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Changes in histone lysine acetylation, R

but not DNA methylation during facultative
hibernation in Syrian hamster liver
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Abstract

Background Hibernation (torpor) is a strategy to survive extreme environmental conditions, associated with a sig-
nificant decrease in metabolism and body temperature. The inducibility by the environment of torpor for facultative
hibernators designates epigenetic mechanisms as likely candidates for regulation. Therefore, we set out to unravel
epigenetics in the liver of a facultative hibernator, Syrian hamster (Mesocricetus auratus), sampled at different phases
during hibernation, by assessing the expression of epigenetic writer and eraser enzymes, histone acetylation dynam-
ics, and DNA methylation levels.

Results Expression of epigenetic writers/erasers confirmed previously reported results obtained in obligatory
hibernators, but might point to a mechanism specific for facultative hibernators, e.g., differential expression of histone
acetyltransferases (HATs; KAT6A, KAT6B, KAT7, and KAT13D/CLOCK). These findings were in accordance with observed
changes in histone H3 and H4 acetylation changes. Overall histone deacetylase (HDAC) activity was highest in torpor.
No differences were detected in DNA methylation throughout all phases.

Conclusion Our study thus points to histone acetylation as an important player in facultative hamster hibernation,
which may underlie the orchestration of gene expression changes throughout hibernation.
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Background

Hibernation is an adaptive strategy to cope with low
energy supplies and/or challenging environmental condi-
tions. Consistent with a need to reduce energy consump-
tion during torpor, several studies have demonstrated
reduced gene transcription and protein synthesis in
hibernators [1-3]. There are two types of hibernators,
obligatory and facultative [4]. The former shows seasonal
hibernation irrespective of environmental conditions but
driven by a circannual rhythm [4, 5]. In contrast, faculta-
tive hibernators deploy torpor in response to particular
environmental cues, including shortening of days, scar-
city of food, and low ambient temperatures [6].

Dietary glucose is unavailable during the fasting period
of hibernators; hibernators need a switch to fatty acid
oxidation to maintain cellular energy supply [7, 8]. Addi-
tionally, it is suggested that facultative hibernators arouse
regularly to maintain blood glucose levels through gly-
cogenolysis or gluconeogenesis from available metabo-
lites of the TCA cycle [9]. These processes are mainly
regulated by the liver, which has a central role in main-
taining the metabolic homeostasis of the whole animal.
Given its key roles in hibernation including gluconeo-
genesis, ketogenesis, and protein synthesis, we here,
as in many other hibernation studies, focus on the liver
[10-12].

Since metabolism and epigenetic regulation of gene
expression clearly interlink [13], we aim to address the
role of epigenetic regulation in hibernation either as a
cause or a consequence of the metabolic changes in fac-
ultative hibernators. We focus on histone acetylation,
which is typically associated with an “open” chromatin
structure allowing transcription factors to bind the DNA.
In general, histone lysine (K) acetylation on histone H3
and H4 (H3KAc, H4KAc) is a well-studied histone modi-
fication often accompanied and/or induced by a change
of metabolic processes [13]. Next to changes in histone
acetylation throughout hibernation phases, also changes
in protein levels of histone acetyltransferase (HAT) and
histone deacetylase (HDAC) were reported [14, 15].
Moreover, HAT and HDAC activity increased in specific
tissues of ground squirrels during torpor [14, 16]. Finally,
previous reports in ground squirrels and chipmunks
showed differential regulation of acetylation of histones
in different tissues, including the liver [14, 17-19].

In fat, and recently liver tissue of ground squirrels, it
was found that transcription is reduced during torpor
[14, 20]. DNA methylation is generally associated with
gene silencing making it a plausible mechanism of gene
silencing in torpor. Few studies have been performed
on DNA methylation in hibernators [21], indicating for
example a decrease in genome-wide DNA methylation
for arousing obligatory hibernators (ground squirrel)
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compared to euthermic controls housed at 4 °C (despite
increased expression of DNMT1/3B and MBD2) [22,
23]. Also, MBD3 and MECP2 mRNA expression was
increased in arousal compared to euthermic animals. On
the other hand, for the facultative hibernator, the chip-
munk (Tamias striatus), stable DNA hypermethylation
was found for promoter regions of HP-20, HP-25, and
HP-27, despite changes in histone acetylation, during
torpor compared to summer euthermic [18, 19].

Given previous evidence of epigenetic regulation in
obligatory hibernators [3], we interrogated epigenetics
in the liver of the facultative hibernator, Syrian hamster
(Mesocricetus Auratus). We used untargeted approaches
to study epigenetics (RNA-seq, Luminometric Meth-
ylation Assay (LUMA), and Whole Genome Bisulfite
Sequencing (WGBS)) and assessed histone acetylation
levels (Western Blot and LC-MS/MS) and measured the
activity of HATs and HDAC: in livers of Syrian hamsters
during different phases of hibernation. Unraveling the
regulation of epigenetic modifications in the facultative
hibernating Syrian hamster offers insight into the orches-
tration of gene expression changes in preparation of and
during hibernation. Furthermore, their “hibernation-
on-command” triggering hypometabolic and cytopro-
tective mechanisms might provide an interesting model
to address fundamental questions in human patho-
physiology, e.g., prevention of ischemic damage during
organ transplants. Recently, epigenetic aging has been
described to be essentially stalled during hibernation
periods [24], further highlighting the relevance of under-
standing the epigenetic processes driving hibernation.

Methods

Ethical approval

Experiments were approved by the Institutional Animal
Ethical Committee of the University Medical Center Gro-
ningen. Animal procedures were carried out in accord-
ance with the European Directive on the Protection of
Animals used for Scientific Purposes and Dutch legisla-
tion. Experiments were performed on Syrian hamsters
from Envigo (Indianapolis, USA) with food and water
ad libitum. Euthanasia was performed by exsanguination
under isoflurane anesthesia.

