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Abstract

Trachemys scripta elegans can survive up to three months of absolute anoxia at 3 °C and recover with minimal cellular
damage. Red-eared sliders employ various physiological and biochemical adaptations to survive anoxia with metabolic rate
depression (MRD) being the most prominent adaptation. MRD is mediated by epigenetic, transcriptional, post-transcriptional,
and post-translational mechanisms aimed at shutting down cellular processes that are not needed for anoxia survival, while
reprioritizing ATP towards cell processes that are vital for anaerobiosis. Histone acetylation/deacetylation are epigenetic
modifications that maintain a proper balance between permissive chromatin and restricted chromatin, yet very little is
known about protein regulation and enzymatic activity of the writers and erasers of acetylation during natural anoxia toler-
ance. As such, this study explored the interplay between transcriptional activators, histone acetyltransferases (HATSs), and
transcriptional repressors, sirtuins (SIRTs), along with three prominent acetyl-lysine (K) moieties of histone H3 in the liver
of red-eared sliders. Western immunoblotting was used to measure acetylation levels of H3-K14, H3-K18, and H3-K56, as
well as protein levels of histone H3-total, HATs, and nuclear SIRTs in the liver in response to 5 h and 20 h anoxia. Global
and nuclear enzymatic activity of HATs and enzymatic activity of nuclear SIRTs were also measured. Overall, a strong sup-
pression of HATs-mediated H3 acetylation and SIRT-mediated deacetylation was evident in the liver of red-eared sliders
that could play an important role in ATP conservation as part of the overall reduction in metabolic rate.
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Introduction to combat challenges that are associated with anaerobiosis,

including (1) increase glycogen storage in liver, white skel-

Freshwater turtles belonging to the Chrysemys and Trache-
mys genre are champion anaerobes that can survive approxi-
mately 90 days of continual anoxia at 3 °C and recover with
minimal cellular injury [1-4]. Red-eared sliders (Trachemys
scripta elegans) employ numerous well-adapted strategies
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etal muscle, and heart, (2) exclusively use anaerobic glyco-
lysis to generate ATP [4-8], (3) buffer and store lactic acid
(a byproduct of anaerobic glycolysis) in the shell [9-14],
(4) enhance cytoprotection to combat against reactive oxy-
gen species (ROS) [9, 15-19], and most importantly, (5)
reduce the overall metabolic rate by 90% when compared
to normoxia [2-5, 20, 21]. Although extensive work has
already been done on the glycolytic controls [22-26], tran-
scriptional [27-30], post-transcriptional [29, 31-33], and
post-translational regulation [21, 34-36] involved in meta-
bolic rate depression (MRD), epigenetic regulation of MRD,
in particular, regulation of global gene expression through
histone H3 lysine (K) modifications remains to be explored
in red-eared sliders.

Reversible protein acetylation (RPA) of K moieties is one
of the more well-studied epigenetic signatures mainly due
to the discovery of more than 200 acetylated non-histone
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proteins, including metabolically relevant enzymes as well
as transcription factors in mammals [37], along with the
discovery of histone K acetyltransferases (HATs/KATs) and
class I-IV histone deacetylases (HDACS) that work towards
establishing a steady-state balance between transcriptional
activation and repression of target promoters [38]. Histone
K acetylation in particular is associated with transcriptional
activation and promote an open-chromatin state [38—40],
whereas histone deacetylation involves the removal of
acetyl-moieties (COCHj;) that are covalently bound to K
residues and is typically associated with transcriptional
repression [41-43]. Both HATs and HDACs are capable
of maintaining global as well as site-specific acetylation,
and may function as a regulatory switch between repres-
sive heterochromatin and permissive euchromatin [44]. In
an environment where oxygen is limited or absent, this type
of transcriptional regulation may be critical for silencing
numerous genes that are not required for anoxia survival,
while enhancing the expression of genes that are necessary
in red-eared sliders.

HATSs are grouped into six major families each with dis-
tinct function and target proteins. These include the Gen5-
related N-acetyltransferases (GNAT) superfamily [45, 46],
the MYST family [47, 48], CBP/p300 [49, 50], the TBP-
associated factor TAF;250 and TFIID [51], members of the
steroid receptor co-activators [52], and some gene-specific
transcription factors including, ATF-2 and CIITA [53].
HDAC:S also can be divided into distinct families: class I
including HDAC 1, 2, and 8, class II including HDAC 4, 5,
6,7,9, and 10, and class IV including HDAC11. However,
class III HDACs consist of seven sirtuin (SIRTs) proteins
that require NAD™ as a cofactor to induce deacetylation [54].
Interestingly, HATs and HDAC:s are not limited to modifying
only histone proteins, but also modify non-histone proteins
that are part of metabolic regulation, cell cycle, apoptosis,
DNA recombination, replication, and DNA repair [55, 56].
Transcription factors including p53 [57], HMG family of
proteins [58], STAT3 [59], c-Myc [60], Hif-1a [61], and
NFxB [62] are directly regulated by acetylation. Further-
more, metabolic enzymes such as acetyl-CoA synthetase
[63] and glycelaldehyde-3-phosphate dehydrogenase
(GAPDH), an important glycolytic enzyme [64] are also
acetylated.

