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Simple Summary: The genetic process underlying the control of skeletal muscle homeostasis is a
key factor in methods that develop technologies to prevent age and immobility-driven atrophy. In
the current paper, using advanced methods for the whole-genome profiling of transcription starting
sites in fast and slow muscle in rats, we developed an integrative database of transcribed regulatory
elements. Employing methods of comparative transcriptomics, we demonstrate that cis-regulatory
elements are actively involved in the control of atrophy and recovery, and that the differential use
of promoters and enhancers is the one of the key mechanisms that distinguishes between specific
processes in slow and fast skeletal muscles.

Abstract: The prevention of muscle atrophy carries with it clinical significance for the control of
increased morbidity and mortality following physical inactivity. While major transcriptional events
associated with muscle atrophy-recovery processes are the subject of active research on the gene
level, the contribution of non-coding regulatory elements and alternative promoter usage is a major
source for both the production of alternative protein products and new insights into the activity of
transcription factors. We used the cap-analysis of gene expression (CAGE) to create a genome-wide
atlas of promoter-level transcription in fast (m. EDL) and slow (m. soleus) muscles in rats that were
subjected to hindlimb unloading and subsequent recovery. We found that the genetic regulation of
the atrophy-recovery cycle in two types of muscle is mediated by different pathways, including a
unique set of non-coding transcribed regulatory elements. We showed that the activation of “shadow”
enhancers is tightly linked to specific stages of atrophy and recovery dynamics, with the largest
number of specific regulatory elements being transcriptionally active in the muscles on the first
day of recovery after a week of disuse. The developed comprehensive database of transcription of
regulatory elements will further stimulate research on the gene regulation of muscle homeostasis
in mammals.
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1. Introduction

There are more than 600 different skeletal muscles in the human body, representing
a complex and heterogeneous system capable of remodeling in response to mechanical
load. The specific structures of fibers containing multiple nuclei make skeletal muscles
very attractive, but a complicated case for studies aimed at explaining the contribution of
gene expression to the maintenance of homeostasis. Long-term muscle unloading, which
is observed in such conditions as bed rest, limb immobilization, or space flight, induces
loss of muscle mass, strength, and function, accompanied by muscle fiber transition from
a slow to fast phenotype [1] and leads to muscle atrophy [2]. On the other hand, activity
and mechanical loading result in muscle hypertrophy and muscle growth and recovery.
The prevention of muscle atrophy has clinical significance in the control of increased
morbidity and mortality following physical inactivity and microgravity. On the molecular
level, muscle atrophy is associated with large changes in the interplay between protein
synthesis and degradation, with the involvement of the activity of a number of genes
collectively referred to as ‘atrogenes’, including members of the ubiquitin–proteasome and
the autophagy–lysosomal pathways [3]. While major transcriptional events associated with
muscle atrophy–recovery processes are elucidated to some extent on a gene level, little
is known about the involvement of non-coding regulatory elements. At the same time,
the utilization of different promoters of the same gene is one of the major sources of both
the production of alternative protein products and new deep insights into the activity of
transcription factors [4]. Moreover, recent advances in transcriptomics reveal a key role of
promoter- and enhancer-associated RNAs in the identification of cis-regulatory elements
and the control of gene expression [5].

Thus, in the current study, using the cap analysis of gene expression (CAGE), we
created a whole-genome single nucleotide-level atlas of the expression of transcription
starting sites in the muscles of rats subjected to hindlimb unloading and subsequent
recovery to discover novel, and still unidentified members of the atrophy–recovery process
and to assess the contribution of regulatory elements to the rearrangement of muscle
fibers. We found that both slow–fast fiber transition and atrophy–recovery processes in the
muscles involve active differential promoter usage in the same genes.

2. Materials and Methods
2.1. Animals

Twenty-one mature Wistar rats, weighing 289 ± 57 g, were housed in a temperature-
(20–21 ◦C), and humidity-controlled environment with a 12/12 light/dark cycle and access
to food and water ad libitum. All procedures with animals were carried out in accordance
with international bioethical standards [6], approved by the Commission on Biomedical
Ethics of the State Research Center of the Russian Federation, Institute of Biomedical
Problems of the Russian Academy of Science (protocol No. 319 of 4 April 2013), as well as
the Guide for the Care and Use of Laboratory Animals recommendations.

2.2. Experimental Design

To study promoter- and enhancer-level regulation, and to identify patterns of differ-
ential gene expression in response to muscle disuse and recovery, we used the hindlimb
unloading and reloading model that we called the U-experiment (Figure 1). To induce
muscle atrophy, animals were unloaded in individual cages, hanging by their tails, as
described by Morey-Holton and Globus [7]. Following 7-day disuse, a subset of rats was
reloaded by releasing their tails from the wire and letting them actively move around
the cage. In the study, two types of muscles were examined. “Fast” extensor digitorum
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longus (m. EDL) and “slow” m. soleus were collected from active rats (control group),
after 1, 3, and 7 days of unloading and after 1, 3, and 7 days of reloading, following 7-day
hindlimb unloading. The control and each time-point groups contained three individuals.
Animals were euthanized by decapitation under deep ether anesthesia. One-side mus-
cle samples were fast frozen in liquid nitrogen, and the others were weighed and fixed
for immunochemistry.
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Figure 1. Design the U-experiment: morphometric and dystrophin fluorescence intensity analysis in muscle fibers during
different time-points of disuse and recovery. (A) Time points of the muscle sampling during the disuse (Dx) and recovery
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significant decline after the seventh day of disuse to the first day of recovery, while in fast muscle, m. EDL (C) there are no
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followed by a slight increase until the seventh day of recovery. In m. EDL (C), a significant decline in dystrophin content
after the third to the seventh day of disuse, and a rise on the first day of recovery, is also demonstrated. In total, 100% of the
values for the control group were accepted. The significant differences are indicated by asterisks. See Supplementary Table
ST1 for full data.

