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Abstract

Previous studies demonstrate an accumulation of transferrin and transferrin receptor 1 (TfR1) in regenerating peripheral nerves. However,
the expression and function of transferrin and TfR1 in the denervated skeletal muscle remain poorly understood. In this study, a mouse model
of denervation was produced by complete tear of the left brachial plexus nerve. RNA-sequencing revealed that transferrin expression in the
denervated skeletal muscle was upregulated, while TfR1 expression was downregulated. We also investigated the function of TfR1 during
development and in adult skeletal muscles in mice with inducible deletion or loss of TfR1. The ablation of TfR1 in skeletal muscle in early
development caused severe muscular atrophy and early death. In comparison, deletion of TfR1 in adult skeletal muscles did not affect survival
or glucose metabolism, but caused skeletal muscle atrophy and motor functional impairment, similar to the muscular atrophy phenotype
observed after denervation. These findings suggest that TfR1 plays an important role in muscle development and denervation-induced
muscular atrophy. This study was approved by the Institutional Animal Care and Use Committee of Beijing Institute of Basic Medical Sciences,

China (approval No. SYXK 2017-C023) on June 1, 2018.
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Introduction

Transferrin is necessary for vertebrate cells to bind and
transport iron, which is required for cell viability, proliferation
and differentiation (Anderson and Frazer, 2017). The
transferrin receptor (TfR) is a carrier protein for transferrin,
and imports iron by internalizing the transferrin-iron complex
through receptor-mediated endocytosis (Qian et al., 2002).
TfR1, the predominant TfR, regulates the absorption of iron in
multiple organs in vivo (Gammella et al., 2017).

The loss of Tfr1 in embryonic mice leads to severe anemia,

resulting in fetal death (Levy et al., 1999). Mice with
cardiomyocyte-specific Tfr1 knockout (KO) exhibit severe
cardiomyopathy and early death (Xu et al., 2015). Moreover,
loss of Tfr1 in skeletal muscles leads to abnormal metabolism
throughout the entire body in addition to significant muscular
atrophy (Barrientos et al., 2015). Interestingly, previous studies
have shown that transferrin is abundant in regenerating
peripheral nerves (Markelonis et al., 1982; Mescher et al.,
1997), and axotomy results in a strong increase in TfRs in
regenerating motor neurons in both amphibians and rats
(Graeber et al., 1989; Raivich et al., 1991), suggesting the
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involvement of TfRs in neural regeneration. However, the
expression and function of transferrin and TfR1 in denervated
skeletal muscles are still incompletely understood.

In this study, we established a mouse model of brachial plexus
avulsion (BPA) injury, and then compared the gene expression
patterns in the denervated and contralateral limb muscles
by RNA-sequencing. To examine the role of TfR1 in muscle,
we generated two lines of muscle-specific TfR1 conditional
KO (cKO) mice using conventional and doxycycline (DOX)-
inducible muscle-specific human skeletal muscle actin (HSA)-
Cre transgenic mice. The inducible HSA-reverse tetracycline-
controlled transactivator (rtTA)/TRE-Cre line provides the
opportunity to bypass the developmental effect of TfR1 on
myogenesis. Using these genetic tools, we investigated the
distinct functions of TfR1 in developing and adult skeletal
muscles.

Materials and Methods

Animals

The C57BL/6 mice bearing a floxed Tfr1 allele were generously
provided by Dr. Fudi Wang of Zhejiang University, China (Chen
et al., 2015). These mice were crossed with conventional
B6;Cg-Tg (HSA-cre)79Jme/J (also named HSA-Cre) mice
(Jackson Laboratory Cat# 006149) (Miniou et al., 1999;
Wu et al., 2012a, b, 2015) and inducible B6;C3-Tg(ACTA1-
rtTA,tetO-cre)102Monk/J (also named HSA-rtTA/TRE-Cre) mice
(Jackson Laboratory Cat# 012433) (Rao and Monks, 2009) to
generate embryonic muscle and adult skeletal muscle-specific
KO mutant mice, respectively. All of the mutant mice were
backcrossed with C57BL/6 mice for more than 10 generations
to produce a homogeneous C57BL/6 background. Mice were
housed in a room with a 12/12-hour light/dark cycle with ad
libitum access to water and rodent chow diet. Experiments
with animals were approved by the Institutional Animal Care
and Use Committee of the Beijing Institute of Basic Medical
Sciences, China (approval No. SYXK 2017-C023) on June 1,
2018. Animals were genotyped by polymerase chain reaction
(PCR) using genomic DNA from toe clips (Mizutani et al.,
2002). Primers for Tfr1 alleles and Cre are described in Table 1.

Transgene induction

The tetracycline analog DOX (Cat# D9891; Sigma-Aldrich,
St. Louis, MO, USA) was administered to induce HSA-Cre
transgene expression specifically in skeletal muscles, but
not in brain or any other tissues (Li et al., 2008; Rao and
Monks, 2009; Wu et al., 2012a, b, 2015). Briefly, the DOX
was dissolved in saline to a final concentration of 10 mg/kg.
When the mice were 1 month old, DOX was injected
intraperitoneally once per day to induce the expression of
the HSA-Cre transgene for 30 consecutive days. At the same
time, the control littermate mice were injected with the same
volume (200 pL) of saline every day.

