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Let-7e-5p Regulates IGF2BP2,
and Induces Muscle Atrophy

Takuro Okamura’, Hiroshi Okada "2, Yoshitaka Hashimoto, Saori Majima’,
Takafumi Senmaru’, Naoko Nakanishi’, Mai Asano’, Masahiro Yamazaki’,
Masahide Hamaguchi® and Michiaki Fukui®*

" Department of Endocrinology and Metabolism, Graduate School of Medical Science, Kyoto Prefectural University of
Medicine, Kyoto, Japan, 2 Department of Diabetes and Endocrinology, Matsushita Memorial Hospital, Moriguchi, Japan

Background and Aims: To understand the role of microRNAs in muscle atrophy caused
by androgen-depletion, we performed microarray analysis of microRNA expression in the
skeletal muscles of Sham, orchiectomized (ORX), and androgen-treated ORX mice.

Methods: To clarify role and mechanisms of let-7e-5p in the muscle, the effect of let-7e-
5p overexpression or knockdown on the expression of myosin heavy chain, glucose
uptake, and mitochondrial function was investigated in C2C12 myotube cells. Moreover,
we examined serum let-7e-5p levels among male subjects with type 2 diabetes.

Results: We found that the expression of the miRNA, lethal (let)-7e-5p was significantly
lower in ORX mice than that in Sham mice (p = 0.027); however, let-7e-5p expression in
androgen-treated ORX mice was higher (p = 0.047). Suppression of let-7e-5p significantly
upregulated the expression of myosin heavy chain, glucose uptake, and mitochondrial
function. Real-time PCR revealed a possible regulation involving let-7e-5p and Igf2bp2
MRNA and protein in C2C12 cells. The serum let-7e-5p levels were significantly lower,
which might be in compensation, in subjects with decreased muscle mass compared to
subjects without decreased muscle mass. Let-7e-5p downregulates the expression of
Igf2bp2 in myotube cells and inhibits the growth of the myosin heavy chain.

Conclusions: Based on our study, serum level of let-7e-5p may be used as a potential
diagnostic marker for muscle atrophy.

Keywords: micro RNA, let-7e-5p, muscle atrophy, Igf2bp2, sarcopenia

INTRODUCTION

Sarcopenia, an aging-related condition characterized by the loss of muscle mass, strength, and
function, is an important global health concern (1). Sarcopenia-associated muscular atrophy not
only impairs motor function, but also increases the likelihood of falls and fractures, affects daily
activities (2, 3), and increases the risk of mortality (4). The pathogenesis of skeletal muscle atrophy
includes reduced regenerative capacity of muscle satellite cells, reduced protein synthesis, and
accelerated degradation of myotube cells (5). Although the exact mechanism is unknown, reduced
androgen production has been implicated in the pathogenesis of skeletal muscle atrophy. Roy et al.
reported an association between serum androgen concentration and skeletal muscle mass and
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strength (6). In addition, Basualto-Alarcon et al. showed that
androgen signals induce muscle hypertrophy through the mTOR
and androgen receptor pathways (7). However, androgen
replacement therapy has been reported to have several adverse
effects (8). Therefore, there is an urgent need to develop new
therapeutic options to prevent androgen deficiency-induced
skeletal muscle atrophy.

Micro RNAs (miRNAs) are short single-stranded non-coding
RNAs approximately 19-23 nucleotides in length that regulate
gene expression in the post-transcriptional control phase of
target messenger RNAs (mRNAs). MiRNA-mediated
transcriptional repression is known to play an important role
in biological processes such as cell proliferation and
differentiation (9), apoptosis (10), metabolism (11), and
development (12). MiRNAs bind to their target mRNAs with
incomplete homology, thereby destabilizing the target mRNA,
and inhibiting protein synthesis (13).

Recent studies have shown that a single miRNA can regulate
the expression of multiple genes associated with a single
pathology. Abnormal expression of miRNAs in the skeletal and
cardiac muscles is associated with muscle damage (14). We
previously reported that activation of the Akt-mTOR pathway,
caused by miR-23b-3p overexpression-mediated PTEN
repression, counteracts skeletal muscle atrophy and has
beneficial effects on the skeletal muscles, including increased
expression of myosin heavy chain, myoD, and myogenin, and
increased glucose uptake and ATP activity (15). In contrast, in
this study, using microarray analyses of miRNA in skeletal
muscles, we found that the miRNA, lethal (let)-7e-5p, was
overexpressed in androgen-treated orchidectomized (ORX)
mice, compared to ORX mice. Let-7 family has been reported
to be related with muscle atrophy. Muscle biopsy studies found
that the expression of let-7b and let-7e was increased in the
skeletal muscle in older men with less lean mass compared to
young men (16). In another study, in healthy men with 21-days
bed rest let-7 in muscle was increased (17). On the other hand,
the expression of let-7 was decreased in skeletal muscle at 10-
days of bed rest in healthy man (18), and the expression of the
let-7 family within atrophied skeletal muscle has been reported
in various ways and no clear conclusions have been reached. In
this study, we investigated the association between skeletal
muscle atrophy and let-7e-5p using murine C2C12 myotube
cells. In addition, we examined the relationship between let-7e-
5p levels in human serum and muscle atrophy.

MATERIALS AND METHODS

Animals and Experimental Design

All experimental procedures were approved by the Committee
for Animal Research, Kyoto Prefectural University of Medicine
(M2020-40). Six-week-old C57BL/6 ] male mice were purchased
from Shimizu Laboratory Supplies (Kyoto, Japan) and housed in
specific pathogen-free controlled environment. The mice were
fed a standard diet (SD; 344.9 kcal/100 g, fat kcal 4.6%; CLEA
Japan, Tokyo) for 4 weeks starting at 8 weeks of age.

Mice were either orchiectomized (ORX group) or sham-
operated (Sham group) at 7 weeks of age. Under isoflurane
inhalation anesthesia, the skin of the testicle area is cut by 1 cm,
the testicle is removed, and compression hemostasis is applied
until obvious bleeding stops. In the sham group, the skin at the
testicle area is cut by 1 cm, and the testicle is not removed, and
only the skin is sutured. For the androgen-treatment group
(ORX+A), 8-week-old ORX mice were treated with
testosterone, administered once every 2 days for 4 weeks via
subcutaneous injection of androgen enanthate (3.6 pug/g body
weight; ISEL, Yamagata, Japan) diluted in sesame oil (19).

When the mice reached 12 weeks of age, mice were sacrificed
by the administration of a combination of anesthetics including
0.3 mg/kg medetomidine, 4.0 mg/kg midazolam, and 5.0 mg/kg
butorphanol (20). The soleus muscle was obtained, frozen
immediately, and stored at -80°C until use. QIAzol Lysis reagent
(Qiagen, Hilden, Germany) was used for miRNA extraction.

MiRNA Microarray Analysis

The soleus muscles were obtained from the mice in the ORX,
ORX+A, and Sham groups, and subjected to GeneChip miRNA
4.0 Array (cat. #902412, Applied Biosystems, Foster City, CA,
USA). The relative abundance of the miRNAs within the groups
was evaluated using the weighted average distance (WAD)
method using R (21) and paired t-tests. The WAD method
ranked the genes based on high expression, high weightage, or
fold-change. WAD was found to be an effective method of
transcriptome analysis. The data were preprocessed with
Robust Multichip Average normalization, and the global
miRNA expression was visualized as a volcano plot.

Mouse Skeletal Muscle Cell Culture

C2C12 cells (a mouse myoblast cell line; KAC Co. Ltd., Kyoto,
Japan), were plated in 24-well plates and grown in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 20% fetal
bovine serum (day 2). The medium was changed every other day.
When the cells reached 80% confluence, they were differentiated
in DMEM supplemented with 2% horse serum (differentiation
medium) (day 0). At 24 h after the medium change, the cells were
transfected with 30 nM let-7e-5p mimic/inhibitor or a scrambled
sequence (mirVana ®), which were purchased from Thermo
Fisher Scientific, using X-treme Gene siRNA transfection kit
(Roche, Mannheim, Germany) according to the manufacturer’s
recommendations (day 1). At 96 h (day 5) post-transfection, the
myotube cells were evaluated through various experiments.