This study focuses on characterizing the dynamic acety-
lation/deacetylation of histone H3-K moieties in response
to control-normoxia, 5 h anoxia, and 20 h anoxia exposure
in the liver of T.s. elegans. In particular, protein levels of
histone H3, and acetylation levels of three transcription-
ally active K residues (H3K14, H3K18, and H3K56) were
measured. Protein levels of acetyltransferases 1 (HAT1),
general control of amino acid synthesis yeast homolog-
like protein 2 (GCNSL2), and p300/CBP-associated factor
(PCAF) that are part of the GCN-family of HATS, along
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with Tip60, a member of the MYST family, and CREB-
binding proteins (CBP), that is part of the CPB-p300
HATSs were measured. In addition, to elucidate the inter-
play between acetylation and deacetylation, protein lev-
els of class III nuclear SIRTs, Sirtuinl (SIRT1), Sirtuin6
(SIRT®6), and Sirtuin7 (SIRT7) were measured. Moreover,
global and nuclear enzymatic activity of HATs along with
enzymatic activity of all nuclear SIRTs was measured.
The specific histone H3-K moieties, the respective HATS,
and SIRTs were chosen based on their well characterized
roles in regulating transcription in the liver as well as their
physiological relevance to anaerobiosis. The results sug-
gest a unique regulatory role for histone H3 acetylation in
the global suppression of gene expression during anaero-
biosis in the freshwater turtle.

Materials and methods
Animal care and treatment

Adult female red-eared sliders (n=12), seven to nine
years of age, were purchased from local distributors in
Ottawa, ON, Canada. Upon arrival at Carleton Univer-
sity, the turtles were housed in large, aerated tanks filled
with dechlorinated tap water (pH = 7) at 11 +1 °C and
subsequently allowed to acclimate to 4+ 1 °C for a full
week before experiments began. Four control turtles were
randomly sampled from this condition. The remaining tur-
tles were transferred to large tubs filled with water that
had previously been bubbled with nitrogen gas for 1 h at
5+1 °C. Approximately 2 turtles were added per tub and
the water was bubbled with nitrogen gas for 1 h after the
last turtle was added to remove all dissolved oxygen. A
wire mesh was placed about 5 cm from the water surface
to prevent breaching. Post 5 h anoxia submergence, four
turtles were randomly sampled. The remaining four turtles
were kept in the tubs for 20 h and sacrificed. These turtles
were used as the 20 h anoxia experimental condition. Note:
All turtles used in this experiment survived the 5 h and
20 h anoxia treatments and red-eared sliders can tolerate
and recover from up to three months of absolute anoxia at
4 °C in experimental settings and in iced locked ponds in
the wild [1, 2, 5, 7, 12, 20, 65, 66]. The red-eared sliders
were euthanized and tissues were excised and immediately
placed in liquid nitrogen to stop all cellular processes. The
samples were subsequently stored at — 80 °C for later use.

All animals were cared for in accordance to the guide-
lines of the Canadian Council on Animal Care based on
the prior approval of Carleton University Animal Care
Committee (protocol #: 13683).
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Total soluble protein isolations

500 mg of frozen liver from control, 5 h anoxia, and 20 h
anoxia were homogenized using a Polytron homogenizer on
high speed for 15 s in 1:2.5 (w:v) homogenization buffer
(20 mM HEPES pH 7.5, 200 mM NacCl, 0.1 mM EDTA,
10 mM NaF, 1 mM Na;VO,, 10 mM B-glycerophosphate)
with 10 pL/mL of protease inhibitor cocktail (Bioshop; Cat-
alog #. PIC001) and a few crystals of phenylmethylsulfonyl
fluoride (PMSF). Samples were immediately placed on ice
for 5-10 min, vortexed, and centrifuged at 10,000 rpm at
4 °C. Supernatant containing total soluble protein was col-
lected and concentration was determined using the Bradford
protein assay (Biorad; Catalog #. 500—0006) with a BSA
standard. Liver control, 5 h anoxia, and 20 h anoxia sam-
ples were normalized to 10 pg/pL and 50 pL aliquots were
reserved for HAT total enzymatic assay. The remaining sam-
ple volume was mixed 1:1 (v:v) with 2X-SDS loading buffer
(100 mM tris base, 4% (w:v) SDS, 20% (v:v) glycerol, 0.2%
(w:v) bromophenol blue, 10% (v:v) 2-mercaptoethanol) to
a final concentration of 5 pg/pL. Finally, the samples were
boiled for 10 min in a water bath and stored at — 40 °C for
later use.

Western immunoblotting

8-10% SDS—polyacrylamide gels were used for HATs and
SIRTs quantification, according to the molecular weight
of the target protein. The gels were resolved using a Mini-
Protean 3 electrophoresis module (Biorad; Catalog #. 164-
3301) for 45-90 min at 180 V in 1X tris—glycine running
buffer (75.5 g of tris base, 460 g of glycine, 25 g of SDS,
and ddH,O to add up to 2.5 L final volume).

15% tris-tricine gels (30% acrylamide, glycerol, TEMED,
10% APS, and ddH,0) were used for histone H3-total and
H3-K modifications and resolved for 180 min at 4 °C using
an inner chamber tris/tricine/SDS running buffer (121.1 g
of tris base, 179.2 g of tricine, 10 g of SDS in 800 mL of
ddH,0, pH 8.3) and an outer chamber, anode buffer (242 g
of tris base in 700 mL of ddH,0O, pH 8.8).

5 pL of Pink Plus Prestained Protein Ladder (Frogga-
bio; Catalog #. PM005-0500K) and 25 pg of a mammalian
positive control (Ictidomys tridecemlineatus liver) were run
alongside each gel as molecular weight references. Linear
range of chemiluminescence for all targets were determined
based on results obtained from standard curve testing
(10-40 pg range)/protein target. Based on the results, 25 pg
of total soluble protein was used to quantify H3-total, three
H3-K moieties, as well as all HATs. 30 pg of total soluble
protein was used to quantify the nuclear SIRTs.

