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Abstract

Arrestin domain containing 2 and 3 (Arrdc2/3) are genes whose mRNA contents are decreased in young skeletal muscle follow-
ing mechanical overload. Arrdc3 is linked to the regulation of signaling pathways in nonmuscle cells that could influence skeletal
muscle size. Despite a similar amino acid sequence, Arrdc2 function remains undefined. The purpose of this study was to further
explore the relationship of Arrdc2/Arrdc3 expression with changes in mechanical load in young and aged muscle and define the
effect of Arrdc2/3 expression on C2C12 myotube diameter. In young and aged mice, mechanical load was decreased using hind-
limb suspension whereas mechanical load was increased by reloading previously unloaded muscle or inducing high-force con-
tractions. Arrdc2 and Arrdc3 mRNAs were overexpressed in C2C12 myotubes using adenoviruses. Myotube diameter was
determined 48-h posttransfection, and RNA sequencing was performed on those samples. Arrdc2 and Arrdc3 mRNA content
was higher in the unloaded muscle within 1 day of disuse and remained higher up through 10 days. The induction of Arrdc2
mRNA was more pronounced in aged muscle than young muscle in response to unloading. Reloading previously unloaded mus-
cle of young and aged mice restored Arrdc2 and Arrdc3 levels to ambulatory levels. Increasing mechanical load beyond normal
ambulatory levels lowered Arrdc2 mRNA, but not Arrdc3 mRNA, in young and aged muscle. Arrdc2 overexpression only was suf-
ficient to lower myotube diameter in C2C12 cells in part by altering the transcriptome favoring muscle atrophy. These data are
consistent with Arrdc2 contributing to disuse atrophy, particularly in aged muscle.

NEW & NOTEWORTHY We establish Arrdc2 as a novel mechanosensitive gene highly induced in response to mechanical
unloading, particularly in aged muscle. Arrdc2 induction in C2C12 myotubes is sufficient to produce thinner myotubes and a tran-
scriptional landscape consistent with muscle atrophy and disuse.

aging; electromyostimulation; mechanical overload; mechanical unloading; RNA sequencing

INTRODUCTION

Maintaining functional skeletal muscle mass is critical to
human health as loss of muscle increases the risk of mor-
bidity and early mortality (1, 2). Decreasing the mechanical
load placed on the muscle for extended periods of time
leads to the loss of skeletal muscle mass (disuse atrophy)
and increases morbidity and mortality risk (3). Clinically,
the elderly are more likely to undergo periods of disuse (e.
g., immobilization, hospitalization; 4), which is a problem
because aged muscle may waste faster during short-term
disuse (5), and the recovery of lost aged muscle upon

reloading is slow or absent (6, 7). Therefore, identifying the
factors that promote the loss of muscle mass in response to
disuse, particularly in the elderly, is needed to develop
therapies that preserve muscle mass and prevent debilitat-
ing effects to health.

The molecular factors contributing to disuse atrophy may
differ between young and aged muscle. For instance,
changes to the processes contributing to muscle protein bal-
ance in response to hindlimb suspension differ between the
limb muscles of young (9 mo) and aged (29 mo) rats (8).
Similarly, markers of apoptosis are preferentially induced in
the soleus muscle of aged rats in response to disuse relative
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to the muscle of young rats (9). Differences to the transcrip-
tional landscape in young and aged muscle in response to
disuse may account for some of the age-specific variations to
the molecular processes contributing to disuse atrophy. For
example, transcripts likely contributing to disuse atrophy
such as growth arrest and DNA damage inducible alpha
(Gadd45a) and histone deacetylase 4 (Hdac4) are induced to
a greater magnitude in aged muscle in response to hindlimb
unloading compared with young muscle (8). Likewise, the
mRNA content of regulated in development and DNA dam-
age 2 (Redd2) is induced to a higher degree in response to
limb immobilization of older rats compared with young rats
(10). Thus, it is important to identify age-specific changes to
the transcriptional landscape that may preferentially con-
tribute to disuse atrophy in agedmuscle.

The a-arrestin family of genes comprises six members
termed arrestin domain containing 1–5 (Arrdc1–5) and thio-
redoxin interacting protein (Txnip/Arrdc6) (11). Our labora-
tory previously identified Arrdc2 and Arrdc3 as possible
mechanically sensitive genes (12). Although the functions of
ARRDC2 and ARRDC3 proteins in skeletal muscle are
unknown, elevated ARRDC3 protein levels in cancer cells
can act as a tumor suppressor by altering pathways such as
the Hippo pathway, which is a pathway that can also regu-
late skeletal muscle size (13, 14). The ARRDC2 amino acid
sequences in mice and humans share 52% and 54% homol-
ogy with their respective ARRDC3 amino acid sequences,
and the ARRDC2 protein colocalizes with the b2-adrenergic
receptor in HEK293 cells following receptor internalization
in a similar manner to ARRDC3 (15), suggesting these pro-
teins may have similar functions. Because ARRDC2 and
ARRDC3 appear to be mechanically sensitive and may alter
pathways regulating muscle size, the objectives of this study
were to define the degree to which Arrdc2 and Arrdc3mRNA
are altered in young and aged muscle in response to changes
in mechanical load, and to subsequently determine whether
manipulating Arrdc2 and/or Arrdc3 expression is sufficient
to alter muscle size. Our data show that both Arrdc2 and
Arrdc3 mRNA contents are inversely related to changes in
mechanical load, with Arrdc2mRNA being more dynamic in
response to disuse, particularly in aged muscle. We also
show that overexpressing Arrdc2, but not Arrdc3, results in
significantly thinner myotubes in vitro, and the induction of
Arrdc2 results in temporal alterations to the transcriptional
landscape reminiscent of disuse atrophy. In all, these data
are consistent with Arrdc2 induction contributing to disuse
atrophy, particularly in agedmuscle.

MATERIALS AND METHODS

Animals

C57BL/6 mice were purchased from Jackson Laboratories
(Bar Harbor, ME), Charles River (Wilmington, MA), or
acquired from the National Institute on Aging rodent colony
(NIA; Bethesda, MA). All mice were housed in a temperature-
(25�C) and light- (12-h light/12-h dark) controlled environ-
ment within the vivarium at Florida State University or the
University of Arkansas. Mice at Florida State University were
provided standard 5001 rodent chow (LabDiet, St. Louis,
MO) and water ad libitum until the day of testing. Mice at

the University of Arkansas were provided Teklad 8604
rodent chow (Envigo, Indianapolis, IN) and water ad libitum.
Animals were euthanized by either cardiectomy or cervical
dislocation while under deep isoflurane anesthesia. All ani-
mal facilities and experimental procedures were approved
by the Institutional Animal Care and Use Committees of
Florida State University or the University of Arkansas as
appropriate.

Hindlimb Unloading

Themice used in the hindlimb unloading time course were
previously described (16). Ten-week-old male and female
mice purchased from Jackson Laboratory were randomized to
remain ambulatory as a control (n ¼ 9 males; n ¼ 8 females)
or subjected to 1 (n ¼ 8 males; n ¼ 9 females), 2 (n ¼ 10 males;
9 females), 3 (n ¼ 10 males; n ¼ 9 females), or 7 days (n ¼ 8
males; n ¼ 8 females) of hindlimb unloading. For hindlimb
suspension, the tails were cleaned using ethanol wipes and
sterilized with iodine swab sticks before coating the tail with
benzoin solution to facilitate tape adhesion. Tails were then
wrappedwith athletic tapefittedwith a loop for the tail suspen-
sion apparatus. The tail suspension apparatus was a custom
addition to the animal cage, allowing for suspension of the tail
by a hook and fishing wire attached to the loop on the mouse
tail. The hook and wire were then attached to a swivel system
that allowed animals to move freely around the cage using
their forelimbs while maintaining hindlimb unloading. Mice
were checked daily to ensure food was being consumed and
maintenance of general welfare. During hindlimb unloading,
food was dampened with tap water to facilitate consumption.
At designated time points, animals were deeply anesthetized
with 2% isoflurane while avoiding reloading of the hindlimbs.
The soleus and gastrocnemius muscles were collected under
deep isoflurane anesthesia, snap-frozen in liquid nitrogen, and
stored at�80�C until analysis.