Gene Expression in C2C12 Cells

Gene expression in the C2C12 cells was analyzed on day 5.
Medium was removed and the cells were washed with cold
phosphate buffered saline (PBS) twice. Cells were detached
from the dish using cell scrapers, homogenized in ice-cold
QIAzol Lysis reagent, and total RNA was isolated following the
manufacturer’s instructions. Total RNA (0.5 pg) was reverse
transcribed into cDNA using a High-Capacity cDNA Reverse
Transcription Kit (Applied Biosystems) with oligodT and
random hexamer primers according to the manufacturer’s
recommendations. The reverse transcription reaction was
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performed for 120 min at 37°C and the reaction was inactivated
for 5 min at 85°C. We chose the let-7e-5p target mRNA, Igf2bp2,
for further studies. We used real-time reverse transcription-
polymerase chain reaction (RT-PCR) to quantify the mRNA
expression of Igf2bp2, Trim63, Fbxo32, and Hdac4, which are
involved in muscle atrophy (22). RT-PCR was performed using
TaqMan Fast Advanced Master Mix (Applied Biosystems)
according to the manufacturer’s instructions. The PCR
conditions were as follows: 1 cycle of 2 min at 50°C and 20 s
at 95°C, followed by 40 cycles of 1 s at 95°C, and 20 s at 60°C.

The relative expression of each target gene was normalized to
the threshold cycle (CT) value of Gapdh quantified using the
comparative threshold cycle 2-AACT method as described
previously (23). Signals from the Sham mice were assigned a
relative value of 1.0. Six mice were examined in each group, and
RT-PCR was performed in triplicate for each sample. Total
miRNA was extracted from the soleus muscle using the
miRNeasy mini kit (Qiagen, Hilden, Germany).

For the miRNA RT-PCR experiments, cDNA was synthesized
from 200 ng of total miRNA using a Tagman miRNA Reverse
Transcription kit (Applied Biosystems). U6 was used as an
endogenous control. RT-PCR was performed using TaqgMan
Fast Advanced Master Mix (Applied Biosystems) according to
the manufacturer’s instructions. The PCR conditions used were
as follows: 1 cycle of 2 min at 50°C and 20 s at 95°C, followed by
40 cycles of 1 s at 95°C, and 20 s at 60°C. We extracted and
quantified let-7e-5p and U6 small nucleolar RNA using the 2
—AACT method. Signals from the Sham mice were assigned a
relative value of 1.0.

Luciferase Reporter Assay

The putative let-7e-5p targets were predicted using TargetScan
Human 6.2 (http://www.targetscan.org/). The putative
recognition sites of let-7e-5p in the IGF2BP2 3’-untranslated
region (3’-UTR) and its sequences are shown in Supplementary
Figure 2. The reporter plasmids containing the wild-type (WT)
3'UTR (pmirGLO3-IGF2BP2-WT-3'UTR) and mutant (MUT)
3'UTR (pmirGLO3-IGF2BP2-MUT-3'UTR) were synthesised
(Genecopoeia). C2C12 myotube cells in 96-well plates were
transfected with 30 nM scrambled sequence (NC), a
combination of let-7e-5p mimicking substrate (Applied
Biosystems) and IGF2BP2 reporter vector or pEZX-MTO01
control vector, which were purchased from Merk, using an X-
treme GENE siRNA transfection kit according to the
manufacturer’s instructions. All transfection experiments were
performed in triplicate. Luciferase activity was assayed at 48 h
after transfection, using a dual-luciferase reporter assay
system (Genecopoeia).

Protein Extracts and Western Blot
Incubated With Antibodies

Whole C2C12 myotube cell extracts were prepared in a radio
immunoprecipitation assay buffer (RIPA, ATTO, Tokyo; 50
mmol/L Tris (pH 8.0), 150 mmol/L NaCl, 0.5% deoxycholate,
0.1% SDS and 1.0% NP-40) containing a protease inhibitor
cocktail (BioVision, Milpitas, CA, USA). Protein assays were
performed using a BCA protein assay kit (Pierce/Thermo

Scientific, Rockford, IL, USA) according with the
manufacturer’s instructions. Total protein (20ug) was
electrophoresed in 12% SDS-PAGE gels, and western blotting
was carried out using standard protocols and proteins detected
by ImageQuant LAS 500 (GE Healthcare, Piscataway, NJ, USA).

C2C12 myotube cells were subjected to protein extractions.
First, 40-60 ug of protein extraction were incubated with the
following primary antibodies; Igf2bp2 (1:1000), MY32 or gapdh
(1:1500) diluted with EzBlock Chemi (ATTO, Osaka, Japan)
overnight at 4°C, followed by incubation with goat anti-mouse
IgG secondary antibodies conjugated to horseradish peroxidase
diluted with EzBlock Chemi for 30 minutes at room temperature.
All the antibodies listed in this section were obtained from Santa
Cruz Biotechnology (Santa Cruz, Dallas, TX, USA).

Immunocytochemistry

C2C12 cells were cultured in 8-well chamber slides and
immunocytochemistry was performed on day 5. The cells were
fixed in 4% paraformaldehyde and incubated with MY32, a
primary monoclonal antibody against myosin heavy chain
(Sigma-Aldrich, St. Louis, MO, USA), or F12B, anti-myogenin,
(Sigma-Aldrich), diluted in PBS/1% BSA/0.3% TritonTM
X-100 (Sigma-Aldrich) overnight at 4°C, and then with Texas-
red-conjugated anti-mouse secondary antibody (Jackson
ImmunoResearch) diluted in PBS/1% BSA/0.3% TritonTM X-100
overnight at 4°C for 1 h. The nuclei were stained with DAPI (Sigma-
Aldrich). Images were captured with a BZ-X710 fluorescence
microscope, and the fluorescence intensity of the cells and the
nuclei count per image with a 20-fold magnification were analyzed
using Image] (NIH). In addition, the fusion index was defined and
determined according to a previous study (24).

Apoptosis Detection by Flow

Cytometry Analysis

C2C12 cells were cultured in 24-well chamber slides and flow
cytometry analyses were performed on day 5 with Annexin V-
FITC Apoptosis Detection Kit (Nacalai tesque, Kyoto, Japan)
according to the manufacturer’s recommendations. FACS Canto
II and FlowJo version 10 software were used for obtained data
and analyzation.

ATP Activity

C2C12 cells were cultured in 24-well plates, and cellular ATP was
extracted on day 5 using an Intracellular ATP assay kit (Toyo-B-
Net, Tokyo, Japan) according to the manufacturer’s instructions.
The medium was removed, cells were washed twice with cold PBS,
and then treated with ATP extraction buffer (400 puL/well) at room
temperature for 5 min. The lysate was then dispensed into 96-well
plates (on ice) in triplicate and luminescent reagent (100 uL/well)
was added. ATP activity was quantitated as a measure of the
luminescence using an Orion L microplate luminometer (Berthold
Detection Systems, Pforzheim, Germany).

2-Deoxyglucose Uptake by C2C12 Cells

The uptake of [*H]2-deoxyglucose (PerkinElmer, Boston, MA)
by C2C12 cells cultured in 24-well plates was measured. Cells
were washed twice with serum-free DMEM, incubated in serum-
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free DMEM for 2 h at 37°C, and washed twice with PBS. Then,
Krebs-Ringer-phosphate buffer (10 mM phosphate [pH 7.5], 113
mM NaCl, 5 mM KCl, 1.3 mM CaCl,, 1.2 mM MgSOy,, and 1.2
mM KH,PO, containing 0.3% BSA) was added in the presence
or absence of 10 mU/mL bovine insulin for 30 min at 37°C. The
uptake of 10 uM [*H]2-deoxyglucose was then measured over a
5-min period. Reactions were terminated by rapidly washing the
cells twice with ice-cold Krebs ringer bicarbonate buffer.

Cells were then extracted using 0.2% SDS, and aliquots of the
cell extract were counted by liquid scintillation and used to
determine the protein concentration. Nonspecific uptake was
measured in the presence of 10 uM of cytochalasin-B, and the
values were subtracted from those corresponding to
specific binding.

