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Simple Summary: Hibernating animals reduce their metabolic rate through a variety of transcrip-
tional, translational, and post-translational regulation methods to survive in extreme environments
with an overall reduction in their body’s activity levels. Histone methylation is a mechanism that
regulates gene expression at the transcriptional level, and specific histone methylation and demethy-
lation modifications can either inactivate or activate gene transcription. In this study, we focused on
the hibernation of Pelodiscus sinensis (P. sinensis) as an experimental model and studied the changes
in the physiological metabolism index, histones, and related genes on growth and development
under conditions of artificially induced hibernation. Although this paper lacks further evidence that
P. sinensis has been induced into a deep hibernation state, cold torpor is perhaps a more accurate
description. The changes in physiological indexes, transcription level, mRNA relative expression, pro-
tein localization, relative protein expression, and enzyme activity associated with histone and histone
(demethylation) genes in various tissues were analyzed under hibernating and normal conditions.
The results provide insight into the adaptative mechanism of P. sinensis to its environment.

Abstract: Pelodiscus sinensis (P. sinensis) is a commonly cultivated turtle species with a habit of hiber-
nation. To study the changes in histone expression and methylation of P. sinensis during hibernation
induction, a model was established by artificial induction. Physiological and metabolic indices
were measured, and the expression and localization of histone (H1, H2A, H2B, H3, and H4) and
methylation-related genes (ASH2L, KMT2A, KMT2E, KDM1A, KDM1B, and KDMb5A) were measured
by quantitative PCR, immunohistochemistry, and Western blot analysis. The results indicated that
the metabolism, antioxidation index, and relative expression of histone methyltransferase were signif-
icantly decreased (p < 0.05), whereas the activity and expression of histone demethyltransferase were
significantly increased (p < 0.05). Although our results showed significant changes in physiological
and gene expression after hibernation induction, we could not confirm that P. sinensis entered deep
hibernation. Therefore, for the state after cooling-induced hibernation, cold torpor might be a more
accurate description. The results indicate that the P. sinensis can enter cold torpor through artificial
induction, and the expression of histones may promote gene transcription. Unlike histones expressed
under normal conditions, histone methylation may activate gene transcription during hibernation
induction. Western blot analysis revealed that the ASH2L and KDMb5A proteins were differentially
expressed in the testis at different months (p < 0.05), which may perform a role in regulating gene
transcription. The immunohistochemical localization of ASH2L and KDMb5A in spermatogonia and
spermatozoa suggests that ASH2L and KDM5A may perform a role in mitosis and meiosis. In con-
clusion, this study is the first to report changes in histone-related genes in reptiles, which provides
insight for further studies on the physiological metabolism and histone methylation regulation of
P. sinensis during the hibernation induction and hibernation period.
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1. Introduction

Pelodiscus sinensis (P. sinensis) is a hibernating reptile that can tolerate extreme en-
vironments of low temperature and low oxygen. The hibernation behavior of animals
may also be achieved by artificial induction. During hibernation, the heart rate, oxy-
gen consumption, and metabolism of animals are reduced [1-5]. Chrysemys picta [6],
Spermophilus tridecemlineatus [7,8], wild-type mice [9], and Ursus americanus [10] have been
subjected to artificially induced hibernation, and their body temperature, heart rate, and
pyruvate dehydrogenase and creatine kinase content were reduced. During hibernation,
the liver of Ictidomys tridecemlineatus [11] and the heart and muscle of grizzly bears [12] ex-
hibit significantly decreased transcription levels and metabolic rates, and DNA and protein
synthesis is also inhibited [13,14]. Metabolic inhibition results in decreased DNA synthesis
and histone expression. Histone ends are methylated, and gene expression patterns are
regulated by changes in chromatin structure and DNA [15,16]. In particular, histone H3
lysine 4 methylation (H3K4me) is associated with gene-specific activation and development
and is dynamically regulated by histone methylation and demethylation [17]. Histone
methylation (HMT) performs a role in transcriptional activation and includes Absent, small,
or homeotic 2-like (ASH2L) and histone demethylation (DM) 2A and 2E (KMT2A/MLL1,
KMT2E /MLL5). The corresponding histone demethylation genes primarily include histone
demethylation 1A, 1B, and 5A (KDM1A/LSD1, KDM1B/LSD2, KDM5A /RBP?2). Studies
have shown that deep hibernation is associated with chromatin condensation, which is
reversed upon awakening [18]. Histone methylation is also involved in chromatin remodel-
ing and is associated with gene-specific activation and developmental processes. The high
expression of ASH2L, KMT2A, and KMT5A is positively associated with the activation of
early embryonic development [19], and the lack of the histone demethylation genes LSD1,
KDM1A, and KDM5A result in the failure of embryonic development [19].

Whether hibernation causes changes in physiological and biochemical indicators and
transcriptional activity in P. sinensis, thereby affecting the expression of histones and related
genes, is unclear. Therefore, we artificially induced hibernation to study the changes
in physiological and metabolic indicators and the histones of P. sinensis on growth and
development during hibernation. This enables the study of the physiological metabolism
of hibernating animals without seasonal restrictions and provides a reference model for
the artificially induced hibernation of reptiles. The analysis of physiological indicators and
histone gene expression data during hibernation will also provide a reference for histone
expression in P. sinensis. The results provide further insight into the regulatory mechanism
of hibernation in reptiles, such as P. sinensis.

2. Materials and Methods
2.1. Establishment of a Hibernation Induction Model

Healthy P. sinensis (one-year-old, 200-250 g, male n = 25; female n = 25) were pur-
chased in June from the Walmart Wanda Plaza store in Ningbo, Zhejiang Province. The
hibernation experiment was carried out in our laboratory. An artificial hibernation model
was induced by cooling down and controlling the diet of the animals [7,19,20]. P. sinensis
was raised in a single cage in a plastic box with a lid, the water level did not exceed the
highest point of the carapace, and the box was placed in a constant temperature incubator
(BXS-250, Shanghai Boxun Industrial Co. Ltd. (Shanghai, China)) for the 24h-dark light
environment [7]. One week later, once P. sinensis showed no excrement, temperature reduc-
tion was initiated. Starting from 27 °C, the temperature was decreased by 1 °C each day.
To ensure water quality, one-third of the water was replaced isothermally every day and
completely replaced every three days. The dorsal and plastron temperature was measured
and recorded (Infrared thermometer, FLUKE Company (Shanghai, China)), which included
the room temperature, water temperature, and oral temperature (measured by mercury
thermometer). In order to reduce the influence of the determination on the hibernating
state, 5 males and 5 females were selected in turn for the determination. A finger-clip
pulse oximeter (Shanghai Haier Medical Technology Co., Ltd. (Shanghai, China)) was
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used to record the number of heartbeats and blood oxygen concentration within 30 s. The
turtle was turned over to calculate the time it took to turn over, and the length of its neck
extension was measured with a ruler. Beginning at 20 °C, the temperature was decreased
by 3 °C every two days, and the above indicators were measured daily. Once 11 °C was
reached, the temperature was decreased by 1 °C every three days, and cooling was stopped
at 8 °C.

