally, the correlation between (a) SAHA-mediated reversal
of regenerative changes in liver histone acetylation and (b) corre-
sponding changes in mRNA expression of the cell cycle and cell
death-associated genes listed in Table 4 was assessed. This analy-
sis defined the subset of these genes that demonstrate concordant
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changes in histone acetylation (i.e., hyper- or de-acetylation) and
mRNA expression (i.e., increased or decreased expression, respec-
tively). For example, the anti-proliferative/pro-apoptotic genes
Foxo3, Bik, and Bmf; whose liver histone acetylation (Fig. 1) and
corresponding mRNA expression (Fig. 4A and ') are normally
suppressed during early regeneration, were each hyperacetylated
and induced by SAHA 12 hours after PH (Figs. 3, 4, Table 4).
Hepatic expression of several of the other cell cycle- and cell
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Table 3. Summary of genes differentially acetylated 12 h after PH by SAHA vs. Vehicle (FDR<0.1)

Cell proliferation- and cell death-

Total (unique)

associated GO terms enriched for 2

Number of genes linked to>:

Effect of SAHA genes’ differentially acetylated genes (FDR<0.1) Cell proliferation® Cell Death”®
Decreased Acetylation 1198 (1162) none 38 36
Increased Acetylation 1257 (1229) pathways in cancer, programmed cell death, 227 99

regulation of apoptosis, apoptosis,
regulation of programmed cell death,
regulation of cell death, cell cycle control,
colorectal cancer, cell death, non-small
cell lung cancer, oncogenesis, death,
positive regulation of apoptosis,
apoptosis, positive regulation of
programmed cell death, positive
regulation of cell death, cell cycle, cell
proliferation and differentiation

"In SAHA- vs. vehicle-treated replicates.

?|dentified using DAVID bioinformatics database (see references 11-12) from GOTERM_BP_ALL, PANTHER_BP_ALL, KEGG_PATHWAY, PANTHER_PATHWAY

on significantly de- or hyper-acetylated genes, respectively.

3Based on examination of all terms into which DAVID sorted differentially acetylated genes.

“See Supplementary Table 3 for specific genes.

death-associated genes deacetylated during normal regeneration,
including Bcarl, Ernl, Jmy, and Traf4, were also induced but
that of others, including Csk, Ddah1, Dpml, Foxol, Gele, Ndfip1,
Nr3cl, Sesn2, and Tmbim6, were not significantly affected by
SAHA at this time point (Table 4 and Supplementary Fig. 3).
Conversely, Myc, which is normally hyperacetylated (Fig. 1) and
induced (Fig. 4A and '”) by PH, was deacetylated and suppressed
by SAHA (Figs. 3, 4, Table 4), but expression of other cell cycle-
associated genes normally hyperacetylated in regenerating liver,
including Adipor2, Dap, Egfr, Gadd45g, Igfl, Lcn2, Nirpi2,
Pik3r1, Proxl, Sikl, and T¢f7/2, were not significantly altered by
SAHA (Table 4 and Supplementary Fig. 3). Thus, SAHA causes
coincidental, concordant effects on the expression of some but
not all genes whose PH-induced regulation of histone acetylation
is disrupted by this anti-regenerative Zn-HDAC inhibitor. These
effects include disruption of both the hyperacetylation and
induction of mRNA expression of Myc and the deacetylation and
suppression of expression of Foxo3, Bik, and Bmfin early regener-
ating liver (Fig. 4A).