Analysis of Publicly Available RNA Sequencing Datasets

The normalized gene counts for mouse/human Arrdc2/
ARRDC2 and Arrdc3/ARRDC3 were analyzed from two pub-
licly available sets. The first data set from Zhang et al. (17)
examined differences in gene expression within the soleus of
young (6 mo) and aged (22–24 mo) male C57Bl/6 mice in
response to either 10 days of hindlimb unloading (n ¼ 4
young; n ¼ 6 aged) or 10 days of hindlimb unloading fol-
lowed by 3 days of reloading (n¼ 4/age), with each condition
compared with normal ambulation (n ¼ 9/age) (GEO No.:
GSE102284). The normalized gene counts for Arrdc2 mRNA
and Arrdc3 mRNA from all conditions were used for analy-
sis. The second data set from Standley et al. (18) examined
the effects of a 10-day pre- to post-bed rest protocol on gene
expression within the vastus lateralis of 66- to 67-yr-old
males and females with and without b-hydroxy-b-methylbu-
tyrate supplementation (GEO No.: GSE130722). Pre- to post-
normalized gene counts for ARRDC2 mRNA and ARRDC3
mRNA were analyzed from the nonsupplemented control
group only (n¼ 6males; n¼ 3 females).

Unilateral Electrically Evoked Muscle Contractions

Male C57Bl/6 mice at 3–4 mo of age (n ¼ 12; young) or 24–
25 mo of age (n ¼ 7; aged) were acquired from Charles River
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or the NIA aging colony, respectively. Eccentric contractions
were induced in the tibialis anterior (TA) muscle via unilat-
eral electrical stimulation of the sciatic nerve under deep iso-
flurane anesthesia as described by our laboratory (19).
Briefly, contractions were initiated via two stainless steel
bipolar electrodes inserted subcutaneously near the sciatic
nerve. A constant current stimulator (Aurora Scientific, ON,
Canada) was used to activate the nerve at a frequency of 100
Hz using a �20 mA constant current. Each stimulus con-
sisted of 300 pulses with each pulse being 1 ms in duration.
The entire protocol consisted of 10 sets of six contractions.
Each stimulus within a set was separated by a 10-s rest pe-
riod and all sets were separated by a 60-s rest period.
Following contractions, all mice received a subcutaneous
injection of warm saline (600 lL) before returning to their
cages where they had free access to water but not food until
tissue collection 4-h postcontractions. TA muscles were har-
vested under deep isoflurane anesthesia, snap-frozen in liq-
uid nitrogen, and stored at�80�C until analysis.

C2C12 Cell Culture

C2C12 myoblasts were purchased from American Type
Culture Collection (ATCC) (Cat. No. CRL-1772; Manasses, VA)
and cultured subconfluently at 37�C in 5% CO2 in complete
growth media consisting of high glucose Dulbecco’s modified
Eagle’s media (DMEM; Cat. No. 10-017-CV; Corning Life
Sciences, Tewksbury, MA) containing 10% fetal bovine serum
(FBS; Cat. No. EF-0500-A; Atlas Biologicals, Fort Collins, CO)
and 1% penicillin-streptomycin (PS; Cat. No. 15140122;
Thermo Fisher Scientific, Waltham, MA). Experiments were
conducted in 12-well plates (Cat. No. 10062-894; VWR,
Radnor, PA) precoated with a type I rat tail collagen matrix.
Coating consisted of diluting RatCol collagen solution (Cat.
No. 5056-20ML; Advanced Biomatrix, Carlsbad, CA) and ace-
tic acid into sterile water to a final concentration of 100 lg/
mL for rat collagen and 0.1% acetic acid. Five hundred micro-
liters of the final solution were added to each well of the plate
and incubated under UV light for 2 h to allow collagen to poly-
merize. Before plating myoblasts, the collagen solution was
aspirated, and wells were rinsed twice with sterile phosphate-
buffered saline (PBS). Myotube differentiation was initiated
when cells reached �95% confluence by changing to differen-
tiation media consisting of high glucose DMEM containing
2% horse serum (HS; Cat. No. 16050130; Thermo Fisher
Scientific, Waltham, MA), 1% PS, and 1 lM insulin (Cat. No.
11070-73-8; Sigma-Aldrich, Burlington, MA).

Adenovirus Transfection and Myotube Diameter

C2C12 myoblasts were differentiated for 3 days. Differen-
tiation was confirmed by the presence of multinucleated
mature myotubes covering the wells. After confirmation,
C2C12 myotubes were transfected using adenoviruses
obtained from Vector Biolabs (Malvern, PA) encoding
Arrdc2 þ Gfp (Ad-GFP-m-ARRDC2[cop];), Arrdc3 þ Gfp
(Ad-GFP-m-ARRDC3), a combination of both Arrdc2 þ Gfp
& Arrdc3 þ Gfp vectors or adenovirus encoding only Gfp as a
control (Ad-CMV-GFP; Cat. No. 1060). Adenoviruses encoding
Arrdc2 and Arrdc3 were custom made for our laboratory by
Vector Biolabs. The adenovirus encoding Arrdc2 was codon
optimized (i.e., [cop]) to minimize gene recombination during

virus production. The expression of all genes was driven by
cytomegalovirus (CMV) promoters with Arrdc2/3 and Gfp
driven by separate CMV promoters within the same viral vec-
tor. Transfection consisted of adding the adenovirus directly
to the differentiation media at final viral concentrations of
3.2 � 108 PFU/mL of media, 1.6 � 108 PFU/mL of media, and
8.0 � 107 PFU/mL of media for the Arrdc2 þ Gfp, Arrdc3 þ
Gfp, and Gfp only vectors, respectively. The combination of
the Arrdc2 þ Gfp & Arrdc3 þ Gfp vectors was at a viral con-
centration of 1.6 � 108 PFU/mL of media for each vector. The
viral concentration used in the experiments was that which
produced the highest transfection efficiency (e.g., highest
number of GFP-positive myotubes) while maintaining cell vi-
ability. Western blot analysis showed GFP protein levels were
similar across transfection conditions (data not shown).
Virus-containing media was changed 24 h after transfection
to fresh differentiation media for experiments lasting 48 h.
Twenty-four- or 48-h posttransfection, nonoverlapping myo-
tube images from the entire well were acquired at �200 on a
Leica DMi8 microscope (Wetzler, Germany) mounted with a
Leica DFC7000 T camera using Leica Application Suite X soft-
ware. Light and fluorescent images were concurrently taken.
To circumvent fluorescent interference from cellular debris
and/or undifferentiated myoblasts, myotube diameter was
measured on the light image with the fluorescent image used
to identify GFP-positive myotubes for measurement. Only
GFP-positive myotubes with an elongated, mature, nonnas-
cent morphology were analyzed (visualization is found in Ref.
20). Myotube diameter was calculated by taking an average of
five points along the length of the myotube. Diameter was
determined by an investigator blinded to the transfection
conditions using ImageJ software (NIH, Bethesda, MD). Cells
were harvested in 500 μL TRI reagent (Zymo Research, Irvine,
CA) for subsequent RNA analysis. All C2C12 myotube diame-
ter experiments consisted of three independent experimental
replicates, with the value of the mean diameter of all myo-
tubes from each independent replicate used in the analysis.
The mean diameter of Arrdc2, Arrdc3, or Arrdc2 þ Arrdc3
transfected wells was normalized to the mean diameter of the
corresponding Gfp transfected well within the corresponding
replicate with the normalized values used in the final analy-
sis. The C2C12 myotube experiments used for gene expression
analysis consisted of three independent experimental repli-
cates. Gene expression was assessed relative to the Gfp only
condition within each experimental replicate, and the gene
expression fold changes from each replicate were averaged to
generate the final data set. We transfected more wells with
Arrdc2 and Arrdc3 than Gfp for each independent replicate
used in gene expression analysis because of a limited quantity
of Gfp adenovirus. No samples/wells were removed due to
outlying values in gene expression.

