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NDRG2, a novel regulator of myoblast proliferation,
is regulated by anabolic and catabolic factors
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Skeletal muscle tissue undergoes adaptive changes in response to stress and the genes that control
these processes are incompletely characterised. NDRG2 (N-myc downstream-regulated gene 2),
a stress- and growth-related gene, was investigated in skeletal muscle growth and adaption.
While NDRG2 expression levels were found to be up-regulated in both differentiated human
and mouse myotubes compared with undifferentiated myoblasts, the suppression of NDRG2
in C2C12 myoblasts resulted in slowed myoblast proliferation. The increased expression levels
of the cell cycle inhibitors, p21 Waf1/Cip1 and p27 Kip1, and of various muscle differentiation
markers in NDRG2-deficient myoblasts indicate that a lack of NDRG2 promoted cell cycle
exiting and the onset of myogenesis. Furthermore, the analysis of NDRG2 regulation in C2C12
myotubes treated with catabolic and anabolic agents and in skeletal muscle from human subjects
following resistance exercise training revealed NDRG2 gene expression to be down-regulated
during hypertrophic conditions, and conversely, up-regulated during muscle atrophy. Together,
these data demonstrate that NDRG2 expression is highly responsive to different stress conditions
in skeletal muscle and suggest that the level of NDRG2 expression may be critical to myoblast
growth and differentiation.
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Skeletal muscle development and mass are influenced by
both hypertrophy- and atrophy-causing agents (Glass,
2005). Growth factor expression needs to be regulated
for effective myoblast proliferation and differentiation,
and in vitro, reductions in growth factor concentrations
induce myoblasts to withdraw from the cell cycle, to
commence differentiation and enter the post-mitotic state
prior to the formation of multinucleated myotubes (Spizz
et al. 1986; Frith-Terhune et al. 1998). Key regulators
of these processes include both the muscle-specific
basic helix—loop—helix group (bHLH) of transcription
factors (Olson & Klein, 1994) and two families of the
cyclin-dependentkinase (CDK) inhibitors, p21 Waf1/Cip1
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and pl6 INK4a (Maddika et al. 2007). The former CDK
inhibitor family consists of p21 Wafl/Cipl, p27 Kipl
and p57 Kip2, which inhibit all CDKs regulating G,
gap phase to the DNA synthesis (S) phase of cell cycle
progression, while the expression of the bHLH protein,
myogenin, is induced upon myoblast differentiation and
directly controls myotube formation (Olson & Klein,
1994). Both the bHLH proteins and the CDK inhibitors
appear to modulate each other’s function to control
cell cycle termination and muscle differentiation. While
skeletal muscle demonstrates plasticity to different stress
conditions such as the physiological stress of resistance
exercise and the pathological stress of cancer and sepsis,
the consequences of physiological stress are adaption
and growth. However, with pathological stress, key
molecular targets become dysfunctional and the muscle
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becomes susceptible to the development of myopathies
and dystrophies resulting in atrophy, myoblast apoptosis
and reduced muscle function. Hence, the elucidation
of novel genes that control the response of skeletal
muscle to these stressors is essential in understanding the
regulation of cellular proliferation and differentiation in
the maintenance of muscle homeostasis.

The N-myc downstream-regulated gene (NDRG) family
has been linked to stress responses and to cell proliferation
and differentiation. There are four family members and
expression analysis studies reveal each gene member to
display distinct tissue localisation with NDRG1 being the
most ubiquitously expressed (Qu et al. 2002). In contrast,
NDRG?2 is predominantly expressed in the brain, liver,
heart and skeletal muscle in multiple species including
human (Qu et al. 2002), rat (Boulkroun et al. 2002) and
mouse (Murray et al. 2004). NDRG?2 has been proposed to
act as a tumour suppressor gene as decreased expression
is evident in numerous cancer cell lines and tissues (Deng
et al. 2003; Hu et al. 2004; Lusis et al. 2005; Liu et al. 2007;
Lorentzen et al. 2007). NDRG2 overexpression studies
result in reduced glioblastoma and breast cancer cell
proliferation (Deng et al. 2003; Park et al. 2007) indicating
arole for NDRG2 in cell proliferation control; however, the
molecular mechanisms mediating this effect are unknown.
In addition, NDRG2 is found to be up-regulated following
the differentiation of dendritic cells (Choi et al. 2003)
and PCI12 neuronal cells (Takahashi et al. 2005), and is
induced following hypoxia-induced stress (Wang et al.
2008).

In skeletal muscle, NDRG2 is a candidate substrate
for key signalling serine—threonine kinases including
Akt/PKB, p70 S6 kinase, p90 ribosomal S6 kinase, and
SGK1 (serum- and glucocorticoid-induced kinase 1)
(Burchfield et al. 2004; Murray et al. 2004). While
the functional consequences of the phosphorylation of
NDRG2 by these kinases are currently unknown, many
of these kinases including Akt regulate skeletal muscle cell
cycle progression, and hypertrophy and atrophy signalling
(reviewed in Liang & Slingerland, 2003; Glass, 2005; Frost
& Lang, 2007). Therefore, we hypothesise that NDRG2
plays a role in mediating the effects of these kinases
in skeletal muscle signalling and thus may represent a
new target for myopathies and dystrophies. Here, we
sought to investigate the role of NDRG2 in skeletal muscle
function. The aims of this study were to characterise
NDRG2 expression during myoblast differentiation and
to investigate the effect of reduced NDRG2 levels on
myoblast proliferation and differentiation. The response
of NDRG2 in C2C12 myotubes treated with anabolic and
catabolic agents and in skeletal muscle from resistance
exercise-trained individuals was also analysed. Our results
identify for the first time that NDRG2 is a novel regulator
of myoblast function and may play a role in skeletal muscle
homeostasis.
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Table 1. Participant characteristics

Characteristics Younger men Older men
Age (years) 20+ 0.5 68 &+ 1*
Height (cm) 181 +2 172 £ 1*
Weight (kg) 72 +2 82 £ 2*
BMI 22+ 0.6 27 +£0.7*
Concentric isokinetic peak torque (N m)

Pre-training 207 £ 10 143 £ 12*

Post-training 243 £ 9* 184 + 11*7
Eccentric isokinetic peak torque (N m)

Pre-training 227 + 11 179 + 12*

Post-training 286 + 14" 215 £ 13*~

*P < 0.01 compared with younger men; P < 0.01 compared with
pre-training values. BMI = body mass index. Data represented as
mean =£ S.E.M.