The ethical standards of the animal experiment scheme have passed the ethical review
of the experimental animal ethics committee of Zhejiang Wanli University. The acceptance
number of the ethical review is 2020070101.

2.2. Sample Collection

The acquisition and use of animals followed the regulations for the management and
use of laboratory animals in China. After the hibernation induction experiment, three males
and three females were randomly selected as parallel samples, and their body weights
were weighed with an electronic balance (accuracy = 0.01 g). Following sedation with
an intraperitoneal injection of sodium pentobarbital (20 mg/kg), they were sacrificed by
cervical dislocation. The hibernation induction samples were conducted on ice. The heart,
liver, spleen, lung, kidney, ovary, muscle, adipose, small intestine, and testis were washed
three times with sterile saline, transferred to cryopreservation tubes, and snap frozen in
liquid Nj. All tissues were stored at —80 °C for future use. Part of the testicular tissue was
washed with distilled water and stored in 4% paraformaldehyde for 48 h. The solution was
replaced with 50% alcohol for 2 h and stored in 70% alcohol for future use.

2.3. Determination of Metabolism and Physiological Indicators

The following physiological indicators were measured in the samples.

Determination of glycogen content: 50 mg of liver and muscle tissues were mixed
with 1.5 mL of 30% KOH and boiled in a water bath for 15 min. After cooling, the mixture
was transferred to a 50 mL volumetric tube, and water was added to the mark and mixed.
Glycogen content was determined based on the procedure described by Laurentin [21].

Glycolytic lactate assay: Liver and muscle tissue (2 portions of 50 mg) were transferred
to a 2 mL sample tube and a control tube. Then, 300 uL of PBS (0. 01 M, pH 7.4) was added,
and the samples were homogenized. The determination of glycolytic lactate was completed
as described by Taylor [22].

Determination of 3-oxidized ketone bodies: A total of 200 mg of liver and muscle tissue
were added to 1.5 mL of 0.9% NaCl and homogenized. After transferring to centrifuge
tubes, 0.5 mL of PBS (1/15 M, pH 7.4) was added to each. To the sample, 0.5 mL of n-butyric
acid was added, whereas 0.5 mL of water was added to the control. The determination of
acetone content was performed by the indirect iodometry method [23].

Determination of CK (Creatine kinase) activity: A total of 100 mg of liver and muscle
tissue was placed in a centrifuge tube containing 1 mL of sterilized saline lysis buffer and
homogenized. The cells were lysed on ice for 30 min, then centrifuged at 12,000 rpm at
4 °C for 5 min. The supernatant was transferred to a 1.5-mL centrifuge tube, and the CK
assay was completed as described by Lee [24].

Determination of ATP content and LDH activity: A total of 100 mg of liver and muscle
tissues were added to a centrifuge tube containing 1.5 mL of sterilized saline lysis buffer,
homogenized, and mixed in a centrifuge tube with 900 uL of normal saline. For the
determination of LDH activity and ATP content, the procedure was completed according
to the kit manufacturer’s instructions (Nanjing Jiancheng Bioengineering Institute #A020-1,
A070-2, China, (Nanjing, China)).

Oxidation index determination: A total of 100 mg of liver and muscle tissue were
placed in a centrifuge tube filled with 900 pL of normal saline, homogenized, centrifuged
at 2500 rpm for 10 min, and the supernatant was collected. The specific procedure for
the determination of catalase (CAT) activity, superoxide dismutase (SOD) activity, and



Biology 2023, 12, 720

40f16

malondialdehyde (MDA) concentration was completed according to the kit manufacturer’s
instructions (Nanjing Jiancheng Bioengineering Institute #A007, A001-3, A003-1, China).

2.4. Analysis of Gene Transcriptional Activity

RNA was extracted from tissue samples (50 mg) from normal and hibernation induc-
tion stages using Trizol. DNA was isolated by the classical method. RNA and DNA from
each tissue were extracted independently three times and the concentration of RNA and
DNA was measured on a NanoDrop2000. The OD260/0D280 was in the normal range of
1.8-2.0, and the integrity of the RN A was assessed on a 1.5% agarose gel.

2.5. Analysis of mRNA Expression of Histones and (De)methylated Genes

To study the expression of histones and (de)methylated genes in various P. sinensis
tissues at room temperature and under hibernation induction, real-time quantitative PCR
experiments were performed using P. sinensis GAPDH as an internal reference gene [25].
Sequences for the histone genes H1, H2A, H2B, H3, and H4; histone methylation genes
ASH2?L, KMT2A, and KMT2E; and the histone demethylation genes KDM1A, KDM1B, and
KDM>5A were obtained from the NCBI database. Primers (Table 1) were designed using
Primer5.0 software [26] and synthesized by Sangon Bioengineering (Shanghai) Co. Ltd.
(Shanghai, China).

Table 1. Forward and reverse primers used for quantitative PCR.

Target Gene Primers Primer Sequence(5’-3') Login ID
GAPDH  Clpppr  croccracTraticrr  NML001sen
i HIR  GGAAGACTTACGGGCTIIGGAACC — XM-0061Z56893
HA AR TGCCTIACHMGOICGICIGIGrTC  XM-0061363952
HB lopR GACTOCTTGCGOCTCTTCITACG M-I
s R GGCATGATGGTGACTCGOTIAGE  XM-U06IZS9IL2
s HR  CCAGCCAAGCGACGAATAGCC  XM-0061259003
ASH2L ASH2L-F ACTGACCGTTATTGGCGAGAAAGG XM_006134041.3

ASH2L-R CAAGTCTGGCTGCTGTGTCTGG

KMT2A-F TGCGATTCCGACACTTGAAGAAGAC
KMT24 KMT2A-R  TGAGGATGGAGCGAATGACATTGC XM_006120948.3

KMT2E-F AGTGTGGTAAGGCTGCTTGTAAGTG
KMT2E KMT2E-R TGGTGAGGAGGATCAGGCTTCTATC XM_014580823.2

KDMIAF  AACGAAGAAGACTGGCAAGGTGATC
KDMIA  ¢DMIA-R  CTTCCAGAAGCGTGACATCCATCC  <M-014568580.2

KDM1B-F GAAGCAGCAGAGGATGATGATGAGG
KDMIB KDM1B-R  TAGCACACCTTTCAGCAGCACTTG XM_006121822.3

KDMb5A-F  CAAGGCTACAGGTGTGGTCTCAAG
KbM5A KDM5A-R GCTGCTGATTGTAGGCTGGTATCC XM_014579673.1

The M-MulLV first-strand cDNA synthesis kit (Sangon Bioengineering (Shanghai) Co.
Ltd., #B532435, China) was used for reverse transcription, and the cDNA was stored at
—20 °C for future use. The cDNA quality was verified by ordinary PCR using GAPDH
primers. The amplification reaction (10.8 pL) included 5 pL. Tap Master Mix (Dye) buffer
(Kangwei Century #CW0682, (Ningbo, China)), 0.4 uL upstream and downstream primers,
4 uL ddH,0O, and 1 puL ¢cDNA. Amplification of the target sequence was performed ac-
cording to the following protocol: One cycle for 5 min at 94 °C, followed by 32 cycles of
denaturation at 94 °C for 30 s, annealing at 57.5 °C for 30 s, extension at 72 °C for 30 s, and
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1 final cycle at 72 °C for 10 min. The PCR products were evaluated by 1.5% agarose gel
electrophoresis, photographed with a BIO-BAD gel imager, and stored.