Analyses of Protein-Protein Interaction Networks and
Predicted Transcription Factor Binding Sites

Human andmouse ARRDC2 proteins were analyzed in the
Search Tool for Retrieval of Interacting Genes/Proteins
(STRING) database (string-db.org) to generate potential pro-
tein-protein interaction networks and retrieve respective
amino acid sequences (21). K-means clustering was applied
to the networks to identify three clusters of similar protein
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function. Predicted transcription factor binding sites within
a gene promoter were defined by inputting gene names
into EnhancerDB (lcbb.swjtu.edu.cn/EnhancerDB) (22).
Transcription factor binding sites �5,000 bp upstream
from the transcription start site were assessed.

Secondary Structure Prediction and Protein Homology
Modeling

Secondary structure and disorder predictions were
performed using the PSIPred server (bioinf.cs.ucl.ac.uk/
psipred/) (23). Homology modeling was carried out using
the default settings on Phyre2 (sbg.bio.ic.ac.uk/phyre2/
html/page.cgi?id¼index) (24) and AlphaFold2 (accessed via
colab.research.google.com/github/sokrypton/ColabFold/blob/
main/AlphaFold2.ipynb) (25) and executed in Jupyter note-
book (jupyter.org) using the default settings. The best-
rated models were exported as pdf files and visualized
using ChimeraX (cgl.ucsf.edu/chimerax/). The Phyre2 and
AlphaFold2 models were superimposed using the Matchmaker
command in ChimeraX, and the root mean square deviation
(RMSD) between the models was calculated using the RMSD
command.

RNA Extraction, cDNA Synthesis, and qRT-PCR

RNA from the hindlimb unloading time course was iso-
lated and cDNA synthesized as described by Rosa-Caldwell
et al. (16). For the muscle contractions experiment, �20 mg
of TA muscle was homogenized in 500–600 lL of Zymo Tri
Reagent (Irvine, CA). The RNA from homogenized muscle or
C2C12 myotubes was isolated using a Zymo Direct-zol RNA
Miniprep kit with on-column DNase treatment (Irvine, CA;
Cat. No. R2050). RNA quantity and purity were determined
spectrophotometrically by the 260- to 280-nm ratio. cDNA
was synthesized from 1 to 1.75 ng of RNA using a high-
capacity cDNA reverse transcription kit (Thermo Fisher
Scientific, Waltham, MA; Cat. No. 4368814). qRT-PCR was
conducted on either a QuantStudio3, QuantStudio7 (both
from Thermo Fisher Scientific, Waltham, MA), or CFX
Connect thermal cycler (Bio-Rad Laboratories, Hercules, CA)
using PowerUp SYBR Green master mix (Cat. No. A25742;
Thermo Fisher Scientific, Waltham, MA) or TaqMan fast
advanced master mix (Cat. No. 4444557; Applied Biosystems,
Foster City, CA). The conditions for qRT-PCR with SYBR
Greenwere an initial 2min at 50�C and 2min at 95�C, followed

by 40 cycles with each cycle consisting of a 15-s denature step
at 95�C, a 15-s annealing step at 55�C, and a 1-min extension
step at 72�C. A melt curve analysis was performed for each
primer pair to ensure that a single product was amplified, and
the product sizes for each primer pair were verified via agarose
gel electrophoresis before analysis. The conditions for TaqMan
were an initial 2 min at 50�C and 10 min at 95�C, followed by
45 cycles with each cycle consisting of a 15-s denature step at
95�C, a 1-min annealing step at 60�C, and a 1-min extension
step at 60�C. Relative expression levels of each target gene
were normalized using the DDCt method with Rplp0 as the ref-
erence genes for high force contraction andArrdc2 transfection
experiments (analyzed at Florida State University) or 18s (ID
No.: Mm03928990_g1) for the hindlimb unloading time course
(analyzed at University of Arkansas) as neither Rplp0 nor 18s
mRNA contents were altered by those treatments. It is unlikely
that using these different reference genes would alter the con-
clusions since both genes were stable across those treatments.
Gadph was used as the reference gene for Arrdc3 experiments
because it was more stable than Rplp0 in those particular
experiments. myostatin (Mstn) was measured using TaqMan
primer probes (ID No.: Mm01254559_m1). The primer sequen-
ces for SYBRGreen reactions are shown in Table 1.

RNA Sequencing

Total RNA extracted from myotubes overexpressing Arrdc2
or expressing Gfp within an experimental replicate was sub-
jected to RNA sequencing. A next generation sequencing
library was prepared for each sample using NEBNext Poly(A)
mRNAMagnet Isolation Module followed by NEBNext Ultra II
Directional RNA Library Kit for Illumina. Libraries were bar-
coded for multiplexing with NEBNext Multiplex Oligos for
Illumina. Each multiplexed library was sequenced as a paired-
end, 50 base pair sequencing run on an Illumina NovaSeq
6000, located in the Translational Science Laboratory at
Florida State University College of Medicine. Adapter trim-
ming was performed as part of individual library demultiplex-
ing. Quality control analysis of each library was performed
using fastQC (bioinformatics.babraham.ac.uk/projects/fastqc/).
Star aligner (26) was used for mapping and alignment of the
raw reads to the mouse genome (current version, GRCM39),
generating counts for each gene. DESeq2 (27) was used to deter-
mine statistically significant differentially expressed genes
(DEGs) in Arrdc2 overexpressing myotubes relative to Gfp

Table 1. SYBR Green primer sequences

Gene Symbol Forward (5 0-3 0) Reverse (5 0-3 0) Amplicon Size, bp

Rplp0 CAACCCAGCTCTGGAGAAAC GTTCTGAGCTGGCACAGTGA 169
Arrdc2 TCTCCCTGGTGACATCCTTC CACGTGTGCAGTACCAGGAT 204
Arrdc2[cop]� GATTCCCATTTTCGCTGAGA CCATCAACACTTGCAACCAC 135
Arrdc3 CCGGCTCCAATACTGCCTATAC GCCTTCGAATGAGGTAGCAA 194
Myogenin TGCCCAGTGAATGCAACTC ATATCCTCCACCGTGATGCT 166
Mafbx GTCGCAGCCAAGAAGAGAAAG ACTCAGGGATGTGAGCTGTGA 240
Murf1 AAGCAGGAGTGCTCCAGTCG ACCAGCATGGAGATGCAGTTA 217
Redd1 TGGTGCCCACCTTTCAGTTG GTCAGGGACTGGCTGTAACC 121
Redd2 CCAGCCTCAAGGACTTCTTC TCTTCAATGACTGTCGTTCC 133
Bnip3 AGCTTTGGCGAGAAAAACAG TGAGAGTAGCTGTGCGCTTC 175
Hspa1a TGGTGCTGACGAAGATGAAG ATGATCCGCAGCACGTTTAG 154
Gadph GTTGTCTCCTGCGACTTCA TGCTGTAGCCGTATTCATTG 124

Arrdc2/3, arrestin domain containing 2 and 3; Bnip3, BCL2 interacting protein 3; Hspa1a, heat shock protein 70 kDa; Mafbx, muscle at-
rophy F-box; murf1, muscle RING-finger protein-1; Redd1, regulated in development and DNA damage 1; Redd2, regulated in develop-
ment and DNA damage 2. �Used to detect codon optimized Arrdc2 mRNA following Ad-GFP-m-ARRDC2[cop] transfection.
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expressing myotubes. These steps yielded lists of DEGs with a
false discovery rate of P < 0.05 (adj. P value) and a measure of
confidence of the difference for each comparison. The raw data
from the RNA sequencing analysis are publicly available in
GEO (No. GSE248869).