Animals

Twenty Syrian hamsters (12 weeks of age, 10 males and
10 females) were housed at an ambient temperature of
21 °C, a light:dark cycle (L:D cycle) of 14:10 h and food
ad libitum (Additional file 1). Hibernation was induced by
shortening the L:D cycle to 8:16 h for 10 weeks followed
by housing at an ambient temperature of 5 °C, at con-
tinuous dim light (<5 Lux) [25]. Food was removed after
the animals entered torpor. The hibernation patterns of
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animals were determined by continuous assessment of
movement via infrared detectors connected to a com-
puter. Syrian hamsters with >24 h of inactivity were
considered torpid [26]. Animals were euthanized by
exsanguination under isoflurane anesthesia during sum-
mer, torpor, or interbout arousal, the final duration of the
last uninterrupted torpor bout of hibernating animals
lasting >80 h for all animals. Animals were euthanized in
torpor late (TL, > 72 h after entrance into torpor), arousal
early (AE, 1.5 h after cessation of torpor), and arousal late
(AL, 6-8 h after cessation of torpor). Summer Euthermic
(SE) animals were housed at 21 °C and a light:dark cycle
(L:D cycle) of 14:10 h. The animal’s activity pattern accu-
rately identified hibernating hamsters as being in torpor
or arousal, as evidenced by mouth temperature (Tm) at
euthanization (Additional file 1). Arousals were induced
by the handling of the animals. The liver was obtained
and snap-frozen in liquid nitrogen and stored at —80 °C.

Protein extraction and immunoblotting

Liver tissue (n = 5 per group) was homogenized in an
ice-cold homogenizing buffer, and protein was extracted
using RIPA buffer. Protein concentrations were deter-
mined using Biorad DC assay. Equal amounts of proteins
were loaded onto SDS-polyacrylamide gels and separated
using an electrophoresis cell. Membranes were blocked
using skim milk (5%, 30 min) in tris-buffered saline with
Tween 20 (TBST) and probed with specific primary anti-
bodies 1:1000 in 3% BSA o/n (Table 1). Membranes were
incubated with secondary anti-rabbit or anti-mouse IgG
HRP-linked antibody (1:2000 in 3% BSA) for 1 h at room
temperature and developed using enhanced chemilumi-
nescence. Protein intensities were corrected for back-
ground and a loading control was used to normalize blots
using Image Lab (Biorad).

Luminometric Methylation Assay (LUMA)

LUMA was performed using genomic DNA (gDNA) iso-
lated with Nucleospin Tissue (Machery qNagel). gDNA
was digested with EcoRI and Hapll (5mC sensitive) or
MspI (5mC insensitive) in Q24 pyrosequencer for 4 h
at 37 °C, followed by 20 min at 80 °C. Subsequently, the
nucleotides were added and run in the Pyromark Q24
system. Readout was analyzed using Pyromark design.

Table 1 Antibodies used for immunoblots
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Tissue lysis and histone protein extraction

Liver tissue (n = 4 per group) was homogenized in 1
mL of ice-cold lysis buffer containing PBS and 0.5% Tri-
ton X-100 (v/v) with a pDEGrotease inhibitor (1 mM
PMSF) and histone deacetylase inhibitors (1 mM sodium
butyrate, 10 uM SAHA and 10 mM nicotinamide) using
a sonicator (3 tunes, 10 s, 50%, on ice) and samples were
centrifuged for 10 min at 10,000xg at 4 °C. After discard-
ing the supernatant, pellets were resuspended in 0.5-mL
ice-cold buffer containing 13 mM EDTA in 10 mM Tris-
base, pH 7.4. After centrifugation (10 min at 10,000xg, 4
°C) and discarding of the supernatant, pellets were resus-
pended in 200-pL ice-cold HPLC grade water (HPLC-
H,0). Sulfuric acid (H,SO,) was added to the samples to
a final concentration of 0.4 M. Samples were incubated
on ice for 1 h with gentle agitation. After centrifugation
(10 min at 10,000xg 4 °C), the supernatant containing
the histone proteins was added to 1.5 mL acetone and
left at —20 °C overnight to precipitate the proteins. After
centrifugation, acetone was removed and the pellet was
dried at room temperature. The pellet was subsequently
reconstituted in 50 uL HPLC-H,O. Protein concentration
was determined using the microplate BCA protein assay
kit (Thermo Fisher, Waltham, USA) following the manu-
facturer’s instructions using a BSA standard (2 mg/mL).
The absorbance was measured at 580 nm using a micro-
plate reader.

Chemical acetylation and in-solution digestion

Extracted histone proteins were diluted in HPLC-H,O to
12 pg/pl. The protein disulfide bridges were reduced with
1 pL of 100 mM DTT (10 min, 57 °C). After reduction,
alkylation was performed with 1 pL 300 mM iodoaceta-
mide (30 min, in the dark at room temperature). Sub-
sequently, 35 pL of 180 mM sodium borate buffer was
added and pH was adjusted to pH 8.5. Next, 1 puL 2%
deuterated acetic anhydride in DMSO was added and
incubated for 10 min on a thermomixer (1000 rpm) at
RT. The acetylation reaction was performed in triplicate.
To revert possible O-acetylation, hydroxylamine solu-
tion was added to an end concentration of 0.25 pg/uL
and the samples were incubated on a thermomixer (450
rpm) at RT for 120 min. Overnight digestion was per-
formed with 1 pL trypsin solution (0.2 ug/pL sequencing

Antibody

Article reference

Acetyl-Histone H3 (Lys27) (D5E4) XP® Rabbit monoclonal antibody
Histone H3 (96C10) Mouse monoclonal antibody

Anti-Histone H3 (acetyl K9) polyclonal antibody

Anti-Histone H3 (acetyl K9 + K14 + K18 + K23 + K27) polyclonal antibody

Cell signaling, Cati# 8173s
Cell signaling, Catit 3638
Abcam, Cat#t Ab4441
Abcam, Cat# Ab47915
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grade modified trypsin, dissolved in trypsin resuspension
buffer) at 37 °C. The samples were acidified by adding
formic acid.

