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Abstract: Unloading leads to skeletal muscle atrophy via the upregulation of MuRF-1 and MAFbx
E3-ligases expression. Reportedly, histone deacetylases (HDACs) 4 and 5 may regulate the expression
of MuRF1 and MAFbx. To examine the HDAC-dependent mechanisms involved in the control of
E3-ubiquitin ligases expression at the early stages of muscle unloading we used HDACs 4 and 5
inhibitor LMK-235 and HDAC 4 inhibitor Tasqinimod (Tq). Male Wistar rats were divided into four
groups (eight rats per group): nontreated control (C), three days of unloading/hindlimb suspension
(HS) and three days HS with HDACs inhibitor LMK-235 (HSLMK) or Tq (HSTq). Treatment with
LMK-235 diminished unloading-induced of MAFbx, myogenin (MYOG), ubiquitin and calpain-1
mRNA expression (p < 0.05). Tq administration had no effect on the expression of E3-ligases.
The mRNA expression of MuRF1 and MAFbx was significantly increased in both HS and HSTq
groups (1.5 and 4.0 folds, respectively; p < 0.05) when compared with the C group. It is concluded
that during three days of muscle unloading: (1) the HDACs 4 and 5 participate in the regulation of
MAFbx expression as well as the expression of MYOG, ubiquitin and calpain-1; (2) the inhibition of
HDAC 4 has no effect on MAFbx expression. Therefore, HDAC 5 is perhaps more important for the
regulation of MAFbx expression than HDAC 4.
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1. Introduction

There are very few studies focusing on the triggering mechanisms involved in the regulation of
protein degradation during the early stages of skeletal muscle unloading. A majority of the previous
studies evaluated the role of nuclear transcription factor FoxO phosphorylation in the regulation of
expression of the E3 ubiquitin ligases MAFbx and MuRF1 during unloading. Typically, activation of
the Akt/mTOR/p70S6k pathway was analyzed. Suppression of this pathway during muscle unloading
leads to the dephosphorylation and nuclear translocation of FoxO with subsequent activation of the
expression of E3 ubiquitin ligases [1,2]. In previous studies, we documented that during muscle
unloading increased expression of E3 ubiquitin ligases was accompanied by the activation of some
components of the Akt-FoxO pathway while other components were not changed [3,4]. This suggests
that some other pathways can regulate activation of the E3 ubiquitin ligases during unloading. Recent
studies suggest that HDACs can directly interact with and regulate the activation of transcription
factors [5-7].
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We examined whether these alternative mechanisms are working via HDACs 4 and 5 to regulate
the expression of E3 ubiquitin ligases during unloading. Specifically, we were interested in whether
HDACSs 4 and 5 modulate the expression/activity of FoxO and MYOG. Both of these transcription factors
are known to play a critical role in the activation of E3 ligases during unloading. HDACs 4 and 5 belong
to the class Ila HDACs. They promote neurogenic muscle atrophy via the transcriptional repression of
Dach? that is responsible for the inhibition of MYOG-dependent atrophy-induced genes [8,9]. Previous
studies reported that activation of E3 ubiquitin ligases and unloading-induced skeletal muscle atrophy
were diminished by treatment with the HDACs 4 and 5 inhibitor trichostatin A [10]. Nevertheless, the
mechanisms regulating the expression of E3 ubiquitin ligases during trichostatin A treatment are still
incompletely understood. Since trichostatin A inhibits both HDACs 4 and 5, it is not clear which of
these HDACs has the most significant effect on the expression of E3 ubiquitin ligases during unloading.

In this study, we used HDACs 4 and 5 inhibitor LMK-235 and specific HDAC 4 inhibitor Tasqinimod
(Tq) to evaluate the activation of the unloading-induced genes. Currently, there is no specific HDAC 5
inhibitor available. We used three days of unloading time point in our study since at this time there
is maximal activation of the E3 ubiquitin ligases MAFbx and MuRF1 in soleus muscle [11,12]. If our
hypothesis about different roles of HDACs 4 and 5 in unloading is correct, then the comparison of
LMK-235 and Tq inhibitors should reveal which of the two HDACs is the most important for the
regulation of MYOG, MAFbx and MuRF1 expression, as well as FoxO phosphorylation.

2. Results

2.1. Effect of HDAC Inhibitors on the Expression and Activity of HDACs 4 and 5

To test whether treatment with LMK-235 and Tq affected the activity of HDACs during three days
of unloading we evaluated the content of acetylated histone H3 in HS, HSMLK, Tq and C groups.
Acetylation of H3 was significantly higher in the soleus muscle of HSMLK and Tq rats when compared
with HS and C rats (Figure 1A). LMK-235 and Tq treatment significantly increased mRNA expression
of HDAC 4 when compared with HS and C groups (Figure 1B). The content of the nuclear fraction
of HDAC 5 was significantly decreased by unloading (Figure 1C). Treatment with LMK-235 had no
significant effect on the nuclear HDAC 5 content, while Tq showed a trend for the increase when
compared with the HS group (Figure 1C).
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Figure 1. Evaluation of acetylated histone H3 content (A), histone deacetylases (HDAC) 4 mRNA
expression (B) and HDAC 5 nuclear content (C) in soleus muscles of nontreated control rats (C), rats
after 3 days of unloading (HS), 3 days HS with LMK-265 inhibitor (HSLMK) or HS with Tq inhibitor
(HSTq). Values are normalized to the levels of total histone H3 (A) or Lamin B1 (C) in each sample.
Levels of HDAC 4 mRNA were normalized to the levels of GAPDH in each sample (B). nn = 8. * indicates
a significant difference from the control, p < 0.05.
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2.2. Effect of HDAC Inhibitors on Skeletal Muscle Atrophy

