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Abstract

Background Chemotherapy is an essential treatment to combat solid tumours and mitigate metastasis.
Chemotherapy causes side effects including muscle wasting and weakness. Regulated in Development and DNA
Damage Response 1 (REDD1) is a stress-response protein that represses the mechanistic target of rapamycin (mTOR)
in complex 1 (mTORC1), and its expression is increased in models of muscle wasting. The aim of this study was to
determine if deletion of REDD1 is sufficient to attenuate chemotherapy-induced muscle wasting and weakness in
mice.
Methods C2C12 myotubes were treated with carboplatin, and changes in myotube diameter were measured. Protein
synthesis was measured by puromycin incorporation, and REDD1 mRNA and protein expression were analysed in
myotubes treated with carboplatin. Markers of mTORC1 signalling were measured by western blot. REDD1 global
knockout mice and wild-type mice were treated with a single dose of carboplatin and euthanized 7 days later. Body
weight, hindlimb muscle weights, forelimb grip strength, and extensor digitorum longus whole muscle contractility
were measured in all groups. Thirty minutes prior to euthanasia, mice were injected with puromycin to measure
puromycin incorporation in skeletal muscle.
Results C2C12 myotube diameter was decreased at 24 (P = 0.0002) and 48 h (P < 0.0001) after carboplatin
treatment. Puromycin incorporation was decreased in myotubes treated with carboplatin for 24 (P = 0.0068) and
48 h (P = 0.0008). REDD1 mRNA and protein expression were increased with carboplatin treatment (P = 0.0267
and P = 0.0015, respectively), and this was accompanied by decreased phosphorylation of Akt T308 (P < 0.0001)
and S473 (P = 0.0006), p70S6K T389 (P = 0.0002), and 4E-binding protein 1 S65 (P = 0.0341), all markers of mTORC1
activity. REDD1 mRNA expression was increased in muscles from mice treated with carboplatin (P = 0.0295). Loss of
REDD1 reduced carboplatin-induced body weight loss (P = 0.0013) and prevented muscle atrophy in mice.
REDD1 deletion prevented carboplatin-induced decrease of protein synthesis (P = 0.7626) and prevented muscle
weakness.
Conclusions Carboplatin caused loss of body weight, muscle atrophy, muscle weakness, and inhibition of protein
synthesis. Loss of REDD1 attenuates muscle atrophy and weakness in mice treated with carboplatin. Our study
illustrates the importance of REDD1 in the regulation of muscle mass with chemotherapy treatment and may be an
attractive therapeutic target to combat cachexia.
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Introduction

Chemotherapy is a crucial anti-neoplastic strategy to treat
malignancies in cancer patients.1 Unfortunately, chemother-
apy drugs are often accompanied by a range of side effects
including muscle weakness and loss of muscle mass, which
define chemotherapy-induced cachexia.2 Greater muscle
mass is associated with positive patient prognosis due to en-
hanced metabolic activity2,3 and also limits chemotherapy
toxicity, reducing the severity of a number of side effects.4

Many studies have now shown that chemotherapy treatment
itself can lead to loss of muscle mass and muscle
weakness.5–9

Carboplatin is a platinum-based chemotherapy drug that
cross-links DNA leading to cell death10 and also causes muscle
atrophy and muscle weakness.8,9 Various studies have dem-
onstrated that platinum-based chemotherapy treatments
induce loss of muscle mass in both animal models9,11,12 and
humans.13 In both in vivo and in vitro studies, an increase in
protein degradation has been associated with chemotherapy
treatment including increased expression of the E3
ubiquitin ligases, muscle RING-finger 1 (MuRF1)14 and MAFbx
(atrogin-1).9,15 While the bulk of research concerning
chemotherapy-induced loss of muscle mass has been con-
ducted investigating catabolic pathways, anabolic signalling
is also compromised. Doxorubicin causes loss of muscle mass,
decreased exercise capacity, and decreased protein synthesis
in mice.16 Cisplatin causes decreased phosphorylation of pro-
tein kinase B (Akt)17 and decreased IGF-1 gene expression,11

both upstream regulators of protein synthesis. Folfiri, a che-
motherapy cocktail, causes activation of the extracellular
signal-related kinase 1/2 (ERK1/2) and p38 MAPK signalling
pathways and causes muscle atrophy and weakness.7

Maintenance of muscle mass is multifaceted, and muscle
size is dependent upon the balance of rates of protein syn-
thesis and protein degradation.18,19 During periods of muscle
wasting, this balance shifts towards an increase in protein
degradation and a decrease in protein synthesis leading to
muscle atrophy.20 A key negative regulator of protein synthe-
sis is the stress-response protein Regulated in Development
and DNA Damage Response 1 (REDD1; also known as
DDIT4).21 Genetic knockout of REDD1 is sufficient to maintain
skeletal muscle protein synthesis in a variety of pathophysio-
logical conditions in mice including fasting,22 sepsis,23 and
hypoxia,24 and enhances muscle hypertrophy.25 Because che-
motherapy results in muscle wasting and muscle weakness,
maintaining protein synthesis would be expected to prevent
loss of muscle mass and enhance a patient’s prognosis due
to advanced cancer and cancer treatment.

Under non-stress physiological conditions, REDD1 is not
highly expressed in myofibers.26 However, REDD1 protein ex-
pression is upregulated in hypoxic conditions by hypoxia in-
ducible factor 1 alpha27,28 and with endoplasmic reticulum
(ER) stress by activating transcription factor 4.29 Increased

expression of REDD1 inhibits mechanistic target of rapamycin
in complex 1 (mTORC1) activity and subsequent downstream
protein translation/synthesis.21,30 The PI3K/Akt/mTOR path-
way has been extensively studied, and mTORC1 activation is
partially reliant on active Akt and adequate growth
conditions.22 Through a series of intermediate phosphoryla-
tion events, Akt activates mTORC1 in a ras homolog enriched
in brain-dependent manner.31 mTORC1 then phosphorylates
downstream targets ribosomal protein S6 kinase beta-1 and
eukaryotic translation initiation factor 4E-binding protein 1
allowing increased protein translation to occur.32 Previous
studies have elucidated two mechanisms of action of REDD1
in the modulation of mTORC1 activity. Dennis et al. presented
evidence that REDD1 enhances protein phosphatase 2A
activity, thereby enhancing the dephosphorylation of Akt on
threonine 308 leading to decreased mTORC1 activation in
HEK-293 cells.33 Ellison et al. demonstrate that under hypoxic
conditions, REDD1 interacts with the tuberous sclerosis
tumour suppressors, specifically tuberin (TSC2), binding to
14-3-3 allowing TSC2 to complex with hemartin (TSC1). The
TSC1/2 complex prevents the activation of mTORC1 in a ras
homolog enriched in brain-dependent manner in MEF cells.27

REDD1’s mechanism of action has not been identified in skel-
etal muscle, and the role that REDD1 plays in modulation of
muscle mass through mTORC1 regulation with chemotherapy
has not been studied. However, REDD1 has been shown to be
increased in muscles from mice treated with combination cy-
clophosphamide, doxorubicin, and 5-flurouracil treatment.34

We hypothesize that REDD1 expression in mouse skeletal
muscle is induced with carboplatin treatment and deletion
of REDD1 will attenuate chemotherapy-induced muscle
atrophy and muscle weakness by maintaining mTORC1-
dependent protein synthesis.