Histone acetylation quantification using LC-MS/MS
LC-MS/MS using a quadrupole orbitrap mass spec-
trometer (Orbitrap QExactive Plus, Thermo Scientific,
Bremen, Germany) coupled to a nano-ultra pressure
liquid chromatography system (Dionex UltiMate 3000
RSLCnano pro flow, Thermo Scientific, Bremen, Ger-
many) coupled via electrospray-ionization (ESI) analysis
were performed as described earlier [27].

LC-MS/MS data analysis was performed with Freestyle
1.6 (Version 1.6.75.20, Thermo Scientific, Bremen, Ger-
many). Extracted ion chromatograms (EICs) of the acety-
lated histone isotopologue species were generated using
the following parameters: detector type: MS, trace type:
mass range, ranges: theoretical m/z of the correspond-
ing acetylated histone isotopologue species, mass toler-
ance: 8 ppm, peak detection algorithm: Genesis, percent
of highest peak: 10, minimum peak height S/N: 5, S/N
threshold: 3, tailing factor: 5.

HDAC activity

Fifty-microgram protein from liver tissue was isolated
in x Passive lysis buffer (Promega, Madison, WI, USA)
according to the manufacturer’s protocol. Histone dea-
cetylase (HDAC) activity was measured in duplicate (n
= 3 per group) using HDAC activity colorimetric assay
kit (Cat. No. K331-100) from BioVision Inc. (Milpi-
tas, CA, USA) according to the manufacturer’s instruc-
tions. Incubation was done simultaneously for 1 h at
8 °C, 21 °C, and 37 °C for all samples in different plates
before stopping the reaction using Lysine developer. The
colorimetric readings were measured at 400 nm in a
spectrophotometer.

HAT activity

Twenty-microgram protein from liver tissue was isolated
in 1x Passive lysis buffer (Promega). HAT activity was
measured in duplicate (n = 3 per group) using EpiQuik
HAT Activity/Inhibition Assay Kit (Epigentek Cat. No.
P-4003, Farmingdale, NY, USA) according to the manu-
facturer’s instructions. The absorbance was measured at
450 nm in a microplate reader.

RNA sequencing data and Whole Genome Bisulfite
Sequencing (WGBS) data

Expression measurements and DNA methylation meas-
urements were obtained from previously published work
by the groups collaborating on this project [8]. Extrac-
tion of the respective material, (pre)processing and nor-
malization of raw data, and statistical analyses were
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performed as described there. The raw data for these
analyses can be found in the Gene Expression Omnibus
(GEO) under accessions GSE199814 and GSE199815 for
RNA sequencing and WGBS data respectively. Of impor-
tance is that material for RNA sequencing and WGBS
was retrieved from the same three samples (out of five)
within the respective SE, AE, and TL groups from which
protein extraction was performed.

Statistical analysis

Results are presented as mean + standard error of the
mean (s.e.m.), with dots in figures showing the values
of individual animals. The Kruskal-Wallis test with a
Dunn’s correction for multiple group comparisons was
performed. P-values<0.05 were considered statistically
significant. Graphpad Prism version 8.4.2 was used for all
statistical evaluations.

Results

In order to assess the role of epigenetics in hiberna-
tion, we analyzed mRNA expression (RNA-seq), DNA
methylation (LUMA and WGBS), and histone acetyla-
tion with accompanying HDAC and HAT activity data.
Measurements for these different modalities contributing
to hibernation states in the facultative hibernator, Syr-
ian hamsters, were performed on the same (subset) of
animals to facilitate integration and interpretability (see
Additional file 1 for a comprehensive overview of which
samples were included for different modalities). We start
by examination of expression levels for epigenetic writ-
ers and erasers, followed by an assessment of acetyla-
tion levels and finally measurement of DNA methylation
throughout the different phases of hibernation.

Differential expression of epigenetic writers and erasers

in torpor or arousal

Differential expression (DE) results were analyzed
using our previously published RNA-seq data set [8]
for 94 pre-selected enzymes (based on literature and
in-house expertise) including all known HATs, HDAC:,
histone methyltransferases (KMTs), histone dem-
ethylases (KDMs), DNA methyltransferases (DNMTs)
and ten-eleven translocation methylcytosine dioxyge-
nases (TETs). In short, this experiment compared gene
expression in Syrian hamster livers sampled at differ-
ent phases of hibernation: summer euthermic (SE),
torpor late (TL: >72 h after the entrance to torpor),
and arousal early (AE: 1.5 h after the start of arousal)
[8]. Expression levels for 11 genes in our selection
(HDAC9, DNMT3B, TETI, and 8 KMTs) could not be
determined due to low coverage or missing assembly
(Additional file 2 for full DE results). Of the remaining
83 genes (37 histone-modifying enzymes and 46 DNA
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methylation-associated proteins), 11 genes were found rate, FDR < 0.05, Fig. 1). More specifically, seven genes
to be differentially expressed in at least one comparison  encode histone acetyltransferases and deacetylases
between the three hibernation phases (false discovery (Fig. 1A), three encode histone methylation-modifying
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Fig. 1 Relative fold changes from differential expression analysis for 18 genes encoding epigenetic enzymes, including the 11 differentially
expressed genes (FDR < 0.05). Bars indicate relative fold change compared to expression for SE animals (hence SE bars are all equal to 1). The
selection of genes included in this plot is based on detectable presence in RNA sequencing data. A Genes modifying histone acetylation. B
Genes modifying histone and DNA methylation. RNA was subjected to sequencing for livers derived from summer euthermia (SE), torpor late (TL),
and arousal early (AE) hamsters (n = 3 per group). Statistical analysis was performed using Kruskal-Wallis *P < 0.05; **P < 0.01
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enzymes, and the TET2 gene encodes a DNA demeth-
ylating enzyme (Fig. 1B). Effect sizes (fold change, FC)
and significance levels for these eleven differentially
expressed genes are represented in Fig. 1.