Measurement of Cellular Oxygen
Consumption Rate (OCR) in C2C12 Cells
OCR of C2C12 cells was determined using a Seahorse
Extracellular Flux Analyzer XFp (Agilent Technologies, Santa
Clara, CA). C2C12 cells (0.5 104 cells/well) were plated and
cultured in normal medium in a Seahorse plate, and the
experiment was conducted 5 days after changing the cells to
differentiation medium. On the day of the measurement, the
medium was replaced with XF assay medium supplemented with
10 mM glucose, 2 mM glutamine, and 1 mM pyruvate, and the
cell culture plate was placed in a CO2-free incubator for 1h.
OCR was determined using a Seahorse Analyzer in combination
with a Cell Mito Stress Test assay kit according to the
manufacturer’s instructions. For the Cell Mito Stress Test, 2
UM oligomycin, 2 UM carbonyl cyanide 4-(trifluoromethoxy)
phenylhydrazone (FCCP), and 1 uM rotenone /antimycin A
were subsequently added to the assay medium to monitor
different aspects of mitochondrial respiration. Two plates with
the same conditions were prepared, one for the experiment and
the other for cell counting after stripping the cells with trypsin
EDTA, and OCR was normalized to the total number of cells.

Study Population

The present study population was derived from the
KAMOGAWA-DM cohort study, which is an ongoing
prospective cohort study that began in 2014 (25). Approval for
the study was obtained from the research ethics committees of
the Kyoto Prefectural University of Medicine and Kameoka
Municipal Hospital (E-466), and written informed consent was
obtained from all the patients. For the present study, we collected
information pertaining to male patients aged > 65 years with type
2 diabetes, all of whom were Japanese, physically active, and
KAMOGAWA-DM participants recruited from the outpatient
clinic of the Kyoto Prefectural University of Medicine or
Kameoka Municipal Hospital between August 2015 and
September 2017. Patients with diabetic nephropathy stage 3 or
higher (26) and those with inflammatory disease, malignancy, or
endocrine disease were excluded from the study. Patients with
class NYHA II-IV cardiac insufficiency (27) or severe chronic
obstructive pulmonary disease were also excluded (27) as these
conditions may influence the patient’s physical activity.

Next, we examined the decrease in muscle mass by
determining each patient’s skeletal muscle index (SMI) based
on the algorithms proposed by the Asian Working Group for
Sarcopenia (28). The body composition of each patient was
evaluated using a multifrequency impedance body composition
analyzer (InBody 720, InBody Japan, Tokyo) (29), which is well
correlated with the dual-energy X-ray absorptiometry (30). We
obtained each patient’s body weight (BW, kg), body fat mass
(kg), skeletal muscle mass (kg), and appendicular muscle
mass (kg) and then calculated the skeletal muscle mass index
(SMI) (kg/m2) by dividing the appendicular muscle mass (kg) by
the square of the patient’s height (m) (30). The body mass index
was defined as weight in kilograms divided by height in meters
squared. The cut-off value for SMI was set to < 7.0 kg/m?2. In this
study, we selected a total of 32 male patients to form two groups
of 16 patients with or without decreased muscle mass, matched
for age. Approval for the study was obtained from the research
ethics committees of the Kyoto Prefectural University of
Medicine and Kameoka Municipal Hospital, and written
informed consent was obtained from all the patients.

Serum miRNA Extraction

RNA was extracted from serum samples using miRNeasy Serum/
Plasma Kit (Qiagen) according to the manufacturer’s
instructions. Briefly, 250 UL of serum was thawed on ice and
centrifuged at 12,000 g at 4°C for 10 min to remove cellular
debris. Thereafter, 200 pL of the supernatant was lysed in 1000
UL of QIAzol Lysis Reagent. After incubation for 5 min, 25 fmol
of synthetic cel-miR-39 (Syn-cel-miR-39-3p miScript miRNA
Mimic, Qiagen) was added to each sample as an external spiked-
in control.

Total RNA, including small RNA, was extracted and eluted in
30 UL of RNase-free water using a QIAcube device (Qiagen).
Serum levels of let-7e-5p and cel-miR-39 were examined by real-
time PCR. A fixed volume of 2 uL of total RNA was reverse
transcribed using Tagman miRNA Reverse Transcription kit
(cat. #4366597, Applied Biosystems) in a total volume of 15 uL
under the following cycling conditions: 16°C for 30 min, 42°C for
30 min, 85°C for 5 min, and then maintained at 4°C.

Real-time PCR was performed (in duplicate) using MiRNA
Assay Kit and TagMan Universal Master Mix II (no UNG; cat.
#4440040, Applied Biosystems) on the StepOne Plus system
(Applied Biosystems) under the following cycling conditions:
95°C for 10 min, followed by 40 cycles of 95°C for 15 s and 60°C
for 1 min. The cycle threshold (Ct) values were calculated using
StepOne Software v2.3 (Applied Biosystems). The miRNAs
expression levels were normalized to those of cel-miR-39
determined using the 27" method.

Statistical Analysis

Data were analyzed using JMP ver. 13.0 software (SAS, Cary, NC).
Student’s t-test was used to compare the different groups. P = 0.05
was considered significant. Moreover, when necessary, Kruskal-
Wallis tests followed by Bonferroni correction of the Mann-
Whitney U test were used for multiple comparisons. In
addition, the area under the curve (AUC) of serum let-7e-5p
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levels, for the presence of sarcopenia, was calculated by the receiver
operating characteristic curve.

RESULTS

MiIRNA Array Analyses of Murine Soleus
Muscle

We examined the changes in miRNA expression in the soleus
muscle of ORX mice by performing microarray analysis
comparing the Sham and ORX mice administered with
androgen (ORX+A). The differentially expressed genes in the
Sham and ORX mice, and ORX and ORX+A mice were
determined using the WAD algorithm, and the full ranking is
shown in Supplementary Tables 1 and 2. Top 20 miRNAs were
ranked from top to bottom, as shown in Figures 1A, B.
Additionally, volcano plots and heatmap of microarrays data
displaying the pattern of gene expression values for ORX mice
versus sham or ORX+A mice were shown in Supplementary
Figures 1A, B and 3. In microarray analyses, the fold change of
let-7e 5p expression in ORX mice was 0.73 + 0.16 compared to
that in sham mice, and 0.60 + 0.12 (p =0.047). In real-time PCR,
the expression of let-7e-5p was significantly reduced in the ORX
mice, compared to that in Sham mice (p = 0.027), whereas
replacement of testosterone restored the expression of let-7e-5p
(p =0.135) (Supplementary Table 3). In addition, the expression
of let-7e-5p evaluated by RT-PCR in soleus muscle of ORX mice
was significantly decreased, compared to that of sham or ORX+A
mice (p =0.001), whereas that of ORX+A mice was restored to
the same levels as that of sham mice (p =0.167)
(Supplementary Figure 1C).