Mouse model of BPA injury

The surgical procedure was performed, with modification,
as described in a previous report (Hou and Xu, 2018). Briefly,
animals were anesthetized with 2% pentobarbital sodium
(5.0 mg/100 g, intraperitoneal injection; Cat# 69020194,
Sinopharm Chemical Reagent Beijing Co., Ltd., Beijing,
China), and then placed in the prone position. The surgery
was performed under a M80 Stereo Zoom stereomicroscope
(Leica, Buffalo Grove, IL, USA). An incision, 1 cm in length,
was made on the neck. Next, hemilaminectomy of the left
cervical 4 (C4) to thoracic (T1) segments was performed using
microdissection scissors, and the brachial plexus was exposed.
Then, the dorsal roots of the BPA were completely avulsed
from the spinal cord, followed by avulsion of the ventral roots.
The contralateral sham-operated side was not given any
intervention and served as the control. The tissue layers and
skin were closed with 4.0 silk suture. Animals were returned

Table 1 | Primers used for genotyping and quantitative RT-PCR

Product size

Primer Sequence (bp)

Primers for genotyping

Tfr1 loxP F: 5'-CAG TAA CAG AGG AAT CAT TAG-3' WT 500 and

floxed 650

R: 5'-CTA AAC CGG GTG TAT GAC AAT G-3'

HSA-Cre F: 5'-GCC TGC ATT ACC GGT CGA TGC AAC 750
GA-3'
R: 5'-GTG GCA GAT GGC GCG GCA ACA CCA
TT-3'

HSA-rtTA F: 5'-ACT GAG AGG TGG GAA GCT CA-3' 284
R: 5'-GGC GAG TTT ACG GGT TGT TA-3'

HSA-rtTAtetO-Cre  F: 5'-AGG TGT AGA GAA GGC ACT TA-3' 412
R: 5'-CTA ATC GCC ATC TTC CAG CA-3'

Primers for RT-PCR

Transferrin F: 5'-TGG GGG TTG GGT GTA CGA T-3' 103
R: 5'-AGC GTA GTA GTA GGT CTG TGG-3'

Tfr1 F: 5'-GTT TCT GCC AGC CCCTTATTA T-3' 152
R: 5'-GCA AGG AAA GGA TAT GCA GCA-3'

Tfr2 F: 5'-TTG GGG TCT ACT TCG GAG AGT-3' 179
R: 5'-GAC AGG AGC CTA AGT GCT CAG-3'

Myod1 F: 5'-CCA CTC CGG GAC ATA GAC TTG-3' 109
R: 5'-AAA AGC GCA GGT CTG GTG AG-3'

Myogenin F: 5'-GAG ACA TCC CCC TAT TTC TAC CA-3" 106
R: 5'-GCT CAG TCC GCT CAT AGC C-3'

Mef2c F: 5'-ATC CCG ATG CAG ACG ATT CAG-3' 110
R: 5'-AAC AGC ACA CAATCT TTG CCT-3'

MCK F: 5'-CTG ACC CCT GAC CTC TAC AAT-3' 193
R: 5'-CAT GGC GGT CCT GGA TGAT-3'

Foxol F: 5'-CCC AGG CCG GAG TTT AAC C-3' 132
R: 5'-GTT GCT CAT AAA GTC GGT GC-3'

Actb F: 5'-GGC TGT ATT CCC CTC CAT CG-3' 154
R: 5'-CCA GTT GGT AAC AAT GCC ATG T-3'

Actb: Beta-actin; F: forward; Foxo1l: forkhead box protein O1; HSA: skeletal
muscle actin; MCK: muscle creatine kinase; Mef2C: myocyte enhancer factor
2C; R: reverse; RT-PCR: reverse transcription-polymerase chain reaction; Tfr:
transferrin receptor; WT: wild type.

to their cages after recovery from anesthesia.

RNA-sequencing and data analysis

Total RNA was extracted from ipsilateral BPA injury and
contralateral control limb muscles using TRIzol reagent (Cat#
15596018; Invitrogen, Waltham, MA, USA) following the
manufacturer’s instructions. RNA quality was determined
with a NanoDrop spectrophotometer (Thermo Fisher
Scientific, Waltham, MA, USA). High-throughput sequencing
was performed by BGI Corporation (Beijing, China) using the
MGISEQ-500 platform. Data analysis was performed according
to Cuffdiff and R as previously described (Trapnell et al., 2012).
The identified differentially-expressed genes were uploaded
to the Database for Annotation, Visualization and Integrated
Discovery for Gene Ontology and Kyoto Encyclopedia of Genes
and Genomes pathway analyses.

Real-time quantitative reverse transcription (RT)-PCR

RT-PCR analysis was performed as described previously (Wu
et al., 2012a). Briefly, total RNA was extracted from ipsilateral
BPA injury and contralateral control limb muscles using
TRIzol reagent (Cat# 15596018; Invitrogen) following the
manufacturer’s instructions. A total of 0.5 pg of RNA was used
for RT using the Reverse Transcription System (Cat# RRO36;
TaKaRa, Kusatsu, Japan) according to the manufacturer’s
protocol. RT-PCR was conducted in triplicate employing
SYBR Green PCR master mix (Cat#t CW2601; CWBIO, Beijing,
China) with the appropriate forward and reverse primers.
For quantitative analysis of gene expression, results were
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averaged from three replicates in three independent
experiments. Values were normalized to Actb levels. Primers
used for quantitative RT-PCR analysis are listed in Table 1.

Western blot assay

Experiments were performed as previously described (Wu
et al., 2012a; Yang et al., 2019a, b). Briefly, protein lysates
were prepared from muscle tissue separated from mouse
thighs using radio immunoprecipitation assay lysis buffer
(Cat#t 89900; Sigma-Aldrich) with inhibitor cocktail (Cat# HY-
K0011; MedChemExpress, Princeton, NJ, USA). Quantification
was performed using a bicinchoninic acid protein assay kit
(Cat#f 23227; Sigma-Aldrich). Lysates (10-30 pg, including 5
ulL of prestained protein standards) were resolved by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis, and then
transferred to polyvinylidene difluoride membranes (Cat#
10600023; GE Healthcare, Chicago, IL, USA). Membranes
were blocked with 5% skim milk in 0.1% Tris-buffered
saline/Tween-20 for 1 hour at room temperature, and
then incubated in primary antibodies at 4°C overnight. The
following antibodies were used: rabbit anti-TfR1 antibody
(1:500; Cat# 226290; Biocompare, Salem, MA, USA), mouse
anti-myosin (skeletal, fast) antibody (1:1000; Cat# M4276;
Sigma-Aldrich), mouse anti-myosin (skeletal, slow) antibody
(1:1000; Cat# M8421; Sigma-Aldrich), rabbit anti-MyoD
antibody (a muscle transcriptional regulatory factor; 1:1000;
Cat# MBS856897; Biocompare, San Diego, CA, USA), goat
anti-MyoG antibody (a muscle transcriptional regulatory
factor; 1:1000; Cat# SAB2501587; Sigma-Aldrich), mouse
anti-glyceraldehyde 3-phosphate dehydrogenase antibody
(1:2000; Cat# KM9002T; Sungenebiotech, Tianjin, China).
Thereafter, the membranes were incubated with horseradish
peroxidase-conjugated goat anti-mouse 1gG (1:1000; Cat#
ZB-5305; ZSGB-BIO, Beijing, China), horseradish peroxidase-
conjugated goat anti-rabbit IgG (1:1000; Cat# ZB-2301; ZSGB-
BIO) or horseradish peroxidase-conjugated rabbit anti-goat
IgG (1:1000; Cat# ZB-2306; ZSGB-BIO) in 0.1% Tris-buffered
saline/Tween-20 for 2 hours at room temperature. Enhanced
chemiluminescence was used to detect signals on X-ray film.
The signals were quantified using National Institutes of Health
(Bethesda, MD, USA) ImageJ software after scanning.