Samples were electroblotted on to 0.25 pm (H3-K modi-
fications) or 0.45 pm (HATs and SIRT) PVDF membranes
(Millipore; Catalog #. ISEQ00010 and IPVHO00010) in

transfer buffer (60.6 g tris base, 288 g glycine, 4 L methanol,
16 L ddH,0) at 160 mV for 120 min for HATs and SIRTs
and 45 min for histone H3-K modifications at RT (room
temperature) using Mini-Protean transfer cell (Bio-Rad;
Catalog #. 1658004). The PVDF membranes were washed
with TBST (10 mM tri-base, 15 mM NaCl, 0.05% (v:v)
Tween-20, pH 7.5) and blocked with 2.5-5% milk for 30 min
or 1 mg/mL of high molecular weight polyvinyl alcohol
(70-100 kDa) for 2 min. After blocking, membranes were
re-washed and incubated with primary antibody (diluted
1:1000 (v:v) in TBST) overnight at 4 °C. After incubation,
membranes were washed in TBST and incubated with HRP-
conjugated anti-rabbit IgG secondary antibody (Bioshop;
Catalog #. APAO0O7P) diluted 1:8000 (v:v) in TBST for
40 min at RT. Target protein bands were visualized using
enhanced chemiluminescence (ECL) and hydrogen peroxide
and a ChemiGenius Bio-Imaging system (Syngene, Freder-
ick, MD). Potential discrepancies in protein loading was cor-
rected for by staining the membranes with coomassie blue
protein stain (0.25% (w:v) coomassie blue stain, 7.5% acetic
acid, 50% (v:v) methanol) for 15 min and destained with
destain solution (25% (v:v) methanol and ddH,0) for 5 min
at RT. Both ECL and coomassie membranes were quantified
using GeneTools software (Syngene, Frederick, MD).

Antibodies used in this analysis include, Histone H3-total
(Cell Signaling; Catalog #. 4499), H3-K14ac (Cell Signal-
ing; Catalog #. 7627), H3-K18ac (Cell Signaling; Catalog #.
13998), H3-K56ac (Cell Signaling; Catalog #. 4243), HAT1
(Genetex; Catalog #. GTX110643), GCNS5L2 (Cell Signal-
ing; Catalog #. 3305), PCAF (Cell Signaling; Catalog #.
3378), Tip60 (Cell Signaling; Catalog #. 12058), CBP (Cell
Signaling; Catalog #. 7389), SIRT1 (Active Motif; Cata-
log #. 39354), SIRT6 (Active Motif; Catalog #. 39912), and
SIRT7 (Genetex; Catalog #. GTX54695).

Cytoplasmic and nuclear protein isolations

50 mg of frozen liver was homogenized 1:5 (w:v) in pre-
chilled cytoplasmic extraction buffer (100 mM HEPES,
100 mM KCI, 100 mM EDTA, 200 mM f-glycerolphosphate
pH 7.9, 10 uyL/mL 100 mM DTT, and 10 pL/mL of pro-
tease inhibitor cocktail (Bioshop; Catalog # PIC001)) using
a mortar and pestle with 3—4 gentle piston strokes. After
homogenization, samples were incubated on ice for 30 min
with intermittent vortexing. The samples were subsequently
centrifuged at 12,000 rpm for 15 min at 4 °C. The super-
natant was removed and labeled as the cytoplasmic frac-
tion and the pellet containing the intact nuclei was lysed
with nuclear extraction buffer (100 mM HEPES, 2 M NaCl,
5 mM EDTA, 50% (v:v) glycerol, 100 mM B-glycerol phos-
phate pH 7.9, 10 pL/mL of 100 mM DTT, and 10 uL/mL
of protease inhibitor cocktail (Bioshop; Catalog # PIC001))
1:5 (w:v). After homogenization, samples were sonicated
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on high for 10 s and incubated on ice for 10 min to mediate
nuclear lysis. The samples were then centrifuged at 14,000
rpms for 10 min at 4 °C and the supernatant was removed
and kept as the nuclear fraction. The soluble protein content
of the cytoplasmic and nuclear fractions was measured using
the Bradford protein assay (Biorad; Catalog #. 500-0006)
with a BSA standard. Both cytoplasmic and nuclear fractions
were normalized to a final concentration of 5 pg/pL.

To test for the integrity of cytoplasmic and nuclear iso-
lations, 30 pL aliquots of each sample was combined with
2x SDS loading buffer to a final concentration of 2.5 pg/pL
and run on a 15% tris—tricine gel and probed with histone
H3 diluted 1:1000 (v:v) in TBST. Histone H3 is a nuclear
protein and as such would provide insight into the quality of
the cytoplasmic and nuclear isolations.

HAT enzymatic activity assay

Global and nuclear-specific enzymatic activity of HATs
was measured using the EpiQuik HAT Activity/Inhibition
Assay kit from Epigentek (Catalog #. P-4003-96) according
to the manufacturer’s instructions. Briefly, the assays were
conducted using total liver soluble protein extracts and liver
nuclear protein extracts in independent wells because HATs
are known to acetylate both histones as well as non-histone
proteins. We were interested to see whether the overall HAT
enzymatic assay profile may differ between total soluble pro-
teins and nuclear protein fractions. A seven-point standard
curve ranging from 0.1 ng to 10 ng of HAT assay standard
(20 pg/mL; supplied with kit) was used. To determine the
linear range of TSE-liver protein that is needed for the assay,
a dilution curve ranging from 5 pg to 30 pg of total soluble
protein as well as a dilution curve ranging from 5 pg to 30 pg
of nuclear protein was tested. Based on the values obtained
from the dilution test curves and the standard curves, 10 pg
of total soluble protein and 10 pg of nuclear protein was
used for the quantification runs. Blank wells consisting of
all components of the assay with the exception of protein
extracts, were used per assay run. All absorbance readings
were measured at 450 nm using a PowerWave HT spectro-
photometer (BioTek).