Methods

Animals

Eight-week-old female REDD1 homozygous knockout (REDD1
KO) or wild-type C57bl/6 × 129SvEv mice35 were used for the
study. REDD1 KO mice are in the same genetic background as
controls and were originally generated by Elena Feinstein at
Quark Pharmaceuticals.35 Food and water were provided ad
libitum except when food was removed 3 h prior to euthana-
sia. Twelve-week-old female wild-type mice were used as age
controls to verify loss of body mass in skeletally mature mice
as confirmed by measurement of tibia length. All experiments
were repeated with independent groups. All experiments
using animals were performed at the Penn State College of
Medicine and approved by Penn State University’s Institu-
tional Animal Care and Use Committee and have been per-
formed in accordance with the ethical standards laid down
in the 1964 Declaration of Helsinki and its later amendments.
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Genotyping

Genotyping was performed using PCR on genomic DNA
extracted from mouse ear clips using REDD1 2-exon
specific forward (50-CTGGGATCGTTTCTCGTCCTC-30) and
reverse (50-CATCCAGGTATGAGGAGTCTG-30) oligonucleotides.
A neomycint-specific forward oligonucleotide (50-
GATGGATTGCACGCAGGTTC-30) that shared the REDD1 re-
verse sequence was utilized to further confirm REDD1 KO.35

Genotype for all mice was confirmed prior to
experimentation.

Drugs

Carboplatin (Millipore-Sigma, Darmstadt, Germany) dissolved
in phosphate buffered saline (PBS) or vehicle was injected
once intraperitoneally at a dose of 100 mg/kg. This dose
has been shown to closely match the area under the plasma
concentration curve vs. time when compared with an equiva-
lent human dose at a ratio of 0.9 mouse : human.36 Mice
were then returned to their cages and euthanized 5 or 7 days
after injection. Body weights were monitored daily, and a loss
of 20% or greater of initial body weight fulfilled endpoint
criteria and required euthanasia.

Plasmid transfection in vivo

pLKO.1 (Addgene plasmid #1087837) (shControl), pcDNA3-
EGFP (Addgene plasmid #13031), and REDD1 shRNA
(shREDD1) construct TRCN0000176020 (Sigma, Darmstadt,
Germany) were used for in vivo electroporation. Plasmid con-
structs were purified using an endotoxin-free maxi-prep kit
(Qiagen, Hilden, Germany). 10 μg of either shControl or
shREDD1 were mixed with 10 μg of GFP in a volume of 50ul
of sterile PBS. Eight-week-old female wild-type mice were
anesthetized using 5% isoflurane gas until surgical plane of
anaesthesia was met. Isoflurane was reduced to 2% mainte-
nance dose and absence of toe pinch reflex confirmed anaes-
thesia. Hair from the lower hindlimb was removed using a
depilatory cream, and the injection site was scrubbed with
70% ethanol. A 50 μL Hamilton syringe with 30 gauge
needle was used to inject the plasmid cocktail (left leg
shControl + GFP; right leg shREDD1 + GFP). The injection site
was at the distal tibialis anterior (TA), and the needle was
inserted through the skin, into the TA to the proximal origin.
The syringe was gently depressed while simultaneously
withdrawing the needle the length of the TA to insure ade-
quate distribution of the constructs. After 1 min calliper elec-
trodes were placed medially and laterally around the lower
hindlimb in the area of the TA and 5 pulses at 125 V/cm at
20 ms duration, 200 ms intervals were delivered using
an electroporator (BTX, Holliston, MA). Forty-eight hours

later, mice were injected with carboplatin and euthanized
5 days later as previously described. When skeletal muscle
is injected with a mixture containing two vectors, co-transfec-
tion of a myofibre occurs 75–95% of the time.38,39

Forelimb grip strength

Forelimb grip strength was assessed by allowing each mouse
to grasp a wire mesh attached to a force transducer (Bioseb,
Vitrolles, France) that records peak force generated as the
mouse is pulled by the base of the tail horizontally away from
the mesh.40 We performed three consecutive pulls separated
by 5 s pauses between each pull. Absolute grip strength
(grammes) was calculated as the average of the peak forces
from the three pulls. The investigators were blinded to treat-
ment of the subjects.

Cell culture

C2C12 myoblasts (CRL-1772, ATCC, Manassas, VA) were cul-
tured subconfluently in Dulbecco’s modified Eagle’s media
(DMEM) (Hyclone, Logan, UT) with 10% foetal bovine serum
(VWR, Radner, PA). Differentiation to myotubes was initiated
by replacing growth media with Dulbecco’s modified Eagle’s
media supplemented with 2% horse serum (Hyclone) plus
1% foetal bovine serum for 4 days, refreshing media every
48 h. Three-hundred-micromolar carboplatin was diluted in
differentiation media and applied to cells for 24 or 48 h prior
to harvest. Three hundred micromolars was the lowest effec-
tive dose to induce myotube atrophy. Another set of myo-
blasts were differentiated for 6 days before carboplatin
treatment as described above to confirm effects in myotubes
under extended differentiation. Cells were maintained at
37°C with 5% CO2 in a humidified chamber. Three biological
replicates were used for analysis, and all experiments were
repeated at least twice to confirm findings.

Plasmid transfection in vitro

Six-day differentiated C2C12 myotubes were incubated with
20 μg of both shControl and GFP plasmid or 20 μg of both
shREDD1 and GFP (as described above) in differentiation
media for 5 min. Myotubes were then electroporated using
a BTX Petri Pulsor (BTX, Holliston, MA) for 5 pulses at
175 V/cm, 20 ms duration with 200 ms interval. After electro-
poration, media was aspirated, and fresh differentiation me-
dia was applied. Twenty-four hours later, myotubes were
treated with carboplatin for 24 h as described previously.
Three biological replicates were used for analysis, and all ex-
periments were repeated at least twice to confirm findings.
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Protein synthesis

Mice in the 5 day group were injected intraperitoneally with
0.040 μmol/g bodyweight of puromycin (Tocris Bioscience,
Bristol, UK) dissolved in 100 μL PBS exactly 30 min prior to
euthanasia for puromycin incorporation measurements to as-
sess protein synthesis. Access to food was removed 3 h prior
to euthanasia in order to control for nutrient uptake variabil-
ity in protein synthesis measurements.41 C2C12 myotubes
were treated with 1 μM puromycin diluted in differentiation
media for 30 min prior to harvest to assess protein synthesis
in vitro.