Methods

Ethical approval

All human experimental procedures were approved by
Deakin University and Barwon Health Human Research
Ethics Committees and informed written consent was
obtained from each participant prior to obtaining samples.
This study conforms to the standards outlined by the
Declaration of Helsinki.

Resistance exercise training

The description of the participants, details of the exercise
training regime and skeletal muscle biopsies taken in this
study are described previously (Carey et al. 2007). Briefly,
16 young (18-25 years old) and 15 older (60-75 years old)
men (see Table 1 for participant characteristics) under-
went a single bout of resistance exercise consisting of
three sets of 12 repetitions of a maximal single-leg knee
extension exercise on the Cybex NORM dynamometer
(Cybex International Inc., Measham, UK) with a 2 min
rest between sets. Biopsy samples from the vastus lateralis
muscle in the fasted state were obtained both at rest
and 2 h post-exercise. Following the acute training, all
participants underwent a supervised 12 week progressive
resistance exercise training program 3 days a week with
a minimum of 48 h rest between each session. Training
sessions involved two sets of exercise bouts consisting of 8
and 12 repetitions of leg press, bench press, seated row, leg
extension, dumbbell shoulder press, and sit-up initially set
at 50% of each individual’s assessed repetition maximum
(RM) strength with a specific rest period between sets. A
progressive increase in the weights lifted each week was
instigated until each individual reached 80% of their RM
by week 6. The resistance exercise training was maintained
at 80% RM thereafter for the remaining 6 weeks. At the end
of the 12 week program, biopsy samples were taken from
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the vastus lateralis muscle of participants in the fasted state
both at rest and 2 h following a single bout of resistance
exercise as described above. All tissue was rapidly frozen
in liquid nitrogen and stored at —80°C prior to RNA
extraction with RNA-Bee reagent (Tel-Test, Friendswood,
TX, USA).

Cell culture

For the human primary cell cultures, cells were obtained
from the vastus lateralis muscle of three men and three
women (average age 69.1 &£ 3years; weight 79 6 kg;
height 168 & 2 cm), who were screened for co-morbidities
that compromise skeletal muscle health including type 2
diabetes, neuromuscular disorders, cardiovascular and
renal disease. The harvesting and culturing of skeletal
muscle satellite cells was performed as outlined previously
with minor modifications (Gaster et al. 2001; Berggren
et al. 2005). Briefly, biopsy muscle tissue was minced in
ice-cold phosphate-buffered solution (PBS) prior to repeat
digestions in 0.1% collagenase and 0.05% dispase (Gibco)
for 20 min with agitation at 37°C. Released cells were
grown in 5.5 mM glucose DMEM containing Glutamax,
2% fetal bovine serum (FBS), 0.5mgml~' bovine
serum albumin (BSA), 0.5mgml™' fetuin (Bovogen,
Melbourne, Australia), 20ngml™! human epidermal
growth factor (PeproTech, NJ, USA), 0.39 ugml~!
dexamethasone (Sigma Aldridge, Melbourne, Australia),
0.6% penicillin—streptomycin and 0.6% amphostat B
(ThermoTRACE, Melbourne, Australia). To remove
contaminating fibroblasts, cells were pre-plated for 30 min
in uncoated flasks prior to transferring the cell suspension
to extra-cellular matix-coated flasks (Sigma Chemical Co.,
St Louis, MO, USA) and cultured in 5% O, and 5% CQO, at
37°C. Myoblasts were expanded for three passages before
using for experimentation. To differentiate, myoblasts
were grown to 90% confluence prior to the addition
of differentiation medium (5.5mM glucose DMEM
containing Glutamax, 2% horse serum, 0.5 mg ml~' BSA,
0.5mgml™! fetuin, 0.6% penicillin-streptomycin and
0.6% amphostat B). Cells were differentiated over 4 days
and the medium was changed every 48 h.

Mouse C2C12 myoblasts (ATCC, Manassas, VA,
USA) were cultured in 5% CO, at 37°C in normal
growth medium consisting of 25 mmM glucose DMEM
supplemented with 10% FBS. When visual evidence of
spontaneous cell fusion was apparent, 2% horse serum
and 25mM glucose DMEM (differentiation medium)
were added to enhance the differentiation process. Cells
were differentiated over 6 days and medium was changed
every 48 h. Anabolic and catabolic time-course treatments
of myotubes were performed in C2C12 differentiation
medium with 20 ngml™' of murine insulin-like growth
factor (IGF)-1 (PeproTech), 100 nM insulin (Humulin,
Eli Lilly, Indianapolis, IN, USA), 100 nM testosterone
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(Sigma), 40 ngml~! of murine tumour necrosis factor
alpha (TNFa; PeproTech) or 10 uMm of dexamethasone
(Sigma). The medium for the 48 h treatment time-point
was replenished after 24h and all time-points were
harvested concurrently.

Platinum E (Plat E) cells were a kind gift from D. James,
Garvan Institute of Medical Research, Sydney, Australia.
Plat E cells were cultured in 25mm glucose DMEM
with 10% heat-inactivated FBS and 1 ug ml™! puromycin
(Sigma) and 10 ug ml~! blastocidin at 37°C in 5% CO,.
All media components were obtained from Invitrogen
(Melbourne, Australia) unless otherwise stated.

shRNA retroviral constructs and infection

The pSIREN RetroQ system kit (Clontech, Mountainview,
CA, USA) was used to express the short hairpin
RNAs (shRNAs). The shRNA wused as a negative
control for shRNA activity (shNegative) was provided
with the kit. The shRNA targeting sequences used
for NDRG2 were designed using an in-house
algorithm. The sequences for shNDRG2a and
shNDRG2b  were 5 -TTGTTCTCATCAACATTGA-3'
and 5-ATATGCAAGAGATCATACA-3/, respectively.
Following cloning of each double-stranded hairpin
oligonucleotide into pSIREN RetroQ vector, plasmid
DNAs were transiently transfected into Plat E packaging
cells (Morita et al. 2000) using Lipofectamine 2000
(Invitrogen) in the presence of OptiMem (Invitrogen) at
a1:3.3 DNA : transfection reagent ratio as recommended
by the manufacturer. Media containing each virus were
harvested from the packaging cells 48 h post-transfection,
filtered using a 0.45 um filter (Millipore, North Ryde,
NSW, Australia) and diluted 1:1 with C2C12 growth
medium before adding to 30% confluent C2CI2
myoblasts. Polybrene (6 ug ml™'; Invitrogen) was added
to the virus—medium mix prior to centrifugation for
45 min at 500 ¢g. Infection continued for a further 3h
at 37°C, 20% O, and 5% CO,, before removing the
virus—-medium mix and replacing with fresh C2C12
growth medium. The following day, 2.5ugml™' of
puromycin was added and cells were selected for 48h
prior to trypsinisation, counting and re-seeding at equal
numbers for each experiment. Cells were harvested at the
subconfluent myoblast, confluent myoblast or myotube
stage. Imaging of the cells was performed using an IX81
inverted microscope (Olympus, Melbourne, Australia)
and ImagePro software (Media Cybernetics, UK).