Using cDNA from the two groups as a template, the TB Green® Premix Ex Tap II (Tli
RNaseH Plus) kit (TaKaRa#RR820Q), (Kyoto, Japan)) was used according to the manual
and quantitative PCR (RT-PCR) was completed using a Light Cycler 480 instrument. The
results were quantitated and statistically analyzed using the 2~#4¢t method [27].

2.6. Analysis of Total HMT and DM Activity

Enzyme activity assays were performed using fish total histone methylation (HMT)
ELISA (enzyme-linked immune assay) and fish demethylation (DM) ELISA kits (Shanghai
Enzyme Link Biotechnology Co., Ltd., #m1201940, m1239034, (Shanghai, China)) as follows:
For sample processing, 50 mg of tissue sample was added to a centrifuge tube containing
1 mL of 1x PBS, pH 7.4, homogenized, and centrifuged. Then, 10 uL of the supernatant
was added to the precoated enzyme-labeled plate, and the assay was completed following
the manufacturer’s instructions. A microplate was coated with purified fish total histone
methylation antibody. Then, the samples were sequentially added to the HRP-labeled
monoclonal antibody-coated microwells. The total histone methylation antibody was
combined to form an antibody-antigen-enzyme-labeled antibody complex. After thorough
washing, TMB substrate was added for color development. TMB is converted to a blue
color by the HRP enzyme and, finally, to a yellow color after the addition of acid. The color
intensity is positively correlated with the total histone methylation in the sample.

2.7. Analysis of ASH2L and KDMb5A Protein Expression

Testicular tissue was collected in June, September, and December from sexually ma-
ture turtles (1 = 5 per month), which were normally reared without artificial intervention
at temperature regulation. Slaughtering and sampling methods remain the same as be-
fore. Testis tissue was thoroughly milled and lysed in 1 mL of RIPA buffer (50mM Tris
(pH 7.4), 150mM NaCl, 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS) on ice for
30 min, centrifuged at 10,000 x g at 4 °C for 20 min, and the supernatants were collected.
The total protein was detected using [3-actin as a control, and rabbit polyclonal anti-ASH2L
(1:1500, D121917, Sango, (Shanghai, China)) antibody and KDM5A (1:1500, D262113, Sango)
antibody were used for immunodetection. Electrophoresis was performed by 8% SDS-
PAGE, and after protein transfer and antibody incubation, the signals were visualized
using an ECL substrate (NcmECL High, P2100, New Cell & Molecular Biotech Co., Ltd.
(Shanghai, China)). The relative density of the protein bands was quantified using Image]
1.51 software.

Immunohistochemistry was performed on 4% paraformaldehyde (PFA) fixed testis
sections (6 um). Immunodetection was performed using rabbit polyclonal specific anti-
ASH2L (1:300, D121917, Sango, (Shanghai, China)) antibody and KDM5A (1:300, D262113,
Sango, (Shanghai, China)) antibody, stained according to the manufacturer’s instructions,
mounted, and observed by microscopy:.

2.8. Statistical Analysis

The results were analyzed by t-test with SPSS Version 24.0 software (SPSS,
Chicago, IL, USA) [28]. Each experiment was repeated at least three times independently. All
data were expressed as the mean =+ standard deviation (1 = 3). p values < 0.05 were considered
statistically significant, (*) p < 0.05 was significant, and (**) p < 0.01 was
extremely significant.

3. Results
3.1. Establishment of a Hibernation Induction Model
P. sinensis was exposed to a hibernation induction environment artificially. The physio-

logical parameters are shown in Table 2. For room temperature and oral temperature less
than 15 °C, a half-minute heartbeat less than 10 times, and blood oxygen concentration
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less than 88%, along with other indicators, indicated a hibernation or cold torpor state.
As the room and water temperature gradually declined, the temperature of the carapace
decreased. The number of internal strokes of the hind legs over 20 s and the length of the
neck extension concomitantly decreased with the depth of hibernation induction. Addi-
tionally, the time required to turn over gradually increased. Based on these results (Table 2
is marked in blue), an analysis by one-way ANOVA indicated that there was a significant
difference between the normal and the hibernation induction states (p < 0.05).

Table 2. Changes in physiological parameters before and after hibernation.

RT (°C) WT (O CT O PT (°O) OT (°C) HHM BOC (%) TOT (s) LNE (cm)
26 20.1 20.6 £0.17 21.3 +£0.83 18.7 £0.90 13.0 £ 0.82 93.3 £2.36 33 £047 15.0 £1.63
23 18.9 19.6 £ 0.21 21.4 £ 041 18.3 £0.73 11 £0.82 95 £ 0.00 6.3 +0.94 15+ 0.82
20 16.1 18.0 £0.21 19.4 £ 0.50 17.5 £ 047 12.3 £2.62 95 £ 0.00 5.7 £ 094 16 £0.82
17 15.2 18.0 £ 0.21 19.4 £ 0.50 17.5 £ 0.47 12.3 £+ 2.62 91.7 £ 2.36 6.7 £ 1.25 147 £1.25
14 143 1524025  162+033  167+087 1704510  83+236  60+08  147+125
11 10.9 13.1 £0.29 13.2 £0.54 145+ 0.24 6.7 £1.25 86.7 £ 2.36 7.3 £236 147 £1.25
8* 8.4 96+021*  89+047* 131+£034* 50+08  8L7+236*  90+£245 80+ 0.00

Note: RT = Room Temperature; WT = Water Temperature; CT = Carapace Temperature; PT = Plastron Temperature;
OT = Oral Temperature; HHM = Heartbeats in Half a Minute; BOC = Blood Oxygen Concentration; TOT = Turn
Over Time; LNE = Length of Neck Extension; * = Significant differences between values at normal and hibernation
induction; ** = Significant polar differences between normal and hibernation induction (n = 10; *: p < 0.05;
**: p <0.01).

3.2. Measurement of Physiological Indices

The results of Figure 1a—f show that the glycogen content in the liver tissue was
the highest, and the difference was significantly higher compared with that in muscle
(p < 0.05). This indicates that glycogen is primarily stored in the liver, and although the
temperature decreases, glycogen as an energy supply remains the same as that during a
normal period. However, during hibernating and normal periods, the lactic acid content in
the liver and muscle did not change significantly (p > 0.05), which indicates that anaerobic
respiration primarily occurs in muscle tissue during hibernation induction. The acetone
content increased significantly during the hibernation induction period (p < 0.05), indicating
that there is a greater use of fat for energy metabolism during hibernation induction. CK
enzyme activity in muscle was higher under normal compared with hibernating conditions
(p < 0.01). There was no significant difference in enzyme activity in the Liver (p > 0.05), and
ATP concentration in muscle tissue decreased significantly (p < 0.01); however, there was no
significant difference in the liver (p > 0.05). LDH activity in the liver and muscle decreased
significantly (p < 0.05), indicating that these organs exhibit less energy metabolism. During
hibernation induction, CAT and SOD activity and MDA levels in the liver and muscle,
decreased significantly (p < 0.05) (Figure 1g—i). The results indicate that oxidative stress,
based on MDA as an index, was not strong in the soft-shelled turtle.