Functional Gene Enrichment and Prediction of
Regulatory Transcription Factors

Upregulated and downregulated DEGs in Arrdc2 overex-
pressing myotubes were uploaded into the Database for
Annotation, Visualization, and Integrated Discovery (DAVID;
david.ncifcrf.gov) software to define the most enriched Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathways (28).
DEGs were included in the upregulated or downregulated list

if they had significant adjusted P values �0.05. A fold change
threshold for inclusion was not applied (29, 30). The top 500
DEGs (based upon adjusted P values) from both upregulated
and downregulated gene lists were then uploaded into
Landscape in silico deletion analysis (LISA; lisa.cistrome.org/)
software to identify predicted transcription factors regulating
each gene list (31).

Statistical Analysis

Two-way ANOVA was used to evaluate Arrdc2 and Arrdc3
mRNA across time in response to hindlimb suspension using
unloading and sex as the two factors. Two-way ANOVA was
also used to evaluate the effects of unloading/reloading and
muscle contractions on Arrdc2 and Arrdc3 mRNA in young
and agedmousemuscle using age and loading or age and con-
tractions as the two factors, respectively.Tukey’smultiple com-
parisons test was used post hoc to assess specific pairwise
comparisons if an interaction was observed. Paired Student’s t
tests were used to evaluate changes in ARRDC2 and ARRDC3
mRNA content in the human RNA sequencing data set. RNA
sequencing analysis in the C2C12 myotubes was described ear-
lier. One-way ANOVAwas used to evaluate changes in normal-
ized myotube diameter across transfection conditions with
Dunnett’s multiple comparisons test used post hoc. Unpaired
Student’s t tests were used to compare normalizedmyotube di-
ameter at 24 h and gene content between transfection condi-
tions. All analyses were performed using GraphPad Prism
Software (v.10, La Jolla, CA). Significancewas set atP� 0.05 for
all analyses. All data are presented asmeans ± SD, as individual
data points superimposed onto either box-and-whiskers plots
or themeans±SD, or aspairedpoints connectedbya line.

RESULTS

Arrdc2 and Arrdc3 mRNA Contents Are Higher in Young
and Aged Skeletal Muscle in Response to Mechanical
Unloading, with the Induction of Arrdc2 mRNA Being
More Pronounced, Especially in Aged Muscle

As previously reported (16), soleus mass was 38.6% and
33.8% lower and gastrocnemius mass was 15.7% and 17.5%

Figure 1. The mRNA content of arrestin domain containing (Arrdc)2 and
Arrdc3 are induced in muscle in response to mechanical unloading. The rel-
ative mRNA content of Arrdc2 (A and C) and Arrdc3 (B and D) were
assessed in the soleus and gastrocnemius of male and female mice across
7 days of hindlimb unloading by qRT-PCR. Data are relative to the control
condition within each sex. Control timepoint contains n¼ 9 male and n ¼ 8
female mice, 1-day unloading timepoint contains n ¼ 8 male and n ¼ 9
female mice, 2-day unloading timepoint contains n ¼ 10 male and n ¼
9 female mice, 3-day unloading time point contains n ¼ 10 male and
n ¼ 9 female mice, and 7-day unloading timepoint contains n ¼ 8 male
and n ¼ 8 female mice. Data were analyzed by two-way ANOVA. The
normalized counts of Arrdc2 (E) and Arrdc3 (F) mRNAs in the soleus of
young (n ¼ 9 control; n ¼ 4 unloaded) and aged (n ¼ 9 control; n ¼ 6
unloaded) mice in response to 10 days of hindlimb unloading were
acquired from a published RNA sequencing dataset (17) and analyzed
by two-way ANOVA. Line connecting plots represents significance by
Tukey’s post hoc. The normalized mRNA counts of ARRDC2 (G) and
ARRDC3 (H) mRNAs in the vastus lateralis of older humans (n ¼ 10) before
and after 10 days of bedrest were acquired from a published RNA sequenc-
ing data set (18) and analyzed by paired Student’s t test. Data are presented
as means ± SD, individual data points superimposed upon box-and-whisker
plots, or paired data points connected by a line.
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lower in male and female mice, respectively, after 7 days of
unloading compared with the sex-matched ambulatory con-
trol values. In both sexes and muscles, there were main
effects of unloading for Arrdc2 mRNA (P < 0.0001) and
Arrdc3 mRNA (P < 0.0001) contents to be higher in the sol-
eus and gastrocnemius throughout the 7-day unloading time
course (Fig. 1, A–D). In the soleus, the Arrdc2 mRNA induc-
tion approached significance for a sex effect (P ¼ 0.0574)
whereas Arrdc3 mRNA induction was different between
sexes (Sex: P ¼ 0.0128), a finding consistent with sex impact-
ing the molecular response to disuse (16). There were no sex
effects in the gastrocnemius for Arrdc2 (P ¼ 0.5881) or
Arrdc3 (P ¼ 0.1207). In both soleus and gastrocnemius
(regardless of sex), the mean fold change for Arrdc2 mRNA
in response to unloading was significantly greater than the
mean fold change for Arrdc3 mRNA (P < 0.0001). Our labo-
ratory previously showed Arrdc2 and Arrdc3 levels were
induced by food deprivation (12). Food consumption could
not be accurately assessed during the hindlimb suspension
time course because the food was dampened to make con-
sumption easier. Therefore, it is possible that some food
restriction could have contributed to the Arrdc2/3 induc-
tions in response to the hindlimb suspension. Analysis of a
publicly available RNA sequencing data set (17) from young
(6 mo) and aged (22–24 mo) mice subjected to 10 days of
hindlimb unloading showed Arrdc2 and Arrdc3 mRNA con-
tents were higher in the soleus of young and aged mice in
response to unloading compared with age-matched ambu-
latory control values (Unloading: P < 0.0001; Fig. 1, E and
F). The magnitude of Arrdc2 induction was more pro-
nounced in aged muscle than young muscle in response to
unloading (Interaction: P ¼ 0.0087) with pairwise compar-
ison showing Arrdc2 mRNA content was higher in aged
muscle subjected to unloading compared with the young
muscle subjected to unloading (P ¼ 0.0006). There was no
significant interaction observed for Arrdc3 mRNA (P ¼
0.3387). Consistent with the unloading time course data,
the magnitudes of change for Arrdc2 mRNA in the young
and aged soleus were greater than the magnitudes for
Arrdc3 mRNA (P � 0.0029). Characteristics of the muscles
from those young and aged mice used to generate the RNA
sequencing data set are previously reported (17). Analysis
of a publicly available human RNA sequencing data set
(18) generated from the vastus lateralis of 66- to 67-yr-old
males and female humans showed ARRDC2 mRNA con-
tent was significantly higher in response to 10 days of bed-
rest relative to pre-bedrest values (P ¼ 0.0350, Fig. 1G).
ARRDC3 mRNA was numerically higher in response to
bedrest, although the increase was not significant (P ¼
0.1064, Fig. 1H).