The total HAT activity was calculated using the follow-
ing formula;

HAT Activit ng OD(untreated sample — blank)
ctivity| = | = :
Y b (protein amount(ug)*Xx h** X slope™**)
mg

input amounts ranging from 0.1, 0.2, 0.5, 1.0, 2.0, 5.0, and
10 ng of protein.

SIRT enzymatic activity assay

Enzymatic activity of nuclear SIRTs was assayed using
Epigenase Universal SIRT Activity/Inhibition Fluoromet-
ric Assay (Epigentek; Catalog #. P-4037-96). Only the
nuclear samples from liver of control, 5 h, and 20 h anoxic
red-eared sliders were used for this analysis. The assay was
conducted according to the manufacturer’s instructions. In
brief, a standard curve was prepared by using SIRT assay
standard (50 pg/mL; supplied with the kit) at concentrations
ranging from 0.2 ng/pL to 5.0 ng/pL along with a dilution
curve ranging from 5 pg to 30 pg of liver nuclear samples.
Blank wells and No NAD control (NNC) wells were used
per assay run. Based on the values obtained from the dilution
test curves and the standard curves, 20 pg of liver nuclear
extracts were used for the quantification runs. All wells were
read using a fluorescence microplate reader at 530ex/590em
nm.

Nuclear SIRT activity was calculated using the following
formula;

RFU | | (sample RFU — NNC RFU)
min ™ | (protein amount(ug)* X min™)
mg

SIRT activity, X 1000

where * is the liver nuclear protein amount used in the analy-
sis, ** is the incubation time at 37 °C.

The total soluble protein and nuclear samples used in the
HAT and SIRT enzymatic activity assays were subjected to
multiple rounds of Bradford protein quantification with a
BSA standard prior to usage and experienced a maximum
of one freeze—thaw cycle.

Statistical analysis

To correct for minor irregularities in protein loading, chemi-
luminescent data for each immunoblot was divided by the
absorption density of the corresponding coomassie-stained
protein bands in the same lane, not including the target pro-
tein, with constant expression across control, 5 h anoxia, and
20 h anoxia exposures. This method has been shown to be
far superior to using one housekeeping or reference gene as

x 1000

where * is the soluble and nuclear extract (pg) added to the
test sample wells, ** is the incubation time at 37 °C, ***
is the slope of the line of the standard curve created from
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a loading control since several proteins with constant expres-
sion are used for normalization instead of one protein target
[67]. Furthermore, natural model systems that employ MRD
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as a survival strategy, including red-eared sliders, have been
shown to fully reorganize not only the metabolic output but
also gene expression, protein translation, and the activity of
most enzymes (including housekeeping/reference proteins)
[3, 4, 21, 23, 34, 35, 68]. As such, some of the commonly
used reference proteins can be differentially expressed across
experimental conditions and tissues, and thereby eliminat-
ing their usefulness for western immunoblot normalization.
Total protein analysis is an alternative technique that can be
used to normalize equivalent protein loading within a gel
and is independent of the common pitfalls that are associated
with using a single protein loading control as a normaliza-
tion factor [69—-72]. Nevertheless, protein level of histone
H3 that is often used as a stable, internal loading control in
histone modification studies is visually represented in each
figure. Target protein bands were identified by running a
standard protein molecular weight ladder and a mammalian
positive control sample from 1. tridecemlineatus.

All numerical data are expressed as mean + SEM (n=4
independent protein isolations from four different animals
per experimental condition). Shapiro—Wilk test was used
to test for normality, as the sample size is n <30. Data was
found to be normally distributed (p > 0.05) and as such, para-
metric tests were carried out. A one-way analysis of variance
(ANOVA) with a Tukey post hoc test (p <0.05) was used for
all pairwise comparisons. SPSS Statistics software (IBM
Corp) and GraphPad Prism Version 7 was used for statistical
analysis and figure construction, respectively.

Results

The focus of the study was to explore dynamic changes in
histone H3-K acetylation along with protein expression of
HATSs and nuclear SIRTs that may contribute to liver tran-
scriptional regulation in response to oxygen deprivation in
an anoxia-tolerant terrestrial vertebrate, the red-eared slid-
ers. Interestingly, a strong suppression of HATs-mediated
histone H3 acetylation, a sign of active chromatin, and
SIRT-mediated histone deacetylation, a sign of repressed
chromatin, was evident in the liver of red-eared sliders, that
could play an important role in ATP conservation as part
of the overall reduction in metabolic rate during prolonged
oxygen deprivation.

H3-K14 acetylation significantly decreased during 5 h
anoxia (F 11,=7.994, p=0.012; Tukey post hoc, p=0.023)
and remained decreased during 20 h anoxia (Tukey post
hoc, p=0.021), when compared to the normoxia-control.
On the other hand, H3-K18 acetylation increased during 5 h
anoxia (F, 9)=19.798, p=0.001; Tukey post hoc, p=0.002)
and returned to control levels during 20 h anoxia (Tukey
post hoc, p=0.003). H3-K18 acetylation levels remained
unchanged between the control and 20 h anoxia (Tukey

post hoc, p=0.663). H3-K56 acetylation (F,5,=1.042,
p=0.409) and protein levels of H3-total (F, ;;,=1.860,
p=0.211) remained unchanged in response to 5 h and 20 h
anoxia (Fig. 1a, b).

Protein levels of the corresponding histone H3 acetyl-
transferases belonging to GCN-family of proteins were
also measured (Fig. 2a, b). A robust decrease in HAT1
was evident at 20 h anoxia when compared to the con-
trol (F(;.9,=12.080, p=0.005; Tukey post hoc, p=0.004)
and 5 h anoxia (Tukey post hoc, p=0.046), yet remained
unchanged between the control and 5 h time-point (Tukey
post hoc, p=0.133). However, the protein levels of two
other prominent GCN-family of acetyltransferases, GCN5L2
(F211y=2.487, p=0.138) and PCAF (F(,,;,=0.815,
p=0.473), remained unchanged across all time points.