After three days of unloading soleus muscle mass decreased by approximately 20% in all three
groups. In HS rats it was 74.5 + 3.0 mg (p < 0.05), in HSLMK 72.8 + 3.1 mg (p < 0.05), and in HSTq
73.0 £ 2.3 mg (p < 0.05), while in C rats it was 93.5 + 2.4 mg. At the same time, there was a significant
difference in the mRNA expression of ubiquitin and calpain-1 between the groups (Figure 2A,B).
The expression of ubiquitin was significantly higher in the soleus muscle of HS rats when compared
with C rats (Figure 2A). LMK-235 and Tq treatment significantly augmented the unloading-induced
ubiquitin expression (Figure 2A). The mRNA expression of ubiquitin was not significantly different in
HSMLK and HSTq groups when compared with C.
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Figure 2. Evaluation of the ubiquitin (A), calpain-1 (B) and eEF2k (C) mRNA expression in soleus
muscles of nontreated control rats (C), rats after 3 days of unloading (HS), 3 days HS with LMK-265
inhibitor (HSLMK) or HS with Tq inhibitor (HSTq). Values are normalized to the levels of GAPDH
mRNA expression in each sample. n = 8. * indicates a significant difference from the control, p < 0.05;
# indicates a significant difference from the HS, p < 0.05.

Calpain-1 is calcium-activated proteinase involved in the degradation of myofibrillar proteins
during skeletal muscle atrophy [13]. The expression of calpain-1 was significantly increased after
skeletal muscle unloading (Figure 2B).Treatment with LMK-235 blocked the increase of calpain-1
mRNA expression during unloading (Figure 2B). At the same time, treatment with Tq showed a trend
for the increase of calpain-1 mRNA expression when compared with the HS group (Figure 2B).

Eukaryotic elongation factor 2 kinase (eEF2k) regulates protein synthesis and protein expression
of eEF2k was previously shown to be upregulated by seven days of unloading [14]. In the current study,
the mRINA expression of eEF2k was increased by unloading (Figure 2C). Treatment with LMK-235
diminished this increase, while Tq treatment had no statistically significant effect (Figure 2C).

It was previously reported that the expression of E3 ubiquitin ligases MAFbx and MuRF1 is
increased after three days of unloading [15]. In the current study, the mRNA expression of MAFbx and
MuRF1 was also significantly increased by unloading (Figure 3). Treatment with LMK-235 blocked
the upregulation of MAFbx mRNA expression, while Tq treatment had no effect (Figure 3A). Neither
LMK-235 nor Tq treatments had a significant effect on the MuRF1 mRNA expression (Figure 3B).
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Figure 3. Evaluation of the MAFbx (A) and MuRF1 (B) mRNA expression in soleus muscles of
nontreated control rats (C), rats after 3 days of unloading (HS), 3 days HS with LMK-265 inhibitor
(HSLMK) or HS with Tq inhibitor (HSTq). Values are normalized to the levels of GAPDH mRNA
expression in each sample. n = 8. * indicates a significant difference from the control, p < 0.05; # indicates
a significant difference from the HS, p < 0.05.

2.3. Effect of HDAC Inhibitors on Transcription Factors Regulating Expression of MAFbx and MuRF1

FoxO3, MYOG and P300 are known regulators of MAFbx and MuRF1 expression during unloading
(Bodine and Baehr, 2014). The current study tested whether HDACs 4 and 5 regulate the activity of
these transcription factors during unloading. The content of phosphorylated FoxO3 was decreased in
the HS group when compared with C (Figure 4A). Treatment with LMK-235 and Tq had no statistically
significant effect on the content of phosphorylated FoxO3 during unloading (Figure 4A).
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Figure 4. Evaluation of phosphorylated FoxO3 content (A), P300 nuclear content (B) and MYOG mRNA
expression (C) in soleus muscles of nontreated control rats (C), rats after 3 days of unloading (HS), 3
days HS with LMK-265 inhibitor (HSLMK) or HS with Tq inhibitor (HSTq). Values are normalized to
the levels of total FoxO3 protein (A) or Lamin B1 (B) in each sample. Levels of MYOG mRNA were
normalized to the levels of GAPDH in each sample (C). n = 8. * indicates a significant difference from
the control, p < 0.05; # indicates a significant difference from the HS, p < 0.05.

The nuclear content of P300 was decreased after three days of soleus muscle unloading (Figure 4B).
Treatment with LMK-235 showed a trend for lessening this increase, while Tq treatment had no
statistically significant effect (Figure 4B).

The mRNA expression of MYOG was increased after three days of unloading (Figure 4C).
Treatment with LMK-235 blocked this increase (Figure 4C), while Tq treatment had no statistically
significant effect (Figure 4C).
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3. Discussion and Conclusions

Unloading results in skeletal muscle atrophy via activation of protein degradation and decrease
of protein synthesis [16,17]. E3 ubiquitin ligases MAFbx and MuRF1 play a significant role in this
process. In the current study, we evaluated whether HDACs 4 and 5 are involved in the regulation of
unloading-induced processes of muscle atrophy.

There was no significant effect of HDACs 4 and 5 inhibitor LMK-235 or HDAC 4 inhibitor Tq on
the unloading-induced soleus muscle atrophy in our study. Three days is a minimal time point for the
detection of muscle atrophy during unloading [18]. Previous studies reported attenuation of muscle
atrophy with HDACs 4 and 5 inhibitors after 14 days of unloading [10]. It is likely that at the later
stages of muscle unloading HDACs 4 and 5 play a larger role in the regulation of muscle atrophy when
compared with the early stages of unloading.