RNA extraction, quantitation and reverse
transcription

RNA was extracted and purified using RNeasy mini kits
(Qiagen, Clifton Hill, Victoria, Australia) and quantitated
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Table 2. Primer sequences for qPCR analyses
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Gene Accession no. Forward primer (5'-3’) Reverse primer (5'-3’)
Mouse NDRG2 NM_013864 gagttagctgcccgceatec gtgaccgagccataaggtgtc
Human NDRG2 NM_201535 tgccaagggttggatgga tccggaatggaagaggtgag
Mouse myogenin NM_031189 tcggtcccaacccagga gcagattgtgggcgtctg
Human myogenin NM_002479 ggtgcccagcgaatgc tgatgctgtccacgatcga
Troponin |, fast twitch NM_009405 gaacactgcccgccactg gctecttgctgctcettctge
Myosin heavy chain NM_010855 tctccatctctgataacgectacc tgcctectecttcttettgtec
Mouse MuRF1 NM_001039048 ccagtcggcececctgc tgattttctcgtcttcgtgttcc
Human MuRF1 NM_032588.2 cctgagagccattgactttgg cttcecttctgtggactcttect
Mouse atrogin-1 NM_026346 agacctgcatgtgctcagtga gcgaatctgcctctctgagaa
Human atrogin-1 NM_058229.2 gcagctgaacaacattcagatcac cagcctctgcatgatgttcagt
p21 Waf/Cip1 NM_007669 gccttgtegetgtcttge cgcttggagtgatagaaatctgtc
p27 Kip1 NM_009875 gagcagtgtccagggatgagg tccacagtgccagegtteg
cyclophilin NM_021130.3 catctgcactgccaagactga ttcatgccttctttcactttge
ARBP NM_007475 gctgcctcacatccggg agctggcaccttattggec

NDRG2, N-myc downstream-regulated gene 2; MuRF1, muscle RING finger 1; ARBP; acidic ribosomal

phosphoprotein.

using the Agilent Bioanalyser and RNA 6000 Nano
Assay kit (Agilent Technologies, USA). To prepare cDNA,
reverse transcription was performed according to the
manufacturer’s instructions using the SuperScript III
First-Strand Synthesis System (Invitrogen) in a GeneAmp
PCR System 9700 thermal cycler (Applied Biosystems,
Foster City, CA, USA).

Quantitative PCR

Gene expression was analysed by quantitative PCR (qPCR)
using Brilliant SYBR master mix (Stratagene, La Jolla, CA,
USA) on the MX3005P QPCR system (Stratagene). The
PCR conditions were: 95°C for 10 min (1 cycle); 95°C
for 30s and 60°C for 1 min (40 cycles). Relative gene
expression was calculated at 272" and normalised to the
house-keeping gene, acidic ribosomal phosphoprotein,
mRNA levels (Akamine et al. 2007) except for gene
expression analyses of the human subjects and primary cell
cultures where gene expression levels were normalised to
cyclophilin. Primers were designed using Primer Express
2.0 software (Applied Biosystems) and were synthesised
by Geneworks (Adelaide, Australia). See Table 2 for the
list of primer sequences.

Immunoblotting

To express NDRG2 ectopically, full-length human NDRG2
(amino acids 1-371) ¢cDNA was ligated into the Sall
and NotI sites of the pCMV-HA vector (BD Biosciences
Clontech, Palo Alto, CA, USA) and transfected into C2C12
myoblasts using Lipofectamine 2000 (Invitrogen) at a
1:4 DNA: transfection reagent ratio as recommended

by the manufacturer. Cells were lysed in ice-cold buffer
containing 50 mm Tris-HCI, pH 7.4, 150 mm NaCl, 1 mm
EDTA, 1% NP-40, 0.25% sodium deoxycholate, 1 mm
phenylmethylsulfonyl fluoride, a cocktail of protease
inhibitors, and phosphatase inhibitors (1 mMm sodium
pyrophosphate, 10 mM NaF, 1mM Na;VO,) and left
on ice for 20 min before centrifuging at 12000 g for
10 min at 4°C to remove insoluble material. The protein
concentration was determined using Bio-Rad protein
assay reagent (Bio-Rad Laboratories, USA) and 20 ug
of total protein were electrophoresed on 8 or 12.5%
SDS-PAGE denaturing gels and transferred to poly-
vinylidene difluoride membranes by electroblotting.
Immunoblotting was performed using 1ugml™' of
goat polyclonal anti-NDRG2 (E-20; cat. no. sc-19468),
1 ugml™' of mouse monoclonal anti-p21 Wafl/Cipl
(F-5; cat. no. sc-6246) or 0.5ugml™' of mouse
monoclonal anti-myogenin (FD5; cat. no. sc-12732)
antibodies from Santa Cruz Biotechnology (Santa Cruz,
CA, USA), or using 1:1000 dilution of rabbit poly-
clonal anti-p27 Kip1 (cat. no. 2552) and anti-p15 INK4B
(cat. no. 4822) from Cell Signaling Technology (MA,
USA). Immunoblotting was performed overnight at 4°C
in BLOTTO (5% skim milk and TBST (50 mm Tris-HCI,
750 mM NaCl, 0.25% Tween-20)). Following washing
(3 x 5min) in TBST, the detection of the primary
antibodies was performed using a 1:5000 dilution of
rabbit anti-goat IgG, HRP-linked antibody (Sigma), or
a 1:2000 dilution of either goat anti-mouse or goat
anti-rabbit IgG, HRP-linked antibodies (Cell Signaling
Technology) for 1h at room temperature in BLOTTO
followed by washing in TBST (3 x 5 min). The immuno-
blots were developed in ECL chemiluminescence reagent
(Amersham, GE Healthcare Biosciences, Rydalmere,
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NSW, Australia) and autoradiography was performed
to visualise the immunoreactive bands. As a control
for protein loading, membranes were re-probed with a
1:10000 dilution of a mouse monoclonal anti-S—actin
antibody (AC-15; cat. no. 6276, Abcam, Taiwan). The
ChemiGeniuslI gel documentation system and Gene Snap
software (Syngene, Cambridge UK) were used to visualise
protein bands and densitometry was performed with Gene
Tools software (Syngene).