3.3. Analysis of Transcriptional Activity

RNA and DNA were extracted from the heart, liver, spleen, lung, kidney, ovary,
adipose, muscle, small intestine, and testis of P. sinensis during normal and hibernating
periods, and transcriptional activity was determined by the ratio of RNA to DNA. The
results showed that there were significant differences in these values among different
tissues of P. sinensis at different time periods. Further analysis showed that the RNA/DNA
ratios of normal tissues were significantly higher compared with that of hibernating tissues
(Figure 2, p < 0.01).
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Figure 1. Determination of physiological indices in P. sinensis liver and muscle at different stages.
(a) Total CK activity of muscle and liver during normal and hibernation induction periods, (b) ATP
levels in muscle and liver during normal and hibernation induction periods, (¢) LDH activity in
muscle and liver during normal and hibernation induction periods, (d) Glycogen content in muscle
and liver during normal and hibernation induction periods, (e) Lactic acid content in muscle and
liver during normal and hibernation induction periods, (f) Acetone levels in muscle and liver during
normal and hibernation induction periods, (g) CAT activity in muscle and liver during normal and
hibernation induction periods, (h) SOD activity in muscle and liver during normal and hibernation
induction periods, and (i) MDA content in muscle and liver during normal and hibernation induction
periods. (1 =6; *: p <0.05, **: p < 0.01).
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Figure 2. The ratio of RNA/DNA in various tissues of P. sinensis during normal and hibernation
induction periods. (Ovary and testis, n = 3, others, n = 6; **: p < 0.01).

3.4. Analysis of Histone Gene Expression

The relative expression of histone gene mRNA in different tissues of P. sinensis was
determined by qRT-PCR. As shown in Figure 3a—e, there were significant differences in
histone gene expression at different stages in P. sinensis (p < 0.05). Histone H1, H2A, H2B,
H3, and H4 were expressed in all tissues; however, expression in the normal group was
significantly higher compared with that in the hibernating group (p < 0.05).

3.5. Analysis of HMT and DM mRNA Expression

The relative expression of HMT and DM mRNA in different tissues of P. sinensis was
measured by qRT-PCR. The mRNA expression of histone methylation and demethylation
genes are shown in Figure 4a—e. The histone methylation genes ASH2L, KMT2A, and
KMT2E were expressed in all tissues. The relative expression levels in the normal group
were lower compared with that in the hibernation induction group. The histone demethy-
lation genes KDM1A, KDM1B, and KDMbA were also expressed in all tissues and were
opposite to that of the histone methylation genes.

3.6. Determination of Total HMT and DM Activity

The activity of histone methylation and demethylation in all tissues was significantly
different changed (p < 0.05) (Figure 5a,b). The histone methylation activity increased
(p < 0.05), while the histone demethylation activity decreased from the normal period to
the hibernating period (p < 0.05).

3.7. Expression of ASH2L and KDM5A

The expression of the ASH2L and KDMS5A proteins in the testis of P. sinensis during
different months was measured by Western blot analysis (Figure 6a,b). In the testis, the
expression of ASH2L protein increased from June to September but decreased significantly
in December (p < 0.05); whereas the expression of KDM5A increased significantly from
June to December (p < 0.05).

The distribution of the ASH2L and KDM5A proteins in the testis of healthy P. sinensis
during different months was determined by immunohistochemistry (Figure 7a—i). The nu-
clei were stained blue with hematoxylin and brown-yellow by DAB (3,3'-Diaminobenzidine
tetrahydrochloride, AR1000, Boster Biological Technology Co., Ltd. (Wuhan, China)). The
results indicated that the ASH2L and KDM5A proteins were expressed in the testis during



Biology 2023, 12, 720

9o0f 16

Relative Expression of HI
Bo

2004
180+
160+
140+
120+
100

25

204

Relative Expression of H2B

(@)

©

*x

all seasons, but there were slight differences among seasons, especially in September and
December. The main difference was the proportion of cells in the testis during each season.
As shown in Figure 7, both ASH2L and KDM5A were expressed in testis tissue, mainly in
the nucleus and cytoplasm. Positive expression was also observed in spermatogonia (Spg)
and deformed sperm cells (Dsc), whereas negative expression was found in spermatocytes
(S) and mature sperm (Ms). The negative control tissues showed no positive reactions, such
as brown particles.
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Figure 3. Relative expression levels of histone mRNA in various tissues of P. sinensis during normal

and hibernation induction periods. (a—e) Relative expression of histones H1, H2A, H2B, H3, and H4.
(Ovary and testis, n = 3, others, n = 6; *: p < 0.05, **: p < 0.01).
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ASH2L, KMT2A, and KMT2E, (d—f) Relative expression levels of the histone demethylation genes
KDM1A, KDM1B, and KDM5A. (Ovary and testis, n = 3, others, n = 6; *: p < 0.05, **: p < 0.01).
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(b) Relative quantitative analysis of ASH2L and KDMS5A protein expression in the testis by WB.
(n =5 per month; *: p < 0.05, **: p <0.01) (Figure S1: Full western blot of ASH2L and KDM5A.).
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Figure 7. Localization of ASH2L and KDM5A proteins in the testis of Trionyx sinensis in differ-
ent months. (a—c) show the localization of ASH2L protein in the testis during different months,
(b,d—f) show the localization of KDM5A protein in the testis during different months, (c¢,g—i) show
the blank control for testis during different months. (Scale bar = 20 pm). Spg, spermatogonia;
S, spermatocytes; Dsc, deformed sperm cells; Ms, mature sperm.
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4. Discussion

Hibernation is a common phenomenon in Animalia. The temperature of hibernating
animals is below 15 °C in the environment and in the mouth, the heart rate drops to
10-20 beats per minute, and blood oxygen concentration decreases [2,29]. These results
are consistent with the decrease in room temperature and heart rate in the present study,
which indicated that P. sinensis was in a hibernation state and the model was established
successfully. The study of physiological metabolism reflects specific changes in hibernation.
Energy metabolism indicators, such as glycogen and lactate, have not changed in the liver
and muscle during hibernation, indicating that glycogen is mainly stored in the liver as
an energy-supplying substance to provide energy. Meanwhile, the acetone concentration
does increase. As the muscle is the tissue with the most lactic acid, which is produced by
glycogen fermentation, it has lower oxygen content and more frequent anaerobic respiration
during hibernation. In addition, acetone is a product of fatty acid metabolism, suggesting
that a hibernating fatty acid metabolism is more active in the liver and muscles, which is
consistent with T. G. West’s study of hibernating frogs [30]. The decrease in exercise during
hibernation in P. sinensis resulted in a sharp decrease in energy expenditure and a significant
decrease in the total CK enzyme activity and ATP concentration in hibernating muscle, but
there was no significant difference in the liver before and after hibernation. Furthermore,
the total CK activity and ATP content of the heart muscle of Chrysemys picta bellii were
relatively stable during long-term hypoxia [5,6,31]. During hibernation, the activity of LDH
in the liver and muscle of P. sinensis decreased significantly [32]. This may result from its
high antioxidant capacity, which remains stable during hibernation; however, the activity
of CAT and SOD and MDA levels in the liver and muscle decreased significantly during
hibernation. MDA is a marker of oxidative stress injury, which indicates that there was less
oxidative stress in the liver and muscle of P. sinensis during hibernation, or the antioxidative
stress of P. sinensis itself is stronger [32,33]. This is consistent with the results of a cold
stress recovery study by Chen [34], in which a reduction in SOD activity was observed.
However, in the cold exposure study of Prawn [33], SOD and MDA increased initially and
then decreased, which was probably due to a difference in species. In the present study,
the blood oxygen concentration, the number of heartbeats, and the oral temperature of
P. sinensis all decreased with a decrease in room temperature. We determined that the
Chinese soft-shelled turtle entered the hibernation state as the energy metabolism and
antioxidant indices decreased.