Tissue

Mice were euthanized and the TA, soleus, and gastrocnemius
were dissected. The extensor digitorum longus (EDL) muscle
was dissected for muscle contractility. Muscles were either
snap frozen in liquid nitrogen for biochemical analysis or em-
bedded in optimal cutting temperature compound (Sakura
Finetek, Torrance, CA, USA) in cryomolds and frozen in liquid
nitrogen-cooled 2-methylbutane (isopentane) for histological
analysis.40 The EDL was snap frozen in liquid nitrogen after
contractility testing. Muscle tissue was stored at �80°C.

Muscle function

Whole muscle contractility of the EDL muscle was deter-
mined as previously described.42 Briefly, the EDL was dis-
sected from the hindlimbs, and custom stainless-steel hooks
were tied to the tendons of the muscles using 4–0 silk su-
tures, and the muscles were mounted between a force trans-
ducer (Aurora Scientific, Aurora, Canada) and an adjustable
hook. The muscles were immersed in a tissue bath with bub-
bled O2 (100%) in Tyrode solution (121 mM NaCl, 5.0 mM KCl,
1.8 mM CaCl2, 0.5 mM MgCl2, 0.4 mM NaH2PO4, 24 mM
NaHCO3, 0.1 mM EDTA, 5.5 mM glucose). The muscle was
stimulated to contract using supramaximal stimulus between
two platinum electrodes. Data were collected via Dynamic
Muscle Control/Data Acquisition and Dynamic Muscle Con-
trol Data Analysis programmes (Aurora Scientific). At the start
of each experiment, the muscle length was adjusted to yield
the maximum force. The force–frequency relationships were
determined by triggering contraction using incremental stim-
ulation frequencies (0.5 ms pulses at 1–150 Hz for 350 ms at
supramaximal voltage). Between stimulations, the muscle
was allowed to rest for 3 min. At the end of the force mea-
surement, the length (L0) and weight of the muscle was mea-
sured. To quantify the specific force, the absolute force was
normalized to the muscle size, specifically cross-sectional
area (CSA), calculated as the muscle weight divided by the
length using a muscle density constant of 1.056 kg/m�3.43

The investigators were blinded to treatment of the subjects.

Histology

Transverse muscle sections (10 μm) were sliced with a cryo-
stat microtome (Microm HM 505E, GMI, Ramsey, MN, USA)
from the proximal belly of the TA and fixed in 4% paraformal-
dehyde. The muscle sections were incubated with wheat
germ agglutinin conjugated to Texas Red-X (Thermo Fisher
Scientific, Waltham, MA, USA) diluted in PBS for visualization
of muscle fibres under fluorescence microscopy (excitation
wavelength: 596 nm; emission wavelength 615 nm).
Images were captured with an AxioCam 503 mono (Zeiss,
Oberkochen, Germany) using a Photofluor LM75 metal-halide
light source (89 North, Patchogue, NY, USA). Three 20×
magnification images per muscle were analysed for myofibre
CSA (~200 fibres) using automated MyoVision software
(University of Kentucky) as previously described.44 Transverse
muscle sections (10 μm) were used for immunofluorescent
determination of myosin heavy chain (MyHC) fibre type as
previously described.40 Briefly, TA muscle sections were
blocked for 1 h in 10% normal goat serum (NGS) and briefly
washed in PBS. Slides were incubated overnight at 4°C with
primary antibodies for anti-MyHCI, anti-MyHCIIa, and anti-
MyCHIIb diluted in 10% NGS. The BA-D5, SC-71, and BF-F3
monoclonal antibodies, respectively, were obtained from
the Developmental Studies Hybridoma Bank, created by the
NICHD of the NIH and maintained at The University of Iowa,
Department of Biology, Iowa City, IA 52242. Slides were then
washed three times in 5 min in PBS and incubated for 1 h in
the dark with goat anti-mouse secondary antibodies IgG2b
Alex Fluor 350, IgG1 Alexa Fluor 594, and IgM Alexa Fluor
488 (Life Technologies, Carlsbad, CA, USA) diluted in 10%
NGS. Four 20× magnification images were captured per sec-
tion using the same camera and light source listed above (ex-
citation 350, 488, and 596 nm). Images from each wavelength
were merged, and muscle fibres were counted. MyHCI fibres
appear blue, MyHCIIa fibres appear red, MyHCIIb fibres ap-
pear green, and MyHCIIx fibres are unstained and appear
black. Data are expressed a percent of each fibre type to total
number of fibres. Cross sections from TA muscles from
wild-type mice transfected with shControl + GFP or
shREDD1 + GFP were produced as previously described. Ten
micromolar muscle sections were stained with wheat germ
agglutinin conjugated to Texas Red to visualize individual
myofibres. To visualize GFP positive myofibres, sections were
exposed to 488 nm wavelength light, and images were cap-
tured as described previously. GFP positive myotubes appear
green while GFP negative fibres are black. CSA for GFP
positive myofibres were measured as previously described.
C2C12 myotubes were fixed in 4% PFA for 10 min. Myotubes
were blocked in 8% BSA + 1% saponin diluted in PBS for 1 h
followed by overnight incubation in blocking buffer plus
anti-MyHC primary antibody at 1:100 dilution at 4°C. Cells
were washed 3 × 5 min in cold PBS and incubated for 1 h in
blocking buffer with Alexa Fluor 488 goat anti-mouse 1gG2b
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in the dark at room temperature. Cells were then washed
3 × 5 min in cold PBS and imaged as described above.
C2C12 myotubes transfected with experimental plasmids
were not fixed, and images were taken at 488 nm excitation
wavelength. GFP positive cells appear green. Myotube diam-
eter was analysed using Image J software, measuring the
thinnest area of individual myotubes. Approximately 150
myotubes per well were measured from three wells per
group. All measurements were calculated from three
biological replicates and repeated at least twice. Staff was
blinded to groups.