2.3. Immunochemistry

Extirpated muscles were fixed in a 4% buffered paraformaldehyde solution (pH = 7.2)
prepared with phosphate buffer (phosphate-buffered saline PBS; Sigma-Aldrich, St. Louis,
MO, USA ). For cryoprotection, the fixed material was placed in a 30% sucrose solution
(Sigma, USA), prepared in phosphate-buffered saline containing 0.1% sodium azide (Sigma,
USA), for 24 h. Cross-sections (9 µm thick) were obtained on a HM 560 Cryo-Star cryostat
(Carl Zeiss, Jena, Germany) using a water-soluble medium (Tissue-Tek® O.C.T.™ Com-
pound, Sakura Finetek, Torrance, CA, USA ). Series of muscle cross-sections were mounted
on slides with a polylysine coating (ThermoFisher Scientific, Waltham, MA, USA ) and
dried at room temperature for one hour. After washing three times for 5 min in a PBS
solution containing a 0.5% solution of X−100 Triton (Sigma, USA), the samples were suc-
cessively incubated for 30 min in solutions of 5% normal donkey serum and 1% bovine
serum albumin. Then, the sections were incubated in a solution with primary antibodies to
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dystrophin for 12 h at 4 ◦C (1:250, rabbit, poly; 1:250, antibody Anti-Dystrophin ab15277
Rabbit polyclonal to Dystrophin Abcam Plc, Cambridge, United Kingdom). After that, the
secondary antibodies (donkey IgG anti-rabbit) conjugated with Alexa488 fluorochrome
(1:1000, Invitrogen, Waltham, MA, USA) for 1 h at room temperature. After staining,
the sections were embedded in ImmuMount medium (ThermoFisher Scientific, Waltham,
MA, USA).

Control experiments were performed to confirm the specificity of the binding of
polyclonal antibodies to the corresponding proteins. For the negative control, the samples
were incubated with secondary antibodies prior to incubation with primary antibodies.
The absence of staining in the control experiments indicates the specificity of the antibodies
binding to the corresponding peptides.

Images of micropreparations were obtained using a Leica TCS SP5 MP confocal scan-
ning microscope, using an oil immersion lens 63 ×/ 1.4 and, a photomultiplier tube, using
the LasX program (Leica, Wetzlar, Hessen, Germany). To stimulate the Alexa 488 fluo-
rophore, argon and helium–neon lasers with wavelengths of 470–490 nm were used, and
an emission filter with a passband of more than 515 nm was applied to detect luminescence.
This work was carried out using the equipment of the Collective Spectroanalytical Center
for Physical and Chemical Research of the Structure, Properties, and Composition of Sub-
stances and Materials of the Federal State Budgetary Institution of Science of the Federal
Research Center of the Kazan Scientific Center of the Russian Academy of Sciences.

2.4. Morphometric and Statistical Analysis

All preparations were processed under the same conditions. The intensity of fluores-
cence and cross-sectional areas of muscle fibers were analyzed on obtained images using
the ImageJ software ver.1.53c (NIH, Bethesda, MD, USA). For this purpose, three areas of
1024 × 1024 pixels in one slice were randomly selected, and 5 slices for each animal were
examined. The immunofluorescence intensity in muscle fiber sarcolemma was estimated
in Relative Fluorescent Units (RFU) after subtracting the background fluorescence accord-
ing to software settings. Cross-sectional area (CSA) of muscle fibers was defined as the
minimum internal diameter, since this parameter is least dependent on the muscle cutting
angle [8] and is present in image processing programs.

The significance of differences between multiple groups was evaluated by one-way
ANOVA. Muscle fiber size distributions were analyzed using Kruskal–Wallis non-parametric
ANOVA with a significance level set at p < 0.05. To identify differences in muscle mass and
dystrophin fluorescence intensity between groups, we used the nonparametric
Mann—Whitney U-test. Data are presented as mean ± standard error. The control group
was used for comparison with the experimental groups. To neutralize variations in physio-
logical parameters that were related with differences in the body mass, all morphometric
measures were normalized to animal weight. All of the mentioned statistical tests were
performed using Origin 2019b software (OriginLab, Northampton, MA, USA).

2.5. RNA Isolation

Total RNA was isolated from frozen muscle tissues using RNeasy Fibrous Tissue Kit
(Qiagen, Hilden, Germany), according to the manufacturer’s protocol. The concentration
and purity of extracted RNA was measured by the NanoDrop™ 8000 Spectrophotometer
(ThermoFisher Scientific, Waltham, MA, USA). The RNA quality was verified by Agilent
Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA, USA ).