Hibernating animals use hypothermia to suppress transcription and reduce metabolic
expenditure [35]. Studies have shown that during hibernation, the body’s metabolism
and transcriptional activity are completely suppressed [7,12,36]. DNA content was not
affected by cell processes at different stages, but RNA content varied with the rate of
protein synthesis [37], which was consistent with the results of this experiment. Histones
are closely associated with and perform an important role in gene transcription and trans-
lation [38]. In this study, histone gene expression analysis revealed a higher level in the
normal environment compared with the hibernating environment, which was in direct
proportion to the transcription level [39]. These results suggest that histones perform an
inhibitory role in transcriptional regulation during hibernation induction in P. sinensis.
Similarly, histones can control the transcription rate of an organism through histone mod-
ification and regulation. Previous studies have shown that histone lysine methylation
(H3K4me) is closely associated with gene activation and transcriptional regulation [40],
which control key aspects of normal cell physiology and development. For example,
during embryonic stem cell differentiation in mice, the knockout of ASH2L resulted in
transcriptional suppression and downregulation of mitotic-related genes [41,42]. Studies
have also shown that the knockout of MLL1/5 also decreases histone methylation levels
and inhibits chromatin remodeling and cell growth [43,44]. These results are consistent
with the present study, indicating that H3K4 methylation is actively regulated, which may
perform a role in regulating the transcriptional activation of genes or promote the growth
and development of tissues and the protection of organisms under low temperature and
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hypoxia. In contrast, the histone demethylation genes LSD1/2 and KDMbA are responsible
for the demethylation of H3K4, resulting in transcriptional inactivation and transcription
inhibition [45]. Knockout of LSD1 also promotes the differentiation of embryonic stem
cells, so LSD1-mediated decreased expression of KDM5A may be beneficial for cell de-
velopment and differentiation [45-48]. KDMb5A has a transcriptional inhibitory effect by
removing the H3K4me3 mark on active gene promoters [49]. In the present study, histone
demethylation enzymes were significantly reduced during hibernation, and the overall
level of H3K4 demethylation was inhibited [50,51]. These results indicate that it may inhibit
the transcription of P. sinensis during hibernation induction, protect the organism in an
extreme environment, and regulate the growth and development of P. sinensis.

The maturation process of sperm is governed by unique transcriptional regulation
and numerous chromatin alterations; however, histone methylation is one mechanism
that regulates gene expression at the transcriptional level. Currently, a large amount of
evidence indicates that histone methylation modification is closely related to spermato-
genesis in mammals and the induction of germ cell loss by aberrant epigenomes in male
germ cells [52,53]. In human sperm, histones near certain developmental genes are al-
ways retained in a methylated form [54]. During mammalian spermatogenesis, H3K4
methylation is distributed in both space and time, and the protein level of lysine-specific
histone demethylase LDS1 (AOX2) in testis tissue is higher compared with that in somatic
tissue. These results are consistent with the qRT-PCR results. The histone methylation
and demethylation genes are mainly located in spermatogonia [55] and round and elon-
gated spermatids [56], which is why we chose testis tissue for Western blot analysis and
immunohistochemistry. ASH2L was previously shown to perform a role in embryonic
morphogenesis and open chromatin [42]. In this study, ASH2L protein levels exhibited
a significant downward trend during hibernation, indicating that histone methylation
status did not perform a role in activating transcription in extreme environments, which is
consistent with ASH2L working together with other molecules to promote transcriptional
activation [57]. Moreover, ASH2L is a nuclear protein that is rarely expressed in the cy-
toplasm. During the process of spermatogenesis, the cytoplasm is lost, and the nucleus
accounts for the majority, so the entire spermatogenic cell is positively stained. The deletion
of ASH2L results in the downregulation of many mitotic-related genes [41], which is closely
associated with the transformation of sperm morphology. In previous studies, KDM5A
(RBP2), as a transcriptional repressor, can inhibit transcription by demethylating H3K4
in its promoter, which is consistent with the decrease in transcription observed during
hibernation and the increase in KDM5A protein levels, which regulate transcriptional
repression. The KDM5A protein is localized in the nuclei of mouse germ cells but only
weakly expressed in type A and B spermatogonia [40]. Immunohistochemistry showed
that KDMD5A is localized to the nuclei of gonadal cells, spermatogonia, and spermato-
cytes [58]. However, the positive expression of spermatogonia and deformed spermatids in
this study was somewhat different from that of previous studies, which may be the result
of species differences. The results of this experiment suggest that histone (de)methylated
genes are closely associated with spermatogenesis and that testis tissue may synthesize
and translate histone (de)methylated proteins. The coexistence of histone methylation and
demethylation in the same cell suggests that they work in concert to regulate germ cell
development and localization in spermatogonia, suggests an important role for this gene,
which undergoes self-renewal to ensure a persistent supply of germ cells to form sperm.
The mRNA expression of ASH2L and KDM5A combined was the highest in the testes, and
the protein was localized in each germ cell. We believe that these two genes are closely
associated with spermatogenesis in the Chinese soft-shelled turtle.

5. Conclusions

Our results are the first to demonstrate that the oxidation markers CAT, SOD, and MDA
of P. sinensis decrease during hibernation induction. The metabolic indices of total CK, ATP,
and LDH associated with energy consumption also showed a downward trend, and the
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metabolic indices of glycogen related to energy supply also decreased. Acetone exhibited
an increasing trend, whereas lactate, which is a metabolic indicator related to anaerobic
respiration, also showed an increasing trend. Thus, artificial hibernation induction was
successfully established in P. sinensis for the first time. As a result, the whole transcriptional
activity of P. sinensis during hibernation induction was decreased, and the relative expression
of histone proteins was also significantly decreased. This indicates that the transcription
of P. sinensis is inhibited when hibernating genes are inactive. The relative expression of
histone methylation and histone methylation enzyme activity were significantly increased,
and the relative expression of demethylation genes and demethylation enzyme activity were
significantly decreased. Western blot analysis and immunohistochemistry indicated that
histone H3K4 methylation performs an important role in mitosis, chromatin remodeling,
and cell growth during hibernation. It is also necessary for normal cell development and
differentiation; however, future proteomics and enzyme functional studies will be necessary
to develop a more comprehensive understanding of hibernation induction.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/biology12050720/s1, Figure S1: Full western blot of ASH2L
and KDMb5A.