The ubiquitin—proteasome pathway regulates the degradation of sarcomeric proteins during
muscle atrophy [19]. During unloading the expression of ubiquitin is significantly increased [16].
Treatment with LMK-235 and Tq blocked the unloading-induced increase in the ubiquitin mRNA
expression in our study. Calpains are calcium-activated proteinase that can be the first step in the
initiation of protein ubiquitination leading to muscle atrophy during unloading. Some data suggest
that calpains and ubiquitin-proteasome pathways are not always synchronized during skeletal muscle
atrophy [20].

eEF2k regulates protein synthesis during muscle atrophy [21]. eEF2 kinase phosphorylates
eEF2k blocking its translocation into the nucleus. This leads to the inhibition of protein synthesis.
The expression of eEF2k was significantly increased in HS and HSTq groups suggesting that protein
synthesis was decreased in these two groups. Inhibition of HDACs 4 and 5 with LMK-235 diminished
eEF2k increase, indicating that impairment of protein synthesis might be reduced.

Treatment with LMK-235 and Tq significantly increased the expression of HDAC 4 during
unloading. This might be a feedback response to the inhibition of the HDAC activity and this confirms
the activity of LMK-235 and Tq inhibitors in the current study. The content of HDAC 5 in the
nucleus was decreased by muscle unloading in our experiments. It was previously reported that
protein kinase D 1 (PKD1) creates recognition sites for the phosphorylated 14-3-3 chaperon protein
on HDAC 5 [22]. Binding of 14-3-3 to HDAC 5 leads to the translocation of HDAC 5 out of the
nucleus. Similar processes might be involved in the decrease of HDAC 5 content in the HS group
in our study, but this requires further investigations. It is known that HDACs control the promoter
activity of genes coding for E3 ubiquitin ligases [23]. HDAC 5 can directly bind to transcription
factor EB (TFEB) and inhibit TFEB-mediated MuRF1 expression [22]. Currently, there is no HDAC
5—specific inhibitor. We used LMK-235 that inhibits both HDACs 4 and 5, as well as HDAC 4-specific
inhibitor Tq. The unloading-induced mRNA expression of MAFbx was blocked by LMK-235 but
not Tq in our experiments. Moresi and colleagues previously showed that skeletal muscle-specific
knockout of HDACs 4 and 5 in mice results in a significant decrease of denervation-induced MuRF1
and MAFbx expression [24]. At the same time, inhibition of HDACs 4 and 5 with trichostatin A during
14 days of muscle unloading diminished upregulation of MuRF1 expression but had no effect on
MAFbx expression [10]. Therefore, the data presented in the current study correlate with the previous
observations. We showed for the first time that HDACs 4 and 5 regulate MAFbx expression during
three days of muscle unloading. Based on our results, HDAC 5 and not HDAC 4 plays the most critical
role in the upregulation of MAFbx during unloading.

During muscle denervation, HDACs 4 and 5 regulate MuRF1 and MAFbx expression via
the expression of MYOG [24-26]. MYOG is a muscle-specific transcription factor involved in the
coordination of numerous processes in skeletal muscle, including prolonged muscle immobilization [27].
It was previously reported that MHYOG is upregulated during prolonged muscle immobilization [27].
MYOG can directly bind to MuRF1 and MAFbx promoters and upregulate expression of these
genes [24,25]. Blocking MYOG expression decreases denervation-induced MuRF1 and MAFbx
expression and prevents muscle atrophy [24]. Our study showed significant upregulation of MYOG in
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response to unloading. Treatment with LMK-235 blocked unloading-induced upregulation of MYOG,
while Tq treatment had no effect. Therefore, HDAC 5 plays a larger role in the MYOG-mediated
MAFbx expression during unloading.

In addition to HDACs 4/5-MYOG signaling, several other signaling pathways are known
to regulate the expression of MuRF1 and MAFbx during muscle atrophy [26]. For example,
PI3K-Akt-mTORC1-FoxOs signaling. FoxO3 can interact with the promoters of MuRF1 [16,28,29] and
MAFbx [16] and activate the expression of these genes. Class Ila HDACs can deacetylate and activate
FoxO transcription factors [30]. To test the activity of FoxO3 we evaluated its phosphorylation and
compared it to the level of MuRF1 and MAFbx expression. FoxO3 phosphorylation was decreased by
unloading. Treatment with Tq diminished unloading-induced decrease of FoxO3 phosphorylation,
while LMK-235 treatment had no effect. Changes in unloading-induced FoxO3 phosphorylation did
not correlate with the level of MuRF1 and MAFbx expression. It is unlikely that FoxO3 phosphorylation
is involved in HDACs 4/5-mediated effects on MuRF1 and MAFbx expression in our study.

HDAC:s play a critical role in the repression of gene transcription by histone deacetylation and
increasing chromatin condensation [31-33]. We evaluated the acetylation levels of the N-terminal
end of histone H3. Unloading-induced histone H3 acetylation was significantly diminished by the
treatment with both LMK-235 and Tq inhibitors. In addition to the regulation of gene transcription
through the regulation of histone acetylation, histone acetyltransferases (HATs) and HDACs regulate
gene transcription via acetylation/deacetylation of transcription factors [31]. It was previously reported
that HAT acetylates FoxO3 [34]. A decrease of HAT activity increases FoxO3 transcriptional activity,
while the increase of HAT activity interferes with nuclear translocation of FoxO3 and diminishes its
transcriptional activity towards target genes [34]. Similarly, the decrease of MAFbx expression during
muscle unloading in response to LMK-235 treatment might be mediated by FoxO3 acetylation and not
by FoxO3 phosphorylation/dephosphorylation.

FoxO3 transcriptional activity can be also regulated via acetylation by P300 [35]. P300 acetylates
FoxO3 diminishing its transcriptional activity and preventing nuclear localization [35]. It was previously
reported that a decrease of P300 activity during skeletal muscle denervation leads to the activation
of FoxO3 and increased expression of its target gene MAFbx [35]. Our study showed a decrease of
P300 nuclear content in HS and HSTq groups, while the P300 nuclear content in the HSLMK group
was similar to the control group. The expression of MuRF1 and MAFbx was also the highest in HS
and HSTq groups in our study. This supports our hypothesis that the LMK-235-mediated decrease of
MAFbx mRNA expression in our experiments might be regulated by the decrease of transcriptional
activity of FoxO3 due to its increased acetylation.