Western blotting

Tibialis anterior or gastrocnemius muscle was lysed using a
Dounce homogenizer in NP-40 lysis buffer (50 mM Tris
pH 8.0, 150 mM NaCl, 1% NP-40) with cOmplete Mini,
EDTA-free protease inhibitors (Millipore-Sigma, Darmstadt,
Germany) and phosphatase inhibitors (1 mM Na3OV4; 5 mM
NaF). Samples were centrifuged at 5000g for 15 min to re-
move cell debris, and the supernatant was collected and
stored at �80°C. Protein concentration of muscle homoge-
nates was determined by Bradford (Bio-Rad). Samples
were diluted in loading buffer (62.5 mM Tris HCl
pH 6.8, 2.5% SDS, 0.002% Bromophenol Blue, 0.7135 M
β-mercaptoethanol, 10% glycerol) and heat denatured.
Equal amounts of protein were separated using SDS-PAGE.
Proteins were transferred for 60 min at 100 V onto an
immobilon-FL polyvinylidene fluoride membrane (Millipore-
Sigma, Darmstadt, Germany) and incubated in Revert
solution (LI-COR Biosciences, Lincoln, NE, USA) for 5 min.
The membrane was imaged using an Odyssey cLX infrared
imaging system (LI-COR, Lincoln, NE, USA) to quantify total
protein. The membrane was then washed with Revert wash
solution (LI-COR, Lincoln, NE, USA), blocked in Licor blocking
buffer (LI-COR, Lincoln, NE, USA) for 1 h, and incubated
overnight with primary antibody diluted in blocking buffer.
Refer to the supporting information for the list of primary an-
tibodies (Supporting Information, Table S1). After washing,
the membranes were incubated with secondary antibodies
(LI-COR Biosciences, Lincoln, NE, USA) and visualized again
using the Odyssey cLX infrared imaging system. Relative
quantification of proteins was determined by measuring the
fluorescence of each lane at the appropriate molecular
weight and normalized to total protein.

Semi-quantitative real-time PCR

Tibialis anterior or gastrocnemius muscle was lysed using a
Bullet Blender Storm 24 bead homogenizer (Next Advance,
Troy, NY, USA) in Trizol (Thermo Fisher, Waltham, MA, USA)
for RNA extraction. One-fifth volume chloroform was added
to lysates and vortexed vigorously for 15 s and incubated at

room temperature for 3 min. Samples were centrifuged
(12 000g, 15 min, 4°C), and the upper aqueous phase was col-
lected and loaded onto a GenElute mammalian total RNA
mini column (Millipore-Sigma, Darmstadt, Germany). Total
RNA was isolated according to manufacturer’s instructions.
DNase I treatment was performed to remove genomic DNA
contamination (Qiagen, Hilden, Germany). RNA quantity
was determined using a Nanodrop 2000 spectrophotometer
(Thermo Scientific, Waltham, MA, USA), and RNA (500 ng
per sample) was reverse transcribed using Superscript II
(Thermo Fisher, Waltham, MA, USA) according to the manu-
facturer’s instructions with anchored oligo (dT) (Promega,
Madison, WI, USA). The resulting complementary DNAs were
prepared for real-time PCR using HotStart-IT SYBR Green PCR
Kit (Thermo Fisher, Waltham, MA, USA) and oligos listed
below. All targets were analysed using QuantStudio 3
Real-Time PCR System (Thermo Fisher, Waltham, MA, USA).
SYBR Green primers were optimized for real-time PCR (ampli-
fication efficiency 100 ± 5%) and amplified 40 cycles (95°C for
15 s, 58°C 30 s, 72°C for 30 s) after an initial 2 min incubation
at 95°C. Target gene expression (REDD1 and REDD2) was nor-
malized against the housekeeping genes β2-microglobulin
(B2M) or ribosomal protein L32 (RPL32), and data were
analysed using the ΔΔCt method. Primer sequences are in-
cluded in (Table S2). The investigators were blinded to treat-
ment of the subjects.

Protein carbonyl assay

Protein oxidative modifications were measured by protein
carbonyl quantitation using a commercially available colori-
metric assay (Cayman Chemical, Ann Arbor, MI, USA;
Cat#10005020). Briefly, 200 mg of rectus femoris muscle or
C2C12 myotubes from 3 cm dishes were homogenized in
Tris-EDTA buffer (10 mM Tris, 1 mM EDTA, pH 6.8). Absor-
bance was measured at 360 nm wavelength on a plate
reader. Protein carbonylation was normalized to protein
amount (mg of tissue) for muscle lysates.

Statistical analysis

Data were analysed with the use of GraphPad Prism v7.0d
software (GraphPad, San Diego, CA, USA). All results were
expressed as mean ± SD, and P < 0.05 was considered
significant.

Results

Carboplatin-induced atrophy, increased REDD1 expression,
and induced oxidative stress in C2C12 myotubes. Carboplatin
causes skeletal muscle atrophy in mice.8,9 To further
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investigate carboplatin-induced muscle atrophy, we treated
C2C12 myotubes differentiated for either 4 or 6 days with
carboplatin and measured myotube diameter. We found that
C2C12 myotubes treated with carboplatin exhibited a de-
crease in myotube diameter after 24 h that progressed at
48 h of carboplatin treatment (Figure 1A). Myotubes at 4 days
of differentiation were used for all further experiments.
Maintenance of muscle mass is dependent on the balance
between protein synthesis and protein degradation. Because
REDD1 is an important regulator of mTORC1 activity, we mea-
sured REDD1 mRNA and protein in C2C12 myotubes treated
with carboplatin. C2C12 myotubes treated with carboplatin
had increased REDD1mRNA and REDD1 protein (Figure 1B–C).
Myotubes treated with carboplatin for 24 h also had in-
creased protein carbonylation, a marker of oxidative stress

(Figure S1A). Our data show that carboplatin causes myotube
atrophy, increased oxidative stress, and increased REDD1
expression.

Carboplatin reduced protein synthesis in C2C12 myotubes.
REDD1 regulates mTORC1 activity so we measured incorpora-
tion of puromycin into growing polypeptide chains to assess
protein synthesis. Incorporation of puromycin into the poly-
peptide prevents elongation and leads to puromycin bound
truncation products that are released from the ribosome.
Puromycin was then measured by western blot. C2C12
myotubes treated with carboplatin for 24 and 48 h were incu-
bated with puromycin exactly 30 min prior to harvesting the
cells. Myotubes treated with carboplatin had reduced puro-
mycin incorporation at both 24 and 48 h (Figure 2A) suggest-
ing that protein synthesis is reduced in carboplatin-treated

Figure 1 Carboplatin caused C2C12 myotube atrophy and increased REDD1 expression. C2C12 myotubes were treated with carboplatin for 24 or 48 h.
(A) C2C12 myotube diameter was decreased after carboplatin treatment compared with vehicle in C2C12 cells differentiated for either 4 or 6 days.
Scale bar = 50 μm. (B) REDD1 mRNA expression was increased in C2C12 myotubes differentiation for 4 days and treated with carboplatin for either
24 or 48 h. (C) REDD1 protein expression was increased in C2C12 myotubes differentiation for 4 days and treated with carboplatin for either 24 or
48 h. (A) One-way ANOVA with Tukey’s post-hoc test for multiple comparisons, or Student’s t-test. (B–C) Two-way ANOVA with Tukey’s post-hoc test
for multiple comparisons. *P < .05 **P < 0.01, ***P < 0.001, ****P < 0.0001. (A) Approximately 100 myotubes assessed, n = 3 biological replicates
for all groups. (B–C) n = 3 biological replicates for all groups.
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cells. Because mTORC1 signalling is crucial for protein synthe-
sis, we measured markers of mTORC1 activation in myotubes
treated with carboplatin for 24 and 48 h. Akt dephosphoryla-
tion (threonine 308 and serine 473) was observed at both 24
and 48 h. Downstream markers of mTORC1 activation were
also dephosphorylated, 4E-binding protein 1 (serine 65) and
p70S6k (threonine 389), further evidence that carboplatin
caused a reduction in mTORC1 activation (Figure 2B). Caspase