Igf2bp2 Is a Potential Target of Let-7e-5p

Putative let-7e-5p targets were predicted using TargetScan
Human 6.2 (http://www.targetscan.org/). The putative let-7e-
5p recognition sites in the 3’-untranslated region (3’-UTR) of
insulin-like growth factor-2 mRNA-binding proteins 2 (Igf2bp2)
and their sequences are shown in Supplementary Figure 2. We
confirmed that the expression of let-7e-5p in C2C12 cells was
significantly increased following transfection of the mimicking
substrate, and decreased following transfection of an inhibitor
(p = 0.001) (Figure 2A). Expression of Igf2bp2 in C2C12 cells
was significantly decreased following transfection with the let-7e-
5p mimicking substrate (p = 0.001) (Supplementary Figure 1D).
Conversely, the expression of Igf2bp2 in C2CI12 cells was
significantly increased by the let-7e-5p inhibitor (p = 0.001)
(Supplementary Figure 1D). Moreover, in Western blot
analyses, the Igf2bp2 protein levels were investigated. The
Igf2bp2 protein levels of C2C12 cells transfected with the let-
7e-5p inhibitor was higher than those with the let-7e-5p
mimicking substrate (Figure 2C). In addition, the luciferase
reporter assays using a 3’'UTR of Igf2bp2 construct with let-7e-
5p or a miR-Control construct expressing C2C12 myotube cells
revealed a consistent reduction of luciferase activity in the let-7e-
5p transfectants, suggesting that let-7e-5p represses Igf2bp2
directly (Figure 2D). The expression of genes related to muscle
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FIGURE 1 | Top 20 miRNAs in the soleus muscle ranked using the weighted
average difference method. Influence of MiRNAs in Sham, ORX, and ORX+A
mice was assessed using the weighted average differences method, and the
assessed influence of the genera are ranked from top to bottom. Top 20
miRNAs are shown. Differences between these mIRNAs were evaluated using
paired t-tests (n = 3). Left, histogram showing the mean fragments per
kilobase of exon per million reads mapped (FPKM) of mIRNAs (mean +
standard deviation); right, 95% confidence interval (Cl) of the differences in
mean proportion and P- value by paired t-test are shown. (A) Sham vs. ORX
mice. (B) ORX vs. ORX+A mice. Sham: red, ORX: blue, ORX+A: green.

atrophy such as Trim63, Fbxo32, and Hdac4, was significantly
increased in C2C12 cells transfected with the let-7e-5p
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FIGURE 2 | Let-7e-5p inhibits myotube formation in C2C12 cells via repression of Igf2bp2. (A) Let-7e-5p expression in C2C12 cells was assessed after transfection
with a let-7e-5p mimic/inhibitor (30 nM) (n = 6). (B) Relative expression of mRNAs of indicated genes in C2C12 cells normalized to Gapdh expression (n = 6).

(C) Western blotting to detect the levels of Igf2bp2 and MHC and Gapdh in C2C12 myotube cells transfected with a let-7e-5p mimic/inhibitor (n=6). (D) Target
validation study by luciferase assay (n=6). (E) Immunocytochemistry in C2C12 cells (n = 6). Red: Myosin heavy chain. Blue: DAPI. Scale bar, 50 pm. (F) Fluorescence
intensity of myosin heavy chain (arbitrary units, a.u.) was compared (n = 6). (G) Fusion indices of C2C12 cells are shown (n = 6). (H) Width of myosin heavy chain are
shown (n=6). (I) Representative flow cytometry plots of C2C12 cells Annexin V- PI- live cells, Annexin V+ PI- apoptosis cells, and Annexin V+ Pl+ dead cells. (J) The
ratio of live cells is shown (n=6). (K) The ratio of apoptosis cells is shown (n=6). (L) The ratio of dead cells is shown (n=6). Data represent the means + standard
deviation (SD). *p = 0.05, **p = 0.01, **p = 0.001 by one-way ANOVA. Kruskal-Wallis tests followed by Bonferroni correction of the Mann-Whitney U test were used
for multiple comparisons. Ctrl: negative control, MHC: myosin heavy chain.
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mimicking substrate compared to that in cells transfected with
the inhibitor (Figure 2B).

Suppression of Let-7e-5p Upregulated the
Expression of Myosin Heavy Chain in
C2C12 Cells and Decreased the Apoptosis
In Western blot analyses, the MHC protein levels of C2C12 cells
transfected with the let-7e-5p inhibitor was higher than those
with the let-7e-5p mimicking substrate (Figure 2C). Next, we
immunostained the cells with monoclonal antibodies against
myosin heavy chain. Immunostaining revealed induction of
growth in myotube cells transfected with the let-7e-5p
inhibitor, while cells transfected with the let-7e-5p mimicking
substrate atrophied (Figure 2E). In addition, the fluorescence
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FIGURE 3 | Let-7e-5p decreases glucose uptake and downregulates mitochondrial function in C2C12 cells. (A) Glucose uptake by C2C12 cells was monitored after
transfection with let-7e-5p mimic/inhibitor. Glucose uptake was downregulated by let-7e-5p mimicking substrate and upregulated by let-7e-5p inhibitor, compared to
negative control (n = 6). (B) ATP assay following transfection with let-7e-5p mimic/inhibitor. ATP production was downregulated by let-7e-5p mimicking substrate and
upregulated by let-7e-5p inhibitor, compared to negative control (n = 6). (C) Raw data of oxygen consumption rate (OCR), (D) basal respiration, (E) ATP-linked respiration
(oligomycin-sensitive OCR), (F) proton leak, (G) maximal mitochondrial respiration (FCCP-stimulated OCR), and (H) spare respiratory capacity. OCRs were normalized to
the total number of cells. Data represent the means + SD; *p = 0.05, *p = 0.01, **p = 0.001 by one-way ANOVA.

intensity of myosin heavy chain in the C2C12 cells transfected
with the let-7e-5p inhibitor was significantly higher than that in
the cells transfected with the negative control (p = 0.006),
whereas the level in cells transfected with the let-7e-5p
mimicking substrate was significantly lower than that in the
negative control (p = 0.032) (Figure 2F). The fusion index of the
let-7e-5p mimicking substrate was significantly less than that of
the negative control (p = 0.041) or the inhibitor (p = 0.001)
(Figure 2G). Additionally, myotube width of the C2C12 cells
transfected with the let-7e-5p inhibitor was significantly higher
than that with the negative control (p = 0.001) (Figure 2H).
Moreover, the viability was investigated with Annexin V by
flowcytometry. Then, the ratio of apoptosis and dead cells was
increased by transfection with the let-7e-5p mimicking substrate,
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compared to negative control, whereas transfection with the let-
7e-5p inhibitor significantly decreased the apoptosis and dead
cells (p = 0.001) (Figures 2I-L). In addition, the fluorescence
intensity of myogenin in the C2C12 cells transfected with the let-
7e-5p inhibitor was significantly higher than that in the cells
transfected with the negative control (p = 0.001), whereas the
level in cells transfected with the let-7e-5p mimicking substrate
was significantly lower than that in the negative control (p =
0.034) (Supplementary Figures 4A, B).

Let-7e-5p Downregulated Glucose Uptake
in C2C12 Cells

Glucose uptake in C2C12 cells transfected with let-7e-5p
inhibitor was significantly increased (p = 0.002), whereas that
in cells transfected with let-7e-5p mimicking substrate was
significantly decreased (p = 0.026) compared to the negative
control (Figure 3A).

Let-7e-5p Downregulated ATP Activity in
C2C12 Cells

ATP activity in C2C12 cells transfected with let-7e-5p mimicking
substrate was significantly downregulated, compared to that of
the negative control (p = 0.001), whereas the ATP activity in cells
transfected with let-7e-5p inhibitor was upregulated (p = 0.039)
(Figure 3B). Next, we investigated the mitochondrial OCR of
C2C12 cells using an extracellular flux analyzer. C2C12 cells
transfected with let-7e-5p mimicking substrate showed
decreased basal respiration. In addition, C2C12 cells
transfected with let-7e-5p mimicking substrate had
significantly decreased ATP production, proton leak, maximal
respiration, and spare respiratory capacity, compared to negative
control and cells transfected with let-7e-5p inhibitor. On the
contrary, their mitochondrial function was upregulated by the
inhibition of let-7e-5p (Figures 3C-H).

Expression of Let-7e-5p in Serum of
Patients With Muscle Atrophy Was
Significantly Lower Than That in Patients
Without Muscle Atrophy

Since let-7e-5p was suggested to have an effect on skeletal muscle
in animal and cell experiments, we investigated serum let-7e-5p
levels to test whether it is a biomarker for sarcopenia in our
human studies. The characteristics of the 32 male patients with
diabetes (with and without muscle atrophy) are summarized in
Table 1. We investigated the differences in the expression of let-
7e-5p in the serum between the two groups. Serum let-7e-5p
expression in patients with muscle atrophy was significantly
lower than that in patients without muscle atrophy (p = 0.028)

(Figure 4A). Serum let-7e-5p level of 1.302 was identified as the
cut-off for the presence of sarcopenia in the patients with diabetes
(Figure 4B). Serum let-7e-5p level was found to be negatively
associated with the presence of muscle atrophy in both univariate
logistic regression analysis (OR of 1-unit increment: 0.70, 95%
confidence interval (CI): 0.50-0.99, p = 0.011) and multivariate
logistic regression analysis after adjusting for covariates (OR of
1-unit increment: 0.68, 95% CI: 048-0.99, p = 0.009) (Table 2).