Of the 21 known and detected HATS, four were differ-
entially expressed of which expression for 3 HATs was
decreased during torpor (Fig. 1A). KAT6A was down-
regulated in TL compared to both SE and AE (1.74-fold
and 1.78-fold, respectively; FDR < 0.05). For KAT6B,
the downregulation reached statistical significance for
TL compared to AE animals (1.72-fold; FDR < 0.001).
KAT13D (also known as CLOCK, a circadian gene found
to mediate HAT activity) showed a decreased expression
in TL compared to SE (1.67-fold; FDR < 0.05). In contrast,
KAT7 showed an opposite pattern: unchanged in TL but
upregulated in AE compared to SE (1.61-fold; FDR <
0.05). Expression for SIRT2 and SIRT7, NAD™ utilizing
Class III HDACs, was resp. 1.54- and 1.58-fold increased
during arousal compared to summer euthermic (SE) ani-
mals (both FDR < 0.05). One other HDAC showed dif-
ferential expression (HDACI11, a class IV HDAC), but
here an opposite pattern was observed with AE animals
showing a 1.68-fold reduction in expression compared to
SE animals (FDR < 0.01). While the expression of these
three identified HDACs (SIRT2, SIRT7, and HDACII)
differed between SE and AE, neither two phases differed
significantly from TL. Remarkably, none of the previ-
ously reported differentially expressed histone-modifying
enzymes in 13-lined ground squirrel, PCAF, GCN5L2,
HATI, and CBP [15], showed differences in expression in
hibernating hamster compared to SE (Fig. 1A, Additional
file 2).

Next, we explored methylation-modifying enzymes.
A total of 46 enzymes were identified as expressed in
the liver, including KDMs, DNMTs, and TETs (Fig. 1B).
For KMTs, only two genes were differentially expressed.
MLLTI11 showed a 2.43-fold reduction in expression in
TL compared to SE (FDR < 0.001), whereas SETMAR
showed a 1.91-fold reduction in expression in AE com-
pared to SE (FDR < 0.01). For KDMs, only KDM3A
was differentially expressed, showing a similar pat-
tern to SIRT2, SIRT7, and KAT?7, as it was upregulated
in AE compared to SE (1.56-fold; FDR < 0.05). Lastly,
for DNMTs and TETs, only TET2 showed differen-
tial expression with a 1.67-fold increase in expression
in AE compared to TL (FDR < 0.05). No other DNA
methylation-modifying enzymes, including the previ-
ously reported hibernation-associated DNMTI1 [22]
showed differential gene expression between any of the
groups (Fig 1B). Altogether, of the 83 detected epige-
netic enzymes, four HATs, three HDACs, two KMTs,
one KDM, and one TET were found to be differentially
expressed (Fig. 1A, B).
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Histone H3 acetylation is differentially regulated
across the hibernation cycle
Given the differential expression of some HATs and
HDACs, we next assessed histone H3 acetylation (H3ac)
using Western Blot (WB). Because nine of the eleven
DEGs were differentially expressed in AE, five samples
were obtained from hamsters in arousal late (AL: >8h
after the start of arousal) and included to expand the
assessment of histone modifications in the arousal phase.
First, H3 protein levels were measured to ensure stable
levels throughout the hibernation cycle (Fig. 2A; repre-
sentative sample for WB images in Additional file 3).
Overall H3 acetylation status, normalized to H3 levels,
was lower in TL livers compared to AL (P < 0.05; Fig. 2B).
Next, we assessed the acetylation status of the two
most commonly studied lysine sites (H3K9 and H3K27;
Fig. 2C, D). H3K%ac decreased during the hibernation
phases, reaching statistical significance in AL compared
to SE animals (Fig. 2C). H3K27ac followed the same pat-
tern observed for overall H3ac, with the lowest levels
detected in TL compared to AL (Fig. 2D). Differences
observed for TL versus AL livers were independent of
normalization for H3 protein levels per sample. Note that
this reduction of acetylation in torpor coincides with sig-
nificant downregulation of HATs (see previous section)
and the increase in acetylation in arousal coincides with
the upregulation of KAT7 during arousal.

Differential levels of histone H3 and H4 acetylation

across hibernation phases

The differences in H3ac were validated and expanded
for other lysines using quantitative LC-MS/MS analysis
on the same (n = 4) liver samples from SE, TL, and AL
hamsters, as these groups showed the most prominent
changes. Given that the hibernation-associated DEGs
encode HATs and HDACs which also target histone
H4 lysine sites in addition to H3 lysine sites (Fig. 3), the
analysis was expanded to include four H4 lysine residues
(H4K5, H4K8, H4K12, and H4K16; Fig. 4). The acetyla-
tion stoichiometries of H3K4, H3K9, H3K14, H3K36,
and H4K20 could not be investigated with the assay used
because these peptides were not sufficiently retained by
the trapping and separation column.

The analyzed H3(18-26) peptide K18QLATK23AAR
contained two acetylation sites, K18 and K23, and can
be either unacetylated, acetylated at one site (mono-
acetylated), or acetylated at both sites (diacetylated). As
shown in Fig. 3A, most of the H3(18-26) peptide spe-
cies were unacetylated (71.1%), followed by the mono-
acetylated (22.5%) and the diacetylated peptides (6.4%).
In line with the WB data, the H3(18-26) peptide showed
a significant decrease in acetylation in TL as shown for
both the mono- and diacetylated peptides (Fig. 3A,
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Fig. 2 Histone H3 protein acetylation in the liver of hibernating hamster. A Overall histone H3 protein levels relative to total protein amount. B
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histone H3 protein levels (A). Data are relative to the mean of SE and presented as mean =+ s.e.m. Statistical analysis by Kruskal-Wallis with Dunn'’s
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B). Further analyses indicated that both H3K18ac and
H3K23ac decreased in acetylation during torpor (~4.6%
for H3K18ac; ~14.0% for H3K23ac, Fig. 3C). In contrast,
no significant changes in acetylation were observed for
H3K27 or H3K79 in TL liver (Fig. 3C). Subsequently,
assessing acetylation of specific lysine residues, an
increase in acetylation was found for H3K23 (~13.1%)
and H3K27 (~6.9%) in AL vs TL (P < 0.05, Fig. 3C, D),
signifying that the pattern found for H3K27ac by WB
(Fig. 2D) was confirmed by LC-MS/MS measurements.
The overall H3ac pattern obtained for H3K9, K14, K18,
K23, and K27 by WB (Fig. 2B) thus corresponds to the
results of the H3K18ac and H3K27ac lysines measured
by LC-MS/MS, identifying K9ac as an interesting H3
lysine with sustained decreased acetylation in AL vs SE
(Fig. 2C).