Discussion

We recently described the regulation and functional impor-
tance of Zn-HDACs during experimental liver regeneration.”
Based on those findings, we undertook the analyses here to char-
acterize regenerative patterns of change in liver histone acetyla-
tion during early regeneration and determine the effect of Zn-
HDAC inhibition on such patterns. To our knowledge, this is
the first report to ever describe the results of acetyL-histone
ChIP-Seq analyses of experimental liver regeneration. Those
results define distinct, gene-specific patterns of pro-regenerative
hyper- and de-acetylation in liver after PH. Several of the hyper-
acetylated genes are known to be induced or activated during or
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to promote liver regeneration (Table 2), with others reported to
promote cell proliferation in other settings but not yet investi-
gated in regenerating liver. Of note, Cdknla, which is hyperace-
tylated 12 hours after PH (Fig. 1), encodes a CDKI whose
expression is also known to be up regulated during early liver
regeneration.” Similarly, many of the genes identified as deacety-
lated are known to be downregulated during liver regeneration
and to suppress cell proliferation during regeneration or in other
models (Table 2). Based on these findings, studies to evaluate the
time course of patterns of change in liver histone acetylation
throughout experimental regeneration should now be conducted
both to define the dynamic nature of such epigenetic regulation
and as a prelude to investigating whether disruption of such regu-
lation mediates impaired regeneration in SAHA-treated and
other experimental models. Ultimately, those efforts could
inform consideration of the importance of epigenetic regulation
of liver regeneration in human liver diseases.

The data reported here show that an anti-regenerative treat-
ment regimen of SAHA reverses PH-induced changes in both the
deacetylation of anti-proliferative and pro-apoptotic genes and
the hyperacetylation of pro-regenerative genes (Table 4). While
the former result (SAHA-dependent gene-specific hyperacetyla-
tion) could directly result from the Zn-HDAC inhibitory activity
of SAHA, the latter must occur by other indirect mechanisms.
One possibility is that SAHA might directly promote hyperacety-
lation and thereby prevent transcriptional downregulation of spe-
cific Zn-HDAC isoforms that are normally suppressed during
early regeneration (and relatively resistant to SAHA-mediated
inhibition). With this in mind, it is intriguing that HDACI11
expression is downregulated during normal liver regeneration 2
and that the studies here show that SAHA induces HDACI1
hyperacetylation in regenerating liver (Supplementary Tables 2,
3). Zn-HDAC inhibition might also promote hyperacetylation
and induce the expression of other SAHA-resistant HDAG, e.g.,
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TABLE 4. Cell-Proliferation & Cell-Death Associated Genes' with PH-Induced Changes in Histone Acetylation that are Reversed by SAHA

Hyper-acetylated by PH and Deacetylated by SAHA?

Deacetylated by PH and Hyper-acetylated by SAHA?

FDR* FDR® Effect of PHon Effect of SAHAon Gene*  FDR* FDR® Effect of PHon  Effect of SAHA
Gene® PH/Sham SAHA/Veh Expression® Expression® PH/Sham SAHA/Veh Expression® on Expression®
Adipor2 0.04 0.2 no effect no effect Bcar1 0.01 <0.001 no effect increased
Dap 0.04 <0.001 decreased no effect Bik 0.04 <0.001 decreased increased
Egfr 0.04 0.2 no effect no effect Bmf <0.001 <0.001 decreased increased
Gadd45g  <0.001 <0.001 increased no effect Csk 0.05 <0.001 no effect no effect
Igf1 0.05 0.009 no effect no effect Ddah1 0.09 <0.001 no effect no effect
Lcn2 <0.001 0.003 increased no effect Dpm1 0.09 0.02 no effect no effect
Myc 0.03 0.02 increased decreased Ern1 0.08 0.1 no effect increased
Nirp12 <0.001 0.002 increased no effect Foxo1 0.03 0.2 no effect no effect
Pik3r1 0.03 0.2 increased no effect Foxo3*  0.06 0.04 decreased increased
Prox1 <0.001 <0.001 no effect no effect Gcle 0.08 <0.001 no effect no effect
Sik1 <0.001 <0.001 increased no effect H2-K1 0.03 <0.001 increased no effect
Tcf712 0.09 0.06 no effect no effect Jmy 0.05 0.1 no effect increased
Ndfip1 <0.001 0.03 decreased no effect
Nr3c1 0.006 <0.001 decreased no effect*
Sesn2 0.002 0.003 no effect no effect
Tmbim6  0.02 0.006 decreased no effect
Traf4 0.09 0.009 no effect increased

"Identified using DAVID bioinformatics database Zas described in text; 3Listed by “Official gene symbol” (genes in bold are over-connected in the interac-
tome analysis in Figures 2A-B). See *Supplementary Table 1 and *Supplementary Table 2. ®Using p < 0.05; see Figure 4A and Supplementary Figure 3.