Author Contributions: Conceptualization, paper review, and editing, W.W.; Data curation, R.L.,
JW.,, Z.Y. and D.X.; Resources and project administration, C.L.; Methodology and supervision,
G.Q.; Writing original draft, R.L. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported by the Zhejiang Province New Aquatic Variety Breeding Project
(2021C02069-8-3), the Key Project of Ningbo Natural Science Foundation (2022]186), Zhejiang Province
Agricultural Major Technology Collaborative Extension Program (2022XTTGSC05), Major technology
research and development projects in Ningbo (20212009), and Innovation and Entrepreneurship
Training Program for College Students (CX2021036).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The raw data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

The following abbreviations are used in this manuscript:
H3K4 Histone H3 lysine 4
HMT  Histone methylation
DM Histone demethylation
CAT Catalase
SOD Superoxide dismutase
MDA  Malondialdehyde

1. Boyles, ].G.; Johnson, J.S.; Blomberg, A.; Lilley, T.M. Optimal hibernation theory. Mammal Rev. 2019, 50, 91-100. [CrossRef]

Sprenger, R.; Milsom, W. Control of Breathing in Hibernation: Effect of Temperature on the Ventilatory Response to Co2.

Cryobiology 2019, 133, 49-63. [CrossRef]
3.  Geiser, F. Hibernation. Curr. Biol. 2013, 23, R188-R193. [CrossRef] [PubMed]

Yamada, S.; Kamata, T.; Nawa, H.; Sekijima, T.; Takei, N. AMPK activation, eEF2 inactivation, and reduced protein synthesis in

the cerebral cortex of hibernating chipmunks. Sci. Rep. 2019, 9, 11904. [CrossRef] [PubMed]

Christensen, M.; Hartmund, T.; Gesser, H. Creatine kinase, energy-rich phosphates and energy metabolism in heart muscle of

different vertebrates. J. Comp. Physiol. B 1994, 164, 118-123. [CrossRef]

Birkedal, R.; Gesser, H. Effects of hibernation on mitochondrial regulation and metabolic capacities in myocardium of painted

turtle (Chrysemys picta). Comp. Biochem. Physiol. A Mol. Integr. Physiol. 2004, 139, 285-291. [CrossRef]


https://www.mdpi.com/article/10.3390/biology12050720/s1
https://www.mdpi.com/article/10.3390/biology12050720/s1
https://doi.org/10.1111/mam.12181
https://doi.org/10.1016/j.cryobiol.2019.10.094
https://doi.org/10.1016/j.cub.2013.01.062
https://www.ncbi.nlm.nih.gov/pubmed/23473557
https://doi.org/10.1038/s41598-019-48172-7
https://www.ncbi.nlm.nih.gov/pubmed/31417118
https://doi.org/10.1007/BF00301652
https://doi.org/10.1016/j.cbpb.2004.09.023

Biology 2023, 12, 720 150f 16

10.

11.

12.

13.
14.
15.
16.
17.
18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Morin, P, Jr.; Storey, K.B. Evidence for a reduced transcriptional state during hibernation in ground squirrels. Cryobiology 2006, 53,
310-318. [CrossRef]

Andrews, M.T.; Russeth, K.P; Drewes, L.R.; Henry, P.G. Adaptive mechanisms regulate preferred utilization of ketones in the
heart and brain of a hibernating mammal during arousal from torpor. Am. . Physiol. Regul. Integr. Comp. Physiol. 2009, 296,
R383-R393. [CrossRef]

Zhang, J.; Kaasik, K.; Blackburn, M.R.; Lee, C.C. Constant darkness is a circadian metabolic signal in mammals. Nature 2006, 439,
340-343. [CrossRef]

Toien, O.; Blake, ].; Edgar, D.M.; Grahn, D.A.; Heller, H.C.; Barnes, B.M. Hibernation in black bears: Independence of metabolic
suppression from body temperature. Science 2011, 331, 906-909. [CrossRef]

Gillen, A.E.; Fu, R.; Riemondy, K.A.; Jager, J.; Fang, B.; Lazar, M.A.; Martin, S.L. Liver Transcriptome Dynamics During Hibernation
Are Shaped by a Shifting Balance between Transcription and RNA Stability. Front. Physiol. 2021, 12, 662132. [CrossRef]

Jansen, H.T.; Trojahn, S.; Saxton, M.W.; Quackenbush, C.R.; Evans Hutzenbiler, B.D.; Nelson, O.L.; Cornejo, O.E.; Robbins, C.T.;
Kelley, J.L. Hibernation induces widespread transcriptional remodeling in metabolic tissues of the grizzly bear. Commun. Biol.
2019, 2, 336. [CrossRef]

Wu, C.-W.; Storey, K.B. Roles of the mTOR signaling pathway in hibernating ground squirrels, a differential suppression of active
protein synthesis. Cryobiology 2013, 66, 356. [CrossRef]

Kruman, L.I; Ilyasova, E.N.; Rudchenko, S.A.; Khurkhulu, Z.S. The intestinal epithelial cells of ground squirrel (Citellus undulatus)
accumulate at G2 phase of the cell cycle throughout a bout of hibernation. Comp. Biochem. Physiol. A Comp. Physiol. 1988, 90,
233-236. [CrossRef]

Kouzarides, T. Chromatin modifications and their function. Cell 2007, 128, 693-705. [CrossRef]

Beisel, C.; Paro, R. Silencing chromatin: Comparing modes and mechanisms. Nat. Rev. Genet. 2011, 12, 123-135. [CrossRef]
Martin, C.; Zhang, Y. The diverse functions of histone lysine methylation. Nat. Rev. Mol. Cell Biol. 2005, 6, 838-849. [CrossRef]
Tessier, S.N.; Luu, B.E.; Smith, ].C.; Storey, K.B. The role of global histone post-translational modifications during mammalian
hibernation. Cryobiology 2017, 75, 28-36. [CrossRef]

Shao, G.B.; Chen, J.C.; Zhang, L.P; Huang, P.; Lu, H.Y,; Jin, J.; Gong, A.H.; Sang, ].R. Dynamic patterns of histone H3 lysine
4 methyltransferases and demethylases during mouse preimplantation development. In Vitro Cell. Dev. Biol. Anim. 2014, 50,
603-613. [CrossRef]

Rouble, A.N.; Hawkins, L.J.; Storey, K.B. Roles for lysine acetyltransferases during mammalian hibernation. . Therm. Biol. 2018,
74,71-76. [CrossRef]

Laurentin, A. A microtiter modification of the anthrone-sulfuric acid colorimetric assay for glucose-based carbohydrates. Anal.
Biochem. 2003, 315, 143-145. [CrossRef] [PubMed]

Taylor, K.A.C.C. A simple colorimetric assay for muramic acid and lactic acid. Appl. Biochem. Biotechnol. 1996, 56, 49-58.
[CrossRef]

Sandri, F; Danieli, M.; Zecca, M.; Centomo, P. Comparing Catalysts of the Direct Synthesis of Hydrogen Peroxide in Organic
Solvent: Is the Measure of the Product an Issue? ChemCatChem 2021, 13, 2653-2663. [CrossRef]