Analysis of muscle histology

Muscle tissue separated from thighs was fixed in 4%
paraformaldehyde, and embedded in optimal cutting
temperature compound (Cat# 4583; Tissue-Tek, Sakura
Finetek, Torrance, CA, USA) and cut into 20-um frozen
sections. The sections were stained with hematoxylin and
eosin as in a previous report (Gueneau et al., 2009). Briefly,
muscle frozen sections were washed with phosphate
buffer (3x), and then stained sequentially with eosin and
hematoxylin. The muscle sections were thereafter dehydrated
through a graded ethanol series and sealed with neutral
balsam mounting medium (Cat#ZLI-9555; ZSGB-BIO).
The histological sections were scanned on a Hamamatsu
Nanozoomer 6.0 HT (Hamamatsu, Japan) and then analyzed
quantitatively using ImageJ software.

Transmission electron microscopy of skeletal muscles was
performed as described previously (Wu et al., 20123, b; Yang
et al., 2019b). Briefly, the gastrocnemius muscles from wild-
type and KO mice were isolated and fixed in 2% glutaraldehyde
and 2% paraformaldehyde in 0.1 M phosphate buffer for 1
hour at 25°C and 4°C overnight. The myofibers were isolated
and fixed in sodium cacodylate-buffered (pH 7.3) 1% osmium
tetroxide for 1 hour at 25°C. After washing with phosphate
buffer (3x), 10 minutes each, the samples were dehydrated
through a graded ethanol series (30%, 50%, 70%, 80%, 90%,
100%), rinsed with 100% propylene oxide (3x), embedded in
plastic resin (EM-bed 812; EM Sciences, Hatfield, PA, USA),
and subjected to serial thick-sectioning (2 um). Some sections
were stained with 1% toluidine blue for light microscopic

analysis. Adjacent sections were cut into ultra-thin sections,
mounted on 200-mesh unsupported copper grids, and
stained with uranyl acetate (3% in 50% methanol) and lead
citrate (2.6% lead nitrate and 3.5% sodium citrate, pH 12.0).
Electron micrographs were taken on a transmission electron
microscope (H-7650; Hitachi, Tokyo, Japan) with an AMT 2k
CCD camera. Micrographs were digitized, and morphometric
analysis was performed using ImageJ software.

Immunofluorescence staining

Immunofluorescence staining of skeletal muscle sections was
performed as previously described (Wu et al., 2012b; Yang et
al., 2019a). Briefly, the frozen skeletal muscle sections were
washed for 10 minutes with 0.5% phosphate-buffered saline/
Triton X-100 (PBST) (3x), and then blocked with 5% normal
goat serum in PBST for 1 hour at room temperature. The
sections were thereafter incubated with primary antibodies
in PBST at 4°C overnight. The following antibodies were used:
mouse anti-myosin (skeletal, fast) antibody (1:500; Cat#
M4276; Sigma-Aldrich) and mouse anti-myosin (skeletal,
slow) antibody (1:500; Cat# M8421; Sigma-Aldrich). Then, the
sections were washed 10 minutes with PBST (3x), and then
incubated with Alexa Fluor 568-conjugated goat anti-mouse
lgG (1:500; Cat# 20100; Biotium, Fremont, CA, USA) or Alexa
Fluor 488-conjugated goat anti-mouse IgG (1:500; Cat# 20010;
Biotium) for 1 hour at room temperature. The sections were
thereafter washed with PBST (3x). Nuclei were counterstained
with 4',6-diamidino-2-phenylindole (Cat# ZLI-9556; ZSGB-
BIO) and mounted onto glass slides with anti-fade solution.
All images were captured on a Olympus FV-1200 confocal
microscope (Olympus, Center Valley, PA, USA) and analyzed
with Imaris 9.0.1 software (Abingdon, Oxfordshire, UK).

Muscle fiber area and fiber number

The area and total number of cross-sections of single muscle
fibers were quantified as previously described (Bodine and
Baar, 2012; Marzuca-Nassr et al., 2016). Briefly, muscle
frozen slices with the largest cross-sectional area of each type
of muscle was chosen for hematoxylin and eosin staining.
Then, the total number of single muscle fibers in the cross-
sectional area of each type of muscle was counted, and the
cross-sectional area of each type of muscle was measured.
Immunofluorescence images were taken on a Olympus FV-
1200 confocal microscope. Images of hematoxylin and eosin-
stained sections were captured on a Zeiss WF-6R optical
microscope (Zeiss, Oberkochen, Germany). The images were
analyzed using Imaris 9.0.1 or ImageJ software.

Behavioral analysis

Rotarod test

After the 30-day induction period, the mice were placed on
the rod of the accelerating model of a rotarod apparatus (Cat#
47650; Ugo Basile, Gemonio, Italy), which accelerated slowly
from 4 to 60 r/min within a 5-minute period, with a cut-off
time of 300 seconds, and mice were tested every 8 hours for
eight consecutive sessions.