In conclusion, the current study showed that after three days of skeletal muscle unloading HDACs
4 and 5 regulate mRNA expression of MYOG, MAFbx, calpain-1 and ubiquitin. Treatment with specific
HDAC 4 inhibitor Tq affected only the ubiquitin mRNA expression. This suggests that HDAC 5 plays
a more significant role than HDAC 4 during unloading-induced skeletal muscle atrophy.

4. Materials and Methods

4.1. Ethical Approval

All animal experiments were performed at the Institute of Biomedical Problems, RAS, Russia.
All experiments were approved by the Committee on Bioethics of the Russian Academy of Sciences
(protocol 448; 03/28/2017). The experiments were performed in accordance with the internationally
accepted regulations and rules of biomedical ethics and comply with the principles and regulations
described by Grundy [36].
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4.2. Animal Procedures

Animals were kept at 22 °C in a light-controlled environment (12:12 h light-dark cycle) with
unlimited access to water and food. In the first set of experiments we optimized the doses of LMK-235
and Tq required for the inhibition of HDACs 4 and 5 during muscle unloading. Previous studies used
LMK-235 to inhibit HDACs 4 and 5, and Tq to inhibit HDAC 4 using mouse models [37] and cell
lines [38,39]. These inhibitors readily diffuse into cells. The degree of inhibition of HDACs 4 and 5
with LMK-235 and Tq during unloading can be evaluated based on the acetylation of histones.

To determine the optimal dose of LMK-235, 15 male Wistar rats (3 months old, 180-200 g body
weight) were randomly assigned to one of five groups (3 animals/group): nontreated control (C), three
days of hindlimb suspension/unloading with (HSLMK) or without (HS) HDACs 4 and 5 inhibitor
LMK-235 (#A4494, ApexBio, Boston, MA, USA) in the dose of 10, 20, and 30 mg/kg of body weight
per day. LMK-235 was dissolved in 2% solution of DMSO in normal saline solution and 200 pL were
injected intraperitoneally. Similarly, to determine the optimal dose of Tq 15 male Wistar rats (three
months old, 180-200 g body weight) were randomly assigned to one of five groups (3 animals/group):
nontreated control (C), three days of hindlimb suspension/unloading with (HSTq) or without (HS)
HDAC 4 inhibitor Tq (#A3860, ApexBio, USA) in the dose of 10, 20 and 30 mg/kg of body weight per
day. Tq was delivered orally with a small amount of food. We ensured that each rat consumed the entire
small piece of food provided with each treatment. The control animals received an intraperitoneal
injection of 2% solution of DMSO in normal saline solution (for LMK-235 control) or equal amounts of
similar food without inhibitor (Tq control).

The main experiments were performed after the optimal dose was established for both inhibitors.
For the LMK-235 optimal concentration was 20 mg/kg of body weight per day injected intraperitoneally.
For the Tq optimal concentration was 10 mg/kg of body weight per day delivered orally with a small
amount of food. Fifty-six male Wistar rats (180-200 g body weight) were randomly assigned to one of
four groups (8 animals/group): nontreated control (C), three days of hindlimb suspension/unloading
with (HSLMK) or without (HS) HDACs 4 and 5 inhibitor LMK-235 and HDACs 4 inhibitor Tq (HSTq).

At the end of the 3-day experiment, rats were euthanized by an overdose of 10% avertin solution
(Sigma-Aldrich Corp., St. Louis, MO, USA). Soleus muscle was immediately dissected from each rat,
weighed, divided into aliquots, frozen in liquid nitrogen, and stored at —85 °C for the analyses.

4.3. Hindlimb Suspension

For the hindlimb suspension, a traction method of noninvasive tail-casting procedure was used [40].
A swivel harness system incorporated into the casting materials and attached to a hook at the top of
the cage was used for the suspension. The hook was adjusted in a way that allowed only the forelimbs
of the animal to reach the floor of the cage while the hindlimbs were suspended. The body axis of the
rats was at a 45 angle to the cage floor. Rats were free to move around the cage using forelimbs to
consume food and water.

4.4. Protein Extraction and Western Blot Analysis

Total protein extracts were prepared from 400 pug of the frozen soleus muscle. To maintain extract
integrity and function Complete Protease Inhibitor Cocktail (#sc-29130, Santa Cruz Biotechnology;,
Dallas, TX, USA), Phosphatase Inhibitor Cocktail B (#sc-45045, Santa Cruz Biotechnology, Dallas,
TX, USA), PMSF (1 mM), aprotinin (10 pg/mL), leupeptin (10 pg/mL), and pepstatin A (10 pg/mL)
were used. Cytoplasmic and nuclear fractions were isolated using NE-PER Nuclear and Cytoplasmic
Extraction Reagents (Thermo Scientific, Waltham, MA, USA). Quick Start Bradford Protein Assay
(Bio-Rad Laboratories, Hercules, CA, USA) was used to quantify protein content. The samples were
diluted in Laemmli buffer, run on 10% SDS-PAGE (20 pg/lane), and transferred to a nitrocellulose
membrane (Bio-Rad Laboratories, Hercules, CA, USA). After blocking with blocking buffer (5% nonfat
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milk powder, TBS pH 7.4, and 0.1% Tween-20) the membranes were incubated overnight at 4 °C with
the primary antibodjies.