2.6. CAGE-Seq

Libraries were prepared according to the standard nAnT-iCAGE protocol (non-
Amplified non-Tagging Illumina Cap Analysis of Gene Expression) [9]. In total, 2.5–3 µg
total RNA was used as a template for the synthesis of the first cDNA strand (nAnT-iCAGE
Library Preparation kit DNAform, Yokohama, Japan and SuperScript III Reverse Transcrip-
tase, Invitrogen, Waltham, MA, USA), which was then biotinylated at the 5′- end using
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(nAnT-iCAGE Library Preparation kit, DNAform, Yokohama, Japan). This allowed for
the selection of the 5′-cap containing RNAs using streptavidin beads (Dynabeads M-270
Streptavidin, ThermoFisher Scientific, USA). At this stage, rRNA, truncated or not fully tran-
scribed RNA, was eliminated. For the more efficient removal of non-specific RNA strands,
cDNA was treated by RNase I and H (nAnT-iCAGE Library Preparation kit, DNAform,
Japan) and then purified using RNACleanUP (Beckman Coulter, Brea, CA, USA). Next, the
linkers at the 5′and 3′ ends (nAnT-iCAGE Library Preparation kit, DNAform, Japan) were
sequentially ligated to the cap-trapped cDNA. The 5′- linker contains the XmaJI restriction
endonuclease recognition site (nAnT-iCAGE Library Preparation kit, DNAform, Japan) and
the MmeI class II restriction enzyme recognition site (nAnT-iCAGE Library Preparation
kit, DNAform, Japan), as well as a barcode for multiplexing. The 3′- linker contains an
XbaI restriction enzyme recognition site (nAnT-iCAGE Library Preparation kit, DNAform,
Japan). After treatment with these restriction enzymes, short CAGE tags were obtained to
which a sequencing primer was ligated.

At the final stage, a second cDNA strand was synthesized (nAnT-iCAGE Library
Preparation kit, DNAform, Japan). The concentration of the libraries was measured by
PicoGreen Assay on a GloMax® Multi Detection System (Promega, Madison, WI, USA),
and the quality of the libraries was checked using an Agilent Bioanalyzer 2100 (Agilent
Technologies, Santa Clara, CA, USA). Finally, the libraries were validated using real-time
PCR (KAPA Library Quantification Kits Illumina, KAPA Biosystems, Wilmington, MA,
South Africa) and sequenced on a HiSeq 2500 platform (Illumina, San Diego, CA, USA)
using the HiSeq v4 reagent kit (HiSeq SR Cluster Kit v4 cBot and HiSeq SBS Kit v4 50 cycles,
Illumina, San Diego, CA, USA) in the 50 bp single-end mode.

2.7. Data Analysis

Single-read sequences were analyzed for quality and over-represented adapter se-
quences with the FastQC tool. Quality filtering and adapter trimming were performed
with the Trimmomatic tool v0.39. Read mapping on rat genome Rnor6 was performed
with the STAR local alignment tool, version 2.6.1. CAGE tag start sites (CTSS) for each
sample were imputed using the PromoterPipeline aggregation script from the C1 CAGE
protocol. Peak clustering was performed with the decomposition-based Peak Identification
(DPI1) tool. Bidirectional enhancers were identified using the pipeline by Andersson et al.
2014. The statistical significance of the differential expression of TSS and CTSS peaks was
calculated using the DeSeq2 tool.

2.7.1. Quality Control

For adapter clipping, we used a maximum mismatch count of 2, a palindrome thresh-
old of 30, and a simple threshold of 10. For sliding window quality trimming, we used a
window size of 4 nucleotides and the average PHRED score over the window was required
to be above 15. The leading and trailing nucleotides of each read were removed if their
quality was less than 3. All reads with length less than 36 were discarded.

2.7.2. Genome, Annotation, and Indexing

As a reference genome, we used the Rattus norvegicus Rnor_6.0 (build NCBI:
GCA_000001895.4) “top level” assembly acquired from Ensembl v93. As a source of
annotated spice junctions for genome indexing, we used Ensembl v93 R. norvegicus
genome annotation.

2.7.3. Read Mapping

For local alignment of the reads onto the Rattus norvegicus genome Rnor_6.0 (build
NCBI:GCA_000001895.4) “top level” assembly, we initially allowed for multimap reads
to map up to 20 loci. We also required a minimum splice alignment overhang of 8 nt for
de novo splice junctions (—alignSJoverhangMin 8) and 1 nt for splice junctions used
from genome annotation (—alignSJDBoverhangMin 1). Spliced alignments were fil-
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tered using output splice junctions (—outFilterType BySJout), as the maximum num-
ber of mismatches per pair, relative to the read length default value of 0.04, was used
(—outFilterMismatchNoverReadLmax 0.04) and the minimum intron length was set to
20 nt (—alignIntronMin 20) [10].

2.7.4. CTSS Aggregation

All alignments were filtered for the absence of a “read unmapped” flag (flag value 4).
Alignments that passed filtering were aggregated with the PromoterPipeline tool, version
2015.05.16, and the resulting CTSS were sorted by chromosome and coordinate.

2.7.5. TSS Peaks

We clustered CTSS peaks with DPI1 in SPI mode in all samples of SOL and EDL
muscles, respectively. Output peaks were filtered by maximum CTSS counts over the
peak and maximum TPM normalized CTSS counts per peak. Thus, three sets of output
peaks were obtained: unfiltered, ‘permissive’ (ctssMaxCounts3), and ‘robust’ (ctssMax-
Counts11, ctssMaxTpm1).