DISCUSSION

Androgen deficiency is known to be associated not only with
muscle atrophy (31), but also with insulin resistance, type 2
diabetes, metabolic syndrome, and visceral fat accumulation (32,
33). In the present study, the expression of the miRNA, let-7e-5p,
was found to be decreased in the soleus muscle of ORX mice
compared to that in Sham mice, whereas replacement of
testosterone restored the expression of let-7e-5p. Furthermore,
let-7e-5p was found to promote muscle atrophy by inhibiting the
function of Igf2bp2, thereby reducing glucose uptake by myotube
cells, and thus impairing mitochondrial function. In addition,
serum let-7e-5p levels were significantly lower in patients with
muscle atrophy than in those without. In this study, we also
identified that the cut-off value of serum let-7e-5p level in patients
with diabetes, for the presence of muscle atrophy, was 1.302.
The lethal-7 (let-7) gene was first discovered as an important
developmental regulator in Caenorhabditis elegans. Let-7e-5p
inhibits proliferation and metastasis of glioma stem cells (34) and
colorectal cancer (35), and its functions are being intensively
investigated in the field of oncology. Several target genes of let-
7e-5p have been identified. In this study, we focused on Igf2bp2
and found that let-7e-5p regulates Igf2bp2. Igf2bps 1, 2, and 3
belong to a highly conserved family of RNA-binding proteins
that influence the fate of transcripts (36-38). In contrast to
Igf2bpl and Igf2bp3, which are expressed during development,
Igf2bp2 is widely expressed in many adult tissues, including the
gut, muscles, and brain. In these organs, small quantitative
differences in Igf2bp2 expression subtly affects processes such
as food uptake, metabolism, feeding behavior, or more complex
behavioral features that affects physical activity and, ultimately,
the lifetime risk of developing obesity and diabetes (39). In their
study of the relationship between IGFBP2 and skeletal muscle,
Caron et al. (40) demonstrated that overexpression of high
mobility group A2, an upstream target of Igf2bp2, enhanced
myogenesis and myosin heavy chain expression in embryonic
stem cells. Furthermore, since the muscle atrophy-related genes
investigated in this study, such as A, B, and C, do not share a

TABLE 1 | Characteristics of the study patients with and without muscle atrophy.

With Muscle atrophy n=16 Without Muscle atrophy n=16 p-value
Age, yrs 69.8 (6.9) 69.4 (6.3) 0.817
SMI, kg/m? 5.7 (0.8) 7.8(1.0 < 0.001
Let-7e-5p 2.0(1.8) 7.1 (10.1) 0.028

Data are mean (SD). SMI: skeletal muscle mass index.
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FIGURE 4 | Decreased levels of serum circulating let-7e-5p in patients with muscle atrophy compared to patients without muscle atrophy. (A) Relative expression of
serum circulating let-7e-5p normalized to miR-39 in the patients with and without muscle atrophy is shown. Serum let-7e-5p expression in patients without muscle
atrophy (7.1 + 10.1) was significantly higher than that in patients with muscle atrophy (2.0 + 1.8) (p = 0.028). Data represent the means + SD. (B) Optimal cut-off
point for serum circulating let-7e-5p level, for the presence of sarcopenia, is 1.302 (AUC 0.767, 95% ClI, 0.600-0.934, sensitivity = 0.933, specificity = 0.500,

common binding site with let-7e-5p, we hypothesized that the
gene expression of IGF2BP2 indirectly alters the expression of
these muscle atrophy-related genes. Moreover, Igf2bp2 promotes
translation of IGF2 through internal ribosomal entry and
downstream PI3K/Akt signaling (41), which inhibits FOXO1
and MURF1, and suppresses muscle atrophy (42). A previous
study has shown that Igf2bp2 functions as a key regulator of
satellite cell activation and skeletal muscle development (43).
Adjusting the expression of let-7e-5p altered the expression of
myogenin, one of the differentiation markers of myotubular cells
(44), suggesting that let-7e-5p may also be involved in muscle
differentiation through the regulation of IGF2BP2 expression. In
addition, the other previous study reported that postnatal
Igf2bp2 inactivation in mouse skeletal muscles reduces muscle
mass accompanied by a reduction in overall protein synthesis
due to reduced autocrine production of IGF2 and impaired
activation of Aktl, Gsk3a, and elF2Be (45). In this study,
suppression of let-7e-5p in C2C12 cells significantly increased
the expression of Igf2bp2, which resulted in muscle hypertrophy.
Furthermore, Igf2bp2 promotes the transport of mRNAs into the
vicinity of mitochondria, and subsequent translation and

TABLE 2 | Logistic regression analyses for muscle atrophy.

mediation of cellular functions (46). In contrast, the
suppression of Igf2bp2 reduces the OCR (47). In fact, in our
study, mitochondrial function was enhanced by the suppression
of let-7e-5p in C2C12 cells.

Serum let-7e-5p levels were significantly lower in diabetic
patients with sarcopenia compared to that in patients without
sarcopenia. This suggests that serum let-7e-5p level can be used
as a diagnostic marker for sarcopenia. We hypothesize that
serum let-7e-5p levels in patients were lower to reduce atrophy
of skeletal muscles caused by deficiency in androgen. However, it
is difficult to derive a causal relationship from this cross-sectional
analysis. Therefore, we intend to perform longitudinal analyses
to understand this relationship further in future studies.

Our study has the following limitation. The effects of let-7e-
5p on skeletal muscles was only demonstrated through cellular
experiments in this study. In the future, we intend to examine the
influence of impaired glucose tolerance on skeletal muscles in
animal experiments using conditional knockout mice. In
addition, the possibility of mRNA-miRNA interaction needed
to be evaluated not only by dual-luciferase assay but also by
ribonucleoprotein immunoprecipitation.

Univariate Multivariate
OR (95%Cl) p-value OR (95%Cl) p-value
Age, yrs 1.01 (0.91-1.11) 0.881 1.04 (0.92-1.17) 0.507
Let-7e-5p 0.70 (0.50-0.99) 0.011 0.68 (0.48-0.99) 0.009

Multivariate analysis was adjusted for age.
Cl, confidential interval; OR, odds ratio.
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In conclusion, this study revealed that the overexpression of
Igf2bp2 in C2CI2 cells using a let-7e-5p inhibitor improves
sarcopenia mainly via suppression of genes associated with
muscle atrophy and enhanced mitochondrial function.
Therefore, inhibition of let-7e-5p in skeletal muscles represents
a potential therapeutic target for sarcopenia. Additionally, serum
let-7e-5p level may be used as a marker for sarcopenia.

DATA AVAILABILITY STATEMENT

The data that support the findings of this study are available from
the corresponding author upon reasonable request.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by the research ethics committees of the Kyoto
Prefectural University of Medicine and Kameoka Municipal
Hospital. The patients/participants provided their written
informed consent to participate in this study. The animal study
was reviewed and approved by the Committee for Animal
Research, Kyoto Prefectural University of Medicine.