3 and cleaved caspase 3 was measured as a marker of
cytotoxicity in cells and only carboplatin-treated cells for
48 h showed any increase caspase 3 cleavage (Figure S1B).
C2C12 myotubes were treated with 10 μM staurosporine
for 6 h as a positive control for caspase 3 cleavage
(Figure S1C). The increase of REDD1 expression and concom-
itant decrease of markers of mTORC1 activity and puromycin
incorporation in carboplatin-treated myotubes supports

Figure 2 Carboplatin reduced protein synthesis and decreased markers of mTORC1 activation in C2C12 myotubes. (A) C2C12 myotubes treated with
carboplatin for either 24 or 48 h and incubated with puromycin for 30 min before harvest. Incorporation of puromycin was measured by western blot
and quantitated to show decreased puromycin incorporation into growing peptide chains. (B) C2C12 myotubes treated with carboplatin for either 24 or
48 h were used to measure phosphorylation of Akt at threonine 308 and serine 473. Phosphorylation of p70S6K at threonine 389 and phosphorylation of
4E-BP1 at serine 65 were measured by western blot and quantitated. (A–B) Two-way ANOVA with Tukey’s post-hoc test for multiple comparisons.
*P < 0.05 **P < 0.01, ***P < 0.001, ****P < 0.0001. n = 3 biological replicates for all groups.
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previous studies that show REDD1’s negative influence on an-
abolic signalling.

Loss of REDD1 attenuates carboplatin-induced cachexia.
REDD1 KO (C57bl/6 × 129SvEv) were used to investigate the
role of REDD1 on skeletal muscle of mice treated with
carboplatin. Female wild-type mice were injected with
carboplatin and euthanized 7 days later. mRNA expression
from the gastrocnemius muscle was increased three-fold
compared with vehicle-treated wild-type mice (Figure 3A).
REDD2 mRNA expression was also measured to assess
whether or not there was a compensatory increase in REDD2,
but we found no change (Figure S2A). REDD1 deletion was
confirmed by genotype PCR for all animals in the study
(Figure S2B), and these whole-body knockout mice and
wild-type controls were used for all in vivo studies.

Previous studies by our lab demonstrated that carboplatin
caused skeletal muscle atrophy in mice.9 In this study,
wild-type mice treated with carboplatin lose body weight
over 7 days whereas weight loss in REDD1 KO mice treated
with carboplatin was reduced (Figure 3B). We also measured
carboplatin-induced weight loss in female 12-week-old mice
to confirm that weight loss was not due to the age of treated

mice (Figure S3A). Muscles from the hindlimb were carefully
excised, blotted dry, and weighed at euthanasia to evaluate
changes in muscle mass. The TA, gastrocnemius, EDL and so-
leus muscles from wild-type mice treated with carboplatin
weighed less compared with vehicle-treated wild-type mice,
and this loss of muscle mass was completely abolished in
REDD KO mice treated with carboplatin (Figure 3C). Inguinal
white adipose tissue was also weighed, and we found no
significant differences between any groups (Figure S3B).
These data show that loss of REDD1 in mice prevents
carboplatin-induced loss of body and muscle mass.

Loss of REDD1 prevents carboplatin-induced loss of
muscle cross-sectional

We investigated skeletal muscle fibre CSA in wild-type and
REDD1 KO mice treated with carboplatin as well as muscle fi-
bre type (MyHC). Three TA muscles from each group were
cryo-sectioned for CSA analysis. Similar to changes in muscle
weight, CSA was decreased in wild-type mice treated with
carboplatin compared with vehicle-treated mice, and TA

Figure 3 Loss of REDD1 in vivo attenuates carboplatin-induced cachexia. (A) REDD1 mRNA expression in the TA muscle of wild-type or REDD1
knockout (REDD1 KO) mice treated with carboplatin. (B) Whole animal body weight of mice treated with vehicle or carboplatin. (C) Weight of the
TA, gastrocnemius, EDL and soleus muscles of mice treated with vehicle or carboplatin. (A) Student’s t-test *P < 0.05. (B–C) Two-way ANOVA with
Tukey’s post-hoc test for multiple comparisons. (B) *P < 0.05, **P < 0.01 wild-type + vehicle compared with wild-type + carboplatin;

‡
P < 0.05

wild-type + carboplatin compared with REDD1 KO + carboplatin. (C)*P < 0.05, **P < 0.01, ****P < 0.0001. n = 8 biological replicates for each
group (A–C).
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CSA was completely preserved in REDD1 KO mice treated
with carboplatin (Figure 4A). We also performed a myofibre
CSA frequency distribution analysis and found a leftward shift
in myofibre CSA from wild-type mice treated with carboplatin
indicating a shift to smaller fibres. This shift was prevented in
REDD1 KO mice treated with carboplatin (Figure 4B).

Fibre-type analysis was performed through immunohisto-
chemistry to identify the predominant MyHC per fibre. We
found that there was a trending, but not significant, shift in
the proportion of MyHCIIa:MyHCIIb positive fibres (fast shift)
in the TA from wild-type mice treated with carboplatin that
was absent in muscles from REDD1 KO mice treated with

Figure 4 Loss of REDD1 prevents carboplatin-induced myofibre atrophy. (A) Representative cross sections and CSA quantification from the TA muscle
of mice treated with vehicle or carboplatin. Scale bar = 50 μm. (B) Myofibre distribution frequency from the TA muscle of mice treated with vehicle or
carboplatin. (C) Representative cross sections and quantification of MyHC fibre type from the TA muscle of mice treated with vehicle or carboplatin.
(A, C) Two-way ANOVA with Tukey’s post-hoc test for multiple comparisons. **P < 0.01. n = 3 biological replicates for (A–C). Average CSA from ~200
fibres per replicate for (A–B) and fibre-type quantitation (C).
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carboplatin (Figure 4C). These data show that loss of REDD1
in mice prevents carboplatin-induced muscle atrophy and this
is not fibre-type dependent.