2.7.6. Enhancers

We estimated putative enhancers as loci expressing enhancer RNA (eRNA) from
non-genic bidirectional promoters using the Enhancers software [11]. To avoid the false
identification of intergenic enhancers, we masked all proximal loci, including known TSS
(±500 nt) and exons (±200 nt), according to genome annotation. Enhancers were searched
for among ‘permissive’ sets of TSS peaks of fast (EDL) and slow (soleus) muscle CTSS.

2.7.7. Annotation of TSS Peaks to Genes and Enhancers

We annotated all TSS peaks to corresponding enhancers using the criteria of strandless
coordinate intersection. To maintain consistency with enhancers, which are extended by
200 nt with the enhancer pipeline, we extended the gene regions by 200 nt from the 3′

and 5′ ends before intersecting them strand-wise with the permissive set of TSS peaks.
Intersected peaks were annotated to corresponding genes.

2.7.8. Differentially Expressed Peaks, Genes, and Enhancers

We used DeSEQ2 software to estimate the log2 fold change (LFC) of expression of
each peak between the control and case samples, as well as the p-value as the probability
of rejecting the null hypothesis, which stated that the mean expression of a peak is equal
between the case and control samples. The p-values were adjusted using the Bonferroni–
Hochberg false discovery rate method. The set of differentially expressed peaks for each
case was identified by applying the cutoffs of |LFC| > 1.25 and Padj < 0.05. We considered
an enhancer or gene differentially expressed if at least one of the peaks within the region of
interest was identified as being differentially expressed.

2.7.9. Gene Set Enrichment Analysis (GSEA)

We performed gene set enrichment analysis using the PANTHER Slim GO biolog-
ical process database and webserver using the Fisher exact test and Bonferroni p-value
adjustment. For observatory GSEA analysis, we also used the REVIGO web service with a
permitted similarity of 0.5 (small set of results) against the R. norvegicus GO database.

3. Results and Discussion
3.1. Morphometric Analysis Confirms Distinct Disuse Associated Remodeling in Slow, but Not
Fast Muscles

Skeletal muscle is a heterogeneous system characterized by high plasticity. Each mus-
cle has a distinct composition of fiber types, determining its phenotype and its structural
and functional properties. In mammalian skeletal muscle, four major (one slow (I) and
three fast fiber types (IIa, IIb, and IIx)), and minor fiber types are classified (see [12]).
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Adaptation to various external stimuli (training or unloading) leads to muscle remodeling
through the transition between fast and slow fibers.

It is known that slow-twitch muscles have decreased protein content when compared
to fast-twitch muscle [13]. The soleus muscle is a postural slow-twitch muscle, which
is preferentially affected by disuse, compared to other hindlimb muscles [14]. Extensor
digitorum longus, being a fast-twitch muscle, is less vulnerable to muscle disuse than
soleus [13]. The molecular–genetic mechanisms of muscle fiber shift in slow and fast
muscle types at early stages of functional disuse, and readaptation to activity, still remains
insufficiently understood.

In the study, we used hindlimb suspension as it is a commonly used rodent model in
disuse and gravity unloading investigations [15]. Remarkably, these animals demonstrate
no signs of chronic stress, which would provoke a change in their nutrition [14].

To confirm that disuse-mediated muscle atrophy occurred in suspended rats, we
collected morphometric and biochemical data by estimating both EDL (fast muscle) and
soleus muscle (slow muscle) mass, the cross-sectional area of muscle fibers, and dystrophin
level in the control and each of the experimental groups using immunostaining. To mini-
mize variations in the physiological parameters related to differences in the body mass,
all physiological measures were normalized to body mass, then changes in physiological
measures were expressed in percent relative to the control animals (Figure 1).

Muscle mass estimation demonstrated a reduction in slow muscle mass after seven
days of disuse and in the first day of recovery (Figure 1B), followed by a sharp rise by the
third and seventh days of recovery to values exceeding those in the control group. On the
contrary, there were no significant changes in the masses of fast muscles throughout the
experiment (Figure 1C).

The estimation of the cross-sectional area of muscle fibers demonstrated a trend in slow
muscle in response to disuse and recovery for the muscle mass assessment. A significant
decrease in fiber relative CSA from 7.2± 0.7 µm2/g in the control group to 3.0± 0.4 µm2/g
on the seventh day of disuse was shown (Figure 1B). After the first day of recovery, relative
CSA slightly increased to 4.0 ± 0.4 µm2/g (p ≤ 0.05) and reached 5.2 ± 0.1 µm2/g on the
seventh day. In fast muscles, we observed a significant decline in relative CSA on the first
(3.4 ± 0.1 µm2/g) and seventh day (3.2 ± 0.1µm2/g) of disuse, and a slight rise on the first
day of recovery (3.8 ± 0.1 µm2/g) (Figure 1C).