Tip60, a prominent member of the MYST family of
acetyltransferases, significantly decreased during 5 h anoxia

A

o

Relative H3 Lysine Acetylation
(Arbitary Units)
)

H3 - K14ac
H3 - K18ac
H3 - K56ac

- —— . — N q— —— — —

H3 - Total

Fig. 1 Histone H3 lysine (K) acetylation in the liver of T.s. elegans.
a Relative levels of H3-K14ac, H3-K18ac, and H3-K56ac levels dur-
ing control, 5 h anoxia, and 20 h anoxia as determined by western
immunoblotting. b Immunoblot band image of the targets. H3-total
is presented as a stable, internal loading control. Immunoblot band
intensities were normalized against the summed intensity of coomas-
sie-stained protein bands in the same lane (without including the tar-
get protein)/immunoblot. Data are mean+SEM (n=4/experimental
condition of independent protein isolations from different animals).
The same n=4 control, n=4, 5 h anoxic, and n=4, 20 h anoxic tur-
tles were used in each immunoblot. a represents statistically signifi-
cant differences from the control (p <0.05), b represents statistically
significant differences from 5 h anoxia value as determined by one-
way ANOVA with a Tukey post hoc test (p <0.05)
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Fig.2 Protein levels of GCN-family of acetyltransferases in the liver
of Ts. elegans. a Relative protein levels of HAT1, GCN5L2, and
PCAF during control, 5 h, and 20 h anoxia as determined by west-
ern immunoblotting. b Immunoblot band images of the targets. Other
information as in Fig. 1

when compared to the normoxia-control (£, 9, =16.343,
p=0.001; Tukey post hoc, p=0.019) and returned to control
levels during 20 h anoxia (Tukey post hoc, p =0.001). Tip60
protein level between the control and 20 h anoxia remained
unchanged (Tukey post hoc, p=0.101; Fig. 3a, b).

CBP protein, a vital component of CBP-p300 HATs,
robustly decreased during 5 h anoxia (F, ;o) =38.847,
p <0.0001; Tukey post hoc, p<0.0001) and 20 h anoxia
(Tukey post hoc, p=0.0001) when compared to the con-
trol. CBP protein level between 5 and 20 h anoxia remained
unchanged (Tukey post hoc, p=0.275; Fig. 4a, b).

Global enzymatic activity of HATSs remained unchanged
in response to 5 h and 20 h anoxia when compared to the
control (F, ;1,=0.013, p=0.987). However, HAT enzy-
matic activity of the nuclear protein fraction significantly
decreased in response to 5 h (F, ;;,=55.560, p <0.001;
Tukey post hoc, p <0.0001) and 20 h anoxia (Tukey post
hoc, p <0.0001), when compared to the control. Nuclear
HAT activity remained unchanged between 5 and 20 h
anoxia (Tukey post hoc, p=0.411; Fig. 5).

Protein levels of class III HDACS, the nuclear SIRTS,
varied across 5 h and 20 h anoxia, when compared to the
control (Fig. 6a, b). In particular, SIRT1 levels significantly
decreased during 20 h anoxia when compared to the control
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Fig.3 Protein levels of MYST family of acetyltransferases in the liver
of T.s. elegans. a Relative protein level of Tip60 during control, 5 h,
and 20 h anoxia as determined by western immunoblotting. b Immu-
noblot band image of the target. Other information as in Fig. 1
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Fig.4 Protein levels of CBP/p300 family of acetyltransferases in the
liver of T.s. elegans. a Relative protein level of CBP during control,
5 h, and 20 h anoxia as determined by western immunoblotting. b
Immunoblot band image of the target. Other information as in Fig. 1
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Fig.5 Enzymatic activity of histone acetyltransferases (HATSs) in
the liver of T.s. elegans. Global HAT enzymatic activity (ng/h/mg)
as well as nuclear HAT enzymatic activity (ng/h/mg) during con-
trol, 5 h anoxia, and 20 h anoxia as determined by EpiQuik HAT
Activity/Inhibition Colorimetric Assay kit from Epigentek. Data are
mean+SEM (n=4/experimental condition of independent protein
isolations from different animals). a represents statistically significant
differences from the control (p <0.05), b represents statistically sig-
nificant differences from 5 h anoxia value as determined by one-way
ANOVA with a Tukey post hoc test (p <0.05)

(F(2,11)=67.8361, p<0.0001; Tukey post hoc, p<0.0001)
and 5 h anoxia (Tukey post hoc, p <0.0001), yet remained
unchanged between the control and 5 h anoxia (Tukey post
hoc, p=0.284). Moreover, SIRT6 significantly decreased
in response to 5 h anoxia (F, ;;,=10.318, p <0.005; Tukey
post hoc, p=0.036) and 20 h anoxia (Tukey post hoc,
p=0.004), when compared to the control. There were lim-
ited changes in SIRT6 protein levels between 5 and 20 h
anoxia (Tukey post hoc, p=0.361). SIRT7 protein levels
remained unchanged in response to 5 h and 20 h anoxia
(F2.10)=2.952, p=0.110).

Enzymatic activity of nuclear SIRTs significantly
decreased in response to 5 h (F(,;,=22.074, p<0.001;
Tukey post hoc, p <0.0001) and 20 h anoxia (Tukey post
hoc, p=0.001), when compared to the control. Nuclear SIRT
activity remained unchanged between 5 and 20 h anoxia
(Tukey post hoc, p=0.773; Fig. 6¢).