AUTHOR CONTRIBUTIONS

TO originated and designed the study, researched the data, and
wrote the manuscript. HO and YH originated and designed the

REFERENCES

1. Chen LK, Woo J, Assantachai P, Auyeung TW, Chou MY, lijima K, et al.
Asian Working Group for Sarcopenia: 2019 Consensus Update on Sarcopenia
Diagnosis and Treatment. ] Am Med Dir Assoc (2020) 21:300-7.e2.
doi: 10.1016/j.jamda.2019.12.012

2. Delmonico MJ, Harris TB, Lee J-S, Visser M, Nevitt M, Kritchevsky SB, et al.
Health, Aging and Body Composition Study. Alternative Definitions of
Sarcopenia, Lower Extremity Performance, and Functional Impairment
With Aging in Older Men and Women. ] Am Geriatr Soc (2007) 55:769—
74. doi: 10.1111/j.1532-5415.2007.01140.x

3. Goodpaster BH, Park SW, Harris TB, Kritchevsky SB, Nevitt M, Schwartz A v,
et al. The Loss of Skeletal Muscle Strength, Mass, and Quality in Older Adults:
The Health, Aging and Body Composition Study. J Gerontol Ser A Biol Sci
Med Sci (2006) 61:1059-64. doi: 10.1093/gerona/61.10.1059

4. Cruz-Jentoft AJ, Baeyens JP, Bauer JM, Boirie Y, Cederholm T, Landi F, et al.
Sarcopenia: European Consensus on Definition and Diagnosis: Report of the
European Working Group on Sarcopenia in Older People. Age Ageing (2010)
39:412-23. doi: 10.1093/ageing/afq034

5. le Grand F, Rudnicki MA. Skeletal Muscle Satellite Cells and Adult
Myogenesis. Curr Opin Cell Biol (2007) 19:628-33. doi: 10.1016/j.ceb.
2007.09.012

6. Roy TA, Blackman MR, Harman SM, Tobin JD, Schrager M, Metter EJ.
Interrelationships of Serum Testosterone and Free Testosterone Index With
FEM and Strength in Aging Men. Am J Physiol Endocrinol Metab (2002) 283:
E284-94. doi: 10.1152/ajpendo.00334.2001

7. Basualto-Alarcon C, Jorquera G, Altamirano F, Jaimovich E, Estrada M.
Testosterone Signals Through mTOR and Androgen Receptor to Induce
Muscle Hypertrophy. Med Sci Sports Exercise (2013) 45:1712-20.
doi: 10.1249/MSS.0b013e31828cf5(3

study, researched the data, and reviewed the manuscript. HO,
YH, and MH researched the data and contributed to the
discussion. MF originated and designed the study, researched
the data, and reviewed and edited the manuscript. MF is the
guarantor of this work and, as such, had full access to all of the
data in the study and takes responsibility for the integrity of
the data and the accuracy of the data analysis. All authors were
involved in the writing of the manuscript and approved the final
version of this article.

FUNDING

This work was supported by KAKENHI, Grant-in-Aid for Young
Scientists (19K17966).

ACKNOWLEDGMENTS

We thank all of the staff members of the Kyoto Prefectural
University of Medicine. We would like to thank Editage (www.
editage.com) for English language editing.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fend0.2021.791363/
full#supplementary-material

8. Grech A, Breck ], Heidelbaugh J. Adverse Effects of Testosterone Replacement
Therapy: An Update on the Evidence and Controversy. Ther Adv Drug Saf
(2014) 5:190-200. doi: 10.1177/2042098614548680

9. Hwang HW, Mendell JT. MicroRNAs in Cell Proliferation, Cell

Death, and Tumorigenesis. Br ] Cancer (2006) 94:776-80. doi: 10.1038/

sj.bjc.6603023

Pileczki V, Cojocneanu-Petric R, Maralani M, Neagoe IB, Sandulescu R.

MicroRNAs as Regulators of Apoptosis Mechanisms in Cancer. Clujul Med

(2016) 89:50-5. doi: 10.15386/cjmed-512

Rottiers V, Néddr AM. MicroRNAs in Metabolism and Metabolic Disorders.

Nat Rev Mol Cell Biol (2012) 13:239-51. doi: 10.1038/nrm3313

Alvarez-Garcia I, Miska EA. MicroRNA Functions in Animal Development

and Human Disease. Development (2005) 132:4653-62. doi: 10.1242/

dev.02073

Esteller M. Non-Coding RNAs in Human Disease. Nat Rev Genet (2011)

12:861-74. doi: 10.1038/nrg3074

Eisenberg I, Alexander MS, Kunkel LM. miRNAS in Normal and Diseased

Skeletal Muscle. J Cell Mol Med (2009) 13:2-11. doi: 10.1111/j.1582-

4934.2008.00524.x

Okamura T, Hashimoto Y, Osaka T, Senmaru T, Fukuda T, Hamaguchi M,

et al. MiR-23b-3p Acts as a Counter-Response Against Skeletal Muscle

Atrophy. J Endocrinol (2020) 244:535-47. doi: 10.1530/JOE-19-0425

Drummond MJ, McCarthy JJ, Sinha M, Spratt HM, Volpi E, Esser KA, et al.

Aging and microRNA Expression in Human Skeletal Muscle: A Microarray

and Bioinformatics Analysis. Physiol Genomics (2011) 43:595-603.

doi: 10.1152/physiolgenomics.00148.2010

Rullman E, Mekjavic IB, Fischer H, Eiken O. PlanHab (Planetary Habitat

Simulation): The Combined and Separate Effects of 21 Days Bed Rest and

Hypoxic Confinement on Human Skeletal Muscle miRNA Expression. Physiol

Rep (2016) 4:e12753. doi: 10.14814/phy2.12753

10.

11.

12.

13.

14.

15.

16.

17.

Frontiers in Endocrinology | www.frontiersin.org

December 2021 | Volume 12 | Article 791363


http://www.editage.com
http://www.editage.com
https://www.frontiersin.org/articles/10.3389/fendo.2021.791363/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fendo.2021.791363/full#supplementary-material
https://doi.org/10.1016/j.jamda.2019.12.012
https://doi.org/10.1111/j.1532-5415.2007.01140.x
https://doi.org/10.1093/gerona/61.10.1059
https://doi.org/10.1093/ageing/afq034
https://doi.org/10.1016/j.ceb.2007.09.012
https://doi.org/10.1016/j.ceb.2007.09.012
https://doi.org/10.1152/ajpendo.00334.2001
https://doi.org/10.1249/MSS.0b013e31828cf5f3
https://doi.org/10.1177/2042098614548680
https://doi.org/10.1038/sj.bjc.6603023
https://doi.org/10.1038/sj.bjc.6603023
https://doi.org/10.15386/cjmed-512
https://doi.org/10.1038/nrm3313
https://doi.org/10.1242/dev.02073
https://doi.org/10.1242/dev.02073
https://doi.org/10.1038/nrg3074
https://doi.org/10.1111/j.1582-4934.2008.00524.x
https://doi.org/10.1111/j.1582-4934.2008.00524.x
https://doi.org/10.1530/JOE-19-0425
https://doi.org/10.1152/physiolgenomics.00148.2010
https://doi.org/10.14814/phy2.12753
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

Okamura et al.

Let-7e-5p and Muscle Atrophy

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Rezen T, Kovanda A, Eiken O, Mekjavic IB, Rogelj B. Expression Changes in
Human Skeletal Muscle miRNAs Following 10 Days of Bed Rest in Young
Healthy Males. Acta Physiol (2014) 210:655-66. doi: 10.1111/apha.12228
Senmaru T, Fukui M, Okada H, Mineoka Y, Yamazaki M, Tsujikawa M, et al.
Testosterone Deficiency Induces Markedly Decreased Serum Triglycerides,
Increased Small Dense LDL, and Hepatic Steatosis Mediated by Dysregulation
of Lipid Assembly and Secretion in Mice Fed a High-Fat Diet. Metabolism
(2013) 62:851-60. doi: 10.1016/j.metabol.2012.12.007

Kawai S, Takagi Y, Kaneko S, Kurosawa T. Effect of Three Types of Mixed
Anesthetic Agents Alternate to Ketamine in Mice. Exp Anim (2011) 60:481-7.
doi: 10.1538/expanim.60.481

Kadota K, Nakai Y, Shimizu K. A Weighted Average Difference Method for
Detecting Differentially Expressed Genes From Microarray Data. Algorithms
Mol Biol (2008) 3:8. doi: 10.1186/1748-7188-3-8

Castets P, Rion N, Théodore M, Falcetta D, Lin S, Reischl M, et al. Mtorcl and
PKB/Akt Control the Muscle Response to Denervation by Regulating
Autophagy and HDAC4. Nat Commun (2019) 10:3187. doi: 10.1038/
s41467-019-11227-4

Livak KJ, Schmittgen TD. Analysis of Relative Gene Expression Data Using
Real-Time Quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods
(San Diego Calif) (2001) 25:402-8. doi: 10.1006/meth.2001.1262