The Degree of Mechanical Load Placed on Young and
Aged Muscle is Directly Related to Changes in Arrdc2
mRNA Content, but Only Partially Related to Changes in
Arrdc3 mRNA Content

Combining reloading data from the mouse RNA sequenc-
ing data set into Fig. 1, E and F analyses still showed a main
effect of loading status for Arrdc2 and Arrdc3 mRNA to
change in both young and aged muscle (Loading: P <
0.0001, Fig. 2, A and B). In aged muscle, Arrdc2 mRNA was

lowered to a greater magnitude in response to reloading
compared with young muscle (Interaction: P ¼ 0.0013) with
pairwise comparisons showing Arrdc2 mRNA was signifi-
cantly lower in the reloaded aged soleus compared with
unloaded aged soleus (P < 0.0001, Fig. 2A). The P value for
Arrdc2 mRNA to be lower in reloaded young soleus com-
pared with unloaded young soleus approached signifi-
cance (P ¼ 0.0851, Fig. 2A). Moreover, increasing the
mechanical load beyond normal ambulatory levels via
high force contractions lowered Arrdc2 mRNA content in
the TA muscles of young and aged mice below ambulatory
values (Contraction: P ¼ 0.0065, Fig. 2C). Arrdc3 mRNA
content was not affected by contractions in young or old
muscle when measures were made in the freely fed state
(Contraction: P ¼ 0.7011, Fig. 2D).

Figure 2. Arrestin domain containing (Arrdc)2 and Arrdc3 mRNA content
in young and aged muscle are maintained at low levels when mechanical
load is applied to the muscle. The normalized mRNA counts of Arrdc2 (A)
and Arrdc3 (B) in the soleus muscle from young and aged mice subjected
to normal ambulation (n ¼ 9/age), 10 days of hindlimb unloading (n ¼ 4
young; n ¼ 6 aged), or 10 days of hindlimb unloading plus 3 days of
reloading (n ¼ 4/age) were acquired from a publicly available RNA
sequencing data set (16) and analyzed by two-way ANOVA with Tukey’s
multiple comparisons used post hoc. Line connecting plots represent signif-
icance by Tukey’s post hoc. The relative mRNA content of Arrdc2 (C) and
Arrdc3 (D) in the tibialis anterior (TA) muscle of young (n ¼ 12) and aged
(n ¼ 7) mice subjected to unilateral high force muscle contractions was
assessed by qRT-PCR. Data are relative to the noncontracted muscle within
each age as the relative content of each gene for young and aged mice
was determined in separate qRT-PCR reactions. Data analyzed by two-way
ANOVA. Data are presented as individual data points superimposed on
box-and-whisker plots or paired data points connected by a line.
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The Diameter of C2C12Myotubes Overexpressing Arrdc2,
but Not Arrdc3, is Thinner than Control Myotubes

Because Arrdc2 and Arrdc3 mRNA content appear to be
regulated by changes in mechanical load, particularly
unloading, we sought to determine the effect of Arrdc2 and
Arrdc3 induction on muscle size by transfection of adenovi-
ral vectors encoding Arrdc2 þ Gfp, Arrdc3 þ Gfp, a combi-
nation of those two vectors, or Gfp only as a control into
C2C12 myotubes. Forty-eight hours posttransfection, a sig-
nificant ANOVA F value was observed for normalized
myotube diameter (P ¼ 0.0003, Fig. 3A) with pairwise com-
parisons showing the normalized diameter of C2C12 myo-
tubes overexpressing Arrdc2 and Arrdc2 þ Arrdc3 were
8.8% and 12.7% thinner, respectively, compared with myo-
tubes transfected with Gfp only (P ¼ 0.0033 and P ¼ 0.0003,
respectively; Fig. 3A). In contrast, the normalized diameter
of myotubes overexpressing Arrdc3 was not different than
Gfp control myotubes (P¼ 0.7805, Fig. 3A). Attempts tomea-
sure ARRDC2 and ARRDC3 protein levels in transfected
cells were not successful due to lack of valid antibodies.
Transfection resulted in a �1,000-fold increase in the con-
tents of codon optimizedArrdc2mRNA orArrdc3mRNA rel-
ative to endogenous Arrdc2/Arrdc3 mRNA levels in Gfp
controls. Arrdc2 induction lowered endogenous Arrdc3
mRNA compared with Gfp transfected myotubes whereas
Arrdc3 induction did not affect endogenous Arrdc2 mRNA
levels (data not shown).

Analysis of Predicted ARRDC2 Protein-Protein Interactions
and ARRDC2 Protein Structural Elements Suggests
ARRDC2May Regulate Gene Transcriptional Pathways

We used the Search Tool for the Retrieval of Interacting
Genes/Proteins (STRING) to identify possible proteins that

may interact/function with ARRDC2 (21). Protein-protein
interaction network for human and mouse ARRDC2 using k-
means clustering identified a common cluster in both spe-
cies containing members of the neuronal precursor cell-
expressed developmentally downregulated 4 (NEDD4) sub-
family of proteins (NEDD4 and NEDD4-like [NEDD4L];
Supplemental Fig. S1, A and B, boxed area). NEDD4 is a WW
domain-containing HECT E3 ubiquitin ligase that contrib-
utes to muscle atrophy induced by mechanical unloading
(e.g., hindlimb suspension, denervation) (32, 33) at least in
part by altering transcription factor activity via ubiquityla-
tion. WW domain-containing proteins interact with proteins
containing PPxY motifs and the human ARRDC2 amino acid
sequence contains two characteristic PPxY motifs (amino
acids 339–342 and 384–388 in human ARRDC2) conserved
across mice and rats (Fig. 4A). Secondary structure predic-
tions and homology modeling of human ARRDC2 using two
complementary structure prediction engines (Phyre2 and
AlphaFold2) predicts the PPxY motifs lie within intrinsically
disordered regions (Fig. 4, B and C). Both homology engines
confidently identified the characteristic arrestin fold with a
root mean square deviation across the domain of �1.1 Å (Fig.
4, D–F), and again placed the PPxY motifs in disordered
regions that are surface exposed as is common for PPxY
motifs (34) suggesting they are likely to be functional (note
Phyre2 did not confidentlymodel residues 384–388).

Arrdc2 Overexpression for 48 h Produces a Myotube
Gene Expression Signature Reminiscent of Disuse
Muscle Atrophy

Given the potential for ARRDC2 to interact with proteins
that regulate gene expression, we measured the mRNA con-
tents of the canonical atrophy related genes muscle atrophy
F-box (Mafbx), myogenin (Myog), and muscle RING-finger

Figure 3. Arrestin domain containing
(Arrdc)2 overexpression lowers C2C12
myotube diameter 48-h posttransfec-
tion. A: The normalized diameter of myo-
tubes overexpressing Arrdc2, Arrdc3, or
Arrdc2 þ Arrdc3 was compared with the
normalized diameter of myotubes express-
ing Gfp only. B: representative light and flu-
orescent images of each transfection
condition. Yellow arrows indicate GFP-
positive, mature myotubes. n ¼ 148–239
myotubes analyzed from each transfection
condition generated from three independ-
ent experimental replicates. Data analyzed
by one-way ANOVA with Dunnett’s multiple
comparisons post hoc. Lines connecting
bars indicates significance by Dunnett’s
post hoc. Data are presented as three
individual data points representing the
normalized mean of each independent
experimental replicate ± SD.
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protein-1 (Murf1) as their mRNA contents are controlled by
transcription factors that can be regulated by the NEDD4
subfamily (35, 36). Consistent with a gene transcription regu-
latory function, the mRNA contents ofMafbx andMyogwere
higher in myotubes overexpressing Arrdc2 relative to Gfp
control myotubes at 48-h posttransfection (P ¼ 0.0013 and
P ¼ 0.0017, respectively; Fig. 5, A and B). However, Murf1
mRNA content was not different between Arrdc2 overex-
pressing and Gfp expressing myotubes (P ¼ 0.2222, Fig. 5C).
In silico analysis of the Mafbx, Myog, and Murf1 promoters
with EnhancerDB (22) was used to define transcription fac-
tors with predicted binding sites common to Mafbx and
Myog, but not Murf1. A total of 73 transcription factors com-
mon to Mafbx and Myog were identified (Supplemental
Table S1), including forkhead box O3 (FOXO3), a known
regulator of disuse atrophy (37). Regulated in develop-
ment and DNA damage 1 (Redd1) and Redd2 are regulated
in part by FOXO3 and are induced in response to disuse

(38). Accordingly, Redd1 and Redd2 mRNA contents were
also higher in myotubes overexpressing Arrdc2 compared
with Gfp control myotubes (P ¼ 0.0069 and P < 0.0001,
respectively; Fig. 5, D and E). Although myotube diameter
was not affected 48 h following Arrdc3 transfection, Mafbx
mRNA content was higher in Arrdc3 overexpressing myo-
tubes compared with Gfp myotubes (P < 0.0001, Fig. 5F).
Unlike Arrdc2 overexpressing myotubes, Arrdc3 induction
did not alter the mRNA contents of Myog, Redd1, or Redd2
(P ¼ 0.1667, P ¼ 0.4266, and P ¼ 0.2776, respectively; Fig.
5, G, I, and J). The mRNA content of Murf1 was lower in
Arrdc3 overexpressing myotubes (P ¼ 0.0017, Fig. 5H).