Discussion

Present study explored transcriptional regulation, a unique
characteristic of MRD, in the context of histone H3-K
acetylation and deacetylation in the liver during control,
5 h anoxia, and 20 h anoxia in red-eared sliders. Liver was
exclusively chosen for this study because liver is the primary

site of glycogen storage and glycogenolysis in anoxia-toler-
ant freshwater turtles [2, 13, 35, 68]. Glycogen is the sole
metabolic fuel that can be broken down to produce ATP
during anaerobiosis. Furthermore, anoxic hepatocytes have
been reported to decrease the overall metabolic rate by 90%
during long-term oxygen deprivation [73], yet liver contin-
ues to be proliferative, active, and demonstrate target-spe-
cific increases in gene expression during MRD. As such,
liver is an important organ to investigate to understand the
intricate balance between a global suppression and target-
specific increases in gene expression, a key characteristic
of MRD. Moreover, several epigenetic modifiers including
DNMTs (DNA methyltransferases) [71], HKMTs (histone
lysine methyltransferases) [70], non-NAD?-dependent
HDACSs [72], and miRNAs [31, 33] were elucidated as
prominent players of transcriptional regulation in the liver
of red-eared sliders during 5 h and 20 h anoxia by previ-
ous studies. As such, liver is an optimal tissue that can be
used to investigate an additional layer of transcriptional
regulation during anaerobiosis; the balance between tran-
scriptionally permissive histone H3-K acetylation via HATs
and transcriptionally repressive histone H3-K deacetylation
via SIRTs. Further, this study is a continuation of an earlier
study by Krivoruchko and Storey, where the role of non-
NAD™ dependent HDACsS, belonging to class I, II, and 1V,
was investigated in anerobic red-eared sliders [72]. Interest-
ingly, they reported a significant increase in HDAC mRNA
and protein levels along with a decrease in acetylation at
targeted H3-K moieties during 5 h and 20 h anoxia in the
liver. Overall, they identified class I, II, and IV HDACs to
play a key role in global transcriptional repression during
MRD, however due to the lack of well-tested antibodies and
enzymatic activity assays that were commercially available
at the time, Krivoruchko and Storey did not explore the role
of NAD* dependent class IIl HDACs. As such, in this study,
we have focused on uncovering the interplay between class
IIT HDAC:s (transcriptional repressors) and HATS (transcrip-
tional activators) and explored their role in regulating his-
tone H3 acetylation during MRD.

Histone H3 (total) protein levels remained unchanged in
response to anoxia (Fig. la, b). A stable maintenance of
histone H3 protein levels is expected, as post-translational
modifications (PTMs) are more swift and energy-wise meth-
ods of controlling protein function, activity, cellular distri-
bution, and protein—protein interactions during MRD [4,
21, 35, 68]. Histone H3 was also used as a stable, internal
reference control to demonstrate 1) the changes in acetyla-
tion of K moieties during anoxia are not due to changes in
histone H3 protein levels, but rather can be attributed to
epigenetic modifications, and 2) minimal variability exist
in protein loading across western immunoblots used in the
study. Furthermore, these results correspond to the earlier
findings of Krivoruchko and Storey, in which histone H3
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Fig.6 Histone H3 lysine (K) deacetylation in the liver of T.s. elegans.
a Relative protein expression levels of three nuclear, class III histone
deacetylases, sirtuins (SIRTs), SIRT1, SIRT6, and SIRT7, during
control, 5 h, and 20 h anoxia as determined by western immunoblot-
ting. b Immunoblot band images of the targets. ¢ Enzymatic activity
(RFU/min/mg) of nuclear SIRTs during control, 5 h anoxia, and 20 h
anoxia as determined by Epigenase Universal SIRT Activity/Inhibi-

protein levels remained unchanged in response to anoxia in
red-earlier sliders [72].

H3-Kl14ac, an epigenetic modification that is typically
associated with active promoters, significantly decreased
during 5 h and 20 h anoxia (Fig. 1a, b). Interestingly,
genome-wide distribution of H3-K14ac and H3-K9ac
levels were found to be highly correlated and typically
located in euchromatic-active promoter regions, gene reg-
ulatory elements, as well as bivalent promoters [74]. Cor-
respondingly, H3-K9ac levels also decreased in response
to anoxia in the liver of red-eared sliders [72]. As such,
significant decreases in H3-K14ac and H3-K9ac levels
may indicate a potential increase in chromatin condensa-
tion and a state of transcriptional repression in the liver
during short and long-term oxygen deprivation. On the
contrary, H3-K18ac levels, an additional acetylation moi-
ety that promote open-chromatin, significantly increased
during 5 h anoxia and returned back to control levels
during 20 h anoxia (Fig. 1a, b). However, the increase in
H3-K18ac reported herein may not necessarily indicate a
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tion Fluorometric Assay. Data are mean+SEM (n=4/experimental
condition of independent protein isolations from different animals).
a represents statistically significant differences from the control
(»<0.05), b represents statistically significant differences from 5 h
anoxia value as determined by one-way ANOVA with a Tukey post
hoc test (p <0.05)