Loss of REDD1 attenuates carboplatin-induced reduction in
protein synthesis. Incorporation of puromycin was used as a
non-radioactive assay to measure protein synthesis in skele-
tal muscle in vivo.45,46 At low doses, puromycin can be used
to evaluate the quantity of truncated peptide strands, which
reflects the rate of protein synthesis at the time of
incorporation.45 On the basis of the body weight data col-
lected in this study, we determined that loss of body mass
peaked at 5 days after carboplatin injection (Figure 3B). We
therefore treated mice with carboplatin and euthanized
5 days later in order evaluate peak changes in protein synthe-
sis. We injected puromycin exactly 30 min prior to euthanasia
then excised the muscles for puromycin incorporation mea-
surements. We found that wild-type mice treated with
carboplatin had lower puromycin incorporation compared
with vehicle-treated mice. In contrast, REDD1 KO mice did
not exhibit reduced puromycin incorporation in muscles, al-
though overall puromycin incorporation was decreased in
vehicle-treated REDD1 KO mice compared with wild-type
mice (Figure 5). The decreased puromycin incorporation in
carboplatin-treated wild-type mice suggests a lower rate of
protein synthesis, which is prevented in mice lacking REDD1.
We measured protein carbonylation in skeletal muscle as a
way to assess oxidative stress. We found that carboplatin in-
creases carbonylated proteins in both wild-type and REDD1
KO mice, suggesting that lack of REDD1 does not change
the oxidative stress induced by carboplatin and that the ben-
efit of REDD1 KO in protection of muscle mass is independent
of protein oxidation (Figure S3C).

Knockdown of REDD1 in C2C12 myotubes and mouse TA
attenuates carboplatin-induced atrophy. Because global
knockout of REDD1 may have effects in other tissues that
could indirectly cause changes in skeletal muscle, we knocked
down REDD1 expression specifically in C2C12 myotubes and
in the TA of wild-type mice. REDD1 shRNA (shREDD1) or con-
trol shRNA (shControl) were co-electroporated with GFP in
order to visualize transfected fibres. C2C12 myotubes were
incubated with plasmid constructs in normal differentiation
media and electroporated. 24 h later myotubes were incu-
bated with carboplatin for 24 h. GFP positive myotubes were
then imaged, and myotube diameter of green myotubes only
was measured. Myotubes electroporated with shControl and
treated with carboplatin had reduced myotube diameter that
was attenuated in fibres electroporated with shREDD1
(Figure 6A). REDD1 mRNA expression was measured in
C2C12 cells. REDD1 mRNA expression exhibited an increasing
trend (P = 0.0581) in myotubes electroporated with shControl
(Figure 6B). To determine muscle atrophy in vivo, we injected
and electroporated the TA muscle of wild-type mice with
shControl or shREDD1 plus GFP plasmid constructs. Forty-
eight hours later mice were treated with a single dose of

carboplatin and euthanized 5 days later. GFP positive
myofibres were imaged and CSA of green fibres only was
quantitated. Muscles from carboplatin-treated mice
electroporated with shControl had a smaller fibre CSA com-
pared with muscles electroporated with shREDD1, suggesting
knockdown of REDD1 specifically in muscle is sufficient to at-
tenuate carboplatin-induced muscle atrophy (Figure 6C).
REDD1 mRNA expression was significantly increased in mouse
TAs treated with carboplatin and electroporation with
shREDD1 reduced REDD1 expression in vivo (Figure 6D). Our
data show that muscle-specific knockdown of REDD1 both
in vitro and in vivo is sufficient to attenuate chemotherapy-
induced atrophy.

REDD1 deletion prevents muscle weakness caused by
carboplatin. Muscle function was decreased in mice treated

Figure 5 Loss of REDD1 attenuates carboplatin-induced protein synthe-
sis. Puromycin incorporation in vivo from the TA muscle of mice treated
with vehicle or carboplatin. Two-way ANOVA with Tukey’s post-hoc test
for multiple comparisons *P < 0.05. n = 3 biological replicates for each
group.
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with carboplatin.9 To determine the role of REDD1 in muscle
function, we tested in vivo forelimb grip strength and whole
muscle contractility in wild-type and REDD1 KO mice treated
with carboplatin. We found that wild-type mice treated with
carboplatin had decreased forelimb grip strength compared
with vehicle-treated mice while REDD1 KO mice treated with
carboplatin had did not have decreased grip strength
(Figure 7A). Because forelimb grip strength is a gross measure-
ment that can be influenced by a number of different factors
including fatigue and pain, we measured whole muscle
contractility in isolated EDL muscles using field stimulation.
We found that absolute force was significantly decreased in
wild-type mice treated with carboplatin compared with
vehicle-treated mice and loss of force was completely
prevented in REDD1 KO mice treated with carboplatin
(Figure 7B). Specific force, which corrects for differences in
size and weight of the muscle, was also calculated.
EDL-specific force was decreased in wild-type mice treated

with carboplatin compared with vehicle-treated wild-type
mice. We found that while vehicle-treated REDD KO mice
had decreased specific force compared with vehicle-treated
wild-type mice, carboplatin did not cause a decrease of
specific force of the EDL in the REDD1 KO mice (Figure 7C).
Length of the tibia was measured for each mouse by x-ray to
eliminate any influence that overall body size might have on
EDL contractility, and we did not detect any difference
(Table S3). Our data show that loss of REDD1 prevents the loss
muscle function induced by carboplatin.

Discussion

Chemotherapy is essential to treat solid tumours and prevent
metastasis.1 However, many chemotherapeutic agents cause
sequelae including loss of body weight, and muscle wasting

Figure 6 Knockdown of REDD1 expression both in vitro and in vivo attenuates carboplatin-induced myofibre atrophy. (A) Representative images of
carboplatin-treated C2C12 myotubes electroporated with REDD1 shRNA or control shRNA and quantification of GFP positive myotube diameter. (B)
REDD1 mRNA expression from C2C12 treated with carboplatin. (C) Representative cross sections and CSA quantification of GFP positive fibres. (D)
REDD1 mRNA expression from the TA of carboplatin-treated mice electroporated with shControl or shREDD1. (A–D) Two-way ANOVA with Tukey’s
post-hoc test for multiple comparisons. **P < 0.01, ***P < 0.001. n = 3 biological replicates for (A–D). Average myotube diameter from ~75 GFP
positive myotubes per replicate (A). Average CSA from ~100 GFP positive fibres per replicate for (C). (A, C) Scale bar = 50 μm. n = 3 biological replicates
for (A–D).
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and weakness. Maintenance of muscle mass is important for
patients undergoing chemotherapy treatment in order to
mitigate chemo-toxicity and maintain mobility and quality
of life. Carboplatin is commonly used to treat ovarian, lung,
head and neck, endometrial, oesophageal, bladder, breast,
and cervical cancer. Carboplatin and other platinum-based
chemotherapies interfere with DNA replication and induce
cell death47 accompanied by off-target effects including
nephrotoxicity anaemia, nausea, and weakness.48 We have
previously shown that carboplatin treatment causes
cachexia in mice.8,9 While chemotherapy treatment has
been shown to cause loss of muscle mass and weakness in
human patients,49,50 chemotherapy-induced muscle loss in
mice occurs to a greater extent. This is a limiting factor of
the study; however, REDD1 deletion is sufficient to maintain
muscle mass independent of the degree of muscle loss in
mice.