Fluorescence intensity analysis also showed a significant reduction in relative dys-
trophin content in slow muscle during disuse (Figure 1B). The dystrophin fluorescence
intensity vastly dropped to 118.4 ± 12.3 relative units (r.u.) on the third day of disuse
compared with the control group (224.9 ± 4.2 r.u.) and to 107.9 ± 15.9 r.u. on the seventh
day of disuse. A decline of up to 92.6 ± 16.1 r.u. continued on the first day of the recovery
period. Then, we observed an increase in dystrophin intensity to 109.3± 17.2 (p≤ 0.05) and
129.9 ± 15.0 (p ≤ 0.05) r.u. on the 3rd and 7th days of recovery, respectively; nevertheless
the dystrophin values did not return to those of the control.

In contrast to the dynamics of muscle mass and CSA, fluorescence intensity analysis in
fast muscle showed a dystrophin alteration pattern that was similar to that in slow muscle.
There was a significant decrease in dystrophin fluorescence intensity from 244.2 ± 3.4 r.u.
in the control group to 181.5± 12.2 (p≤ 0.05) and 161.2± 20.4 (p≤ 0.05) r.u. on the 3rd and
7th days of disuse, respectively. There was a minor significant increase to 180.8 ± 13.8 r.u.,
207.0 ± 10.4 r.u., and 203.8 ± 10.4 r.u. after 1, 3, and 7 days of returning animals to normal
physical activity, respectively (Figure 1C).

The above evidence confirms atrophic and readapted changes in both “slow” and
“fast” muscle types in rats. Thus, the applied model is a representative selection for the
construction of the atlas of genomic regulatory element activity during disuse and recovery.

3.2. Integrative Database of Rat’s Regulatory Elements with a Focus on Muscles

The TSS expression results of the current study were integrated with all available
data of rat promoter-level expression data from various sources, including FANTOM5
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(https://fantom.gsc.riken.jp/5/ (accessed 17 June 2021)). The integrated resource, re-
flecting the current state of knowledge, is now accessible as a special “Rat Regulome”
sub-section of the GTRD database https://gtrd.biouml.org/ (accessed 17 June 2021) [16].
The incremented GTRD-based resource provides a web interface (Supplementary Materials
“GTRD web interface for CAGE-seq data”) for visualization and expression analysis of
the date with options to download the data of interest, as well as to view the tracks in the
BioUML [17,18] and UCSC genome browsers.

We further developed a new set of MySQL tables that are used by the web interface for
the GTRD database and convert data to bigWig and bigBed to visualize them in the BioUML
or UCSC genome browsers. As there were no unified reference sets of TSS for rats, we took
the initiative to establish a unified reference system for TSS, derived in the current projects,
as well as for all available resources, including FANTOM5. For the incremental building
of a robust set of TSSs, promoters, and enhancers with stable identifiers, we created a
master track that contains all required information for further analysis. Master track is
a bigBed file that contains a special JSON field that stores extensive information about
corresponding sites. For example, TSS contains profiles for each group of experiments,
promoters/enhancers associated with overlapping gene regions (TSS, exon, intron, 5′UTR,
and 3′UTR), and nearest known TSSs (using different gene annotations). Master track
includes both robust and permissive TSSs. These permissive TSSs can be further supported
by other CAGE-seq experiments. In this case, information for permissive TSSs can be
valuable for the more precise determination of TSSs boundaries. In brief, we have generally
revealed more TSSs for each muscle type than in FANTOM5; however, they are related with
smaller numbers of genes. Larger number of TSSs can be explained by deeper coverage in
our experiment, compared to FANTOM5 data on rat tissues (see Supplementary Table ST2).
A smaller number of genes can be explained as FANTOM5 covers more tissue types (aortic
smooth muscle, hepatocytes, mesenchymal stem cells, universal RNA samples), while
in our experiment we specifically investigated only skeletal muscles. However, due to
deeper coverage and different physiological influences (disuse and recovery), we revealed
many new TSSs both for the genes already described in FANTOM5 and those unique to
the experiment. Further analysis of revealed TSSs allowed for grouping some of them into
enhancers, so this experiment provides a new set of enhancers functioning in two types of
skeletal muscles in different physiological conditions.

3.3. Muscle Atrophy and Recovery are Associated with Large Changes in the Unique Gene Set
Expression Profiles, with Distinct Dynamics on Each Stage

To aggregate the CAGE tag start sites (CTSS) into peaks of TSS, we employed the
DPI1 clustering tool. After applying a permissive threshold (see Methods section and
Supplementary Data) there were 170,875 TSSs, associated with 13,337 genes in total
in slow muscle, and 126,885 TSS associated with 11,915 genes in fast muscle (for de-
tails, see Supplementary Table ST3). Processes of atrophy and recovery in both muscles
were associated with large changes in RNA transcription profile. The most dramatic
changes in gene expression were observed in the slow muscles on the first day of recov-
ery, both in phase vs. control (see Supplementary Table ST4A,B) and time-course (see
Supplementary Table ST4C,D) comparisons. In contrast, the fast muscle showed compar-
atively weaker changes in expression during the whole recovery process. To note, the
differentially expressed gene (DEG) composition signatures of the three different recovery
phases of the fast muscle had only a small number of overlapping features. Both phase-
control and time course signatures performed well as phase classifiers, except for one
animal measured on the last day of recovery. The same applied to the statistics of the DEGs.
Most of the peak signatures were common to both phase-control and time-course com-
parison, and the common set formed three clusters of expression across all experimental
phases (Figure 2).

https://fantom.gsc.riken.jp/5/
https://gtrd.biouml.org/
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time-course comparisons (‘slow’ muscle—m. soleus). FDR threshold was 5 × 10−4. Clusters of the metabolism regulation
through MAP kinase activity, actin biosynthesis, nucleosome assembly, and lipid metabolism are shown in black, green,
blue, and red, respectively (see Supplementary Figure S1 for full figure). Sample names attributed to Dx—days of disuse,
and Rx—recovery, and the numbers 1–3 at the end of the sample refer to the experimental animal.