We used primary antibodies against total Akt (1:1000; #2920, Cell Signaling Technology, USA)
and phosphorylated Akt (Ser 473; 1:1500, 4058, Cell Signaling Technology, USA), total histone H3
(1:500, #9715, Cell Signaling Technology, Danvers, MA, USA) and acetylated histone H3 (1:500, #06-599,
Millipore, Burlington, MA, USA), total FoxO3 (1:1000; #2497, Cell Signaling Technology, Danvers,
MA, USA) and phosphorylated FoxO3 (Ser 253; 1:1000; #sc-101683, Santa Cruz Biotechnology, Dallas,
TX, USA), total HDAC 5 (1:3000, #ab1439, ABCAM, Cambridge, MA, USA), total HAT P300 (1:2000,
#ab231010, ABCAM, Cambridge, MA, USA). Blots incubated with antibodies against GAPDH (1:10,000,
#G041, Applied Biological Materials Inc., Richmond, BC, Canada) were used for the normalization
of the loading of cytoplasmic fractions. Lamin B1 content (1: 1000, #ab16048, ABCAM, Cambridge,
MA, USA) was used for the normalization of the loading of nuclear fractions. After three washes (10
min each) with TBS-Tween (TBS and 0.1% Tween-20), the membranes were incubated for one hour at
room temperature with horseradish peroxidase-conjugated goat anti-rabbit (1:30,000, #111-035-003,
Jackson Immuno Research, West Grove, PA, USA) or goat anti-mouse (1:20,000, #1706516, Bio-Rad,
Hercules, CA, USA) secondary antibodies. The membranes were washed again in TBS-Tween three
times, incubated with Clarity Western ECL Substrate (Bio-Rad Laboratories, Hercules, CA, USA). All
images were analyzed within the linear range. The protein bands were quantified using a C-DiGit Blot
Scanner (LI-COR Biotechnology, Lincoln, NE, USA) and Image Studio C-DiGit software. Total protein
staining (Ponceau S) was used for the control of loading. The protein expression data for each group
are expressed as a percentage of the control group values.

4.5. RNA Isolation and Reverse Transcription

Eighty micrograms of frozen soleus muscle were used for isolation of total RNA using RNeasy
Micro Kit (Qiagen, Hilden, Germany). RNA samples were treated with proteinase K and DNase I. RNA
concentration was evaluated using a NanoPhotometer (Implen GmbH, Munich, Germany). Isolated
RNA in aqueous solution was frozen at —85 °C for storage. Reverse transcription was performed by
incubating 0.5 ug of RNA, random hexamers d(N)6, dNTPs, RNase inhibitor, and MMLV (Moloney
Murine Leukemia Virus) reverse transcriptase (Moscow, Russia) for 60 min at 42 °C.

4.6. Quantitative PCR Analysis

One microliter of cDNA was amplified in a 25 pL SYBR Green PCR reaction containing 1x
Quantitect SYBR Green Master Mix (Syntol, Moscow, Russia) and 10 pM of each forward and reverse
primer. The sequences of the primers used in the current study are presented in Table 1. All primers
were synthesized by Syntol (Moscow, Russia). The optimal temperature for each PCR primer pair was
used for annealing. The amplification was monitored in real-time using an iQ5 Multicolor Real-Time
PCR Detection System (Bio-Rad Laboratories, Hercules, CA, USA). Melting curve analysis was used to
confirm the amplification specificity. Relative quantification was performed based on the threshold
cycle (CT value) for each PCR sample [41]. Initially, two housekeeping genes were evaluated for
normalization: GAPDH and f3-actin. Normalizat'laaw aion of the level of expression of GAPDH and
-actin showed similar results. GAPDH was chosen for the normalization of all quantitative PCR
analysis experiments in the current study.
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Table 1. Primers used for QRT-PCR study.

Gene Forward Primer Reverse Primer
-actin 5- TCATGAAGTGTGACGTTGACATCC -3’ 5- GTAAAACGCAGCTCAGTAACAGTC -3’
Calpain-1 5’- CATGGCTAAGAGCAGGAAGG -3’ 5- CGAAGTCTGCAGGTCTAGGG -3’
eEF2k 5- AGAAGCTGGTGACAGGCAGT -3/ 5- GGGTTCTTGTCCAGTCCAAA -3’
GAPDH 5- ACGGCAAGTTCAACGGCACAGTCAA -3’ 5- GCTTTCCAGAGGGGCCATCCACA -3’
HDAC 4 5- CTACAACCACCCTGTCTTGG -3’ 5-ATGCGGAGTCTGTAACATCC-3’
MAFbx 5- CTACGATGTTGCAGCCAAGA -3’ 5- GGCAGTCGAGAAGTCCAGTC -3/
MuRF1 5- GCCAATTTGGTGCTTTTTGT -3’ 5- AAATTCAGTCCTCTCCCCGT -3’
MYOG 5- ACTCCCTTACGTCCATCGTG -3’ 5- CAGGACAGCCCCACTTAAAA -3’
Ubiquitin 5- CACCAAGAAGGTCAAACAGGA -3’ 5- GCAAGAACTTTATTCAAAGTGCAA -3’

4.7. Statistical Analysis

All PCR data are expressed as the median and interquartile range (0.25-0.75). Statistical analysis
was performed using the REST 2009 v.2.0.12 (Qiagen, Hilden, Germany) and Origin Pro v.8.0 (OriginLab
Corp., Northampton, MA, USA) programs. All Western blot data are expressed as means + SE.
Significant differences between groups were statistically analyzed using two-way ANOVA followed
by Tukey’s test. When normality testing failed, data were analyzed by nonparametric methods
(Kruskal-Wallis ANOVA followed by Dunnett’s test). Differences with values of p < 0.05 were
considered statistically significant.

Author Contributions: Conceptualization: T.L.N. and B.S.S.; methodology: S.P.B., EPM. and T.L.N.; validation
and formal analysis: S.P.B., EPM. and T.L.N,; investigation: S.P.B., EP.M. and T.L.N.; writing—original draft:
S.PB., EPM, T.YK, B.S.S. and T.L.N.; writing—review and editing: S.P.B., EPM., T.YK,, B.S.S. and T.L.N.; project
administration and funding acquisition: T.L.N. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported by the Russian Science Foundation (Project No. 18-15-00062, TLN).