The analyzed H4 peptide, H4(4-17) (GK5GGK8GL-
GK12GGAKI16R), can be either unacetylated or acety-
lated at one to four lysine residues. Most of the peptide
is in its unacetylated state (average of 54.7%) followed
by the monoacetylated peptide (37.3%) and diacety-
lated peptide (4.8%). A very small subset of the pep-
tide is acetylated at three or all four lysine sites (<3%).
In contrast to H3ac, for which the reduced acetylation
levels in TL were generally restored in AL, the level of
acetylated H4(4—17) peptide remained decreased in AL
compared to SE (Fig. 4A, B). In all hibernation phases,

approximately 45.3% of the H4 peptide was acetylated,
of which the majority was only acetylated once. For the
monoacetylated peptide, the distribution of acetyla-
tion over the four different lysine residues was meas-
ured (Fig. 4A). Markedly, most of the monoacetylated
peptides were acetylated at H4K16, with a significant
decrease in H4K16ac in AL compared to both the SE
and TL animals (Fig. 4A, C). Moreover, H4K12ac mon-
oacetylation showed a significant decrease in AL versus
TL. However, as indicated in Fig. 4A and C, the contri-
bution of H4K12ac to the total amount of monoacetyla-
tion is small.

HDAC activity is increased in late torpor

Given the changes in the acetylation levels of histone
lysines, we next explored the enzymatic activity of the
acetylation writers and erasers. HAT activity remained
similar throughout all four hibernation phases (1 = 3;
Fig. 5A). Conversely, HDAC activity measured at 37 °C
in the same tissue samples was upregulated in TL com-
pared to AE (Fig. 5B). Because of differences in HDAC
activity between TL and AE at 37 °C, liver HDAC activ-
ity was also measured at the temperature correspond-
ing to the animals’ body temperature at the time of
procurement, but differences between phases were
maintained irrespective of assay temperatures (Addi-
tional file 4).
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A
SE (n - 4) TL (n - 4) AL (n-4)
H3 (18-26) Mean % * Mean % * Mean % *
s.e.m. s.e.m. s.e.m.
Unacetylated  65.5+0.5 80.10.8 67.7+23
1x acetylated  26.0+0.7 15.540.5 26.1+1.6
2x acetylated
85+1.1 4405 62+0.9
C
SE (n = 4) TL (0 = 4) AL (n-4)
Mean % * Mean % * Mean %
s.e.m. s.e.m. s.e.m.
H3K18ac 124150 78425 10.1+5.4
H3K23ac 30.6+3.5 166+ 1.6 297423
H3K27ac 18.048 15.1£42 22.0£69
H3K79ac 02+0.9 02+0.6 0.1+ 1.0
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Fig. 3 Absolute and relative H3 acetylation levels in the liver of the Syrian hamster measured by LC-MS/MS. A Overall acetylation of the H3(18-26)
peptide (KQLATKAAR). Unacetylated, single, or double acetylated H3(18-26) levels are expressed as a percentage of the total. B Relative levels

of the unacetylated, single, or double acetylated H3(18-26) peptide. C Relative site-specific acetylation levels for H3K18, H3K23, H3K27, and H3K79.
Levels are relative to the mean of SE. D Lysine-specific acetylation of H3 lysines. H3K18 and H3K23 are determined using one H3 peptide
(K;gQLATK,3AAR); H3K27 is the only acetylated site within the assessed peptide K,,SAPATGGVK;4K3,PHR; as is H3K79 in the peptide EIAQDFK;4TDLR.
Measurements were performed for summer euthermic (SE), torpor late (TL), and arousal late (AL) animals. All relative levels are calculated compared
to the mean of SE. Statistical analysis was performed using Kruskal-Wallis with Dunn’s correction *P <0.05, **P < 0.01, ****P < 0.0001

Increase in HDAC6 activity is associated with increased
histone deacetylation, but not with tubulin deacetylation
To further identify HDACs with increased activ-
ity in TL, activity assays with HDAC inhibitors were
performed using reported IC50s [28, 29]. Inhibitors
showed similar activity on liver samples from SE, TL,
AE, and AL animals (Additional file 5) and repre-
sentative findings are shown for SE animals (Fig. 6A).
Treatment with the pan HDAC inhibitor, Vorinostat,
inhibited HDAC activity by 99%. Class I HDAC inhibi-
tor Entinostat (MS-275) reduced the overall activity by
22.0 + 0.08% (P < 0.01). Tubastatin A, an inhibitor of
HDACS, inhibited the overall activity by 71.0 + 0.03%
(P < 0.001). As HDACS® is largely known for deacety-
lating a-tubulin [30], levels of acetylated a-tubulin were
measured in the liver using Western blot (Fig. 6B), to
further evaluate increased HDAC6 activity. Remarka-
bly, the percentage of acetylated a-tubulin significantly
increased in TL versus SE and AL.