Lee, S.C.; Hsiao, ] K,; Yang, Y.C.; Haung, ].C.; Tien, L.Y.; Li, D.E,; Tsai, S.M. Insulin-like growth factor-1 positively associated with
bone formation markers and creatine kinase in adults with general physical activity. J. Clin. Lab. Anal. 2021, 35, €23799. [CrossRef]
Qian, ].; Deng, D. Stability comparison of three candidate internal reference genes in Chinese giant salamander (Andrias davidianus).
Aquac. Res. 2019, 51, 362-369. [CrossRef]

Singh, V.K.; Mangalam, A K.; Dwivedi, S.; Naik, S. Primer premier: Program for design of degenerate primers from a protein
sequence. Biotechniques 1998, 24, 318-319. [CrossRef]

Schmittgen, T.D.; Zakrajsek, B.A.; Mills, A.G.; Gorn, V.; Singer, M.].; Reed, M.W. Quantitative reverse transcription-polymerase
chain reaction to study mRNA decay: Comparison of endpoint and real-time methods. Anal. Biochem. 2000, 285, 194-204.
[CrossRef]

Starkings, S. Quantitative Data Analysis with IBM SPSS 17,18 & 19: A Guide for Social Scientists. Int. Stat. Rev. 2012, 80, 334-335.
Ortmann, S.; Heldmaier, G. Regulation of body temperature and energy requirements of hibernating alpine marmots (Marmota
marmota). Am. |. Physiol. Regul. Integr. Comp. Physiol. 2000, 278, R698-R704. [CrossRef]

West, T.G.; Donohoe, P.H.; Staples, J.F.; Askew, G.N. Tribute to R. G. Boutilier: The role for skeletal muscle in the hypoxia-induced
hypometabolic responses of submerged frogs. J. Exp. Biol. 2006, 209 Pt 7, 1159-1168. [CrossRef]

Layne, ].R.; Kennedy, S.D. Cellular energetics of frozen wood frogs (Rana sylvatica) revealed via NMR spectroscopy. J. Therm.
Biol. 2002, 27, 167-173. [CrossRef]

Chen, B.].; Zhang, W.Y.; Niu, C.J.; Li, W].; Jia, H.; Storey, K.B. Antioxidant response to acute cold exposure and during recovery in
juvenile Chinese soft-shelled turtles (Pelodiscus sinensis). J. Exp. Biol. 2019, 222 Pt 4, jeb197863. [CrossRef] [PubMed]

Xu, Z.; Regenstein, ].M.; Xie, D.; Lu, W.; Ren, X; Yuan, J.; Mao, L. The oxidative stress and antioxidant responses of Litopenaeus
vannamei to low temperature and air exposure. Fish Shellfish Immunol. 2018, 72, 564-571. [CrossRef]

Chen, B.J.; Niu, C.J.; Yuan, L. Ascorbic acid regulation in stress responses during acute cold exposure and following recovery in
juvenile Chinese soft-shelled turtle (Pelodiscus sinensis). Comp. Biochem. Physiol. A Mol. Integr. Physiol. 2015, 184, 20-26. [CrossRef]
[PubMed]


https://doi.org/10.1016/j.cryobiol.2006.08.002
https://doi.org/10.1152/ajpregu.90795.2008
https://doi.org/10.1038/nature04368
https://doi.org/10.1126/science.1199435
https://doi.org/10.3389/fphys.2021.662132
https://doi.org/10.1038/s42003-019-0574-4
https://doi.org/10.1016/j.cryobiol.2013.02.058
https://doi.org/10.1016/0300-9629(88)91109-7
https://doi.org/10.1016/j.cell.2007.02.005
https://doi.org/10.1038/nrg2932
https://doi.org/10.1038/nrm1761
https://doi.org/10.1016/j.cryobiol.2017.02.008
https://doi.org/10.1007/s11626-014-9741-6
https://doi.org/10.1016/j.jtherbio.2018.03.013
https://doi.org/10.1016/S0003-2697(02)00704-2
https://www.ncbi.nlm.nih.gov/pubmed/12672425
https://doi.org/10.1007/BF02787869
https://doi.org/10.1002/cctc.202100306
https://doi.org/10.1002/jcla.23799
https://doi.org/10.1111/are.14383
https://doi.org/10.2144/98242pf02
https://doi.org/10.1006/abio.2000.4753
https://doi.org/10.1152/ajpregu.2000.278.3.R698
https://doi.org/10.1242/jeb.02101
https://doi.org/10.1016/S0306-4565(01)00022-5
https://doi.org/10.1242/jeb.197863
https://www.ncbi.nlm.nih.gov/pubmed/30630964
https://doi.org/10.1016/j.fsi.2017.11.016
https://doi.org/10.1016/j.cbpa.2015.01.018
https://www.ncbi.nlm.nih.gov/pubmed/25645296

Biology 2023, 12, 720 16 of 16

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Van Breukelen, F.; Martin, S.L. Reversible depression of transcription during hibernation. J. Comp. Physiol. B 2002, 172, 355-361.
[CrossRef]

Biggar, Y.; Storey, K.B. Global DNA modifications suppress transcription in brown adipose tissue during hibernation. Cryobiology
2014, 69, 333-338. [CrossRef]

Roessler, T.Y.; Wirtz, A.; Slater, M.].; Henjes, ]. Growth performance and RNA/DNA ratio of noble crayfish (Astacus astacus) and
narrow-clawed crayfish (Pontastacus leptodactylus) fed fish waste diets. Aquac. Res. 2020, 51, 3205-3215. [CrossRef]

Doenecke, D.; Albig, W.; Bode, C.; Drabent, B.; Franke, K.; Gavenis, K.; Witt, O. Histones: Genetic diversity and tissue-specific
gene expression. Histochem. Cell Biol. 1997, 107, 1-10. [CrossRef]

Barski, A.; Cuddapah, S.; Cui, K.; Roh, T.Y.; Schones, D.E.; Wang, Z.; Wei, G.; Chepelev, I.; Zhao, K. High-resolution profiling of
histone methylations in the human genome. Cell 2007, 129, 823-837. [CrossRef]

Zhang, L.; Wang, ].; Pan, Y,; Jin, J.; Sang, J.; Huang, P; Shao, G. Expression of histone H3 lysine 4 methylation and its demethylases
in the developing mouse testis. Cell Tissue Res. 2014, 358, 875-883. [CrossRef]

Liischer-Firzlaff, J.; Chatain, N.; Kuo, C.-C.; Braunschweig, T.; Bochyniska, A.; Ullius, A.; Denecke, B.; Costa, I.G.; Koschmieder, S.;
Liischer, B. Hematopoietic stem and progenitor cell proliferation and differentiation requires the trithorax protein Ash2l. Sci. Rep.
2019, 9, 8262. [CrossRef]

Wan, M.; Liang, J.; Xiong, Y.; Shi, E; Zhang, Y.; Lu, W,; He, Q.; Yang, D.; Chen, R;; Liu, D.; et al. The trithorax group protein
Ash2l is essential for pluripotency and maintaining open chromatin in embryonic stem cells. J. Biol. Chem. 2013, 288, 5039-5048.
[CrossRef]