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

References

1. Brocca, L.; Toniolo, L.; Reggiani, C.; Bottinelli, R.; Sandri, M.; Pellegrino, M.A. FoxO-dependent atrogenes
vary among catabolic conditions and play a key role in muscle atrophy induced by hindlimb suspension.
J. Physiol. 2017, 595, 1143-1158. [CrossRef] [PubMed]

2. Khalil, R. Ubiquitin-Proteasome Pathway and Muscle Atrophy. Adv. Exp. Med. Biol. 2018, 1088, 235-248.
[PubMed]

3. Belova, S.P; Shenkman, B.S.; Kostrominova, T.Y.; Nemirovskaya, T.L. Paradoxical effect of IKKbeta inhibition
on the expression of E3 ubiquitin ligases and unloading-induced skeletal muscle atrophy. Physiol. Rep. 2017,
5,e13291. [CrossRef] [PubMed]

4. Lomonosova, Y.N.; Shenkman, B.S.; Nemirovskaya, T.L. Attenuation of unloading-induced rat soleus atrophy
with the heat-shock protein inducer 17-(allylamino)-17-demethoxygeldanamycin. Faseb J. 2012, 26, 4295-4301.
[CrossRef]

5. Takaya, T.; Kawamura, T.; Morimoto, T.; Ono, K; Kita, T.; Shimatsu, A.; Hasegawa, K. Identification of
p300-targeted acetylated residues in GATA4 during hypertrophic responses in cardiac myocytes. |. Biol.
Chem. 2008, 283, 9828-9835. [CrossRef]

6. Nebbioso, A.; Carafa, V.; Conte, M.; Tambaro, EP.; Abbondanza, C.; Martens, J.; Nees, M.; Benedetti, R.;
Pallavicini, I.; Minucci, S.; et al. c-Myc Modulation and Acetylation Is a Key HDAC Inhibitor Target in
Cancer. Clin. Cancer Res. 2017, 23, 2542-2555. [CrossRef]

7. You, W.; Song, L.; Wang, K. Acetylation of GATA4 on Lysine Residue K313 Promotes Osteoblastic Cells
Growth. Cell Physiol. Biochem. 2018, 46, 269-278. [CrossRef]


http://dx.doi.org/10.1113/JP273097
http://www.ncbi.nlm.nih.gov/pubmed/27767211
http://www.ncbi.nlm.nih.gov/pubmed/30390254
http://dx.doi.org/10.14814/phy2.13291
http://www.ncbi.nlm.nih.gov/pubmed/28839114
http://dx.doi.org/10.1096/fj.12-204412
http://dx.doi.org/10.1074/jbc.M707391200
http://dx.doi.org/10.1158/1078-0432.CCR-15-2388
http://dx.doi.org/10.1159/000488428

Int. ]. Mol. Sci. 2020, 21, 4815 10 of 11

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Mielcarek, M.; Toczek, M.; Smeets, C.J.; Franklin, S.A.; Bondulich, M.K.; Jolinon, N.; Muller, T.; Ahmed, M.;
Dick, J.R.; Piotrowska, I.; et al. HDAC4-myogenin axis as an important marker of HD-related skeletal muscle
atrophy. PLoS Genet. 2015, 11, e1005021. [CrossRef]

Shin, K.; Ko, Y.G.; Jeong, J.; Kwon, H. Fbxw7beta is an inducing mediator of dexamethasone-induced skeletal
muscle atrophy in vivo with the axis of Fbxw7beta-myogenin-atrogenes. Mol. Biol. Rep. 2018, 45, 625-631.
[CrossRef]

Dupre-Aucouturier, S.; Castells, J.; Freyssenet, D.; Desplanches, D. Trichostatin A, a histone deacetylase
inhibitor, modulates unloaded-induced skeletal muscle atrophy. ]. Appl. Physiol. 2015, 119, 342-351.
[CrossRef]

Kachaeva, E.V.; Shenkman, B.S. Various jobs of proteolytic enzymes in skeletal muscle during unloading;:
Facts and speculations. . Biomed. Biotechnol. 2012, 2012, 493618. [CrossRef] [PubMed]

Hanson, A.M.; Harrison, B.C.; Young, M.H.; Stodieck, L.S.; Ferguson, V.L. Longitudinal characterization of
functional, morphologic, and biochemical adaptations in mouse skeletal muscle with hindlimb suspension.
Muscle Nerve 2013, 48, 393-402. [CrossRef] [PubMed]

Shenkman, B.S.; Belova, S.P.; Lomonosova, Y.N.; Kostrominova, T.Y.; Nemirovskaya, T.L. Calpain-dependent
regulation of the skeletal muscle atrophy following unloading. Arch. Biochem. Biophys. 2015, 584, 36—41.
[CrossRef]

Hornberger, T.A.; Hunter, R.B.; Kandarian, S.C.; Esser, K.A. Regulation of translation factors during hindlimb
unloading and denervation of skeletal muscle in rats. Am. J. Physiol. Cell Physiol. 2001, 281, C179-C187.
[CrossRef]

Belova, S.P.; Mochalova, E.P.; Kostrominova, T.Y.; Shenkman, B.S.; Nemirovskaya, T.L. P38alpha-MAPK
Signaling Inhibition Attenuates Soleus Atrophy during Early Stages of Muscle Unloading. Int. J. Mol. Sci.
2020, 21, 2756. [CrossRef]

Bodine, S.C.; Baehr, L.M. Skeletal muscle atrophy and the E3 ubiquitin ligases MuRF1 and MAFbx/atrogin-1.
Am. ]. Physiol. Endocrinol. Metab. 2014, 307, E469-E484. [CrossRef] [PubMed]