Immunohistochemistry and nuclei staining

Cells were cultured in glass chamber slides (BD
Biosciences) and fixed in 2% paraformaldehyde—PBS for
20 min followed by a wash in 1x PBS. For immuno-
histochemical analysis, cells were blocked in 10% normal
goat serum-PBS for 30 min, washed in 1x PBS and
incubated overnight at 4°C in anti-myosin heavy chain
antibody (cat. no. 18-0074; Zymed, Invitrogen) diluted
1:25 in 1% BSA-PBS. Cells were washed well in 1x PBS
and incubated with a pre-dilute mouse-rabbit dual link
secondary antibody (cat. no. K4061; Dako Australia)
for 1h. Following a PBS wash, colour development
was performed using the Dako Cytomation AEC +
substrate chromagen and nuclei were counterstained with
haematoxylin before coverslipping in Faramount aqueous
mounting medium (Dako). For the fluorescent staining of
myotube nuclei, fixed cells were incubated with 5 g ml™!
DAPI (4',6-diamidino-2-phenylindole, dihydrochloride;
Molecular Probes, Invitrogen) in PBS for 15min and
then washed prior to mounting in fluorescence mounting
medium (Dako) and counting of nuclei. Imaging was
performed using a Zeiss Axioskop 2 upright microscope
and Axiovision software (version 3.1.2.1) (Carl Zeiss,
Australia).

Cell viability and proliferation assay

Mitochondrial dehydrogenase function as a measure
of cell viability and proliferation was assayed by the
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl  tetrazolium
bromide (MTT; Sigma) colourmetric method (Mosmann,
1983). shRNA-infected C2C12 myoblasts were seeded at
3 x 10° cells per well in a 96-well plate and assayed at
days 1, 2 and 3 post-plating. Briefly, growth medium was
removed and cells were incubated in serum-free DMEM
containing 0.5mgml~' MTT for 30-60 min at 37°C.
Following the formation of the blue MTT formazan, cells
were dissolved using 0.1 M HCI in isopropanol and the
absorbance of each sample was determined at 570 nm
(test wavelength) and 630 nm (reference wavelength)
using an absorbance microplate reader (model 550;
Bio-Rad). Data are expressed relative to the viability of
shNegative-infected cells.
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Cell cycle analysis

shRNA-infected and uninfected myoblasts were seeded
at 1 x 10° cells and harvested 2 days later following two
washes in 1 x PBS. Cells were centrifuged at 1000 g for
5min and the pellet resuspended in 100 ul PBS before
fixing in 900 1 70% cold ethanol for 1 h on ice. Cells were
recovered at 2000 g, washed twice more in cold PBS before
centrifugation and resuspending the pellet in 0.2 mg ml~!
RNaseA (Sigma) in PBS and leaving at room temperature
for 30 min. Cells were recovered once more and the pellets
resuspended in 350 ul of 50 ugml™' propidium iodide
(Invitrogen) in PBS before analysis by flow cytometry at
535 nm on a FACSCalibur machine (Becton Dickinson,
North Ryde, NSW, Australia) using CELLQuest software.
Ten thousand cell events were assessed and the percentage
of cells in each phase of the cell cycle, G¢/G, S and G,/M,
was determined by the ModFitLT V2.0 software (Becton
Dickinson).

Statistical methods

All data are reported as the mean = standard error of
the mean (s.E.M.). Data normality were determined using
the Kolmogorov—Smirnov test and statistical differences
were assessed using an unpaired Student’s t test for
two-group comparisons or paired ¢ tests for comparisons
between the same groups at different time-points. For
data involving three or more groups, data were subjected
to one-way ANOVA using least significant differences or
Games—Howell post hoc assessment for homogenous or
non-homogeneous samples, respectively. Analyses were
performed using Statistical Package for the Social Sciences
software (SPSS version 14.1; Fullerton, CA, USA). Data
were considered statistically significant at P < 0.05.

Results

Expression profile of NDRG2 during myoblast
differentiation

The expression profile of NDRG2 during both human
and mouse muscle cell differentiation was analysed.
Differentiation medium was added to both cell types
when myoblasts were confluent and cells were then
typically allowed to differentiate over a 4 day (human
myotubes) or 6 day (C2C12 myotubes) period. Myogenin,
a marker for commencement of myoblast fusion (Andres
& Walsh, 1996), was analysed in differentiating C2C12
and human muscle cells and were found to increase 50-
and 160-fold, respectively, indicating progressive myoblast
differentiation (Fig. S1A and B). NDRG2 gene expression
increased significantly in C2C12 and human myotubes
compared with myoblasts following addition of
differentiation media (P=0.028 for C2C12 myotubes;
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Fig. 1A) (P <0.009 for human myotubes; Fig.1B). A
nearly 10-fold increase in protein expression for NDRG2
was also measured in differentiating C2C12 myoblasts
with at least three isoforms ranging from 45 to 50 kDa
evident (Fig.1C). The higher molecular weight band
was more prominent in myotubes. In differentiating
human muscle cells, NDRG2 protein levels also increased
upon differentiation with two possible isoforms present
(Fig. 1D). The different protein isoforms may represent
variants that have been described previously (Boulkroun
et al. 2002) or proteins that have undergone
post-translational modification. Two isoforms of 45 and
50kDa were also evident with exogenously expressed
HA-tagged human NDRG2 (Fig. S1C).

Phenotypic effects on C2C12 myoblast differentiation
following suppression of endogenous NDRG2

NDRG2 levels in C2C12 myoblasts were suppressed
using two separate shRNA retroviral constructs targeting
mouse NDRG2 mRNA (shNDRG2a and shNDRG2b).
Following 48 h antibiotic selection to remove uninfected
cells, the infected subconfluent myoblasts were counted

V. C. Foletta and others
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and re-plated at equal numbers for each experiment.
Gene expression analysis revealed that NDRG2 mRNA
levels were suppressed by 80-90% in the infected
C2C12 myoblasts and myotubes (data not shown).
NDRG2 protein levels were decreased by 80-90% in
C2C12 subconfluent myoblasts and by 70-80% in
C2C12 myotubes (Fig.2A). The shNDRG2b construct
consistently gave a slightly greater level of suppression
than shNDRG2a. Phenotypically, the sANDRG2-infected
subconfluent myoblasts, particularly in the shNDRG2b
cells, did not appear to proliferate as rapidly in
comparison with the shNegative-infected cells (Fig. 2B; left
panels). The control myoblasts reached confluence 4 days
post-plating and commenced spontaneous myoblast
fusion (Fig.2B; top middle panel), at which time, low
serum differentiation medium was added. At 4 days
post-plating, spontaneous myoblast fusion was also
evident in the shNDRG2-infected myoblasts despite the
shNDRG2b-infected myoblasts remaining subconfluent
(Fig. 2B; bottom middle panel). Following the addition
of differentiation medium, the shNDRG2-infected C2C12
cells, particularly the shNDRG2b-infected samples,
did not uniformly differentiate compared with the
shNegative-infected myotubes (Fig. 2B; right panels).