Steward, M.M,; Lee, ].S.; O'Donovan, A.; Wyatt, M.; Bernstein, B.E.; Shilatifard, A. Molecular regulation of H3K4 trimethylation
by ASH2L, a shared subunit of MLL complexes. Nat. Struct. Mol. Biol. 2006, 13, 852-854. [CrossRef]

Capell, B.C.; Drake, AM.; Zhu, J.; Shah, P.P,; Dou, Z.; Dorsey, J.; Simola, D.E; Donahue, G.; Sammons, M.; Rai, T.S.; et al. MLL1 is
essential for the senescence-associated secretory phenotype. Genes Dev. 2016, 30, 321-336. [CrossRef]

Shi, Y.; Lan, E; Matson, C.; Mulligan, P.; Whetstine, ].R.; Cole, P.A.; Casero, R.A.; Shi, Y. Histone demethylation mediated by the
nuclear amine oxidase homolog LSD1. Cell 2004, 119, 941-953. [CrossRef]

Adamo, A,; Sese, B.; Boue, S.; Castano, J.; Paramonov, I.; Barrero, M.].; Izpisua Belmonte, ].C. LSD1 regulates the balance between
self-renewal and differentiation in human embryonic stem cells. Nat. Cell Biol. 2011, 13, 652-659. [CrossRef]

Jin, Y,; Huo, B.; Fu, X.; Cheng, Z.; Zhu, J.; Zhang, Y.; Hao, T.; Hu, X. LSD1 knockdown reveals novel histone lysine methylation in
human breast cancer MCF-7 cells. Biomed. Pharmacother. 2017, 92, 896-904. [CrossRef]

Fang, R.; Barbera, A.]J.; Xu, Y.; Rutenberg, M.; Leonor, T.; Bi, Q.; Lan, F; Mei, P; Yuan, G.C; Lian, C.; et al. Human
LSD2/KDM1b/AOF1 regulates gene transcription by modulating intragenic H3K4me2 methylation. Mol. Cell 2010, 39, 222-233.
[CrossRef]

Gaillard, S.; Charasson, V.; Ribeyre, C.; Salifou, K.; Pillaire, M.].; Hoffmann, J.S.; Constantinou, A.; Trouche, D.; Vandromme, M.
KDM5A and KDMS5B histone-demethylases contribute to HU-induced replication stress response and tolerance. Biol. Open 2021,
10, bio057729. [CrossRef]

Wijenayake, S.; Hawkins, L.J.; Storey, K.B. Dynamic regulation of six histone H3 lysine (K) methyltransferases in response to
prolonged anoxia exposure in a freshwater turtle. Gene 2018, 649, 50-57. [CrossRef]

Lee, S.; Lee, J.; Chae, S.; Moon, Y.; Lee, H.Y,; Park, B.; Yang, E.G.; Hwang, D.; Park, H. Multi-dimensional histone methylations for
coordinated regulation of gene expression under hypoxia. Nucleic Acids Res. 2017, 45, 11643-11657. [CrossRef] [PubMed]

Song, N.; Endo, D.; Koji, T. Roles of epigenome in mammalian spermatogenesis. Reprod. Med. Biol. 2014, 13, 59-69. [CrossRef]
[PubMed]

Khalil, A.M.; Wahlestedt, C. Epigenetic mechanisms of gene regulation during mammalian spermatogenesis. Epigenetics 2008, 3,
21-28. [CrossRef] [PubMed]

Oikawa, M.; Simeone, A.; Hormanseder, E.; Teperek, M.; Gaggioli, V.; O’Doherty, A.; Falk, E.; Sporniak, M.; D’Santos, C.; Franklin,
VN.R;; et al. Epigenetic homogeneity in histone methylation underlies sperm programming for embryonic transcription. Nat.
Commun. 2020, 11, 3491. [CrossRef]

An, J.; Qin, J.; Wan, Y.; Zhang, Y.; Hu, Y.; Zhang, C.; Zeng, W. Histone lysine methylation exhibits a distinct distribution during
spermatogenesis in pigs. Theriogenology 2015, 84, 1455-1462. [CrossRef]

Godmann, M.; Auger, V.; Ferraroni-Aguiar, V.; Di Sauro, A.; Sette, C.; Behr, R.; Kimmins, S. Dynamic regulation of histone H3
methylation at lysine 4 in mammalian spermatogenesis. Biol. Reprod. 2007, 77, 754-764. [CrossRef]

Weili, L.; Juliane, L.F; Andrea, U.; Ursula, S.; Thomas, L.; Bernhard, L. Loss of the epigenetic regulator Ash2l results in
desintegration of hepatocytes and liver failure. Int. J. Clin. Exp. Pathol. 2016, 9, 5167-5175.

Nishio, H.; Hayashi, Y.; Moritoki, Y.; Kamisawa, H.; Mizuno, K.; Kojima, Y.; Kohri, K. Distinctive changes in histone H3K4
modification mediated via Kdmba expression in spermatogonial stem cells of cryptorchid testes. J. Urol. 2014, 191, 1564-1572.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1007/s00360-002-0256-1
https://doi.org/10.1016/j.cryobiol.2014.08.008
https://doi.org/10.1111/are.14655
https://doi.org/10.1007/s004180050083
https://doi.org/10.1016/j.cell.2007.05.009
https://doi.org/10.1007/s00441-014-1991-9
https://doi.org/10.1038/s41598-019-44720-3
https://doi.org/10.1074/jbc.M112.424515
https://doi.org/10.1038/nsmb1131
https://doi.org/10.1101/gad.271882.115
https://doi.org/10.1016/j.cell.2004.12.012
https://doi.org/10.1038/ncb2246
https://doi.org/10.1016/j.biopha.2017.05.106
https://doi.org/10.1016/j.molcel.2010.07.008
https://doi.org/10.1242/bio.057729
https://doi.org/10.1016/j.gene.2018.01.086
https://doi.org/10.1093/nar/gkx747
https://www.ncbi.nlm.nih.gov/pubmed/28977425
https://doi.org/10.1007/s12522-013-0167-8
https://www.ncbi.nlm.nih.gov/pubmed/29699150
https://doi.org/10.4161/epi.3.1.5555
https://www.ncbi.nlm.nih.gov/pubmed/18416029
https://doi.org/10.1038/s41467-020-17238-w
https://doi.org/10.1016/j.theriogenology.2015.07.013
https://doi.org/10.1095/biolreprod.107.062265
https://doi.org/10.1016/j.juro.2013.10.071

	Introduction 
	Materials and Methods 
	Establishment of a Hibernation Induction Model 
	Sample Collection 
	Determination of Metabolism and Physiological Indicators 
	Analysis of Gene Transcriptional Activity 
	Analysis of mRNA Expression of Histones and (De)methylated Genes 
	Analysis of Total HMT and DM Activity 
	Analysis of ASH2L and KDM5A Protein Expression 
	Statistical Analysis 

	Results 
	Establishment of a Hibernation Induction Model 
	Measurement of Physiological Indices 
	Analysis of Transcriptional Activity 
	Analysis of Histone Gene Expression 
	Analysis of HMT and DM mRNA Expression 
	Determination of Total HMT and DM Activity 
	Expression of ASH2L and KDM5A 

	Discussion 
	Conclusions 
	References