LUMA and WGBS results showed no global changes in DNA
methylation

To investigate overall DNA methylation changes dur-
ing hibernation, DNA methylation was assessed using
LUMA on the same liver samples as used for RNA-seq
with the result that no changes in overall DNA methyla-
tion were detected (Additional file 6). To explore DNA
methylation status in depth, previously published WGBS
was reanalyzed. No significant differences were found for
overall cytosine methylation of CpG and non-CpG sites
between different hibernation phases (resp. Additional
file 7, panels A and B). Furthermore, promoter meth-
ylation of DEGs showed no clear differences in average
methylation between hibernation phases (P = 0.74, Addi-
tional file 7, panel C). However, upon a detailed assess-
ment of overall CpG methylation for genic regions of
DEGs, there are minor indications of lower methylation
for euthermic animals compared to TL animals (2.9%, P
= 0.07) and arousal animals (3.0%, P < 0.12) (Additional
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SE (@ =4) TL (n =4) AL @=-4)

H4 (4-17) Mean % =+ s.e.m. Mean % =+ s.e.m.. Mean % =+ s.e.m.
unacetylated 48.8+1.6 53.3+0.6 62.0+1.8
1x acetylated 39.6+0.9 40.7+0.8 31.5+0.6

H4KS5 1.4+ 0.1 1.0+ 0.1 1.1+0.1

H4KS8 25+01 24+02 24+03

H4K12 1.2+0.1 22401 0.7+0.1

H4K16 34.5+0.7 35.340.7 27.3+0.7
2x acetylated 6.5+0.5 3.7+0.3 43+0.6
3x acetylated 23+03 1.1+0.1 1.2+0.5
4x acetylated 29+04 1.2+0.3 0.9+0.4

B
- 40 M1 e SE
= 7 - . = - rl ¢ TL
- I ] ] 1 1 -
= * xxxx g - Fe AL
S 154 . 2 230+
® 8 c o
_> L 0o .:
® » a h= g 20
o 107 .0= & ) 5 = x
© . >
[ ® D
> [ g 0 0
5 0.5 e < = 10+ .
g = mM
- ®PP :
0.0 T T T 0'4‘ ? Lf_ T
& ol ol @ & RV o
S Q > N N
S n¥ oF 83 NS & &

Fig. 4 Absolute and relative acetylation levels of the H4(4-17) peptide (GKGGKGLGKGGAKR) in the liver of the Syrian hamster measured by LC-MS/
MS. A Acetylation levels of the H4(4-17) peptide for unacetylated or acetylated at one, two, three, or four (all) lysine residues. The distribution

(%) of the specific lysine residue (H4K5, H4K8, H4K12, and H4K16) for the singly acetylated H4(4-17) peptide is specified. B Relative levels

of the unacetylated, single, or double acetylated H4(4-17) peptide. Data are represented as mean (relative to the mean of SE). C Distribution

of the singly acetylated H4(4-17) peptide at the four lysine residues H4K5, H4K8, H4K12, and H4K16. Acetylation levels were measured for summer
euthermia (SE), torpor late (TL), and arousal early (AE) hamsters (n = 4 per group). Acetylation levels of the single lysine residues are shown

as percentage of the total H4(4-17) peptide. All relative levels are calculated compared to the mean of SE. Statistical analysis by Kruskal-Wallis

with Dunn'’s correction *P < 0.05, **P <0.01, ***P < 0.001, ****P < 0.00001

file 7, panel D). The limited differences in RNA expres-
sion for the writers and maintenance enzymes for DNA
methylation (e.g., DNMT1 and DNMT3a, Fig. 1B) are in
accordance with the lack of global changes in DNA meth-
ylation during hibernation.

Discussion

Hibernation is a dynamic process accompanied by essen-
tial physiological changes, which are thought to be under
transcriptional control [3, 16]. In this study, we assessed
the expression levels of 94 epigenetic writers and eras-
ers. Expression of 83 genes encoding epigenetic proteins
sufficed to assess differential mRNA expression, which
was observed for 11 of the genes. Due to the explora-
tory nature of this study, we did not confirm the changes

in gene expression using qRT-PCR. It is likely that the
changes reported in our bulk analyses largely represent
those in hepatocytes, being the most abundant cell type
(80+ %). Detailed changes in less abundant cell types,
such as stellate and Kupfer cells, await further analy-
ses using sorted or single-cell sequencing techniques
in follow-up studies. Given its role as a dynamic modi-
fication, highly involved in changes in metabolism [13],
we focused on histone acetylation as transcriptional
regulator. We found an increased HDAC activity in tor-
por, which was not observed for HATs. This increased
HDAC activity was associated with a decrease in H3K18,
H3K27, and H3K23 acetylation during torpor compared
to aroused animals. Furthermore, decreased levels of
H4K12 and H4K16 acetylation were observed in arousal.
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Fig. 6 HDAC activity and ac-tubulin in Syrian hamster liver. A HDAC activity in SE animals (n = 3) using inhibitors: Entinostat to inhibit class | HDACs,
Tubastatin A to inhibit HDAC6, and Vorinostat to inhibit all HDACs, except Sirtuins. B Levels of acetyl-tubulin (n = 4) relative to tubulin measured
using Western blot. Measurements were performed on samples obtained from summer euthermic (SE), torpor late (TL), and arousal late (AL). Data
represented as mean + s.e.m. and are relative to the mean of SE. Statistical analysis by Kruskal-Wallis with Dunn’s correction *P < 0.05; **P < 0.01,

****P < 0.0001

Note that although changes in differential expression
are relatively limited (roughly FC = 2), these correspond
closely to the order of magnitude of measured histone
modification (by LC-MS/MS) and HDAC activity meas-
urements. Lastly, considering DNA methylation, we
observed overall DNA methylation remained unchanged
between phases of hibernation as measured by LUMA
and WGBS. This was in line with limited changes in
the expression of known DNA methylation writers and

erasers. Altogether, our study supports a role for histone
acetylation changes associated with hibernation, which
could be underlying the suppression of transcription in
torpor.