Glass, D.J. Signaling pathways perturbing muscle mass. Curr. Opin. Clin. Nutr. Metab. Care 2010, 13, 225-229.
[CrossRef]

Giger, ].M.; Bodell, PW.; Zeng, M.; Baldwin, K.M.; Haddad, F. Rapid muscle atrophy response to unloading:
Pretranslational processes involving MHC and actin. J. Appl. Physiol. 2009, 107, 1204-1212. [CrossRef]
Cohen, S.; Brault, ].J.; Gygi, S.P.; Glass, D.J.; Valenzuela, D.M.; Gartner, C.; Latres, E.; Goldberg, A.L. During
muscle atrophy, thick, but not thin, filament components are degraded by MuRF1-dependent ubiquitylation.
J. Cell Biol. 2009, 185, 1083-1095. [CrossRef]

Fareed, M.U.; Evenson, A.R.; Wei, W.; Menconi, M.; Poylin, V.; Petkova, V.; Pignol, B.; Hasselgren, P.O.
Treatment of rats with calpain inhibitors prevents sepsis-induced muscle proteolysis independent of
atrogin-1/MAFbx and MuRF1 expression. Am. ]. Physiol. Regul. Integr. Comp. Physiol. 2006, 290,
R1589-R1597. [CrossRef]

Redpath, N.T.; Foulstone, E.J.; Proud, C.G. Regulation of translation elongation factor-2 by insulin via a
rapamycin-sensitive signalling pathway. Embo J. 1996, 15, 2291-2297. [CrossRef] [PubMed]

Du Bois, P,; Pablo Tortola, C.; Lodka, D.; Kny, M.; Schmidt, F; Song, K.; Schmidt, S.; Bassel-Duby, R.;
Olson, E.N; Fielitz, ]. Angiotensin II Induces Skeletal Muscle Atrophy by Activating TFEB-Mediated MuRF1
Expression. Circ. Res. 2015, 117, 424-436. [CrossRef] [PubMed]

Beharry, A.W.; Sandesara, P.B.; Roberts, B.M.; Ferreira, L.F,; Senf, S.M.; Judge, A.R. HDACI activates FoxO
and is both sufficient and required for skeletal muscle atrophy. J. Cell Sci. 2014, 127, 1441-1453. [CrossRef]
[PubMed]

Moresi, V.; Williams, A.H.; Meadows, E.; Flynn, ]. M.; Potthoff, M.]J.; McAnally, J.; Shelton, ].M.; Backs, J.;
Klein, W.H.; Richardson, J.A.; et al. Myogenin and class Il HDACs control neurogenic muscle atrophy by
inducing E3 ubiquitin ligases. Cell 2010, 143, 35-45. [CrossRef]

Bricceno, K.V.; Sampognaro, PJ.; Van Meerbeke, ].P.; Sumner, C.J.; Fischbeck, K.H.; Burnett, B.G. Histone
deacetylase inhibition suppresses myogenin-dependent atrogene activation in spinal muscular atrophy mice.
Hum. Mol. Genet. 2012, 21, 4448-4459. [CrossRef]

Furlow, J.D.; Watson, M.L.; Waddell, D.S.; Neff, E.S.; Baehr, L.M.; Ross, A.P,; Bodine, S.C. Altered gene
expression patterns in muscle ring finger 1 null mice during denervation- and dexamethasone-induced
muscle atrophy. Physiol. Genom. 2013, 45, 1168-1185. [CrossRef]


http://dx.doi.org/10.1371/journal.pgen.1005021
http://dx.doi.org/10.1007/s11033-018-4185-9
http://dx.doi.org/10.1152/japplphysiol.01031.2014
http://dx.doi.org/10.1155/2012/493618
http://www.ncbi.nlm.nih.gov/pubmed/22496611
http://dx.doi.org/10.1002/mus.23753
http://www.ncbi.nlm.nih.gov/pubmed/23893872
http://dx.doi.org/10.1016/j.abb.2015.07.011
http://dx.doi.org/10.1152/ajpcell.2001.281.1.C179
http://dx.doi.org/10.3390/ijms21082756
http://dx.doi.org/10.1152/ajpendo.00204.2014
http://www.ncbi.nlm.nih.gov/pubmed/25096180
http://dx.doi.org/10.1097/MCO.0b013e32833862df
http://dx.doi.org/10.1152/japplphysiol.00344.2009
http://dx.doi.org/10.1083/jcb.200901052
http://dx.doi.org/10.1152/ajpregu.00668.2005
http://dx.doi.org/10.1002/j.1460-2075.1996.tb00582.x
http://www.ncbi.nlm.nih.gov/pubmed/8641294
http://dx.doi.org/10.1161/CIRCRESAHA.114.305393
http://www.ncbi.nlm.nih.gov/pubmed/26137861
http://dx.doi.org/10.1242/jcs.136390
http://www.ncbi.nlm.nih.gov/pubmed/24463822
http://dx.doi.org/10.1016/j.cell.2010.09.004
http://dx.doi.org/10.1093/hmg/dds286
http://dx.doi.org/10.1152/physiolgenomics.00022.2013

Int. ]. Mol. Sci. 2020, 21, 4815 11 0f 11

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Yoshihara, T.; Machida, S.; Kurosaka, Y.; Kakigi, R.; Sugiura, T.; Naito, H. Inmobilization induces nuclear
accumulation of HDACH4 in rat skeletal muscle. J. Physiol. Sci. 2016, 66, 337-343. [CrossRef]

Sandri, M.; Sandri, C.; Gilbert, A.; Skurk, C.; Calabria, E.; Picard, A.; Walsh, K.; Schiaffino, S.; Lecker, S.H.;
Goldberg, A.L. Foxo transcription factors induce the atrophy-related ubiquitin ligase atrogin-1 and cause
skeletal muscle atrophy. Cell 2004, 117, 399—412. [CrossRef]