RNA sequencing was then used to define ARRDC2-medi-
ated changes to the transcriptome at the 48-h time point.
Arrdc2 induction in myotubes altered the content of 4,362
genes (2,039 upregulated and 2,323 downregulated) com-
pared with Gfp control myotubes (Fig. 6A; Supplemental
Tables S2 and S3), including those genes identified in Fig. 5.

Figure 4. Structural analysis of arrestin domain containing 2 (ARRDC2) protein. The sequence alignment of putative PPxY motifs located in the C-termi-
nus of human, mouse, and rat ARRDC2 (A). Amino acid residues shown in the boxes are numbered according to the human sequence. Predictions of
secondary structure (B) and disorder for human ARRDC2 (C). Positions of the putative PPxY motifs are circled in the secondary structure plot. Homology
models of human ARRDC2 produced using Phyre 2 (D) and AlphaFold2 (E) are shown in ribbon model with residues of the putative PPxY motifs ren-
dered in pink using stick model. F: superimposition of the Phyre2 (cyan) and AlphaFold2 (gold) models is shown, with the positions of the putative PPxY
motifs indicated in stick model. Although the positioning of the motifs differs between the two models, both place the motifs in poorly ordered regions of
the structure poised for protein-protein interaction, consistent with the secondary structural (B) and disorder (C) predictions for ARRDC2 and the known
functions of PPxY motifs. The root mean square deviation (RMSD) between the two models over 163 amino acids comprising the arrestin C-terminal-like
domain is shown.
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The top 200 most significant upregulated genes by adjusted
P value in Arrdc2 expressing myotubes included Caspase-3
(Casp3; adj. P < 0.0001, Fig. 6B), BCL2 interacting protein 3
(Bnip3; adj. P < 0.0001, Fig. 6C) and myostatin (Mstn; adj.
P < 0.0001, Fig. 6D), which are transcripts commonly
induced in response to muscle disuse and which contribute
to cellular processes altering muscle size (39–42). Among the
200 most significant downregulated genes by adjusted P
value in Arrdc2 expressing myotubes were Hspa1a and
Hspa1b which encode heat shock protein 70 kDa (adj. P <
0.0001, Fig. 6, E and F) and the transcription factorMyc (adj.
P < 0.0001, Fig. 6G), with all those genes implicated in the
regulation of muscle mass and whose expression decreases
in response to unloading (30, 43, 44).

The five most highly enriched KEGG pathways associated
with upregulated genes were lysosome, cell cycle, metabolic
pathways, fatty acid metabolism, and p53 signaling pathway
(Fig. 7A; Supplemental Table S4). Included within the cate-
gories of lysosome and p53 signaling pathways were genes
encoding cathepsin A (Ctsa; adj. P ¼ 0.0162, Fig. 7B), cathep-
sin O (Ctso; adj. P < 0.0001, Fig. 7C), caspase-8 (Casp8, adj.
P ¼ 0.0324, Fig. 7D), and caspase-9 (Casp9; adj. P < 0.0001,
Fig. 7E), which collectively are proteases involved with pro-
tein degradation (45, 46). Genes within cell cycle included
histone deacetylase 1 (Hdac1; adj. P ¼ 0.0453, Fig. 7F), which
can promote atrophy-related gene expression (47), as well as
cyclin-dependent kinase inhibitor 1B/p27 (Cdkn1b; adj. P <

0.0001, Fig. 7G) and cyclin-dependent kinase inhibitor 1C/
p57 (Cdkn1c; adj. P < 0.0001, Fig. 7H), which encode mem-
bers of the CDK interacting protein/kinase inhibitory protein
(Cip/Kip) family that has been implicated in the regulation
of translational capacity (48). Analysis of the 500 most
significant upregulated genes by adjusted P value using
LISA software predicted myoblast determination protein 1
(MYOD1), MYOG, Spi-1 proto-oncogene (SPI1), GATA-bind-
ing factor 2 (GATA2), and yes-associated protein 1 (YAP1)
as transcription factors likely to influence the upregulated
gene set (Fig. 7I; Supplemental Table S5).

Repeating the same analyses with the list of downregu-
lated genes identified ribosome biogenesis in eukaryotes,
nucleocytoplasmic transport, ribosome, spliceosome, and
proteosome as the five most highly enriched KEGG catego-
ries (Fig. 8A; Supplemental Table S6). Included within the
categories of ribosome biogenesis in eukaryotes, nucleocyto-
plasmic transport, and ribosome were fibrillarin (Fbl; adj.
P ¼ 0.0007, Fig. 8B) and NMD3 ribosome export adaptor
(Nmd3; adj. P < 0.0001, Fig. 8C), which regulate the nuclear
export of the ribosome (49), and nucleolar protein 5A
(Nop56; adj. P < 0.0001, Fig. 8D), which is involved in proc-
essing of rRNAs (50). Also included were eukaryotic initia-
tion factor 6 (Eif6; adj. P ¼ 0.0007, Fig. 8E), DEAD-box
helicase 19B (Ddx19b; adj. P¼ 0.0015, Fig. 8F), and ribosomal
L24 domain containing 1 (Rsl24d1; adj. P ¼ 0.0006, Fig. 8G)
that regulate the activity and/or function of the ribosome

Figure 5. Arrestin domain containing 2 (Arrdc2) induction alters content of genes related to muscle atrophy. A–E: changes in C2C12 myotube gene
expression 48-h post-Arrdc2 transfection (n ¼ 15 wells) compared with Gfp transfection (n ¼ 9 wells). The relative mRNA content of muscle atrophy F-
box (Mafbx, A), myogenin (Myog, B) muscle RING-finger protein-1 (Murf1, C), regulated in development and DNA damage 1 (Redd1, D), and Redd2 (E)
were assessed in C2C12 myotubes by qRT-PCR at 48-h posttransfection. F–J: changes in C2C12 myotube gene expression 48-h post-Arrdc3 transfec-
tion (n ¼ 12 wells) compared with Gfp transfection (n ¼ 8 wells). The relative mRNA content of Mafbx (F), Myog (G), Murf1 (H), Redd1 (I), and Redd2 (J)
were assessed in C2C12 myotubes by qRT-PCR at 48-h posttransfection. Data are relative to Gfp control values and generated from three independent
experimental replicates. Data analyzed by unpaired Student’s t tests. P values for each comparison are shown on each panel. Data are presented as
individual data points superimposed on box-and-whisker plots.
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(51–53). The mRNA contents of 51 genes encoding subunits
of the ribosome (mitochondrial, large, small, and stalk com-
ponents) were also lower in Arrdc2 expressing myotubes
(Fig. 8H). Analysis of the top 500 downregulated genes by
adjusted P value using LISA predicted MYC, MYCN, sphingo-
lipid transporter 1 (SPNS1), bromodomain-containing pro-
tein 4 (BRD4), and transcription elongation factor SPT5
(SUPT5H) to influence the downregulated gene set (Fig. 8I;
Supplemental Table S7).