The differentially expressed genes in the slow muscle on the first day of recovery also
outnumbered any other phase of the experiment several-fold. Interestingly, in the fast muscle,
the number of DEGs on the first day of recovery was dramatically lower than during the
other phases of the experiment, except for the seventh day of recovery (Figure 3A).
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Figure 3. Differentially expressed genes (DEGs) and differentially expressed enhancers in soleus and EDL muscles.
(A) Number of DEGs. (B) Number of differentially expressed enhancers. (C) DEGs in the fast and slow muscles (as
compared to control) on days 1, 3 and 7 of disuse (shown as D1, D3, D7, respectively) and on days 1, 3, and 7 of recovery
(shown as R1, R3, R7, respectively). (D) Differentially expressed enhancers in the fast and slow muscles (as compared to
control) on days 1, 3 and 7 of disuse (shown as D1, D3, D7, respectively) and on days 1, 3, and 7 of recovery (shown as R1,
R3, R7, respectively).

Remarkably, most DEGs, as in recovering fast muscles, were specific to a certain phase
of recovery (Figure 3C), which was not the case in the disused fast muscles or both disused
and recovering slow muscles. Such divergence suggests the phase specificity of pathways
involved in the recovery of fast muscle. In contrast, most time-course DEGs in slow muscles
on the third day of recovery, compared to the first day of recovery, were the same as on the
first day of recovery, compared to the last day of disuse (see Supplementary Table ST5).

3.4. Gene Enrichment Analysis Reveals that Adaption to Disuse Processes in Slow and Fast
Muscles is Mediated by Different Molecular Pathways

To dissect the genetic processes specific for each phase of the atrophy–recovery process,
we conducted analogous Gene Set Enrichment Analysis (GSEA) for DEGs that are unique
in each phase (D1-3-7 and R1-3-7). (Refer to DEGs on each phase and PANTHER results in
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SM.) In agreement with DEGs data in each phase, we observed significant differences in
GSEs for unique differentially expressed genes between slow and fast muscles. The “regu-
lation of adaptive immune response” and “related T cell immunity” were the only enriched
terms in the last disuse phase (day 7 of unloading experiment) in slow muscle, while the
regulation of adaptive immune response and ATP nucleotide metabolic processes were
presented in the enrichment set at days 1 and 3 of disuse in slow muscle, correspondingly.
GSEs of the unique DEGs for recovery were also distinct between slow and fast muscles.
Thus, in R1, the unique signatures in fast muscle were enriched with cell proliferation terms
(see Supplementary Table ST5), while the unique signatures in slow muscle were enriched
with terms related to metabolism (see Supplementary Table ST6). Notably, gene set enrich-
ments in the slow muscle are much more widely represented in each recovery phase and
demonstrate consistent functional pattern during recovery in this type of skeletal muscle:
involvement of signaling (via G-protein-coupled receptor and phosphorylation cascades of
intermediate and target proteins) and metabolic processes (cellular respiration, nucleotides
biosynthesis, actin filament organization) in the early phase R1, follow-up activation of
translational complex machinery in R3, and cell development and differentiation in the
R7 phase.

Unlike in fast muscle, differentially expressed genes in slow muscle, which were
common to phase-control and time-course comparisons, formed four clusters, the two
largest of which were enriched with features of metabolism regulation through MAP
kinase activity and actin biosynthesis. The other two demonstrated nucleosome assembly
coordinated with muscle contraction and metabolism (see Figure 2). According to the
heatmap, MAP kinase regulation was activated only on the first day of recovery (R1 phase)
and actin biosynthesis lasted for the whole recovery period, this being the most expressed
in R1. Notably, members of the nucleosome assembly pathways were active only in disuse
and metabolism features were downregulated in the initial stages of recovery (Figure 2).

To take a wider look at the specific disuse-associated changes, we further performed a
similar analysis for each phase of the experiment, as compared to the control animals (see
Supplementary Table ST7). In the slow muscle, most of the enriched terms were related to
parent classes of muscle tissue remodeling and metabolism. Expectantly, enriched features
of actin cytoskeleton (sarcomere) reorganization were up-regulated in recovery phases
(R1–R7), and down-regulated mostly in disuse phases (D1–D7). Notably, a vast number of
sarcomere features were downregulated in the early stages of recovery [19]. Surprisingly,
downregulated signatures of R1 and R3 phases were enriched in terms of muscle cell
differentiation and energy derivation (excluding the receptor signaling pathways), which is
likely to be interpreted as a signature of the strong impact of stress associated with atrophic
process on cell homeostasis.