Grip strength test

The mice were allowed to grasp the grip strength meter (TSE
systems, Chesterfield, MO, USA) three times per day over 3
days to measure muscle strength after 30 days of induction.
The force meter was configured for the recording of the
maximal force according to the manual and in the units (Ib, kg,
N) preferred by the experimenter. The average grip strength
for each mouse was recorded and analyzed.

Footprint analysis

The CatWalk quantitative gait analysis system (CatWalk
XT 9.0; Noldus Information Technology, Wageningen, The
Netherlands) was used to analyze the footprints of mice
(Neumann et al., 2009). Briefly, after the 30-day induction
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period, mice were placed on one side of the 1.3-meter-long
glass walkway that emits green light where pressure is placed,
and images of the footprints were recorded by a camera as
the mice crossed the glass walkway to the other side. The
footprint data were analyzed by the CatWalk XT software.
Mice were subjected to 3 consecutive runs for each test.

Statistical analysis

Data are presented as the mean * standard error of mean
(SEM), and were analyzed using Student’s t-test or one-way
analysis of variance followed by Tukey’s post hoc test. Graphs
were generated by GraphPad Prism 8.0 software (GraphPad,
San Diego, CA, USA), and P < 0.05 was considered statistically
significant.

Results

Peripheral nerve injury leads to elevated levels of transferrin
in denervated muscles

To identify the key molecules involved in muscular atrophy
and neural regeneration in denervated skeletal muscles, we
generated a BPA injury model in male mice. The injured mice
showed significantly decreased daily activity and alertness
after surgery, as expected after peripheral nerve injury (Gigo-
Benato et al., 2010). Three days after surgery, the skeletal
muscles of the contralateral and ipsilateral upper limbs were
isolated for RNA extraction and deep-sequencing (Figure
1A). We identified the top 20 pathways enriched in the
denervated skeletal muscles compared with contralateral
controls. Among these, Ribosome, cell cycle, Phagosome and
chemokine signaling pathways were significantly activated in
the BPA injured muscles (Figure 1B). A total of 1260 genes
were upregulated, while 233 were downregulated in BPA
injured muscles compared with contralateral muscles (Figure
1C). In Figure 1D, we list 21 upregulated genes in BPA injured
muscles. We found that soluble frizzled-related protein 1 and
2 (Sfrpl1 and Sfrp2), a soluble modulator of Wnt signaling,
was dramatically upregulated over 2° and 2°-fold compared
with control, respectively. Cell cycle regulators Ccnb1 and
Ccna2 were also significantly upregulated after injury. Muscle
transcriptional regulatory factors Myogenin and Myod1
were also significantly increased in BPA denervated muscles,
in agreement with previous reports (Ishido et al., 2004;
Macpherson et al., 2011), suggesting our BPA injury model is
successful and reliable. Interestingly, we found that transferrin
was also significantly upregulated in BPA injured muscles. The
upregulated expression of transferrin in denervated muscles
was confirmed by quantitative RT-PCR (1.62 + 0.054-fold of
control, P < 0.05; Figure 1E). Previous studies show that the
expression of TfRs is significantly increased in regenerating
motor neurons (Graeber et al., 1989; Raivich et al., 1991).
However, here, we found the expression of TfR1, but not TfR2,
was significantly decreased in denervated muscles (0.11 +
0.00-fold of control, P < 0.01; Figure 1E), suggesting a role
of TfR1 in peripheral nerve denervation-induced muscular
atrophy.

Deletion of Tfr1 in developing skeletal muscle causes severe
muscular atrophy

To investigate the function of TfR1 in skeletal muscles, human
HSA-Cre transgenic mice, expressing Cre from embryonic day
9 specifically in skeletal muscles, were crossed with Tfr1 loxP
mice (flanking Tfr1 exons 3 to 6) to generate HSA-Cre;Tfr1"”"
mutant mice (Miniou et al., 1999; Barrientos et al., 2015;
Chen et al.,, 2015) (Figure 2A). These mice were born in a
Mendelian ratio. The expression of TfR1 in skeletal muscles
was significantly decreased in HSA-Cre;Tfr1”" cKO mice
compared with Tfr1” control littermates, and this result was
confirmed by western blot and quantitative RT-PCR (P < 0.01;
Figure 2B and C). Interestingly, we found that HSA—Cre,'TfrlF/F
cKO mice died around P14 with significantly decreased body
size and weight (P < 0.01; Figure 2D and E). In addition,

the hindlimb skeletal muscle volume in mutant mice was
dramatically decreased compared with control littermates (P <
0.01; Figure 2F and G).

Next, we characterized the histological properties of skeletal
muscle in HSA-Cre; Tfr1”" cKO and control mice. We found
the cross-sectional area of muscle fibers from cKO mice was
significantly decreased compared with control littermates
(P < 0.01; Figure 3A and B), indicative of muscular atrophy
in these postnatal mutant mice. Although the total number
of muscle fibers in cKO mice was similar to that in control
littermates, no central nucleus was detected in these mutant
mice (Figure 3A and C). By transmission electron microscopy,
the ultrastructure of the muscle appeared intact in cKO
mice, including well-aligned single myofibers and Z-lines, as
well as nuclei underneath the basal lamina (Figure 3D). The
reduced muscle mass in Tfrl mutant mice suggests impaired
myogenesis at the embryonic and early postnatal stages.
Moreover, immunofluorescence staining of the anterior thigh
muscle revealed that the expression of the fast type myosin
was significantly lower in HSA-Cre;Tfr1”" cKO mice compared
with control littermates, and that, in contrast, the expression
of slow-type myosin was relatively higher in mutants
compared with control littermates (Figure 3E). Western blots
from muscle lysates confirmed that the expression of slow-
type myosin in HSA-Cre; Tfr1”" cKO muscles was significantly
higher than that in control muscles, while fast type myosin
was markedly reduced in mutant muscles (P < 0.05 or P < 0.01;
Figure 3F and G), consistent with the immunofluorescence
staining results.