Clavel, S.; Siffroi-Fernandez, S.; Coldefy, A.S.; Boulukos, K.; Pisani, D.F.; Derijard, B. Regulation of the
intracellular localization of Foxo3a by stress-activated protein kinase signaling pathways in skeletal muscle
cells. Mol. Cell Biol. 2010, 30, 470-480. [CrossRef]

Mihaylova, M.M.; Vasquez, D.S.; Ravnskjaer, K.; Denechaud, P.D.; Yu, R.T,; Alvarez, J.G.; Downes, M.;
Evans, RM.; Montminy, M.; Shaw, R.J. Class Ila histone deacetylases are hormone-activated regulators of
FOXO and mammalian glucose homeostasis. Cell 2011, 145, 607-621. [CrossRef]

Kuo, M.H; Allis, C.D. Roles of histone acetyltransferases and deacetylases in gene regulation. Bioessays 1998,
20, 615-626. [CrossRef]

Miska, E.A.; Karlsson, C.; Langley, E.; Nielsen, S.J.; Pines, ].; Kouzarides, T. HDAC4 deacetylase associates
with and represses the MEF2 transcription factor. Embo J. 1999, 18, 5099-5107. [CrossRef] [PubMed]
McKinsey, T.A.; Zhang, C.L.; Lu, J.; Olson, E.N. Signal-dependent nuclear export of a histone deacetylase
regulates muscle differentiation. Nature 2000, 408, 106-111. [CrossRef] [PubMed]

Bertaggia, E.; Coletto, L.; Sandri, M. Posttranslational modifications control FoxO3 activity during denervation.
Am. J. Physiol. Cell Physiol. 2012, 302, C587-C596. [CrossRef] [PubMed]

Senf, S.M.; Sandesara, P.B.; Reed, S.A.; Judge, A.R. p300 Acetyltransferase activity differentially regulates the
localization and activity of the FOXO homologues in skeletal muscle. Am. J. Physiol. Cell Physiol. 2011, 300,
C1490-C1501. [CrossRef] [PubMed]

Grundy, D. Principles and standards for reporting animal experiments in The Journal of Physiology and
Experimental Physiology. Exp. Physiol. 2015, 100, 755-758. [CrossRef] [PubMed]

Trazzi, S.; Fuchs, C.; Viggiano, R.; De Franceschi, M.; Valli, E.; Jedynak, P.; Hansen, EK.; Perini, G.;
Rimondini, R.; Kurz, T.; et al. HDAC4: A key factor underlying brain developmental alterations in CDKL5
disorder. Hum. Mol. Genet. 2016, 25, 3887-3907. [CrossRef]

Marek, L.; Hamacher, A.; Hansen, EK.; Kuna, K.; Gohlke, H.; Kassack, M.U.; Kurz, T. Histone deacetylase
(HDAC) inhibitors with a novel connecting unit linker region reveal a selectivity profile for HDAC4 and
HDACS5 with improved activity against chemoresistant cancer cells. |. Med. Chem. 2013, 56, 427-436.
[CrossRef]

Isaacs, ].T.; Antony, L.; Dalrymple, S.L.; Brennen, W.N.; Gerber, S.; Hammers, H.; Wissing, M.; Kachhap, S.;
Luo, J.; Xing, L.; et al. Tasquinimod Is an Allosteric Modulator of HDAC4 survival signaling within the
compromised cancer microenvironment. Cancer Res. 2013, 73, 1386-1399. [CrossRef]

Morey-Holton, E.; Globus, R.K.; Kaplansky, A.; Durnova, G. The hindlimb unloading rat model: Literature
overview, technique update and comparison with space flight data. Adv. Space Biol. Med. 2005, 10, 7—40.
Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and
the 2(-Delta Delta C(T)) Method. Methods 2001, 25, 402—408. [CrossRef]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1007/s12576-015-0432-1
http://dx.doi.org/10.1016/S0092-8674(04)00400-3
http://dx.doi.org/10.1128/MCB.00666-09
http://dx.doi.org/10.1016/j.cell.2011.03.043
http://dx.doi.org/10.1002/(SICI)1521-1878(199808)20:8&lt;615::AID-BIES4&gt;3.0.CO;2-H
http://dx.doi.org/10.1093/emboj/18.18.5099
http://www.ncbi.nlm.nih.gov/pubmed/10487761
http://dx.doi.org/10.1038/35040593
http://www.ncbi.nlm.nih.gov/pubmed/11081517
http://dx.doi.org/10.1152/ajpcell.00142.2011
http://www.ncbi.nlm.nih.gov/pubmed/22094330
http://dx.doi.org/10.1152/ajpcell.00255.2010
http://www.ncbi.nlm.nih.gov/pubmed/21389279
http://dx.doi.org/10.1113/EP085299
http://www.ncbi.nlm.nih.gov/pubmed/26076765
http://dx.doi.org/10.1093/hmg/ddw231
http://dx.doi.org/10.1021/jm301254q
http://dx.doi.org/10.1158/0008-5472.CAN-12-2730
http://dx.doi.org/10.1006/meth.2001.1262
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Effect of HDAC Inhibitors on the Expression and Activity of HDACs 4 and 5 
	Effect of HDAC Inhibitors on Skeletal Muscle Atrophy 
	Effect of HDAC Inhibitors on Transcription Factors Regulating Expression of MAFbx and MuRF1 

	Discussion and Conclusions 
	Materials and Methods 
	Ethical Approval 
	Animal Procedures 
	Hindlimb Suspension 
	Protein Extraction and Western Blot Analysis 
	RNA Isolation and Reverse Transcription 
	Quantitative PCR Analysis 
	Statistical Analysis 

	References