Myotube Diameter Is Thinner after 24 h of Arrdc2
Induction despite a Gene Expression Signature That
Differs from 48 h

To determine the temporal relationship of changes to the
transcriptome observed 48-h post-Arrdc2 transfection to the
onset of thinner myotubes, we measured myotube diameter
and content of several of the identified DEGs from Figs. 7 to
9 at 24-h posttransfection. Similar to 48 h, the diameter of
myotubes overexpressing Arrdc2 was 17% thinner than the
diameter of Gfp control myotubes 24-h posttransfection (P ¼
0.0114, Fig. 9A). Unlike the 48-h gene expression data, the

mRNA contents of Mafbx (P ¼ 0.2632, Fig. 9B), Myog (P ¼
0.0674, Fig. 9C), Redd1 (P ¼ 0.7261, Fig. 9D), Bnip3 (P ¼
0.7106, Fig. 9E), and Mstn (P ¼ 0.2534, Fig. 9F) were not dif-
ferent between conditions at the 24-h posttransfection time
point. Once again, Murf1 mRNA content was unchanged
(P ¼ 0.2078, Fig. 9G). Consistent with the 48-h data, Redd2
mRNA was higher whereas Hspa1a mRNA content was sig-
nificantly lower in Arrdc2 expressing myotubes 24-h post-
transfection (P ¼ 0.0399 and P < 0.0001, respectively; Fig. 9,
H and I).

DISCUSSION

Changes to the skeletal muscle gene expression signature
contribute to the loss of skeletal muscle mass in response to
disuse. Although the loss of skeletal muscle is debilitating,
the consequences from muscle loss are worse in the elderly
than in young individuals. Our data show thatArrdc2mRNA
content is rapidly and sustainably induced in response to
disuse, with the Arrdc2 induction significantly more pro-
nounced in aged muscle. We also show that increasing

Figure 6. Arrestin domain containing 2 (Arrdc2) induction in C2C12 myotubes alters the transcriptome in a manner consistent with disuse atrophy. A:
number of differentially expressed genes (DEGs) in myotubes overexpressing Arrdc2 compared with myotubes expressing Gfp only at 48-h post trans-
fection were determined by RNA sequencing analysis (n ¼ 5/group; adj. P value < 0.05). B–D: selected transcripts associated with disuse atrophy from
the top 200 most differentially expressed upregulated genes. The normalized counts for caspase-3 (Casp3, B), BCL2 interacting protein 3 (Bnip3, C),
and myostatin (Mstn, D) mRNAs. E–G: selected transcripts associated with disuse atrophy from the top 200 most differentially expressed downregulated
genes. The normalized counts for heat shock protein 70 kDa (Hspa1a, E), Hspa1b (F), and Myc (G) mRNAs. All gene counts were normalized using
DESeq2. Data are presented as individual data points superimposed on box-and-whisker plots. P values for each comparison are shown on each panel.
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Arrdc2 expression, but not its family member Arrdc3, is suf-
ficient to produce thinner myotubes in vitro, thereby identi-
fying a potentially novel factor contributing to disuse
atrophy, particularly in aged muscle. The smaller diameter
in Arrdc2 overexpressing myotubes coincides with changes
to the muscle gene expression profile, with several of those
Arrdc2-induced directional changes also occurring in
response to muscle disuse. Overall, these data identify a
novel factor regulating muscle fiber size with direct impli-
cations to disuse atrophy, especially in the aged muscle.

The transcriptomic changes coinciding with the thinner
Arrdc2 overexpressing myotubes suggest ARRDC2 regulates
fiber size in part through changes in gene transcription.
Indeed, several of the identified genes such as Mafbx, Mstn,
and Redd1/2 are implicated in processes contributing to the
loss ofmusclemass in response to disuse (38, 54, 55). In addi-
tion, several mRNAs encoding for caspase and cathepsin
proteases (e.g., Casp3/8/9, Ctsa, Ctso) were also greater in
Arrdc2 expressing myotubes, which would be consistent
with an atrophy profile as caspases cleave actomyosin frag-
ments in skeletal muscle (56) whereas cathepsins participate
in protein breakdown within the lysosome (45). We also

found changes to the expression of genes thatmay limit ribo-
some biogenesis and function (e.g., Cdkn1b, Fbl, Rsl24dl),
consistent with the decrease in muscle protein synthetic
rates and ribosome content that occurs in response to disuse
(57, 58). However, the transcriptional landscape at 48-h post-
transfection may not necessarily be the cause of the thinner
myotubes at that time point considering myotube diameters
in Arrdc2 overexpressing myotubes were similarly thinner at
24- and 48-h posttransfection even though the gene expres-
sion patterns differed across the time points. Therefore, it is
likely that certain changes to the transcriptome initiate the
thinning of myotubes, whereas the transcriptome changes
observed at 48-h posttransfection may reflect a transcrip-
tional landscape that could promote further myotube atro-
phy if diameter was measured at time points exceeding 48 h.
It is also worth noting several genes identified by RNA
sequencing had a relatively small fold change. Whether
those smaller fold changes increase in magnitude with lon-
ger Arrdc2 induction (i.e., >48 h) needs to be assessed but is
possible since the magnitude of Redd2 induction increased
with longer Arrdc2 induction (i.e., Fig. 9H vs. Fig. 5E). The
consequences of long-term Arrdc2 induction during disuse

Figure 7. Functional categories of the upregulated genes in C2C12 myotubes in response to arrestin domain containing 2 (Arrdc2) induction. A: Kyoto
Encyclopedia of Genes and Genomes (KEGG) categories associated with differentially expressed upregulated genes between myotubes overexpress-
ing Arrdc2 compared with myotubes expressing Gfp at 48-h posttransfection (n ¼ 5/group; adj. P value < 0.05). The normalized counts for cathepsin A
(Ctsa, B), cathepsin O (Ctso, C), caspase-8 (Casp8, D), Casp9 (E), histone deacetylase 1 (Hdac1, F), cyclin-dependent kinase inhibitor 1B/p27 (Cdkn1b, G),
and cyclin-dependent kinase inhibitor 1C/p57 (Cdkn1c, H) mRNAs were determined by RNA sequencing analysis. I: transcription factors predicted to
influence the Arrdc2-mediated upregulated genes using LISA software. All gene counts were normalized using DESeq2. Data are presented as individ-
ual data points superimposed on box-and-whisker plots. P values for each comparison are shown on each panel.
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(i.e., 7 days of unloading) on myofiber cross-sectional area
and the transcriptional landscape will require muscle-spe-
cific knockout models.

The Arrdc2-mediated changes to myotube diameter and
gene expression likely occur via a functional PPxY motif as
ARRDC2 is predicted to interact with WW domain-contain-
ing proteins. Although ARRDC3 also contains a PPxY motif,
differences in the amino acid at the x-position of the PPxY
motifs in ARRDC2 versus ARRDC3 may partially explain
why Arrdc2, but not Arrdc3, overexpression altered myotube
diameter and gene expression in muscle cells as the x-posi-
tion amino acid partially determines affinity for WW domain
proteins (34). Specifically, one of the conserved PPxY motifs
across human, rat, and mouse in the ARRDC2 amino acid
sequence encodes glutamic acid in the x-position, whereas
the x-position within the PPxY motif of ARRDC3 encodes
leucine. Alternatively, it could be the relative expression
level of WW domain-containing proteins in muscle cells
versus other cell types that determine potential interac-
tions with ARRDC2/ARRDC3 and subsequent functional

effects. Indeed, our STRING analysis suggests ARRDC2
interacts with the NEDD4 subfamily of HECT domain E3
ligases, with the two highest predicted transcription fac-
tors influencing the upregulated gene set beingMYOD1 and
MYOG, whose activity can be positively regulated by NEDD4-
mediated degradation of PAX7 (35). Likewise, the highest pre-
dicted transcription factors influencing the downregulated
gene set were the MYC family proteins, which are ubiquity-
lated and tagged for degradation by NEDD4 (59). Another
NEDD4 substrate is heat shock factor 1 (HSF1), the primary
transcription factor transcribing HSP70-encoding genes
including Hspa1a (60), which we found to be lower in Arrdc2
overexpressing myotubes at 24-h and 48-h posttransfection.
However, there are �100 knownWW domain-containing pro-
teins (61), and ARRDC2 may interact with several of them in a
time-dependent manner to influence the ARRDC2-mediated
gene expression profile and/or nongenomic interactions that
could influence muscle size. Future work will need to deci-
pher the specific time-dependent mechanism(s) by which
ARRDC2 regulates muscle fiber size and the gene expression