A Mouse C2C12 cells B Human muscle cells
_— s 25, ?
g E 15 DM * aﬁ E 20 4 DM
2> 104 o '
2@ % @ 10 4
& B 5 | @5
s 2" 0 o
i s
g [ua— | L g 0 miem i 3 =
Subcontl.  Confluent Day 3 Day 6 Subconfl. Confluent  Day 2 Day 4
myoblasts myoblasts  myotubes  myotubes myoblasts myoblasts myotubes myotubes
C Myoblasts  Myotubes D Myoblasts  Myotubes
S C Day1 Day3 S C Day2 Day4
IB: anti-NDRG2 = N ok0a —— —
IB: anti-B-actin T ——— —— ——
— 50 kDa
Fold change: 1 3.9 4.7 9.7 1 2.4 3.4 4.3

Figure 1. NDRG2 expression in differentiating myoblasts

Fold change in gene (A and B) and protein (C and D) expression of NDRG2 in a time-course representing
differentiating mouse C2C12 myoblasts (A and C) and differentiating human primary muscle cell cultures (B
and D). Differentiation media (DM) were added when myoblasts were confluent. *P = 0.028 and #P < 0.009
compared with subconfluent (subconfl.) myoblasts. Immunoblot (IB) analyses were performed with anti-NDRG2
and anti-B-actin antibodies. The fold change in NDRG2 protein levels is relative to NDRG2 expression in sub-
confluent myoblasts following normalisation to B-actin levels. Samples were analysed from both subconfluent
(S) and confluent (C) myoblasts and from myotubes at various times (day 1, 2, 3 or 4) following the addition of

differentiation media to confluent myoblasts.
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Cell viability and cell cycle analyses
of shNDRG2-infected C2C12 myoblasts

To ascertain whether a reduction in C2C12 myoblast
proliferation was occurring in NDRG2-deficient C2C12
myoblasts, C2C12 subconfluent myoblasts infected with
the negative control or with NDRG2-specific shRNAs
were assessed by MTT assay at days 1, 2 and 3
post-plating. The shNDRG2a-infected cells revealed a
significant reduction in cell number by 7, 17 and 30%
on days 1, 2 and 3, respectively (P <0.015), when
compared with the shNegative cells on each day (Fig. 34).
The shNDRG2b-infected cells demonstrated an even
greater reduction with a 15, 38 and 57% decrease
measured on days 1, 2 and 3, respectively (P < 0.001).
A significantly lower number of nuclei remained evident
in the shNDRG2-infected myotubes compared with the
negative control myotubes (Fig. 3B). Increased cell death
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was not visually apparent in the shtNDRG2-infected cells
nor was the activation of caspase 3, a key effector of
apoptosis. No change in total caspase 3 levels or evidence
of its 17/19kDa cleavage products were measured by
immunoblotting (data not shown). A reduced rate of
cell proliferation was further evident by FACS analyses
of shRNA-infected subconfluent myoblasts where 16%
more shNDRG2b-infected myoblasts were found retained
in the stationary G,/G, phase with a corresponding 14%
decrease in cell number occurring in the S phase of the cell
cycle compared with uninfected and shNegative myoblasts
(see Supplementary Fig. S2).

We next investigated whether the expression of
specific regulators of the cell cycle were altered in
shNDRG2-deficient subconfluent myoblasts. The gene
expression of p21 Waf1/Cipl and p27 Kipl was analysed
and found to be induced 2- to 2.5-fold when compared
with the control myoblasts (P < 0.004 for p21 and
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Figure 2. Expression and phenotypic analyses of NDRG2-deficient C2C12 cells

A, Immunoblot (IB) analyses of NDRG2 (top panel) and B-actin (bottom panel) protein levels in uninfected cells
(Ul) and in cells infected with the negative control (shNeg) or with NDRG2-specific shRNAs (shNa and shNb). The
fold change in NDRG2 protein expression compared with shNeg control is indicated following normalisation to
B-actin levels. B, brightfield microscopy of subconfluent myoblasts, confluent myoblasts and myotubes following

shRNA infections. Scale bar, 50 um.
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P <0.002 for p27) (Fig.3C and D). There were no
differences measured between both genes in the confluent
myoblasts or in the myotubes. In agreement with the
mRNA levels, the protein levels for p21 and p27 increased
in both types of shNDRG2-infected subconfluent
myoblasts in contrast to the shNegative-infected cells while
no change in expression of an alternate CDK inhibitor,
p15 INK4B, was evident (Fig. 3E).
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Expression analyses of muscle cell differentiation
genes in shNDRG2-infected C2C12 cells

Markers of muscle cell differentiation, myogenin and
troponin I type 2 (Tnni2), the fast twitch skeletal
muscle isoform that is activated upon myoblast fusion
(Koppe et al. 1989; Lin et al. 1994), were both
analysed in shRNA-infected C2C12 cells. Myogenin
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Figure 3. Effect of reduced NDRG2 levels on C2C12 myoblast proliferation

A, MTT assay of C2C12 subconfluent myoblasts infected with shNeg (black bars), shNa (grey bars) or shNb (white
bars) at day 1, 2 and 3 post-plating. Data are representative of three independent experiments (n = 4 per sample).
*P < 0.014 and #P < 0.001 compared with the shNeg value on each day. B, number of nuclei per field of view
(n = 3) in shNeg-, shNa- and shNb-infected myotubes. Data are expressed as a % change to shNeg. *P = 0.015
and #P = 0.010 compared with shNeg value. C and D, fold change gene expression in control (shNeg, black bars)
and shNDRG2-infected (shNa, grey bars; and shNb, white bars) subconfluent (subconfl.) myoblasts, confluent
myoblasts and myotubes for p21 Waf/Cip1 (C) and p27 Kip1 (D). Data are normalised to shNegative-infected cell
values in each group and are representative of three independent experiments (n = 3 per sample). *P < 0.003 and
#P < 0.002 compared with shNeg value in each cell type. £, immunoblot analyses (IB) of p21, p27, p15 INK4B and
B-actin protein levels in shRNA-infected subconfluent myoblasts.
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gene expression was significantly up-regulated in both
shNDRG2a- and shNDRG2b-deficient subconfluent
myoblasts (P < 0.004; Fig.4A) where it was increased
6-fold in the latter compared with the negative
control myoblasts. Myogenin protein levels reflected
the gene expression changes in the subconfluent
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myoblasts  (Fig.4C). In contrast to the sub-
confluent myoblasts, a 2- to 3-fold decrease in
myogenin gene expression (P < 0.002) in the siNDRG2a-
and shNDRG2b-infected confluent myoblasts was
measured while no difference was found in the

myotubes (Fig.4A). Elevated Tnni2 mRNA levels
51 #
=2 4 *
=
§ 3 ’
£ 2
= 1 - * #
0 -
Subconfl. Confluent Myotubes
myoblasts  myoblasts