global increase in transcription during a low energy state,
where the overall transcriptional output is lower, but rather
an increase in H3-K18ac could represent target-specific
enhancement of candidate genes; another key character-
istic of MRD. For example, NFxB is a master transcrip-
tion factor that is central to the anoxia stress response
and a plausible correlation between NFkB expression and
increased H3-K18ac levels in the promoter regions have
previously been reported [75]. Correspondingly, NFkB
pathway is shown to be active during anoxia in the liver
of red-eared sliders and play an important role in regulat-
ing protective, anti-oxidation responses [17]. As such, it
would be interesting to map site-specific H3-K18ac pat-
terns in the regulatory regions of NFkB promoter through
chromatin immunoprecipitation sequencing (ChIP-Seq.)
technology in a future study. Lastly, global H3-K56ac
levels remained unchanged in response to 5 h and 20 h
anoxia in the liver (Fig. 1a, b). H3-K56ac levels are poten-
tially maintained throughout short and long-term anoxia
in the red-eared sliders because H3-K56ac modifications
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are highly enriched at the sites of DNA repair [76]. As
such, H3-K56ac may play a prominent role in DNA dam-
age response, a key protective mechanism employed by
freshwater turtles to combat against large influx of reactive
oxygen species during bouts of anaerobiosis. Indeed, a
recent liver transcriptomics study on freshwater turtles by
Biggar et al. identified DNA damage repair as one of the
top Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathways that were enriched with differentially expressed
genes during 5 h and 20 h anoxia [77]. As such, future
work is needed to explore the link between DNA damage
repair and the relevant histone moieties, writers, and eras-
ers during anaerobiosis in freshwater turtles.

HATs are a diverse group of enzymes that are catego-
rized based on the catalytic domains and the specificity of
the K residues they acetylate [78]. GNATSs including HAT1,
GCNS5L2, and PCAF along with Hpa2 and Nutla catalyze
the transfer of acetyl groups from acetyl-CoA to a primary
amine [45, 46, 75, 79]. GNATSs are well-established epi-
genetic players that induce post-translational modifications
on metabolic enzymes, transcription factors, as well as his-
tones, Histone H3 acetylation in particular is associated with
active transcription and euchromatic open-chromatin [45,
48, 80-82]. HAT1 protein levels significantly decreased dur-
ing 20 h anoxia when compared to the control and 5 h anoxia
(Fig. 2a, b). HAT1 directly regulates H3-K14 acetylation
and thus the decrease in HAT1 protein level along with the
robust decrease in H3-K14ac reported herein, may indicate
an overall decrease in histone acetylation in red-eared sliders
as a way of limiting the overall transcriptional output dur-
ing long-term anoxia in the liver. On the contrary, protein
levels of two other established GNATSs, GCN5L2 and PCAF,
remained unchanged during 5 h and 20 h anoxia (Fig. 2a,
b). GCNS5L2 is an activator of transcription initiation and is
recruited to gene promoters [45, 46]. GCNS5L?2 also acetylate
H3-K14 and H3-K23 residues [83, 84]. However, H3-K14
(Fig. 1a, b) and H3-K23 [72] decreased in response to anoxia
in red-eared sliders. Therefore, although protein levels of
GCNS5L2 remained unchanged in response to anoxia, the
GCNS5L2 enzymatic activity may have been affected by post-
translational modifications (PTMs). Indeed, GCN5L2 activ-
ity is regulated by reversible protein phosphorylation (RPP)
by DNA-dependent protein kinase (DNA-PK) [85]. Simi-
lar to GCNS5L2 levels, PCAF protein levels also remained
unchanged in response to anoxia in red-reared sliders
(Fig. 1a, b). PCAF has been reported to acetylate and reduce
the overall enzymatic activity of pyruvate kinase (PK), one
of the major enzymes that control the glycolytic flux [86].
Correspondingly, turtles use covalent modifications to regu-
late enzymatic activity of PK, as part of an anoxia-tolerant
metabolic strategy [23]. Therefore, PCAF protein expression
may remain stagnant during anoxia in the liver as a means of
regulating the glycolytic flux. Post-translational regulation

of non-histone proteins by GNAT-family of acetyltrans-
ferases requires further investigation.

The MYST family of acetyltransferases include Morf,
MOZ, Ybf2, Sas2, and Tip60. Possible functions of the
Tip60 complex include transcriptional activation as well as
DNA repair [79]. MYST family of HATs acetylate six K
residues of histone proteins including H2A-K5, H3-K14,
and H4-K5/8/12/16 [87]. Moreover, Tip60 was exclusively
chosen to represent the MYST family of HATs in this study
due to their vital role in regulating histone and non-histone
protein function during anaerobiosis. Tip60 is a conserved
coactivator of HIF-1a, a critical modulator of anaerobio-
sis and the cellular response to hypoxia in vertebrates [36].
In particular, HIF-1a interacts with and recruits Tip60 to
open-chromatin and a majority of HIF-1a regulated genes
require Tip60 coactivation for expression [61]. HIF-1a is
the central transcription factor of the hypoxia response in
freshwater turtles and other anaerobic vertebrates, where low
oxygen levels activate HIF-1a and that in turn upregulates
the expression of variety of downstream genes, including
VEGEF and erythropoietin, that help improve oxygen deliv-
ery to vital organs, glycolytic enzymes, including PDK that
increase the overall glycolytic flux, and glucose transporters,
including GLUT4 [3, 4, 21]. Correspondingly, HIF-1a pro-
tein levels and nuclear localization were shown to increase in
response to 5 h anoxia in 7. scripta elegans [36]. Moreover,
Tip60 is a vital post-translational modifier of another cen-
tral transcription factor, p53. In particular, Tip60-depend-
ent acetylation of p53 at K120 residue has been shown to
modulate the cellular functions of p53, where the decision
between promoting cell cycle arrest and/or apoptosis is
determined based on the presence of the K120 acetyl resi-
due [88]. Interestingly, tissue-specific regulation of p53 was
observed in response to anoxia in 7. scripta elegans, where
the liver exhibited the largest increase in p53 expression
and activation via post-translational modifications of select
serine and lysine residues [27]. Further, Zhang et al. also
reported increased expression of genes that are directly
regulated by p53, including 14-3-3a, GADD45a, and Pgm.
Taken together, they concluded that p53 and its associated
co-activators (kinases and acetyltransferases) may play a
vital role in regulating MRD during anaerobiosis in fresh-
water turtles. Tip60 protein levels decreased in response to
5 h anoxia and returned back to control levels during 20 h
anoxia (Fig. 3a, b) and similarly H3-K14ac levels decreased
in response to anoxia (Fig. la, b). As such, the decrease in
Tip60 levels during 5 h anoxia could be a tissue-specific
response to anaerobiosis that aid freshwater turtles in modu-
lating the global transcriptional response as well as target-
specific non-histone protein function.