MyoD and myogenin, myogenic regulatory factors, were both
significantly downregulated in HSA-Cre; Tfr1”" cKO muscles
compared with control muscles (P < 0.05 or P < 0.01; Figure 3F
and G). Moreover, significantly altered expression of various
mMRNAs was detected in HSA-Cre; Tfr1” cKO muscles, including
myogenic regulatory factors (Myod and Myogenin) and the
skeletal muscle fiber identity-related factors Mef2C, muscle
creatine kinase and forkhead box protein O1 (Foxol). The
majority of these transcripts were significantly downregulated
in cKO muscles, except for Foxo1, a critical regulator of muscle
fiber-type specification (Kitamura et al., 2007), which showed
relatively higher expression in cKO muscles compared with
control muscles (P < 0.05 or P < 0.01; Figure 3H2. Interestingly,
the increased Foxol expression in HSA-Cre; Tfr1"”" cKO muscles
caused a reduction in skeletal muscle mass and a decrease
in fast-twitch fibers, but an increase in slow-twitch fibers,
consistent with previous studies (Kamei et al., 2004; Kitamura
et al., 2007). In addition, we observed liver and spleen
damage as well as metabolic disorders in HSA-Cre; Tfr1”" cKO
mice (data not shown), as reported previously (Trenor et al,,
2000; Barrientos et al., 2015).

Inducible deletion of Tfr1 in adult skeletal muscle results in
mild muscular atrophy

Next, to clarify whether Tfr1 is essential for the maintenance
of skeletal muscle metabolic homeostasis at the adult stage,
HSA-rtTA/TRE-Cre mice expressing Cre recombinase specifically
in skeletal muscles, inducible by tetracycline (Rao and Monks,
2009), were bred with Tfr1”" mice to generate HSA-rtTA/
TRE-Cre; Tfr1”" mutant mice. The tetracycline analog DOX
was administered to 1-month-old HSA-rtTA/TRE-Cre; Tfr1""
mice by intraperitoneal injection once per day for 30
consecutive days to induce the expression of Cre recombinase
specifically in skeletal muscles in adulthood to bypass the
developmental effects of Tfr1 in skeletal muscles (Figure 4A).
The expression of TfR1 was dramatically decreased in hind
limb skeletal muscles in DOX-treated HSA—rtTA/TRE—Cre;TfrlF/
f mutant mice, including the tibialis anterior, extensor
digitorum longus, gastrocnemius and soleus, but not in
saline-injected mutant mice, compared with Tfr1”" control
littermates. This suggests that Tfr1 knockout by DOX injection
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Figure 1 | ldentification of transferrin as one of the upregulated genes in denervated skeletal
muscles.

(A) Schematic of the experimental design for the identification of denervated skeletal muscle-related
genes in the brachial plexus avulsion injury mouse model and RNA deep-sequencing. (B) Kyoto
Encyclopedia of Genes and Genomes pathway analysis and the top 20 enriched differential signaling
pathways between control and denervated skeletal muscles. (C) Quantification of the total number

of DEGs between control and denervated skeletal muscles. (D) Representative list of significantly
upregulated genes, including transferrin and 20 other genes, in denervated skeletal muscles. (E)
Quantitative reverse transcription-polymerase chain reaction analysis indicates significantly increased
expression of Trf, but decreased expression of the Tfr1 gene, in denervated skeletal muscles. The
expression of the Tfr2 gene was not changed. Data are expressed as the mean + SEM (n = 3). *P < 0.05,
**P < 0.01 (Student’s t-test). DEGs: Differentially-expressed genes; n.s.: not significant; Trf: transferrin;
Tfrl: transferrin receptor 1; Tfr2: transferrin receptor 2.
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Figure 2 | Generation of HSA-Cre;TfrlF/F cKO mice and characterization of phenotypes.

(A) Schematic of the generation of HSA-Cre; Tfr1”" cKO mice. The HSA-Cre transgene expressed in

skeletal muscle was used to recombine loxP sites flanking Tfr1 exons 3 to generate HSA-Cre; Tfr1”"

cKO mice. (B) Representative western blot showing the expression of TfR1 in skeletal muscles from P7
Tfr1”* control and HSA-Cre; Tfr1”" mutants. Quantitative analysis of western blots reveals significantly
decreased expression of TfR1 in mutants compared with control littermates. (C) Quantitative reverse
transcription-polymerase chain reaction analysis indicates significantly decreased expression of the Tfr1
gene in mutants compared with control littermates. (D) The body size of HSA-Cre; Tfr1”" mutant mice was
significantly reduced compared with the control littermates at P10. (E) Quantification of the body weight
shows significant reduction in HSA-Cre; Tfr1”" mutants compared with control littermates at P10. (F) The
size of the gastrocnemius muscle in HSA-Cre; Tfr1”" mutants was significantly smaller than that in control
littermates at P10. Scale bars: 1 mm in D and F. (G) Quantification of the gastrocnemius muscle weight
shows significant reduction in HSA-Cre; Tfr1”" mutants compared with control littermates at P10. Data
are expressed as the mean = SEM (n=4in B, C, 10in E, G). **P < 0.01 (Student’s t-test). cKO: Conditional
knockout; GAPDH: glyceraldehyde 3-phosphate dehydrogenase; HSA: skeletal muscle actin; P7 or P10:
postnatal day 7 or 10; Tfrl: transferrin receptor 1.
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was successful (P < 0.01; Figure 4B
and C). In contrast to the significantly
decreased body size and reduced
skeletal muscle mass in HSA-Cre; Tfr1"”"
cKO mice, body size was similar
between saline injection control and
DOX-treated HSA-rtTA/TRE-Cre;Tfr1""
mutant mice, and the mice with induced
Tfr1 KO survived for 30 days after the
DOX injection (data not shown). We
also found that almost all of the skeletal
muscles from the hind limb displayed
a much more intense red color in
DOX-treated HSA-rtTA/TRE-Cre;Tfr1"*
mutant mice compared with saline-
treated controls and Tfr1”" littermates
(Figure 4D). Histological analyses
further revealed that the majority of
the perimeters of the cross-section of
skeletal muscle fibers from the hind limb
were relatively smaller in DOX-treated
HSA-rtTA/TRE-Cre; Tfr1”F mutant mice,
including in the tibialis anterior, extensor
digitorum longus and gastrocnemius
muscles, but not in the soleus muscles
(P < 0.05; Figure 4E and F), suggesting
deletion of Tfr1 in adult skeletal muscles
may also lead to mild muscular atrophy
in developing skeletal muscles (P < 0.05
or P<0.01; Figures 2F and 3A-E).