Yamaguchi T, Suzuki T, Arai H, Tanabe S, Atomi Y. Continuous Mild Heat
Stress Induces Differentiation of Mammalian Myoblasts, Shifting Fiber Type
From Fast to Slow. Am J Physiol Cell Physiol (2010) 298:C140-8. doi: 10.1152/
ajpcell.00050.2009

Sakai R, Hashimoto Y, Ushigome E, Miki A, Okamura T, Matsugasumi M,
et al. Late-Night-Dinner Is Associated With Poor Glycemic Control in People
With Type 2 Diabetes: The KAMOGAWA-DM Cohort Study. Endocr J (2018)
65:395-402. doi: 10.1507/endocrj.EJ17-0414

Haneda M, Utsunomiya K, Koya D, Babazono T, Moriya T, Makino H, et al. A
New Classification of Diabetic Nephropathy 2014: A Report From Joint
Committee on Diabetic Nephropathy. J Diabetes Invest (2015) 6:242-6.
doi: 10.1111/jdi.12319

Fulster S, Tacke M, Sandek A, Ebner N, Tschope C, Doehner W, et al. Muscle
Wasting in Patients With Chronic Heart Failure: Results From the Studies
Investigating Co-Morbidities Aggravating Heart Failure (SICA-Hf). Eur Heart
J (2013) 34:512-9. doi: 10.1093/eurheartj/ehs381

Chen L-K, Liu L-K, Woo J, Assantachai P, Auyeung T-W, Bahyah KS, et al.
Sarcopenia in Asia: Consensus Report of the Asian Working Group for
Sarcopenia. ] Am Med Dir Assoc (2014) 15:95-101. doi: 10.1016/
jjamda.2013.11.025

Okamura T, Miki A, Hashimoto Y, Kaji A, Sakai R, Osaka T, et al. Shortage of
Energy Intake Rather Than Protein Intake Is Associated With Sarcopenia in
Elderly Patients With Type 2 Diabetes: A Cross-Sectional Study of the
KAMOGAWA-DM Cohort. J Diabetes (2019) 11:477-83. doi: 10.1111/
1753-0407.12874

Kim M, Shinkai S, Murayama H, Mori S. Comparison of Segmental
Multifrequency Bioelectrical Impedance Analysis With Dual-Energy X-Ray
Absorptiometry for the Assessment of Body Composition in a Community-
Dwelling Older Population. Geriatr Gerontol Int (2015) 15:1013-22.
doi: 10.1111/ggi.12384

Axell A-M, MacLean HE, Plant DR, Harcourt L], Davis JA, Jimenez M, et al.
Continuous Testosterone Administration Prevents Skeletal Muscle Atrophy and
Enhances Resistance to Fatigue in Orchidectomized Male Mice. Am J Physiol
Endocrinol Metab (2006) 291:E506-16. doi: 10.1152/ajpendo.00058.2006
Traish AM, Saad F, Guay A. The Dark Side of Testosterone Deficiency: II.
Type 2 Diabetes and Insulin Resistance. ] Androl (2008) 30:23-32.
doi: 10.2164/jandrol.108.005751

Fukui M, Kitagawa Y, Ose H, Hasegawa G, Yoshikawa T, Nakamura N. Role
of Endogenous Androgen Against Insulin Resistance and Athero-Sclerosis in
Men With Type 2 Diabetes. Curr Diabetes Rev (2007) 3:25-31. doi: 10.2174/
157339907779802094

Gong W, Zheng J, Liu X, Ma J, Liu Y, Xue Y. Knockdown of NEAT1 Restrained
the Malignant Progression of Glioma Stem Cells by Activating microRNA Let-
7e. Oncotarget (2016) 7:62208-23. doi: 10.18632/oncotarget.11403

Shan Y, Liu Y, Zhao L, Liu B, Li Y, Jia L. MicroRNA-33a and Let-7e
Inhibit Human Colorectal Cancer Progression by Targeting
ST8SIAL. Int ] Biochem Cell Biol (2017) 90:48-58. doi: 10.1016/j.biocel.2017.07.016

36. Oleynikov Y, Singer RH. Real-Time Visualization of ZBP1 Association With
B-Actin mRNA During Transcription and Localization. Curr Biol (2003)
13:199-207. doi: 10.1016/S0960-9822(03)00044-7

37. Hiittelmaier S, Zenklusen D, Lederer M, Dictenberg J, Lorenz M, Meng XH, et al.
Spatial Regulation of B-Actin Translation by Src-Dependent Phosphorylation of
ZBP1. Nature (2005) 438:512-5. doi: 10.1038/nature04115

38. Pan F, Hiittelmaier S, Singer RH, Gu W. ZBP2 Facilitates Binding of ZBP1 to
B-Actin mRNA During Transcription. Mol Cell Biol (2007) 27:8340-51.
doi: 10.1128/mcb.00972-07

39. Christiansen J, Kolte AM, Hansen TVO, Nielsen FC. IGF2 mRNA-Binding
Protein 2: Biological Function and Putative Role in Type 2 Diabetes. ] Mol
Endocrinol (2009) 43:187-95. doi: 10.1677/JME-09-0016

40. Caron L, Bost F, Prot M, Hofman P, Binetruy B. A New Role for the
Oncogenic High-Mobility Group A2 Transcription Factor in Myogenesis of
Embryonic Stem Cells. Oncogene (2005) 24:6281-91. doi: 10.1038/
sj.onc.1208781

41. Mu Q, Wang L, Yu F, Gao H, Lei T, Li P, et al. Imp2 Regulates GBM
Progression by Activating IGF2/PI3K/Akt Pathway. Cancer Biol Ther (2015)
16:623-33. doi: 10.1080/15384047.2015.1019185

42. Stitt TN, Drujan D, Clarke BA, Panaro F, Timofeyva Y, Kline WO, et al. The
IGF-1/PI3K/Akt Pathway Prevents Expression of Muscle Atrophy-Induced
Ubiquitin Ligases by Inhibiting FOXO Transcription Factors. Mol Cell (2004)
14:395-403. doi: 10.1016/S1097-2765(04)00211-4

43. LiZ, Gilbert JA, Zhang Y, Zhang M, Qiu Q, Ramanujan K, et al. An HMGA2-
IGF2BP2 Axis Regulates Myoblast Proliferation and Myogenesis. Dev Cell
(2012) 23:1176-88. doi: 10.1016/j.devcel.2012.10.019

44. Brunetti A, Goldfine ID. Differential Effects of Fibroblast Growth Factor on
Insulin Receptor and Muscle Specific Protein Gene Expression in Bc3h-1
Myocytes. Mol Endocrinol (1990) 4:880-5. doi: 10.1210/MEND-4-6-880

45. Regué L, Ji F, Flicker D, Kramer D, Pierce W, Davidoft T, et al. IMP2 Increases
Mouse Skeletal Muscle Mass and Voluntary Activity by Enhancing Autocrine
Insulin-Like Growth Factor 2 Production and Optimizing Muscle
Metabolism. Mol Cell Biol (2019) 39. doi: 10.1128/mcb.00528-18

46. Janiszewska M, Suva ML, Riggi N, Houtkooper RH, Auwerx J, Cléement-
Schatlo V, et al. Imp2 Controls Oxidative Phosphorylation and Is Crucial for
Preservin Glioblastoma Cancer Stem Cells. Genes Dev (2012) 26:1926-44.
doi: 10.1101/gad.188292.112

47. Fujii Y, Kishi Y, Gotoh Y. IMP2 Regulates Differentiation Potentials of Mouse
Neocortical Neural Precursor Cells. Genes Cells (2013) 18:79-89.