Figure 8. Functional categories of the downregulated genes in C2C12 myotubes in response to arrestin domain containing 2 (Arrdc2) induction. A:
Kyoto Encyclopedia of Genes and Genomes (KEGG) categories associated with differentially expressed downregulated genes between myotubes over-
expressing Arrdc2 compared with myotubes expressing Gfp at 48-h posttransfection (n ¼ 5/group; adj. P value <0.05). The normalized counts of fibril-
larin (Fbl, B), NMD3 ribosome export adaptor (Nmd3, C), nucleolar protein 5A (Nop56, D), eukaryotic initiation factor 6 (Eif6, E), DEAD-box helicase 19B
(Ddx19b, F), and ribosomal L24 domain containing 1 (Rsl24d1, G) mRNAs were determined by RNA sequencing analysis. H: heat map comprising the
downregulated genes encoding ribosomal protein subunits. I: transcription factors predicted to influence the Arrdc2-mediated downregulated genes
using LISA software. All gene counts were normalized using DESeq2. Data are presented as individual data points superimposed on box-and-whisker
plots. P values for each comparison are shown on each panel.
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profile, including the possible role of interactions with WW
domain-containing proteins. Moreover, changes in the pro-
tein levels of the mRNAs altered by Arrdc2 induction should
also be verified in future work.

Our findings show the magnitude of Arrdc3 mRNA induc-
tion in response to mechanical unloading was less than
Arrdc2 mRNA, and accordingly only Arrdc2 overexpression
was sufficient to alter myotube diameter. The upstream sig-
nals regulating Arrdc2 and Arrdc3 transcript levels in
response to changes in mechanical load are unknown but
may be regulated by similar mechanosensitive transcrip-
tional factors since their gene contents are inversely related
to the magnitude of mechanical load placed on the muscle
(at least up to normal ambulatory levels). A possible pathway
regulating Arrdc2 and Arrdc3 expression is the mechanically
sensitive Integrin signaling pathway as overexpression of
transcription factors downstream of Integrin such as H-Ras,

c-Src, c-Myc, and b-catenin all lowered Arrdc3 mRNA con-
tent in human epithelial cells (62). In addition, mechanically
sensitive transcription factors such as FOXO3, FOXO4, and
Mothers against decapentaplegic homolog 2 (SMAD2) are
known regulators of atrophy-inducing gene programs (37,
63) and their transcriptional activity can be negatively regu-
lated by Integrin signaling (64). Analysis of the Arrdc2 and
Arrdc3 DNA sequences using EnhancerDB identified puta-
tive FOXO3, FOXO4, and SMAD2 binding sites in the pro-
moters of both Arrdc2 and Arrdc3 genes (Supplemental
Table S8). Therefore, it is possible the activity of mechani-
cally sensitive transcription factor(s) such as FOXO3,
FOXO4, and SMAD2 contribute to the regulation of Arrdc2
and Arrdc3 mRNA content in response to changes in me-
chanical load.

Therapeutically, we show that Arrdc2 mRNA content can
be maintained at low values in both young and aged muscle

Figure 9. Changes to myotube diameter
by arrestin domain containing 2 (Arrdc2)
overexpression precede some of the
changes to gene expression observed
at 48 h. A, left: normalized diameter of
C2C12 myotubes overexpressing Arrdc2
or expressing Gfp only at 24-h posttrans-
fection. A, right: representative light and
fluorescent images of each transfection
condition. Yellow arrows indicate GFP-
positive, mature myotubes. n ¼ 139–144
myotubes analyzed from each transfec-
tion condition generated from three in-
dependent experimental replicates. B–I:
changes in gene expression 24-h post-
Arrdc2 transfection (n ¼ 15 wells) com-
pared with the Gfp transfection (n ¼ 12
wells) in C2C12 myotubes. The relative
mRNA content of muscle atrophy F-box
(Mafbx, B), myogenin (Myog, C), regu-
lated in development and DNA damage
1 (Redd1, D), BCL2 interacting protein 3
(Bnip3, E), myostatin (Mstn, F), muscle
RING-finger protein-1 (Murf1, G), regu-
lated in development and DNA damage
2 (Redd2, H), and Hspa1a (I) were deter-
mined by qRT-PCR. Data are relative to
the Gfp control values and generated
from three independent experimental
replicates. Data analyzed by unpaired
Student’s t tests. Data are presented as
three individual data points representing
the normalized mean of each independ-
ent experimental replicate ± SD or indi-
vidual data points superimposed on
box-and-whisker plots. P values for each
comparison are shown on each panel.
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if mechanical load reaches or exceeds ambulatory levels.
Practically, this means applying a mechanical load to the
muscle during a period of disuse may help mitigate the atro-
phy in part by preventing/limiting induction of ARRDC2.
This is particularly relevant for the elderly as the Arrdc2
mRNA induction in aged mouse muscle was significantly
more pronounced compared with young mouse muscle.
Moreover, if traditional modalities of mechanical overload
(e.g., resistance exercise) are possible, our data demonstrate
that high force contractions are best at maintaining low
Arrdc2 mRNA as values in contracted muscles were lower
than normal ambulatory levels in both young and aged
mice. However, traditional modalities of mechanical over-
load are not an option if the person is unconscious or bedrid-
den. Under those circumstances, our data show that a
mechanical load equivalent to normal ambulation will keep
Arrdc2 mRNA levels low in both young and aged mouse
muscle. Therefore, electromyostimulation at stimulation fre-
quencies that evoke muscle forces equivalent to normal
ambulation may maintain low ARRDC2 mRNA levels in
humans. Moreover, electromyostimulation is prescribed
clinically to attenuate muscle atrophy because it is safe,
effective, and feasible, particularly in the elderly (65). The
application of electromyostimulation at higher stimula-
tion frequencies to elicit more forceful contractions and a
more pronounced suppression of ARRDC2 mRNA in
humans may extend to individuals that can tolerate those
contractions (e.g., spinal cord injury patients) without the
risk of pain (66).

In conclusion, our data show Arrdc2 is a novel regulator
of muscle size with direct implications to disuse muscle
atrophy, particularly in aged muscle. In addition, our
data show Arrdc2 mRNA content is related to the degree
of mechanical load placed on the muscle. Importantly,
aged muscle retains the ability to lower Arrdc2 mRNA
content when unloaded muscle is returned to normal
ambulation, and high force contractions in aged muscle
can reduce Arrdc2 mRNA to levels below normal ambula-
tion. Although this work provides a baseline understand-
ing of the role of Arrdc2/ARRDC2 in the regulation of
skeletal muscle size, future work should validate changes
in ARRDC2 at the protein level following disuse, given the
poor association between some mRNAs and the proteins
they encode. Potential future investigations may include
identification of specific ARRDC2 protein binding part-
ners to define the downstream signals regulating muscle
fiber size, as well as using loss-of-function approaches (i.e.,
Arrdc2 knockout) to define the contribution of ARRDC2 pro-
tein to the atrophy induced by disuse, especially in aged
muscle.
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