According to our GSEA (Supplementary Table ST7), atrophic changes in biological
processes in soleus muscle, such as the downregulation of actin organization, muscle
differentiation, and metabolism had the highest expression, in terms of gene set enrichment,
on the first day of recovery and not immediately upon disuse, as well as the greatest loss in
the relative muscle mass of m. soleus (Figure 1B). Such an effect was not the case for the
fast muscle (EDL). Thus, we assume that the processes of muscle atrophy in slow muscle,
but not in fast muscle, are delayed both on morphometric and molecular levels.

3.5. Tissue-Specific Intergenic TSS Show Different Patterns in Slow and Fast Muscles and Widely
Co-Express with Coding Genes in Response to Disuse

After the identification of the TSS profile in both muscles, we found that a substantial
number of the identified peaks do not intersect either with Ensembl 99 or with RefSeq
106, or the 6.0 transcriptome annotation or FANTOM and, thus, were specific for muscle
tissue (including 2246 out of 4149 DEGs in the slow muscle) and have never been described
before (see Supplementary Table ST8).

A large number (2092) of intergenic TSSs also conformed to the aforementioned
clusters along with the gene expression (Figure 3). Almost half of those intergenic TSSs
(995) had a corresponding DEG as the closest downstream gene. Surprisingly, the inclusion
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of the differentially expressed intergenic TSS dramatically improved the transcriptome-
based clustering of analyzed samples (see Figure 2 for clustering of genic peaks), which
suggests strong, and yet to be explored in detail, involvement of alternative and distant
promoters in the processes associated with muscle atrophy. These intergenic TSSs clustered
along with robust genic signatures and also had a downstream DEG (394 genes in total)
(Figure 3). As much as 152 of those DEGs were classified by GSEA analysis as signatures of
chromatin reorganization, cytoskeleton organization, and cellular component biogenesis
(see Supplementary Table ST9). The non-genic robust signature peaks upstream of those
genes were also differentially expressed on the first day of recovery (see Figure 4), which is
consistent with the GSEA analysis on DEGs.
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Figure S2 for full figure). Samples names attribute to Dx—days of disuse, and Rx—recovery.

In total, more than a half (1263 × 100/2246 = 56.23%) of the TSSs were associated with
regions upstream of DEGs in slow muscle, and less than a half (210 × 100/474 = 44.30%)
were region-associated TSSs in fast muscle, located upstream of a given DEG, which
showed significant co-expression with that gene in the cycle of disuse—recovery (see
Supplementary Table ST8, Figure 5B).



Biology 2021, 10, 557 13 of 18

Biology 2021, 10, x FOR PEER REVIEW 14 of 19 
 

 

 
Figure 5. Alternative TSS in genes Myh4 (A) and Rtkn (B), shown in BioUML web browser. See Supplementary Figure S4 
for the full figure. 

In total, 24 genes, upregulated in slow muscle on the first day of recovery, had their 
dominating TSSs changed (see Supplementary Table ST10), including Dcn, which 
promotes muscle regeneration [20]; Ggnbp2, which regulates trophoblast proliferation 
[21]; Glul, which is involved in the regulation of glycogen synthesis via the up-regulation 
of glycogen synthase [22]; Limch1, which is unregulated as a result of endurance exercise 
in glycogen deficient mouse model [23]; and Pld3, which supposedly plays a role in 
myotube formation [24]. Interestingly, only 3 of those 24 genes were also upregulated and 
had their dominating TSSs changed on the first day of recovery in fast muscle–Bcurl, 
Syncrip, and Zmynd8. 

Similarly, 28 genes were both upregulated and changed their dominating TSSs in fast 
muscle on the first day of recovery, including Ampd3, a subunit of AMP deaminase [25], 

Figure 5. Alternative TSS in genes Myh4 (A) and Rtkn (B), shown in BioUML web browser. See Supplementary Figure S4
for the full figure.

Taken together, we observed strong evidence of co-expression differentially using
5′UTRs and corresponding genes in the course of disuse-recovery, which illustrated the
deep involvement of transcribed regulatory elements in the genetic control of muscle
homeostasis (Figure 3A,B).
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3.6. Alternative Usage of Dominating Transcription Starting Sites in Differentially
Expressed Genes

We found that promoter switches play a substantial role in gene expression associated
with atrophy processes in both types of muscles. For example, on the first day of recovery
(R1 phase), the dominating (i.e., the most transcribed) TSS of the Myh4 gene was changed
to the start of the full-length isoform, while the isoforms expressed in control samples were
supposedly heavily 5′-truncated (Figure 5A).

In total, 24 genes, upregulated in slow muscle on the first day of recovery, had
their dominating TSSs changed (see Supplementary Table ST10), including Dcn, which
promotes muscle regeneration [20]; Ggnbp2, which regulates trophoblast proliferation [21];
Glul, which is involved in the regulation of glycogen synthesis via the up-regulation of
glycogen synthase [22]; Limch1, which is unregulated as a result of endurance exercise in
glycogen deficient mouse model [23]; and Pld3, which supposedly plays a role in myotube
formation [24]. Interestingly, only 3 of those 24 genes were also upregulated and had
their dominating TSSs changed on the first day of recovery in fast muscle–Bcurl, Syncrip,
and Zmynd8.