Upregulation of SIRT2 and SIRT7 in arousal correlates

to H4K16ac, linking epigenetics to hibernation

To identify whether deacetylation of histone in torpor
was associated with particular erasers, we assessed their
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RNA expression levels. Both SIRT2 and SIRT7 were
upregulated during arousal. Partly corresponding with
this observation, the liver tissue of ground squirrels dis-
played higher expression of SIRT1 and SIRT2 during
torpor and of higher expression of SIRT3 during arousal
[31, 32]. SIRT2 and SIRT7 both target H4K16ac as well
as several other proteins [33]. Although SIRT2 and SIRT7
enzymes are predominantly located in the cytosol, they
are able to translocate to the nucleus during G2/M tran-
sition (SIRT2) and/or in response to stress (SIRT7) where
they can target H4Kl16ac [34]. Since it is known that
the cell cycle is altered during hibernation (both tor-
por and arousal) and arousal is a stress-inducing event
[35, 36], the upregulation of SIRT2 and SIRT7 could be
responsible for lower acetylation levels of H4K16 during
arousal in this study [33, 37]. As H4K16ac possesses the
unique ability to both promote and inhibit the transcrip-
tion of genes, it is particularly suitable to accommodate
the dynamic nature of hibernation [38, 39]. Performing
experiments on nuclear lysates could provide further sup-
port for the currently presented hypothesis. Lastly, SIRT2
and SIRT7 are known to be involved in glucose metabo-
lism [40, 41], and hence potential candidates in facilitat-
ing the metabolic shift accompanying hibernation.

HDACI11 which we found to be lower expressed in
arousal, mainly acts as a negative regulator of anti-
inflammatory cytokine IL-10, and effects on histone
acetylation levels have yet to be firmly demonstrated [42].
The downregulation of HDAC11 during arousal may play
a role in the well-known suppression of inflammatory
responses during hibernation phases [42—44].

Differential KAT6A, KAT6B, KAT7, and KAT13D expression

is specific for the facultative hibernator, Syrian hamster
Previously, it has been shown in the liver tissue of hiber-
nating squirrels that HAT protein expression, more spe-
cifically PCAF, is increased during torpor/arousal and
expression of GCN5L2 is reduced compared to sum-
mer euthermic [15]. We found, contrasting to squirrel,
that RNA expression of PCAF as well as GCN5SL2 were
unchanged in Syrian hamster, suggesting that regulation
of HAT during torpor in Syrian hamster differs from
ground squirrel. Moreover, we report a lower level of
H3K9ac during torpor, whereas other studies in hiberna-
tors show no differences in H3K9ac in the liver [15].

In ground squirrel, HAT activity was found to be sta-
ble throughout the torpor-arousal cycle [15], which could
be confirmed in the Syrian hamster. Nonetheless, despite
similar HAT activity, we found different expression lev-
els of HAT encoding genes. The expression of KAT6A
and KATI13D was significantly reduced during torpor,
with overexpression of KAT6A/KAT6B and KAT7 dur-
ing arousal. Interestingly, it was recently described that
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the brain, but not the liver, retains circadian rhythm
throughout hibernation [45]. As KAT13D, also known
as CLOCK, is a known core circadian clock component
[46], it is possible that KAT13D downregulation fuels
delayed or paused circadian rhythm in the liver. Note that
as European hamsters, obligatory hibernators from the
same family as the Syrian hamster, do not show down-
regulation of CLOCK in the liver [47], this could also be
a mechanism specific to facultative hibernators or Syrian
hamster.

The present study confirms that in Syrian hamster
liver, H3 acetylation, but not H3 protein levels, is affected
during torpor, including decreased H3K18 and H3K23
acetylation in torpor and increased H3K27ac in arousal,
similar to ground squirrel [17, 31, 48]. This observation
may indicate a potential increase in chromatin condensa-
tion and a state of transcriptional repression in the liver
during hibernation [49], whereas an increase in H3K27ac
could result in open chromatin leading to transcriptional
activation in arousing hamsters. The upregulation of
KAT6A and KAT6B in arousal may therefore be associ-
ated with an increase in transcription through increased
H3K27ac in arousal. Formation of such HAT complexes
is indeed known to trigger aberrant histone acetylation
and rapid transcriptional activation [50]. Both KAT6A
and KAT6B have been shown to associate with multiple
genes including CBP (CREB-binding protein) [50]. Of
note, KAT6A and KAT6B proteins, through the forma-
tion of the MOZ/MORF complex, are responsible for
acetylation of a number of protein lysines [50, 51]. Inter-
estingly, among the top enriched transcription factor
binding sites in promoter regions of genes upregulated
during arousal in our hamsters was a suggested target for
the MOZ/MORF complex, CREBL1 [8]. Further research
is warranted to confirm an increased transcriptional state
in arousing hamsters through the formation of the MOZ/
MOREF complex.

HDACS6 activity is suggested to regulate protective
pathways in torpor

Interestingly, using HDAC inhibitors, we found HDAC6
to constitute 71% of HDAC activity in the liver from
all phases. As HDAC6 is an enzyme that can shuttle
between the nucleus and the cytosol, it is often found to
either regulate cytosolic tubulin and HSP90 acetylation,
or nuclear histone acetylation [30]. The decreased H3ac
levels (nuclear) and the increased acetylated a-tubulin
(cytosolic) might suggest that HDAC6 resides in the
nucleus during torpor, subsequently deacetylating H3
lysines. In addition to targeting histone lysines, HDAC6
is important for hepatic glucocorticoid receptor nuclear
translocation of gluconeogenic genes [52]. Previously
we have shown gluconeogenesis during torpor of these
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hamsters through GO analysis using the RNA-seq data
[8]. Although these results do not prove the necessity of
HDACS in torpor regulation, we here suggest a role for
HDACES in deacetylating H3- and H4Ks, thereby regulat-
ing RNA transcription and glucose metabolism during
torpor. Inhibition of HDAC6 has been shown to result
in hepatocellular protection in ischemia-induced liver
injury [53], which suggests a role for HDAC6 for hepato-
cellular protection in Syrian hamster during hibernation.
The mechanism underlying this protection is unknown,
but HDAC6 has been shown to reduce oxidative stress
and increase an anti-inflammatory response in cardiac
ischemia [53, 54]. Furthermore, despite HDAC6 showing
no differential expression between hibernation phases, it
is known to interact with HDAC11 in humans [55] which
is differentially expressed between hibernation phases.
Collectively, the strong regulation of HDAC6 in torpor
and its many links with torpor molecular pathways war-
rants further research into the subcellular location of
HDACS6 and primary targets throughout hibernation to
define its (epigenetic) role in cytoprotection.