Figure 4. Effect of reduced NDRG2 levels on C2C12 cell differentiation

Fold change gene expression in control (shNeg, black bars) and shNDRG2-infected (shNa, grey bars; and shNb,
white bars) subconfluent (subconfl.) myoblasts,confluent myoblasts and myotubes for myogenin (4) and Tnni2 (B).
Data are normalised to shNegative-infected cell values in each group and are representative of three independent
experiments (n = 3 per sample). *P < 0.004 and #P < 0.003 compared with shNeg value in each cell type. C,
immunoblot analyses (IB) of myogenin and B-actin protein levels in shRNA-infected myoblasts. D, gene expression
(top panel) and immunostaining of myosin heavy chain protein expression (bottom panels) in shRNA-infected
myotubes. *P < 0.03 and #P < 0.004 compared with the shNeg value. Scale bar, 100 zm.
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were also measured, with a 2.5-fold increase in
the shNDRG2b-infected subconfluent myoblasts and
both a 3-fold and a 5-fold increase in the
shNDRG2a- and shNDRG2b-infected confluent myo-
blasts, respectively, were found in relation to the
shNegative cells (P=0.005 in the subconfluent myo-
blasts and P < 0.004 in the confluent myoblasts) (Fig. 4B).
Tnni2 mRNA levels, however, were reduced 2-fold in
both the shNDRG2a- and shNDRG2b-infected myo-
tubes (P < 0.004) (Fig. 4B). Moreover, myosin heavy chain
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Figure 5. The effects of resistance exercise training on NDRG2,
MuRF1 and atrogin-1 gene expression in skeletal muscle

NDRG2 (A), MuRF1 (B) and atrogin-1 (C) gene expression in the vastus
lateralis muscle from young (black bars; n = 16) and older (white bars;
n = 15) males at 0 h and 2 h following completion of a single bout of
extension exercise before (pre-training) and after (post-training)

12 weeks of resistance exercise training. A, *P < 0.04 compared with
0 h pre-training in younger males. B, *P < 0.032 compared with

0 h pre-training in younger males; #P = 0.047 compared with 0 h
pre-training in older males. C, *P < 0.02 compared with O h
pre-training in younger males; #P < 0.012 compared with

0 h pre-training in older males.
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(MHC) gene expression, a marker of skeletal muscle fibres,
also decreased significantly in the shNDRG2-infected
myotubes (P < 0.015) (Fig.4D) while immunostaining
for myosin protein expression revealed a more sporadic
presence of myotubes in the NDRG2-deficient C2C12 cells
suggesting reduced MHC expression (Fig. 4D).

NDRG2, MuRF1 and atrogin-1 gene expression
in resistance exercise trained skeletal muscle
from young and older individuals

Having established a role for NDRG2 in myoblast
growth and differentiation, NDRG2 expression was next
investigated in different metabolically stressed states.
Long-term resistance exercise training is a model of
physiological stress and muscle hypertrophy (reviewed
by Fluck & Hoppeler, 2003) and we sought to determine
whether NDRG2 was regulated under this condition. We
also analysed the gene expression of two markers of
atrophy, the E3 ubiquitin ligases atrogin-1/MAFbx and
MuRF1 (muscle RING finger 1), to help molecularly
characterise the state of the muscle tissue. Induction
of atrogin-1 and MuRF1 gene expression indicates
increased proteolysis via the ubiquitin proteosome
pathway while their decreased expression indicates
hypertrophic conditions (Glass, 2005). The gene
expression of NDRG2, MuRFI1 and atrogin-1 was each
found to decrease significantly in the younger individuals
following a 12 week resistance exercise training program
compared with the pre-resistance trained, rested (0h)
state (P <0.038 for NDRG2, Fig.54; P <0.023 for
MuRF1, Fig.5B; P <0.019 for atrogin-1, Fig.5C). A
similar finding was measured in the chronically resistance
exercise trained older individuals, where NDRG2 gene
expression also tended to decrease (P=0.078, Fig.5A)
and MuRF1 (P = 0.047, Fig. 5B) and atrogin-1 (P < 0.020,
Fig. 5C) mRNA levels were significantly reduced in
older individuals when compared with the pre-resistance
trained state. No difference was found in any of the gene
expression levels measured between the two different age
groups at any time point nor was any difference found
between each group following a single acute bout of
resistance exercise.

NDRG2 gene expression in atrophic and hypertrophic
C2C12 myotubes

To follow on from the resistance training results, the
effects of anabolic and catabolic stimuli on NDRG2,
MuRF1 and atrogin-1 gene expression were assessed in
C2C12 myotubes. C2C12 myotubes were treated with the
atrophy-causing catabolic (dexamethasone and TNFw)
and hypertrophy-causing anabolic (IGF-1, insulin and
testosterone) agents for up to 48h. Treatment with
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dexamethasone caused a significant increase in NDRG2
gene expression in nearly all times measured with a
4.7-fold induction found after 48 h (P < 0.03) (Fig. 6A).
Similar profiles for MuRF1 (P < 0.035) and atrogin-1
(P < 0.001) mRNAs were measured with up to 2.6- and
5.3-fold increases, respectively, by 48 h post-treatment.
These data are in agreement with previous studies
in dexamethasone-treated C2C12 myotubes (Dehoux
et al. 2004; Stitt et al. 2004). Treatment with TNF«
produced a peak induction of mRNA expression at 1
and 4h post-TNFa treatment for MuRF1 (P =0.033)
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and atrogin-1 (P = 0.044) (Fig. 6B), respectively; the latter
result agreeing with prior studies (Li et al. 2005). Following
initial induction, a progressive decline in mRNA levels for
both genes then occurred, reaching significance by 24 h or
48 h (P < 0.004 for MuRF1 and P = 0.038 for atrogin-1).
TNFor did not significantly induce NDRG2 mRNA,
although at 24 h and 48 h post-treatment expression levels
were reduced (P < 0.001) (Fig.6B). The effects of the
anabolic agents, insulin, IGF-1 and testosterone, were
also assessed. As a result, IGF-1 and insulin caused a
2- and 3-fold decrease, respectively, in mRNA levels for
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Figure 6. NDRG2, MuRF1 and atrogin-1 gene expression in C2C12 myotubes following time-course

treatments

Fold change in gene expression of NDRG2 (black bars), MuRF1 (grey bars) and atrogin-1 (white bars) following
dexamethasone (A; 10 um), TNFa (B; 40 ng mi=1), IGF-1 (C; 20 ng mI~"), insulin (D; 100 nm) and testosterone
(E; 100 nm) treatments. Time-course (h) is on the x-axis. *, # or +P < 0.05 compared with the 0 h time-point for
NDRG2, MuRF1 or atrogin-1, respectively. Each experiment is a representative of 2-3 independent experiments