Similarly, 28 genes were both upregulated and changed their dominating TSSs in fast
muscle on the first day of recovery, including Ampd3, a subunit of AMP deaminase [25],
Ankh, a mediator of cellular export of ATP; Dapk2, which is phosphorylated in a Ca2+-
independent manner by AMPK in muscle tissue, undergoing dystrophy [26]; Flt1, a VEGF
receptor, essential for skeletal muscle function [27]; Lpin1, which is essential for lipid
metabolism and ATP synthesis [28]; Macf1, which maintains cellular components of mi-
crotubules in muscle [29]; Myl12a, myosin regulatory subunit; Prkag2, whose mutations
are associated with skeletal muscle glycogenosis [30]; Xirp1, a marker of wounded skeletal
muscle [31].

3.7. Expression of Transcribed Enhancers in Rat Skeletal Muscles is Linked to Disuse-Recovery Cycle

We followed the enhancers pipeline [11] to determine bidirectionally expressed per-
missive DPI1 clusters, which were considered as enhancers. Less than 30% of fast muscle
enhancers were distinct (did not intersect) from slow muscle enhancers, while roughly half
of the soleus enhancers were distinct from fast muscle enhancers (Figure 6).
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3.7.1. Differentially Expressed Enhancers Mediate Muscle-Specific Transcription Program

In both slow and fast muscles, most of the enhancers were stably expressed in most of
the phases of the experiment, except for R1, where the slow muscles exclusively made up
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approximately 30% of all detected enhancers that were differentially expressed (Figure 3B).
Such a differential expression profile is consistent with that for differentially expressed
intergenic promoters and genes (Figure 3A).

3.7.2. Switch ON/OFF Enhancers on First Day of Recovery (R1)

We found that at least 26 enhancers in slow muscle were transcribed only on the
first day of recovery (phase R1, see Supplementary Table ST12). These 26 enhancers had
nine differentially expressed genes (AABR07004130.1, Stac2, Mn1, LOC102546495, Tsc22d2,
AABR07044837.2, Pkdcc, Wnt1 and Ubash3b) in the reach of 1 Mb, all of which appeared
upregulated (see Supplementary Table ST13).

In skeletal muscle, Stac proteins are essential for coupling membrane depolarization to
Ca2+ release from the sarcoplasmic reticulum (SR). It was demonstrated that Stac proteins
(1–3) interact with the II–III loop of CaV1.1, the principle subunit of the Ca2+ channel,
mediating the excitation–contraction in skeletal muscles [32].

In the meantime, Wnt proteins are secreted ligands, which bind to distinct receptors,
and the activation of the Wnt-mediated signaling pathway leads to GSK3 inhibition which,
in turn, results in muscle hypertrophy. Moreover, in vitro treatment of the myotubes with
Wnt induces cell differentiation, assuming an alternative induction for the phenotype [33].

In the Pkdcc gene encoding protein kinase domain-containing protein, cytoplasm
has a broader functional role in organogenesis via the phosphorylation of extracellular
proteins and endogenous proteins in the secretory pathway. It has been shown in only in
several genome wide studies that Pkdcc is significantly associated with skeletal system
development [33,34].

Remarkably, data analysis has identified Mn1, which encodes a transcriptional acti-
vator and plays a physiological role in cancer as an up-regulated gene during recovery,
while the gene transcript was in a top-list of genes downregulated in the skeletal muscle
after both neuromuscular electrical stimulation and resistance exercise [35]. Moreover, the
recently published investigation of its physiological role has demonstrated that Mn1 is
expressed to a greater extent in fetal and adult skeletal muscle compared to other human
organs and tissues, and participates in the regulation of target genes through interaction
with the transcription factors Pbx1, Pknox1, and Zbtb24 [36]. Taken together, the observed
up-regulation of Mn1 expression in recovery stages can be explained by its pivotal role in
developmental processes and cell differentiation [37,38].

The identification of Ubash3b upregulation, associated with corresponding enhancer
switches, also represents biologically meaningful outcomes, since the gene encodes a
protein that was found to inhibit the endocytosis of the epidermal growth factor receptor
(Egfr) [39]. Endocytosis is the general path for cellular receptors such as Egfr to reduce the
signaling response via negative feedback, whereas the Egfr-dependent signaling pathway
promotes the functional rescue of dystrophin-deficient satellite cells and enhances skeletal
muscle regeneration and strength in mice [40].

4. Conclusions

We conducted the first complex analysis of the landscape of transcription starting
sites across different stages of disuse and recovery in two types of skeletal muscle, and
showed that slow and fast muscles have different regulome, mediated by distinct sets
of transcribed regulatory elements. Our study revealed that “shadow” enhancers, i.e.,
several enhancers that control the same target gene [41], are integral to the regulation
of disuse-mediated processes in skeletal muscle. Moreover, the transcription activity of
hundreds of enhancers among those identified in our study is strongly associated with
specific stages of both atrophy and recovery processes in the muscles. The same is true for
the RNA isoforms based on the differential use of transcription starting sites—there is a
distinct set of transcripts (including at least several genes involved in maintaining muscles
homeostasis) generated by employing the alternative promoters that are associated with
different stages of both slow and fast muscle atrophy and recovery. We are confident that
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the atlas of regulatory element transcriptional activity, which we report in this paper, will
serve as a platform for further studies of molecular regulatory mechanisms, controlling
the recovery of muscles after atrophic processes and for expanding the medical genetic
applications to non-coding regulatory elements in the rat genome.
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