doi: 10.1111/gtc.12024

Conflict of Interest: YH has received grants from Asahi Kasei Pharma, personal
fees from Daiichi Sankyo Co., Ltd., personal fees from Mitsubishi Tanabe Pharma
Corp., personal fees from Sanofi K.K., personal fees from Novo Nordisk Pharma
Ltd., outside the submitted work. TS has received personal fees from Ono
Pharma Co., Ltd., Mitsubishi Tanabe Pharma Co, Astellas Pharma Inc., Kyowa
Hakko Kirin Co., Ltd., Sanofi K.K., MSD K.K., Kowa Pharma Co., Ltd., Taisho
Toyama Pharma Co., Ltd., Takeda Pharma Co., Ltd., Kissei Pharma Co., Ltd.,
Novo Nordisk Pharma Ltd., Eli Lilly Japan K.K. outside the submitted work. EU
has received grants from the Japanese Study Group for Physiology and
Management of Blood Pressure, the Astellas Foundation for Research on
Metabolic Disorders (Grant number: 4024). Donated Fund Laboratory of
Diabetes therapeutics is an endowment department, supported with an
unrestricted grant from Ono Pharmaceutical Co., Ltd., and received personal
fees from AstraZeneca plc, Astellas Pharma Inc., Daiichi Sankyo Co., Ltd., Kyowa
Hakko Kirin Company Ltd., Kowa Pharmaceutical Co., Ltd., MSD K.K,,
Mitsubishi Tanabe Pharma Corp., Novo Nordisk Pharma Ltd., Taisho Toyama
Pharmaceutical Co., Ltd., Takeda Pharmaceutical Co., Ltd., Nippon Boehringer
Ingelheim Co., Ltd., and Sumitomo Dainippon Pharma Co., Ltd., outside the
submitted work. MH has received grants from Asahi Kasei Pharma, Nippon
Boehringer Ingelheim Co., Ltd., Mitsubishi Tanabe Pharma Corporation, Daiichi
Sankyo Co., Ltd., Sanofi K.K., Takeda Pharmaceutical Company Limited, Astellas
Pharma Inc.,, Kyowa Kirin Co., Ltd., Sumitomo Dainippon Pharma Co., Ltd.,
Novo Nordisk Pharma Ltd., and Eli Lilly Japan K.K., outside the submitted work.
MA received personal fees from Novo Nordisk Pharma Ltd., Abbott Japan Co.,
Ltd., AstraZeneca plc, Kowa Pharmaceutical Co., Ltd., Ono Pharmaceutical Co.,
Ltd., Takeda Pharmaceutical Co., Ltd., outside the submitted work. MY reports
personal fees from MSD K.K., Sumitomo Dainippon Pharma Co., Ltd., Kowa

Frontiers in Endocrinology | www.frontiersin.org

December 2021 | Volume 12 | Article 791363


https://doi.org/10.1111/apha.12228
https://doi.org/10.1016/j.metabol.2012.12.007
https://doi.org/10.1538/expanim.60.481
https://doi.org/10.1186/1748-7188-3-8
https://doi.org/10.1038/s41467-019-11227-4
https://doi.org/10.1038/s41467-019-11227-4
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1152/ajpcell.00050.2009
https://doi.org/10.1152/ajpcell.00050.2009
https://doi.org/10.1507/endocrj.EJ17-0414
https://doi.org/10.1111/jdi.12319
https://doi.org/10.1093/eurheartj/ehs381
https://doi.org/10.1016/j.jamda.2013.11.025
https://doi.org/10.1016/j.jamda.2013.11.025
https://doi.org/10.1111/1753-0407.12874
https://doi.org/10.1111/1753-0407.12874
https://doi.org/10.1111/ggi.12384
https://doi.org/10.1152/ajpendo.00058.2006
https://doi.org/10.2164/jandrol.108.005751
https://doi.org/10.2174/157339907779802094
https://doi.org/10.2174/157339907779802094
https://doi.org/10.18632/oncotarget.11403
https://doi.org/10.1016/j.biocel.2017.07.016
https://doi.org/10.1016/S0960-9822(03)00044-7
https://doi.org/10.1038/nature04115
https://doi.org/10.1128/mcb.00972-07
https://doi.org/10.1677/JME-09-0016
https://doi.org/10.1038/sj.onc.1208781
https://doi.org/10.1038/sj.onc.1208781
https://doi.org/10.1080/15384047.2015.1019185
https://doi.org/10.1016/S1097-2765(04)00211-4
https://doi.org/10.1016/j.devcel.2012.10.019
https://doi.org/10.1210/MEND-4-6-880
https://doi.org/10.1128/mcb.00528-18
https://doi.org/10.1101/gad.188292.112
https://doi.org/10.1111/gtc.12024
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

Okamura et al.

Let-7e-5p and Muscle Atrophy

Company, Limited, AstraZeneca PLC, Takeda Pharmaceutical Company Limited,
Kyowa Hakko Kirin Co., Ltd., Daiichi Sankyo Co., Ltd., Kowa Pharmaceutical Co.,
Ltd., Ono Pharma Co., Ltd., outside the submitted work. MF has received grants
from Nippon Boehringer Ingelheim Co., Ltd., Kissei Pharma Co., Ltd., Mitsubishi
Tanabe Pharma Co, Daiichi Sankyo Co., Ltd., Sanofi KK., Takeda Pharma Co.,
Ltd., Astellas Pharma Inc., MSD K.K., Kyowa Hakko Kirin Co., Ltd., Sumitomo
Dainippon Pharma Co., Ltd., Kowa Pharmaceutical Co., Ltd., Novo Nordisk
Pharma Ltd., Ono Pharma Co., Ltd., Sanwa Kagaku Kenkyusho Co., Ltd. Eli Lilly
Japan K.K,, Taisho Pharma Co., Ltd., Terumo Co., Teijin Pharma Ltd., Nippon
Chemiphar Co., Ltd., and Johnson & Johnson K.K. Medical Co., Abbott Japan Co.,
Ltd., and received personal fees from Nippon Boehringer Ingelheim Co., Ltd.,
Kissei Pharma Co., Ltd., Mitsubishi Tanabe Pharma Corp., Daiichi Sankyo Co.,
Ltd., Sanofi KK, Takeda Pharma Co., Ltd., Astellas Pharma Inc., MSD KK,
Kyowa Kirin Co., Ltd., Sumitomo Dainippon Pharma Co., Ltd., Kowa Pharma Co.,
Ltd., Novo Nordisk Pharma Ltd., Ono Pharma Co., Ltd., Sanwa Kagaku
Kenkyusho Co., Ltd., Eli Lilly Japan K.K., Taisho Pharma Co., Ltd., Bayer
Yakuhin, Ltd., AstraZeneca K.K., Mochida Pharma Co., Ltd., Abbott Japan Co.,
Ltd., Medtronic Japan Co., Ltd., Arkley Inc., Teijin Pharma Ltd. and Nipro Cor.,
outside the submitted work.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Okamura, Okada, Hashimoto, Majima, Senmaru, Nakanishi,

Asano, Yamazaki, Hamaguchi and Fukui. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication in
this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Endocrinology | www.frontiersin.org

December 2021 | Volume 12 | Article 791363


http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

	Let-7e-5p Regulates IGF2BP2, and Induces Muscle Atrophy
	Introduction
	Materials and Methods
	Animals and Experimental Design
	MiRNA Microarray Analysis
	Mouse Skeletal Muscle Cell Culture
	Gene Expression in C2C12 Cells
	Luciferase Reporter Assay
	Protein Extracts and Western Blot Incubated With Antibodies
	Immunocytochemistry
	Apoptosis Detection by Flow Cytometry Analysis
	ATP Activity
	2-Deoxyglucose Uptake by C2C12 Cells
	Measurement of Cellular Oxygen Consumption Rate (OCR) in C2C12 Cells
	Study Population
	Serum miRNA Extraction
	Statistical Analysis

	Results
	MiRNA Array Analyses of Murine Soleus Muscle
	Igf2bp2 Is a Potential Target of Let-7e-5p
	Suppression of Let-7e-5p Upregulated the Expression of Myosin Heavy Chain in C2C12 Cells and Decreased the Apoptosis
	Let-7e-5p Downregulated Glucose Uptake in C2C12 Cells
	Let-7e-5p Downregulated ATP Activity in C2C12 Cells
	Expression of Let-7e-5p in Serum of Patients With Muscle Atrophy Was Significantly Lower Than That in Patients Without Muscle Atrophy

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