Our immunofluorescence staining
results further demonstrated that,
as in HSA-Cre;Tfr1"”" cKO mice, the
expression of fast type myosin was
significantly decreased in almost all
hind limb skeletal muscles in DOX-
treated HSA-rtTA/TRE-Cre;Tfr1""
mutant mice, including the tibialis
anterior, extensor digitorum longus,
gastrocnemius and soleus muscles (P
< 0.01; Figure 5A and B). Moreover,
the average number of myofibers was
not affected in DOX-treated HSA-rtTA/
TRE-Cre;Tfr1”" mutant mice (Figure
5C), similar to the HSA-Cre; Tfr17"
cKO mice (Figure 3C). However, in
contrast to the increased expression
of slow-type myosin in HSA-Cre; Tfr1"7"
cKO mice, the expression of slow-type
myosin as well as the area of the cross-
section of muscle fibers were drastically
decreased in DOX-treated HSA-rtTA/
TRE-Cre; Tfr1”" mutant mice, including in
the tibialis anterior, extensor digitorum
longus and gastrocnemius muscles, but
not in the soleus muscles (P < 0.01;
Figure 5D-F). Taken together, these
results demonstrate that the muscular
atrophy phenotype induced by deletion
of Tfr1 in developing skeletal muscles is
much more severe than that produced
by the selective deletion of the gene
in adult skeletal muscles, suggesting
distinct functions of TfR1 in skeletal
muscles in the developmental and adult
stages.

Loss of Tfr1 in adult skeletal muscle
causes deficits in motor behaviors

In addition to the histological analyses,
we also evaluated motor function
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Figure 3 | Severe muscular atrophy in HSA-Cre; Tfr1”F mutant mice.

(A) Hematoxylin-eosin staining of the cross-sections of gastrocnemius muscle in HSA-Cre; Tfr1”" mutants and control littermates at P10. The outline of a single
muscle fiber is indicated by a dashed line, revealing smaller cross-sectional area of muscle fibers in mutants compared with controls. Scale bars: 30 um. (B, C)
Quantitative analysis of the average muscle fiber area shows a significant reduction in HSA-Cre; Tfr1”" mutants compared with control littermates at P10, but the
number of muscle fibers was nearly the same. (D) Ultrastructural analysis of gastrocnemius muscles by electron microscopy. No significant misalignment of Z-lines
(arrows) or central nuclei was found in either HSA-Cre; Tfr1”" mutants or control littermates. Scale bars: 500 nm (left), 100 nm (right). (E) Immunofluorescence
staining of gastrocnemius muscle cross-sections labeled with anti-myosin (slow) (arrowheads) or anti-myosin (fast) (asterisks) antibody (red, Alexa Fluor 568)

in HSA-Cre; Tfr1”" mutants and control littermates. Increased expression of slow-type myosin, but reduced expression of fast-type myosin, was found in HSA-
Cre; Tfr1”" mutants compared with control littermates. Scale bar: 100 mm. (F) Representative western blot shows the expression of TfR1, myosin (slow), myosin
(fast), MyoD and myogenin in skeletal muscles from HSA-Cre; Tfr1”* mutants and control littermates at P10. (G) Quantitative analysis of western blots showing
significantly decreased expression of TfR1, myosin (fast), MyoD and myogenin, but increased expression of myosin (slow), in HSA-Cre; Tfr1”" mutants compared
with control littermates. (H) Quantitative reverse transcription-polymerase chain reaction analysis indicating significantly downregulated expression of Myod1,
Myogenin, Mef2c and MCK genes in HSA-Cre; Tfr1”" mutant mice. In contrast, Foxol was significantly upregulated in HSA-Cre; Tfr1”" mutants compared

with control littermates. Data are expressed as the mean + SEM (n = 6). *P < 0.05, **P < 0.01 (Student’s t-test). Foxo1l: Forkhead box protein O1; GAPDH:
glyceraldehyde 3-phosphate dehydrogenase; HSA: skeletal muscle actin; MCK: muscle creatine kinase; Mef2C: myocyte enhancer factor 2C; n.s.: not significant;
P10: postnatal day 10; Tfrl: transferrin receptor 1.
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Figure 4 | Generation and characterization of the muscle phenotype in HSA-rtTA,tetO-Cre;Tfr1”* inducible mutant mice.

(A) Schematic of the generation of adult skeletal muscle inducible Tfr1 conditional knockout mice. DOX combines with and activates the rtTA promoter to
induce HSA-Cre recombinase to generate the adult skeletal muscle-specific Tfr1 knockout. DOX (10 mg/kg) was injected intraperitoneally once per day to
induce HSA-Cre transgene expression for 30 consecutive days. (B) Representative western blots showing the expression of TfR1 in four types of skeletal
muscles, including TA, EDL, gastrocnemius and soleus, in the indicated mice at P60. (C) Quantitative analysis of western blots showing significantly decreased
expression of TfR1 in all types of skeletal muscles from DOX-treated HSA-rtTA, tetO-Cre; Tfr1”* mutants compared with saline-treated mutants and Tfr17"
control littermates. (D) Gross morphology of four types of skeletal muscles, including TA, EDL, gastrocnemius and soleus muscles, dissected from Tfr1”" control
littermates, and saline-treated and DOX-treated HSA-rtTA, tetO-Cre; Tfr1”" mutants at P60. Significantly reduced muscle volume was found in TA, EDL and
gastrocnemius muscles, but not in soleus muscles. Scale bar: 10 mm. (E) Hematoxylin-eosin staining of the cross-sections of four types of skeletal muscles