(n = 3 per sample).
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each gene compared with the 0 h samples (Fig. 6C and
D). The IGF-1-mediated effects were evident by 4h or
8 h post-treatment and sustained during later time-points
for all genes (P < 0.02 for NDRG2, P < 0.003 for MuRF1
and P < 0.007 for atrogin-1) (Fig.6C), which again is
in agreement with prior studies relating to MuRF1 and
atrogin-1 regulation in C2C12 myotubes (Dehoux et al.
2004; Sacheck et al. 2004). Following insulin treatment,
a significant decrease in MuRF1 gene expression was
observed at all times (P < 0.03) while reductions in
atrogin-1 and NDRG2 mRNA levels were evident by 4 h
(P <0.001) and 24 h (P < 0.001), respectively, compared
with the 0h samples (Fig.6D). Testosterone treatment
decreased NDRG2 mRNA up to 4.5-fold (P < 0.001) while
MuRF1 expression was reduced by 1.6-fold (P < 0.002)
with no effect on atrogin-1 mRNA levels at the times
measured (Fig. 6E).

Discussion

Here, we describe the first functional characterisation of
NDRG?2 in skeletal muscle cells where NDRG2 displays
high expression and is a potential substrate for growth
factor-regulated kinases. NDRG2 expression levels were
found to increase during muscle cell differentiation while
a deficiency of NDRG2 resulted in slowed C2C12 myoblast
proliferation and induced cell cycle exit and myogenesis.
In response to stimuli which modulate myofibre growth
or atrophy, NDRG2 expression was found to be regulated
both in vitroand in vivo. Resistance exercise training effects
in individuals led to a decrease in NDRG2 gene expression
in skeletal muscle. Furthermore, atrophy and hypertrophy
agents significantly regulated NDRG2 mRNA levels in
C2C12 myotubes. Specifically, the growth factors IGF-1,
insulin and testosterone decreased NDRG2 expression
while the atrophy agent dexamethasone increased NDRG2
mRNA levels. Together, these data indicate a novel role for
NDRG?2 in contributing to the control of muscle mass and
homeostasis.

A role for NDRG2 as a putative tumour suppressor in
cancer cell growth control has been suggested. Decreased
NDRG2 gene expression has been measured in multiple
cancer cell types (Deng et al. 2003; Hu et al. 2004; Lusis
et al. 2005; Liu et al. 2007; Lorentzen et al. 2007) and
gene-silencing studies have also resulted in increased cell
proliferation in cancer cell lines (Choi et al. 2007b).
Conversely, the overexpression of NDRG2 has led to
decreased cancer cell growth (Deng et al. 2003; Choi
et al. 2007a; Park et al. 2007). Based on these reports,
we had predicted that by reducing endogenous NDRG2
levels, increased myoblast growth would occur. Contrary
to our hypothesis, the knockdown of NDRG2 with the two
individual NDRG2-specific shRNA constructs resulted in
reduced myoblast proliferation and an earlier onset of
myogenesis, with the SsENDRG2b construct displaying a
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more enhanced effect. This outcome, however, is not
unprecedented as a similar result has been reported for
NDRGI. NDRGI shares 53-65% amino acid homology
with the other NDRG family members (Qu et al. 2002),
and is also considered a tumour suppressor agent as
it exhibits reduced expression in cancer and metastatic
tissues and its expression is induced in differentiating
cells (reviewed in Ellen et al. 2007). Additional studies
have identified that a lack of NDRGI results in the
inhibition of liver cancer cell proliferation in vitro and
in vivo (Yan et al. 2008) and decreased trophoblast
cell viability/proliferation (Chen et al. 2006). The latter
study also found that during stress conditions (hypoxia)
decreased levels of NDRGI resulted in the induction of
apoptosis (Chen et al. 2006). During basal conditions in
NDRG2-deficient myoblasts, we did not observe increased
cell death nor detect cleavage of caspase 3. However, it
is possible that under specific stress conditions, lack of
NDRG2 may affect cell apoptosis. The apparent differing
roles for both NDRG2 and NDRGI as either anti- or
pro-proliferative factors could be dictated by different cell
types and requires further investigation.

As NDRG2 is a substrate for several serine—threonine
protein kinases including Akt and SGK1 in skeletal
muscle (Burchfield et al. 2004; Murray et al. 2004), it
is possible that the functional effects we observed in
NDRG2-deficient myoblasts are due to a reduction in
NDRG?2 phosphoprotein levels that may be impacting on
muscle function. While SGK1 is considered a physiological
regulator of NDRG2 in skeletal muscle (Murray et al.
2004), its role in this tissue is not so clearly defined as Akt.
Both Aktl and Akt2 are key components of skeletal muscle
cell proliferation and differentiation in vitro (Bouzakri
et al. 2006; Heron-Milhavet et al. 2006; Wilson & Rotwein,
2007) and in vivo (Cho et al. 2001a,b). Akt either
directly or indirectly regulates p21 and p27 activity or
transcription during cell proliferation and cell cycle exiting
in cancer cells (Maddika et al. 2007). IGF-1 also regulates
p21 and p27 in proliferating muscle cells (Chakravarthy
et al. 2000; Lawlor & Rotwein, 2000; Machida et al.
2003; Heron-Milhavet et al. 2006). The increased
expression of p21 and p27 measured in NDRG2-deficient
myoblasts, in addition to the proliferation data and
cell cycle analysis presented here, suggest that myoblasts
lacking NDRG2 are slowing in their ability to proliferate
and entering a post-mitotic state earlier than the negative
control-infected cells despite the NDRG2-deficient cells
being subconfluent and existing in normal growth
(high serum) culture conditions. While NDRG2 may be
targeting the G;-S cell cycle progression via p21 and
p27, its effect on CDK inhibitors appears specific as
no change in the expression of pl15 INK4B, a member
of the pl6 INK4a protein family, was observed. It is
perhaps unexpected that the knockdown of NDRG2
reduced myoblast proliferation given myoblasts display
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significantly lower NDRG2 expression levels compared
with the differentiated myotubes. This outcome, however,
is not unusual if compared with Akt2. Akt2 expression
increases during myoblast differentiation (Fujio et al.
2001) as well as functioning to control cell cycle exiting
and differentiation of myoblasts (Bouzakri et al. 2006;
Heron-Milhavet et al. 2006) and possessing a multitude of
activities as a key signalling molecule in myotubes (Cho
et al. 2001a; Bouzakri et al. 2006; Frost & Lang, 2007).
As NDRG2 is a potential effector of Akt (Burchfield et al.
2004; Murray et al. 2004), perhaps NDRG2 also affects
similar processes as Akt in both myoblasts and myotubes.