Expression of the stress-response protein REDD1 is
significantly increased in a number of models of muscle
wasting,22,23 and its anti-anabolic effect through the inhibi-
tion of mTORC1 may play an important role in
chemotherapy-induced muscle wasting. This study was de-
signed to test whether loss of REDD1 is sufficient to prevent
carboplatin-induced loss of muscle mass and muscle function.

REDD1 transcription is mediated by various transcription
factors depending on the upstream stress. Hypoxia inducible
factor 1 alpha has been shown to regulate REDD1 expression
in response to hypoxia in vivo,24 and REDD1 expression is in-
creased in muscles from chronically hypoxic rats.51 Another
transcription factor that mediates REDD1 expression is
ATF4,, a regulator of the cellular stress response. Whitney
et al. showed that REDD1 expression was increased with
tunicamycin-induced and thapsigargin-induced ER stress in
C2C12 cells.29 Additionally, Britto et al. show that REDD1

Figure 7 Loss of REDD1 prevents carboplatin-induced muscle weakness. (A) Deletion of REDD1 prevents carboplatin-induced forelimb grip strength
reduction in vivo. (B) Absolute force generated from the EDL muscle of mice treated with vehicle or carboplatin. (C) Specific force of the EDL muscle
of mice treated with vehicle or carboplatin. (A–C) Two-way ANOVA with Tukey’s post-hoc test for multiple comparisons. (A) ***P < 0.001, compared
with wild-type + vehicle. (B) *P < 0.05, **P < 0.01 all groups compared with wild-type + carboplatin. (C) *P < 0.05, **P < 0.01 wild-type + vehicle
compared with wild-type + carboplatin n = 8 biological replicates for all groups.
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expression is significantly increased in muscles from mice
treated with dexamethasone, a drug known to cause ER
stress.52 REDD1 is also a downstream target of p53,53 and
certain chemotherapies have been shown to activate the
p53 pathway and subsequently increase REDD1 expression
in response to DNA damage.54 In this study, we found
increased oxidative stress in skeletal muscle and C2C12
myotubes treated with carboplatin, and increased oxidative
stress could be one mechanism of action in carboplatin
chemotherapy-induced muscle loss. Cisplatin, another
platinum-based chemotherapy, has been associated with
increased oxidative stress through mitochondrial dysfunction
in muscle55 and oxidative stress-induced ER stress.56

Regulated in development and DNA damage response 2
(REDD2) has also been shown to be play an important role
in skeletal muscle and also inhibits mTOR signalling upon
overexpression.57 Because REDD1 was completely knocked
out in the REDD1 KO mice, REDD2 may serve in a compensa-
tory role to regulate mTOR. However, REDD2 mRNA expres-
sion in TA muscles was not significantly increased with
carboplatin treatment in either wild-type or REDD1 KO mice
suggesting that REDD2 is not playing a major role in compen-
sating for loss of REDD1.

Our previous work showed that healthy mice treated with
carboplatin lose body weight, muscle mass, and muscle func-
tion in as little as 7 days after a single dose.9 In this study, we
found that REDD1 KO mice treated with carboplatin did not
lose as much weight as wild-type mice treated with
carboplatin, but REDD1 KO did not completely prevent
weight loss. Loss of total body weight is due, in part, to lower
muscle weights but also depends upon a variety of factors in-
cluding hydration, food intake, and adipose tissue. We previ-
ously conducted a pair-feeding study where healthy mice
were fed the same amount of food as carboplatin-treated
mice. We found that carboplatin-induced loss of body weight
was not due to food consumption are therefore was not the
primary reason for loss of weight.9 We also weighed white
adipose tissue from vehicle-treated and carboplatin-treated
mice, but found no significant difference between any of
the groups suggesting that changes in fat weight was not
the primary cause of differences in body weight. Hydration
status of the mice could also influence body weight. Indeed,
mice treated with the chemotherapy drug paclitaxel had sig-
nificantly lower water intake which would contribute to
lower body weight; however these mice were also anorexic.58

We have previously demonstrated that carboplatin causes
decreased TA myofibre CSA8,9 and loss of REDD1 was suffi-
cient to maintain myofibre CSA independent of fibre type.
Eight-week-old mice were used for this study based on our
previous data, and these mice are skeletally mature. We mea-
sured tibia length from 8- and 12-week-old mice to confirm
skeletal maturity and found no difference between the two
age groups or between wild-type and REDD1 KO mice at
8 weeks of age. Additionally, 12-week-old mice treated with

carboplatin lost body weight to the same extent as 8-week-
old mice (Table S3). Regardless, loss of REDD1 was sufficient
to partially attenuate carboplatin-induced loss of body weight
and muscle mass.

Regulation of muscle mass is dependent upon a balance of
protein synthesis and protein degradation, with muscle atro-
phy occurring with decreased protein synthesis and increased
protein degradation.59 While basal puromycin incorporation
was lower in muscles from REDD1 KO mice treated with
vehicle compared with wild-type mice, there was no further
reduction of puromycin incorporation with carboplatin
treatment, suggesting that loss of REDD1 prevents
carboplatin-induced reduction of protein synthesis. Previous
studies have also observed that basal protein synthesis in
muscles from REDD1 KO mice is lower than wild-type mice
and that mTORC1 signalling was not affected in REDD1 KO
mice under basal conditions, suggesting that lower protein
synthesis may be mTORC1-independent.23 Steiner et al. pos-
tulated that reduced protein synthesis in REDD1 KO mice
could provide an advantage to survival during nutrient
insufficiency, although this has not been directly shown.
While lower basal protein synthesis in REDD1 KO mice is of
significant interest, it did not cause phenotypic changes in
body weight, muscle weight, or tibia length compared
with wild-type mice. While lower basal puromycin incor-
poration in muscles from REDD1 KO mice may obscure
carboplatin-induced changes in protein synthesis, muscle
mass is still maintained. There is no consensus in the litera-
ture whether or not protein synthesis is increased or de-
creased with chemotherapy treatment and likely depends
on the type of drug, dose, frequency of administration, and
health of the subject at the time of treatment. For example,
one study showed that doxorubicin treatment over the
course of 4 weeks caused a significant reduction of protein
synthesis in conjunction with increased REDD1 expression in
mice.16 Another study showed that muscles from mice
implanted with C26 tumour cells had lower rates of protein
synthesis compared to non-tumour, but when treated with
cystemustine, protein synthesis rates increased.60 It is also
worth noting that this study treated healthy mice with
cystemustine, and a small decrease in protein synthesis was
observed.60 While more studies should be conducted with a
variety of chemotherapy drugs that induce cachexia, this is
the first study to show that loss of REDD1 is sufficient to pre-
vent a decrease in protein synthesis in mice treated with
chemotherapy.