of the indicated genotypes at P60. Scale bar: 100 pm. The cross-sectional area of TA, EDL and gastrocnemius muscles, but not soleus muscles, was markedly
reduced in HSA-rtTA, tetO-Cre; Tfr1”" mutants compared with controls. (F) Quantitative analysis of the average cross-sectional perimeter of single muscle fibers
in four types of skeletal muscles of the indicated genotypes at P60. Data are expressed as the mean + SEM (n = 6). *P < 0.05, **P < 0.01 (one-way analysis of
variance followed by Tukey’s post hoc test). DOX: Doxycycline; EDL: extensor digitorum longus; HSA: skeletal muscle actin; i.p.: intraperitoneal injection; n.s.:
not significant; P60: postnatal day 60; rtTA: reverse tetracycline-controlled transactivator; TA: tibialis anterior; Tfr1: transferrin receptor 1.
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in DOX-treated HSA-rtTA/TRE-Cre;Tfr1”" mutant mice,
saline-treated controls and Tfr1”" littermates. Rotarod
test demonstrated that the time on the accelerating
rod was significantly reduced in DOX-treated mutant
mice compared with saline-treated mutants and Tfr17"
littermates (P < 0.01; Figure 6A). To assess physiological
function of skeletal muscles in DOX-treated HSA-rtTA/TRE-
Cre,'TfrlF/F mutant mice, we performed the conventional
forelimb grip strength test, and found that the grip strength
was significantly decreased in DOX-treated mutant mice
compared with saline-treated mutants and Tfr1”" control
littermates (P < 0.05; Figure 6B).

We used the CatWalk gait analysis system to examine the
effects of Tfr1 deletion in adult skeletal muscles (Crowley
et al., 2018). We found that the stride length of the girdle
paw pairs of both the front and hind paws were signiﬁcantly
decreased in DOX-treated HSA-rtTA/TRE-Cre;Tfrl " mutant
mice compared with saline-treated mutants and Tfr17"
control littermates (both P < 0.05; Figure 6C and D). In
contrast, the sway lengths of both the front and hind paws
in DOX-treated HSA-rtTA/TRE-Cre;Tfr1”" mutant mice were
significantly increased compared with saline-treated mutants
and Tfr1”" control littermates (both P < 0.05; Figure 6C and E).
Collectively, the impaired motor functions in DOX-treated HSA-
rtTA/TRE-Cre; Tfr1”F mutant mice suggest that the absence
of TfR1 at the adult stage results in physiological disorders of
skeletal muscles.

Discussion

In this study, we first identified the significantly increased
expression of transferrin, but dramatically downregulated
expression of its receptor, TfR1, in denervated skeletal
muscles. Thereafter, using different genetic ablation methods,
we studied the function of TfR1 in developing and adult
skeletal muscles. We found that loss of TfR1 in embryonic
skeletal muscles caused significant muscular atrophy and
lethal phenotypes at P10 caused by severe metabolic
catastrophe, as reported previously (Barrientos et al., 2015).
In contrast, selective deletion of Tfr1 in adult skeletal muscles
generated much milder muscular atrophy without lethality.
Although motor behavioral analyses showed locomotor
deficits in mice with deletion of Tfr1 in adult muscle, no
metabolic catastrophe was found in these mice, suggesting
distinct functions of TfR1 in developing and adult skeletal
muscles. Because TfR1 is significantly downregulated in
denervated skeletal muscles, TfR1 loss-of-function studies
in skeletal muscles indicate the potential function of TfR1
signaling in muscles in the regulation of peripheral nerve
denervation-induced muscular atrophy.

From our RNA-sequencing analysis of mice with BPA injury,
we found that the expression of transferrin was significantly
upregulated in the denervated limbic muscles compared
with contralateral muscles, but that its receptor, TfR1, was
significantly reduced, suggesting a key role of transferrin/
TfR1 signaling in the regulation of neural regeneration or
muscular atrophy. Interestingly, it was previously reported
that transferrin is also abundant in regenerating nerves
(Markelonis et al., 1982; Mescher et al., 1997). This result
together with our findings suggest that transferrin might be
strongly induced in both nerve terminals and skeletal muscles
during neural regeneration. TfR1 is also strongly upregulated
in regenerating sciatic nerves (Raivich et al., 1991), suggesting
that transferrin might function during neural regeneration
in both an autocrine and paracrine manner. It should be
noted that TfR1 is ubiquitously expressed, including nerve
terminals and skeletal muscles, and interestingly, in our BPA
injury mouse model, we found that TfR1 was significantly
downregulated in denervated skeletal muscles. Moreover, our
genetic studies demonstrate that deletion of Tfr1 specifically
in motor neurons has no effect on motor neuron development

or neuromuscular junction formation (data not shown).
However, deletion of Tfrl specifically in skeletal muscles
produces severe muscular and metabolic deficits (Barrientos
et al., 2015), suggesting a critical role of TfR1 in skeletal
muscles.

The normal numbers of skeletal muscle fibers in both
developing and adult skeletal muscle-specific Tfr1 KO mice
indicate that TfR1 is more important for muscle tissue
metabolism rather than myogenesis (Barrientos et al., 2015).
Compared with the severe muscular atrophy phenotype of
HSA-Cre; Tfr1”" cKO muscles, the muscular atrophy deficits
in DOX-treated HSA-rtTA/TRE-Cre;Tfr1”" mutant mice were
much milder, suggesting that TfR1 is distinctly required in
skeletal muscle tissue to maintain metabolic homeostasis
at the various stages of development. It should be noted
that in muscle-specific Tfr1 cKO mice, we noticed that the
expression of fast type myosin was significantly reduced, but
that, in contrast, the expression of slow-type myosin was
increased in the absence of TfR1, suggesting a shift from
fast to slow muscle fiber type. The finding also suggests that
TfR1 has a more critical role in fast-type muscles. Indeed, we
found that the muscular atrophy phenotype is more severe
in Tfr1 cKO extensor digitorum longus muscles, which are
predominantly composed (87%) of fast-type (type Il myosin)
fibers (Kalhovde et al., 2005). Conversely, in the soleus muscle,
which is comprised mainly (85-87%) of slow-type fibers (type
| myosin) (Ng et al., 1998; Kalhovde et al., 2005), we did not
find significant muscular atrophy in the Tfr1 cKO, further
suggesting that fast type muscle fibers are more sensitive to
the loss-of-function of TfR1.