With the increase in NDRG2 expression during muscle
differentiation, a possible outcome associated with the
knockdown of NDRG2 would be a reduced ability
of the myoblasts to differentiate. The data from this
study appear to indicate that the onset of differentiation
in NDRG2-deficient myoblasts was able to commence
in conjunction with cell cycle exiting. However, and
perhaps due to insufficient cell numbers, incorrect myo-
blast alignment and fusion may have occurred, which
lead to reduced formation of myotubes as indicated
by the level of Tnni2 and MHC expressed and the
phenotypic appearance of the cells. The role for NDRG2
in cell differentiation is still unclear as its knockdown
did not appear to affect the ability of monocytes to
differentiate into dendritic cells (Choi et al. 2007a)
although enhanced differentiation of trophoblasts was
observed following NDRG2 overexpression (Chen et al.
2006). With our current data, it is difficult to assess
whether NDRG2 affects differentiation or cell cycle
exiting specifically as the role of cell cycle inhibitors
and myogenin in muscle cell differentiation are inter-
twined. While p21 (and p57) are required for muscle
differentiation in vivo (Zhang et al. 1999), in C2C12
myoblasts, myogenin expression is induced independently
and prior to both p21 induction and cell cycle arrest, and
hence, prior to phenotypic changes involving cell fusion in
response to low serum conditions (Andres & Walsh, 1996;
Zhang et al. 1999). In turn, p27 is considered a ‘trigger’
CDK inhibitor where its increased expression has been
mapped to occur prior to myogenin and p21 induction
(Zabludoff et al. 1998). It may be that altering the level of
NDRG2 affects the normal crosstalk and ratios between the
proliferation and differentiation protein markers, which
leads to premature differentiation. Further studies would
be required to determine whether NDRG2 directly or
indirectly regulates the molecules involved in the onset
of myoblast differentiation or cell cycle exit.

Another role for Akt is to mediate growth factor
and cytokine signalling during muscle hypertrophy and
atrophy (Guttridge, 2004; Frost & Lang, 2007). Long-term
resistance exercise can cause skeletal muscle growth
involving increased satellite cell activation and myoblast
proliferation and fusion, and contractile protein synthesis
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(Kadi & Thornell, 2000; Seynnes et al. 2007). In addition,
resistance training can be associated with increased
production of anabolic factors, and conversely, a reduction
in cortisol levels in both young and older individuals
(Kraemer et al. 1999). The down-regulation of NDRG2
mRNA levels following resistance training accordingly
may be due to the effects of myoblast proliferation and/or
increased anabolic and decreased catabolic circulating
agents. Our data demonstrating similarly decreased
MuRF1 and atrogin-1 gene expression levels support
this hypothesis as Akt indirectly down-regulates these
genes during muscle hypertrophy in cell and animal
models (Stitt et al. 2004; Marino et al. 2008). To further
add to the resistance training findings, we have shown
novel down-regulation of NDRG2 by insulin, IGF-1
and testosterone in myofibres. The latter finding is
consistent with a previous study describing decreased
NDRG2 mRNA expression by androgens in rat kidney
(Boulkroun et al. 2005). Glucocorticoid regulation of
NDRG2 has also been reported previously although
with varying outcomes. The induction of NDRG2 gene
expression by dexamethasone and glucocorticoids occurs
in the brain and heart of rats (Nichols, 2003). In
dexamethasone-induced de-differentiation of dendritic
cells, however, decreased NDRG2 gene expression was
observed (Choi et al. 2007a) while dexamethasone
exhibited no effect on gene expression in kidney
cells (Boulkroun et al. 2002). These differences in
dexamethasone regulation of NDRG2 gene expression
may reflect variable experimental conditions or different
cell types and possibly alternate signalling pathways.
As TNFo did not significantly increase NDRG2 gene
expression, it suggests that not all atrophic agents regulate
NDRG?2 similarly in muscle cells. Interestingly, we did not
observe a difference in NDRG2 gene expression between
the young versus older individuals in the basal state or
following resistance training. A reduction in both muscle
mass (sarcopenia) and circulating anabolic hormones with
age are well described (reviewed in Solomon & Bouloux,
2006) so why was there no age-related differences with
NDRG2 mRNA levels in skeletal muscle? Both MuRF1
and atrogin-1 gene expression levels were also not found
to increase with age in this study, which is consistent
with other reports where their levels of expression did
not change in individuals with age-related sarcopenia
(Whitman et al. 2005; Leger et al. 2008). These results
suggest that different regulatory molecules are potentially
responsible for alternate forms of muscle atrophy, and
furthermore, indicate a potential co-regulation of NDRG2
with the ubiquitin ligases MuRF1 and atrogin-1 under
specific conditions.

We have provided in this study novel insight into the role
of NDRG?2 in skeletal muscle function. We have identified
that a lack of NDRG2 affects myoblast proliferation and
ultimately myotube differentiation. The mechanism of



1632

this regulation requires further investigation and it will
be of interest to determine whether NDRG2 regulates
other aspects of muscle adaption such as satellite cell
activity and myoblast fusion. As myotubes have under-
gone terminal division and NDRG2 is up-regulated upon
muscle cell differentiation, it is likely that increased
levels of NDRG2 may be required for myotube function
and homeostasis. Moreover, the in vitro regulation of
NDRG?2 by atrophy and hypertrophy agents indicates that
NDRG2 may contribute to muscle mass control. Hence,
the identification of novel interacting muscle proteins, and
tissue- and temporal-specific gene targeting studies in the
future, could help further elucidate the role for NDRG2 in
skeletal muscle.
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