NAD-dependent sirtuins. Interestingly, a recent report demon-
strated the anti-regenerative activity of the sirtuin Sircl,'® and
the data reported here show Sirzl is also hyperacetylated by
SAHA during early regeneration (Supplementary Tables 2, 3).
Based on these considerations, future analyses should examine
whether induction of HDACI11 or Sirtl contribute to SAHA’s
anti-regenerative activity, and, if so, attempt to define the specific
mechanisms that mediate this effect.

To begin to investigate the functional consequences of SAHA-
dependent inhibition of PH-induced changes in liver histone
acetylation, we compared gene-specific patterns of such change
to corresponding effects on hepatic mRNA expression. The
results showed concordant effects of PH vs. sham surgery and
SAHA vs. vehicle administration on alterations in histone acety-
lation and mRNA expression of Myc (whose PH-induced hyper-
acetylation and induction is suppressed by SAHA; Figs. 1, 3, 4)
and Foxo3 (whose deacetylation and suppression of expression is
reversed by SAHA; Figs. 1, 3, 4). SAHA also prevented the PH-
induced deacetylation and suppression of Bik and Bmf (Figs. 3,
4), which, like Foxo3, promote apoptosis. Interestingly, Myc has
been reported to antagonize the anti-proliferative/pro-apoptotic

19,20
3

activity of Foxo and, similarly, Foxo3 to disrupt Myc func-

tion *' in various models. A recent study reported that Myc
might be dispensable for recovery of liver mass after PH; how-
ever, that report also showed a reduction in PH-induced hepato-
Myc 22
Nevertheless, the data reported here suggest that a Myc/Foxo3

cellular proliferation in liver-specific null  mice.
switch is epigenetically regulated during normal liver regenera-
tion, and that disruption of such regulation might contribute to
impaired regeneration in SAHA-treated animals (Fig. 4B).
Finally, the findings here have provocative implications with

respect to our own and other previous studies identifying
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alterations in metabolism that occur in response to hepatic insuf-
ficiency as the source of essential signals that promote liver regen-
eration.”® Although the specific molecular mechanisms that
couple metabolism to liver regeneration require further elucida-
tion, several indirect observations suggest epigenetic regulation of
histone acetylation as an attractive candidate. For example, sup-
plemental glucose affects patterns of histone acetylation in cell
culture,**® PH-induced hypoglycemia occurs during experi-
mental liver regeneration, and glucose supplementation inhibits
regeneration.”*>*” In addition, HDACS5 undergoes PH-induced
nuclear localization in regenerating liver,” and this Zn-HDAC
also exhibits hypoglycemia-induced nuclear localization and reg-
ulates FOXO target gene expression in other models.*® Finally,
recent studies suggest that specific metabolites modulate isoform-
specific HDAC activity in vivo.”” Together, these considerations
suggest that investigating patterns of liver histone acetylation in
experimental models in which PH-induced alterations in metab-
olism are disrupted and regeneration is impaired could further
elucidate epigenetic mechanisms linking metabolism and estab-
lished pro-regenerative signaling pathways to liver regeneration.
The long-term goal of such effort should be translation of the
findings into clinical trials investigating metabolic strategies with
which to promote hepatic regeneration and thereby improve
patient outcomes in acute and chronic human liver diseases.

Materials and Methods

Animal husbandry and surgery

PH or sham surgery was performed on mice as described in
Supplementary Material and previously.””?°** Some mice were
treated with SAHA (or vehicle control) as previously described.”
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Figure 3. The Influence of SAHA on Histone Acetylation in Early Regenerating Liver. Examples of gene-specific patterns of histone acetylation in
regenerating liver from animals treated with SAHA or vehicle control are shown for specific genes identified as (A) deacetylated (Myc, Ahr) or (B) hyper-
acetylated (Foxo3, Nr3c1, Bik, Bmf) 12 hours after PH. UCSC gene maps (transcription (*) and translation (**) start sites, exons (E), and introns (I) as desig-
nated) are aligned with abundance of immunoprecipitated sequence (sequence reads per bp with scale indicated to the right) integrated from livers of
4 replicates each treated with SAHA or vehicle. Sequence abundance images were generated as in Figure 1, and bars below these data indicate specific

All experiments were approved by the Washington University
Animal Studies Committee and conducted in accordance with
institutional guidelines and the criteria outlined in the “Guide
for Care and Use of Laboratory Animals” (NIH publication 86-
23 revised 1985).