The severe muscular atrophy in the developing skeletal
muscle-specific TfR1 KO mice was accompanied by significantly
reduced expression of myogenic regulatory factors, including
MyoD and myogenin, but increased expression of FoxO1.
This result contrasts with the upregulated expression of
myogenin observed in denervated skeletal muscles in
previous reports (Blagden et al., 2004; Macpherson et al.,
2011), indicating that TfR1 has distinct roles in the regulation
of muscle development and denervation-induced muscular
atrophy. FoxO1 plays a key role in promoting the expression of
gluconeogenic enzymes and metabolism (Gross et al., 2008),
and it also controls myogenic differentiation and fiber type
specification (Kitamura et al., 2007). Here, we found that the
expression of FoxO1 was significantly upregulated in Tfri-
deleted skeletal muscles. To our knowledge, this is the first
demonstration of a link between TfR1 and FoxO1 signaling in
muscular atrophy, although the finding is preliminary.

Taken together, our findings demonstrate that transferrin
is significantly upregulated, while TfR1 is dramatically
downregulated, in denervated skeletal muscles. We found
that TfR1 plays distinct roles in early developmental and adult
stages in skeletal muscles. In agreement with a previous
report, we found that the deletion of TfR1 in embryonic
developing skeletal muscles in mice causes severe muscular
atrophy and lethal phenotypes around postnatal day 10
(P10) (Barrientos et al., 2015). In comparison, deletion of
Tfr1 in adult skeletal muscle induces muscular atrophy and
locomotor deficits, but without lethality. Our key finding
that TfR1 is severely downregulated in denervated skeletal
muscles suggests that preserving transferrin—TfR1 signaling
in these muscles may have potential in the treatment and
rehabilitation of peripheral nerve injury-induced muscular
atrophy. It should be noted that iron metabolism disorders and
transferrin receptor-mediated ferroptosis also play a role in
the progression of degenerative diseases of the kidney, heart,
liver, and brain (Lu and Black, 2016; Weiland et al., 2019;
Feng et al., 2020; Sumbria, 2020). In this study, we did not
investigate whether loss-of-function of TfR1 in skeletal muscles
leads to the ferroptosis of muscle tissue. Furthermore, we also
do not know whether peripheral nerve regeneration could
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be affected in adult skeletal muscle-specific Tfr1 KO mice.
Therefore, further study is needed to elucidate the functions
of TfR1 in the regulation of both skeletal muscle ferroptosis
and denervated peripheral nerve regeneration.
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Figure 5 | Expression levels of both fast- and slow-type myosin are reduced in HSA-rtTA,tetO-Cre; Tfr1”" inducible mutant mice.

(A) Immunofluorescence staining of the four different types of skeletal muscle with anti-myosin (fast) (green, Alexa Fluor 488) (asterisk) in Tfr1”" control
littermates, and saline-treated and DOX-treated HSA-rtTA, tetO-Cre; Tfr1”" mutants at P60. The expression of fast-type myosin was significantly decreased in all
four types of muscles in DOX-treated HSA-rtTA, tetO-Cre; Tfr1”" mutants compared with controls. Scale bar: 100 um. (B) Quantitative analysis of the expression
of myosin (fast) in various skeletal muscles of the indicated genotypes. (C) Quantitative analysis of the number of muscle fibers for each section of the indicated
skeletal muscle of the indicated genotype. (D) Immunofluorescence staining of the four types of skeletal muscle with anti-myosin (slow) (green, Alexa Fluor 488)
(asterisks) from Tfr1”" control littermates, and saline-treated and DOX-treated HSA-rtTA, tetO-Cre; Tfr1”" mutants at P60. The expression of slow-type myosin

was significantly decreased in TA, EDL and gastrocnemius muscles, but not in soleus muscles, in DOX-treated HSA-rtTA,tetO-Cre; Tfr1

7F mutants compared

with controls. Scale bar: 100 um. (E) Quantitative analysis of the expression of myosin (slow) in the different skeletal muscles of the indicated genotypes. (F)
Quantitative analysis of the average area of each single muscle fiber from the different skeletal muscles of the indicated genotypes at P60. Data are expressed
as the mean £ SEM (n = 6). **P < 0.01 (one-way analysis of variance followed by Tukey’s post hoc test). DOX: Doxycycline; EDL: extensor digitorum longus;
HSA: skeletal muscle actin; n.s.: not significant; P60: postnatal day 60; rtTA: reverse tetracycline-controlled transactivator; TA: tibialis anterior; Tfr1: transferrin

receptor 1.
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Figure 6 | Impaired motor function in HSA-rtTA,tetO-Cre;Tfr1”" inducible mutant mice.
(A) Histogram represents differences in the balance beam assay among the various genotypes at P60. (B) Histogram represents differences in the grip strength
test assay among the various genotypes at P60. The grip strength was significantly decreased in DOX-treated mutant mice compared with saline-treated

FF

mutants and Tfrl

control littermates. (C) Footprints of the indicated control and mutant mice at P60 were evaluated for stride length and sway length. (D, E)

Quantitative analysis of footprints reveals differences in stride length (D) and sway length (E) in the indicated genotypes at P60. Data are expressed as the mean
+ SEM (n = 10). ¥*P < 0.05, **P < 0.01 (one-way analysis of variance followed by Tukey’s post hoc test). DOX: Doxycycline; HSA: skeletal muscle actin; LF: left front
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