Carboplatin treatment is systemic and can alter normal cell
function of many off-target organ systems. In order to mea-
sure the direct effect of chemotherapy on muscle, we treated
C2C12 myotubes with carboplatin and measured myotube di-
ameter and markers of mTORC1 signalling. In agreement with
previous studies, increased REDD1 expression was observed
in conjunction with decreased phosphorylation of Akt threo-
nine 308 and serine 473. Previous studies have shown that
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REDD1’s mechanism of action is to enhance protein phospha-
tase 2A’s ability to dephosphorylate Akt threonine 308.33 We
also showed that carboplatin inhibits downstream markers of
mTORC1 activation as well as incorporation of puromycin in
agreement with our in vivo puromycin data. Functional and
fully activated Akt is necessary for activation of mTORC1,
but also serves as a nexus to both protein synthesis and pro-
tein degradation signalling by maintaining forkhead box O
family’s phosphorylation and sequestration to the cytosol.61

Additionally, there is evidence that REDD1 contributes to in-
creased autophagy in sepsis and hypoxia. Indeed, loss of
REDD1 in septic mice was sufficient to maintain phosphoryla-
tion of ULK1 and prevent p62 accumulation. Loss of REDD1
also decreased sepsis-induced LC3B-II/I.23 Because REDD1
plays a pivotal role in the regulation of Akt function and
thereby mTORC1 function, loss of REDD1 may also blunt atro-
phic signalling as well.

Global knockout of REDD1 could complicate the skeletal
muscle response due to tissue cross-talk in response to
carboplatin, which could lead to indirect responses in muscle.
In order to investigate a muscle-specific response, we
knocked down REDD1 in carboplatin-treated C2C12
myotubes and in skeletal muscle from wild-type mice treated
with carboplatin using REDD1 short hairpin RNA (shREDD1).
Our data showed that muscle-specific knockdown of REDD1
is sufficient to attenuate carboplatin-induced atrophy both
in vitro and in vivo (Figure 6A–D). REDD1 mRNA expression
was not completely suppressed with shREDD1 in vitro, but
this is likely due to low electroporation efficiency in this sys-
tem. The muscle fibres or C2C12 myotubes that do not ex-
press GFP (marker for electroporation), still likely contribute
to REDD1 protein expression. Only muscle fibres and C2C12
myotubes that expressed GFP were used for quantitation of
CSA and myotube diameter. A limitation to this method is
inefficient expression due to low electroporation, and a
muscle-specific genetic knockout mouse would aid in clarify-
ing the role of REDD1 in muscle during chemotherapy treat-
ment. Despite this, in our hands muscle fibres and C2C12
myotubes electroporated with shREDD1 do not atrophy to
the same degree as those electroporated with shControl.
These data suggest that REDD1 plays an important role di-
rectly in the regulation of muscle mass during chemotherapy
treatment.

Weakness and fatigue are common side effects of chemo-
therapy and maintaining muscle function during chemother-
apy treatment improves prognosis and quality of life.62

While our data show that REDD1 KO mice treated with
carboplatin did not exhibit decreased EDL maximal tetanic
specific force, the baseline contractility of EDL muscle from
REDD1 KO mice was significantly decreased compared with
wild-type mice. Because REDD1 KO mice have life-long loss
of REDD1, it is possible that compensatory mechanisms could
alter contractility in a way that we are unaware. Future stud-
ies should investigate the impact of REDD1 deletion on

exercise performance including fatigue and aerobic capacity
to better understand the role REDD1 plays in muscle
function.

These data show that overall REDD1 plays an important
role in the regulation of muscle mass in chemotherapy-
induced cachexia. REDD1 is an important negative regulator
of protein synthesis and loss of REDD1 significantly improves
muscle mass. Further studies will be necessary to determine
more precisely the mechanism of action and if this could pro-
vide potential targetable therapy for patients.

Acknowledgements

We would like to thank Elena Feinstein and Quark Pharma-
ceuticals, Inc. for providing the REDD1 knockout mice. We
would also like to thank Michael Dennis and Allyson Toro at
the Penn State College of Medicine for help with obtaining
REDD1 knockout mice and colony maintenance.

Funding

This work was supported by the National Institutes of Health
Grant CA205437, Phi Beta Psi Sorority, and the Pennsylvania
Breast Cancer Coalition (PABCC) to D.L.W, and by a Penn
State Cancer Institute Fellowship to B.A.H.

Online supplementary material

Additional supporting information may be found online in the
Supporting Information section at the end of the article.

Figure S1. Carbonylated proteins from C2C12 myotubes
treated with carboplatin for 24 hours and caspase 3/cleaved
caspase 3 expression at 24 and 48 hours. (a) Carbonylated
protein assay. (b) Caspase 3 and cleaved caspase 3 were mea-
sured from total cell lysates. (c) Caspase 3 and cleaved cas-
pase 3 were measured from staurosporine (STP) treated
C2C12 myotubes as a positive control for caspase cleavage.
Quantification for colorimetric carbonyl assay (nmol/ml). Stu-
dent’s t-test. *p < 0.05. (b) Two-Way ANOVA with Tukey’s
post-hoc test for multiple comparisons. ****p < 0.0001.
n = 3 biological replicates for all groups.

Figure S2. REDD2 mRNA expression from skeletal muscle and
Genotype PCR to confirm REDD1 knockout. (a) REDD2 mRNA
expression in the TA from wild-type and REDD1 KO mice
treated with vehicle or carboplatin. (b) Representative aga-
rose gel showing positive REDD1 band in wild-type mice
(Lane 2) and negative REDD1 band + positive neomycin band
in REDD1 KO mice (Lane 3). Ear clips were used for genotyp-
ing, and each mouse used in this study was confirmed by
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genotype analysis. (a) Two-way ANOVA with Tukey’s post-hoc
test for multiple comparisons. n = 5 biological replicates for
each group.

Figure S3. Carboplatin induced body weight loss in 12-week
old mice; carboplatin did not cause loss of adipose tissue;
carboplatin increased carbonylated proteins in muscle. (a)
Quantification of daily body weight in mice treated with
carboplatin. (b) Weight of inguinal white adipose tissue
(WAT) from wild-type and REDD1 KO mice treated with vehi-
cle or carboplatin. (c) Quantification for colorimetric carbonyl
assay in wild-type and REDD1 KO mice treated with
carboplatin and euthanized at 5 days and normalized to mg
of protein (nmol/mg). (a-c) Two-way ANOVA with Tukey’s
post-hoc test for multiple comparisons. *p < 0.05,
**p < 0.01, ***p < 0.001. n = 6–8 biological replicates for
each group; (c) n = 4.

Table S1. Primary antibody list for Westerns and
Immunofluorescence.
Table S2. List of primers for qPCR.

Table S3. Tibia Length of wild-type and REDD1 KO mice.
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