Histone methylation and DNA methylation

Regarding histone methylation, our RNA-seq data
showed that KDM3A expression is increased in arousal,
MLLT11 is downregulated in torpor, and SETMAR is
downregulated in arousal. Despite the fact that only three
histone (de)methylases are differentially expressed in
hibernation, further research is required to investigate
whether the differential expression of KDM3A, MLLT11,
and SETMAR correlate to different histone methylation
patterns, as was found in ground squirrel hibernation
(H3K4me, H3K9me3) [56].

For DNA methylation, despite evidence for DNA meth-
ylation changes and changes in expression for DNA
methylation writers and erasers during torpor in the
greater horseshoe bat, Rhinolophus ferrumequinum [57]
and other hibernators (see introduction), these findings
could not be reproduced in Syrian Hamster and will thus
likely not be major contributors in regulating hiberna-
tion phase switches. Nonetheless, more specific changes
in DNA methylation, possibly modulating transcription
factor activity, have been described in Syrian hamster [8].

Conclusion

We here present the first elaborate assessment of epi-
genetic marks (both histone modifications and DNA
methylation) with combined assessment of expression
levels of their respective writer and eraser proteins in
a facultative hibernator, Syrian hamster. Our data show
dynamic H3 and H4 acetylation during hibernation
in the hamster liver. The increased activity of HDAC6
might be responsible for the previously reported
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transcriptional depression in torpor [58], although
further study is necessary to confirm this hypothesis.
Furthermore, differential acetylation of histone lysines
during torpor (H3K18 and H3K23) and arousal (H3K23,
H3K27, H4K12, and H4K16) were associated with the
expression of several genes encoding histone-modify-
ing enzymes genes. More specifically, SIRT2 and SIRT7
could modulate glucose metabolism in torpor and
arousal, whereas HDACI11 likely is involved in immune
response regulation. Additionally, KAT6A, KAT6B,
KAT7, and KATI13D display significantly differential
expression in accordance with observed changes in his-
tone acetylation, previously not reported for obligatory
hibernators and thus most likely specific for facultative
hibernators or Syrian hamsters. Lastly, the expression
of enzymes regulating DNA methylation and overall
DNA methylation itself remained unchanged. In sum-
mary, our research suggests a role for histone acetyla-
tion (by modulation of acetylation writer and eraser
expression) in the regulation of hibernation with its
specificities for facultative hibernators.
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AE Arousal early

AL Arousal late

BAT Brown adipose tissue

DNMT  DNA methyltransferase

HAT Histone acetyltransferase

HDAC  Histone deacetylase

KDM Histone demethylase

KMT Histone methyltransferase

LUMA  Luminometric Methylation Assay
SE Summer euthermic

SIRT Sirtuin

TET Ten-eleven translocation methylcytosine dioxygenase
TL Torpor late

WB Western blot
WGBS Whole genome bisulfite sequencing

Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/543682-023-00024-2.

Additional file 1: Figure S1. Representative snapshot of western blot
images. This figure contains a representative snapshot of WB images on
which values in Figure 2 were based.

Additional file 2: Figure S2. HDAC activity measurement at various
temperatures based on animal body temperature during different phases
of hibernation. HDAC activity was measured at 8 °C, 22 °C and 37 °C cor-
responding with respectively animal body temperatures in Torpor Late
(TL), Arousal Early (AE) and Summer Euthermic (SE). Respective differences
between HDAC activity in different hibernation phases were retained,
regardless of temperature at which HDAC activity measurements were
obtained. dStatistical analysis was performed by Kruskal-Wallis with Dunn’s
correction *P < 0.05; **P < 0.01, ***P < 0.001.

Additional file 3: Figure S3. HDAC activity with various inhibitors in liver
of Syrian hamsters. HDAC activity in hamster liver (n = 3) using inhibi-
tors: Entinostat to inhibit class | HDACs, Tubastatin A to inhibit HDAC6
and Vorinostat to inhibit all HDACs, except Sirtuins. Measurements were
performed at samples obtained from Summer Euthermic (SE), Torpor Late
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(TL), and Arousal Late (AL). Data represented as mean + s.em. and are
relative to the mean.

Additional file 4: Figure S4. DNA methylation in Syrian hamster liver
measured by LUMA. Methylation measured using LUMA (n = 4). Measure-
ments were performed at samples obtained from Summer Euthermic (SE),
Torpor Late (TL), Arousal Early (AE) and Arousal Late (AL). Data represented
as mean + s.em. and are relative to the mean of SE. Statistical analysis by
Kruskal-Wallis with Dunn's correction *P < 0.05.

Additional file 5: Figure S5. DNA methylation in Syrian hamster liver
measured by WGBS. Boxplots for (A) CpG cytosine methylation, (B)
non-CpG cytosine methylation, (C) promoter specific CpG cytosine
methylation and (D) genic CpG cytosine methylation. Measurements were
performed at samples obtained from Summer Euthermic (SE), Torpor Late
(TL), Arousal Early (AE).

Additional file 6: Table S1. Table of animals characteristics. Characteris-
tics for different animals used in this study.

Additional file 7: Table S2. Table of differentially expressed genes. Full
results of differentially expressed genes for comparisons between SE vs TL,
TL vs AE, SE vs AE and SE vs TL & AE)
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