Ac-H3K9 ChIP-Seq

Ac-H3K9 ChIP of livers from n = 3-4 replicates in each
experimental group was performed as described in Supple-
mentary Material and previously.” DNA recovered from the
acetyL-histone enriched chromatin and the corresponding
input samples were submitted to the Washington University
Genome Technology Access Center for blunt ending, adaptor
ligation, size selection, and amplification according to estab-
lished protocols. These libraries were sequenced using the
[llumina HiSeq-2500 as single 50 bp reads. Raw data were
de-multiplexed and aligned to the most recent mouse refer-
ence genome assembly using Novoalign (Novocraft; Selangor,

www.landesbioscience.com
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Malaysia). Sequence peaks were identified using MACS soft-
ware.” Determination of significant differences in the abun-
dance of peak sequences between experimental groups was
performed with DiffBind, an open source Bioconductor pack-
age that utilizes edgeR software for statistical analysis of repli-
cated  sequence data®*®  Genes identified as
differentially acetylated were analyzed by gene ontology (GO)
and other classification schema using the DAVID bioinfor-
matics database (http://david.abcc.ncifcrf.gov/.36’37). Patterns
of interaction between differentially acetylated genes within

count

experimental groups (i.e., interactome analyses) were examined
using MetaCore ™ from GeneGo (Thomson Reuters).

With respect to the analyses described above, Benjamini and
Hochberg false discovery rate (FDR) thresholds (q values) were
employed to either (a) identify DNA sequences (and correspond-
ing genes) as significantly differentially-acetylated between repli-
cates of regenerating vs. sham-operated- or vehicle- vs. SAHA-
treated regenerating-liver (using the data analysis pipeline
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Figure 4. Hepatic mRNA Expression of Differentially Acetylated Genes during and Model of Epigenetic Regulation of Liver Regeneration. (A) Rel-
ative mRNA expression (= standard error) 12 hours after PH or sham surgery (indexed to sham; *P < 0.05 for PH vs. sham; n = 6 replicates per experi-
mental group) or 12 hours after PH in vehicle- (Veh) or SAHA-treated mice (indexed to Veh; *P < 0 .05 for SAHA vs. vehicle; n = 6 replicates per
experimental group). (B) Proposed model of epigenetically regulated Myc/Foxo3 switch in regenerating liver (known positive (—) and negative (—|) reg-
ulation and hypothesized (?) regulation as indicated; see text for additional discussion).

described above) or (b) identify gene term categories, using the
DAVID bioinformatics database and the ontology classification
schema enumerated in the Tables, in which genes identified as
differentially acetylated in (a) were significantly enriched. Thus,
Tables 1 and 3 list the number of genes (in column 2) identified
as significantly hyper- or de-acetylated in regenerating vs. sham-
operated (or vehicle- vs. SAHA-treated) liver using an FDR
threshold of q<0.1, and the ontology terms (column 3) identi-
fied by DAVID as significantly enriched for those genes, also
using q<0.1. Supplementary Tables 1 and 2 list the specific
FDR q values calculated for each sequence (and associated gene)
on which the differential acetylation analysis was performed. The
FDR q values in Table 4 (columns 2 and 3) are also listed in Sup-
plementary Tables 1, 2, respectively. In Supplementary Tables 3,
4, the FDR thresholds refer to the comparison described above in
(a) for identification of sequences (and corresponding genes) as
significantly hyper- or de-acetylated between replicates of experi-
mental groups (i.e., regenerating vs. sham-operated- and/or vehi-
cle- vs. SAHA-treated) as described.

qRT-PCR: Hepatic mRNA expression in livers from n = 6

animals in each experimental group was determined using semi-

quantitative real-time reverse-transcription polymerase-chain-
reaction (QRT-PCR) as described in Supplementary Material and
previously.””??% Gene-specific oligonucleotide primers are
listed in Supplementary Material.
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