CBP is not only a well-established HAT that directly
targets H3-K56 moieties but it is also a well-established
co-transcriptional regulator of p53 at K373 residue [87].
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CBP protein levels decreased during 5 h and 20 h anoxia
(Fig. 4a, b). Although H3-K56ac levels remained unchanged
in response to anoxia (Fig. 1a, b), p53-K373ac levels signifi-
cantly decreased in response to 5 h and 20 h anoxia in the
liver of red-eared sliders [27]. pS3 is a transcription factor
that has major roles in regulating cell cycle, apoptosis, DNA
damage repair, as well as energy metabolism [89-92] and
p53-K373ac blocks ubiquitination of this lysine site and lead
to enhanced activation and survival of p53 [27]. Therefore,
similar to the decrease in Tip60 protein level, the decrease in
CBP that is seen during 5 h and 20 h anoxia herein (Fig. 4a,
b) could contribute to target-specific regulation of non-his-
tone proteins that are necessary for anoxia tolerance and
survival in red-eared sliders.

Global as well as nuclear HAT enzymatic activity yielded
very interesting results. Although, the global enzymatic
activity of all HATSs that can acetylate K residues of both
histone and non-histone proteins remained unchanged during
5 h and 20 h anoxia, nuclear HATs that primarily acetylate
histone proteins decreased in activity during anoxia (Fig. 5).
These results further corroborate the overall decrease in
histone H3 acetylation and an overall decrease in HATI,
Tip60, and CBP protein levels seen in the study. As such,
the suppression of histone H3-K acetylation during anoxia
in red-eared sliders could be a prominent characteristic of
anaerobiosis and MRD.

SIRTs are NAD*-dependent class IIl HDACs, that regu-
late a variety of cellular processes including histone dea-
cetylation, DNA repair, metabolism, glucose homeostasis,
as well as aging [69, 93, 94]. In the context of turtle anaer-
obiosis, class I and II HDACs were shown to increase in
mRNA and protein levels during 5 h and 20 h anoxia and
was postulated to be a major characteristic of anoxia sur-
vival [72]. However, the potential involvement of nuclear
SIRTs (SIRT1, SIRT6, and SIRT7) in anaerobiosis required
further exploration. Overall, the results suggest limited
nuclear SIRT regulation in the liver during 5 h and 20 h
anoxia in red-eared sliders (Fig. 6a, b). In particular, pro-
tein levels of SIRT1 and SIRT6 decreased in response to
anoxia, whereas SIRT7 protein levels remained unchanged.
Correspondingly, overall enzymatic activity of nuclear
SIRTs significantly decreased during 5 h and 20 h anoxia
(Fig. 6¢). A decrease in nuclear SIRT protein and enzymatic
activity during prolonged oxygen deprivation could be part
of the global suppression in gene expression during MRD
that has been reported previously in red-eared sliders. MRD
is the combinatorial suppression of most energy consum-
ing processes and reprioritization of ATP towards cellular
processes that are necessary for anoxia survival [3, 4, 21].
Therefore, during MRD, hepatocytes could be monopoliz-
ing class I and II HDAC:s to drive histone H3 deacetyla-
tion and enforce a state of chromatin condensation in 7.s.
elegans [72], while limiting the protein levels and enzymatic
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activity of nuclear SIRTs. Dependence on one group of pro-
teins and/or enzymes while temporarily shutting down the
expression and/or activity of another group of functionally
similar proteins is a common characteristic of MRD [3, 4,
21, 68]. Further, SIRT enzymatic activity primarily depends
on the availability of NAD* [69], yet a drastic decrease in
NAD*/NADH pools have been reported in the cytoplasm
and mitochondrial compartment of hepatocytes in response
to short and long-term hypoxia in freshwater turtles [95].
In an anaerobic cell, with the absence of oxygen (the final
acceptor of electrons in the electron transport chain) oxida-
tive phosphorylation comes to a halt and glycolysis becomes
the primary mode of ATP generation. Glycolysis requires
NADT to function as an electron acceptor in the conversion
of glyceraldehyde 3-phosphate into 1,3-bisphosphoglycerate
and NAD™ levels are replenished through the conversation
of pyruvate into lactate. Given all cells contain a limited
number of NAD" molecules that are cycled back and forth
between the oxidized (NAD™") and reduced (NADH) form, it
is imperative to maintain a proper balance between NAD"/
NADH molecules in anaerobic cells [2, 7, 82, 96]. As such,
the decrease in SIRT enzymatic activity and the reliance on
non-NAD"-dependent HDACs to modulate protein deacety-
lation during anaerobiosis, may be an energy conservation
mechanism employed by the freshwater turtles to reduce the
use of NAD™ pools.

In summary, this study reports an overall decrease in
histone H3-K acetylation across three transcriptionally
relevant histone modifications in the liver along with an
overall decrease in protein levels and enzymatic activity
of HATs and nuclear SIRTs during short and long-term
anoxia in red-eared sliders. Maintaining a proper balance
between permissive chromatin and repressive chromatin is
of utmost importance in a low energy, anoxia state, where
anaerobic glycolysis is the sole source of ATP production.
Consequently, overall decrease in histone H3-K acetylation
reported here could be a notable characteristic of MRD in
anoxia-tolerant freshwater turtles.
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