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Recently, several transmembrane proteins of the nuclear envelope have been implicated in regulation of
signaling and gene expression. Here we demonstrate that the nuclear lamina-associated nuclear envelope
transmembrane protein NET39 (Ppapdc3) functions as a negative regulator of myoblast differentiation, in part
through effects on mTOR signaling. We found that NET39 is highly expressed in cardiac and skeletal muscle
tissues and becomes strongly upregulated during cultured myoblast differentiation. Knockdown of NET39 by
RNA interference in myoblasts strongly promoted differentiation, whereas overexpression of NET39 repressed
myogenesis. Proteomic analysis of NET39 complexes immunoprecipitated from myotubes, in combination with
other methods, identified mTOR as an interaction partner of NET39. We found that ectopic expression of
NET39 in myoblasts negatively regulated myogenesis by diminishing mTOR activity, which in turn decreased
insulin-like growth factor II production and autocrine signaling. Our results indicate that NET39 is part of the
regulatory machinery for myogenesis and raise the possibility that it may be important for muscle homeostasis.

The nuclear envelope (NE) forms a selective barrier that
separates the cytoplasm from the nuclear interior in eu-
karyotes. The NE contains an inner nuclear membrane (INM)
and an outer nuclear membrane that are joined at nuclear pore
complexes, large supramolecular assemblies that provide
transport channels across the NE. The INM is lined by the
nuclear lamina, a protein meshwork containing a polymer of
the lamin intermediate filament proteins and numerous more
minor components, including transmembrane proteins of the
INM. Lamins and associated transmembrane proteins provide
a scaffold for organizing chromatin and nuclear structure. In
addition, it has become clear that lamina components also
regulate signaling and gene expression (8, 21, 41). Recent work
has implicated the INM proteins emerin and MANI in regu-
lation of signaling. MAN1 has been found to bind directly to
R-Smad proteins and, as a consequence, to attenuate trans-
forming growth factor beta and BMP signaling (2). Emerin has
been implicated in the Rb1/E2F and MyoD pathways of gene
expression during muscle regeneration (16, 29), and its loss
causes hyperactivation of mitogen-activated protein kinase
pathways in the heart and myoblasts (30). The finding that
mutations in lamina-associated proteins lead to numerous hu-
man diseases (“laminopathies”) can be explained, at least in
part, by the signaling-related functions of these proteins.

Our laboratory identified over 50 novel putative NE-specific
transmembrane proteins (NETs) from a proteomic analysis,
substantially increasing the list of ~15 integral proteins of the
NE that had been identified at that time (38). Expression
profiling showed that six of the NETs are significantly upregu-
lated at the transcriptional level during myoblast differentia-
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tion. The most strongly upregulated of this group, NET39
(Ppapdc3), contains a lipid phosphate phosphatase (LPP) ho-
mology domain (6). This suggests a potential role of NET39 in
signaling. However, until now nothing is known about its bio-
logical functions and its potential relationship to myogenic
differentiation.

Skeletal muscle development involves a highly ordered cas-
cade of events comprising myogenic lineage commitment,
myoblast proliferation, and terminal differentiation. Myogen-
esis critically depends on a group of basic helix-loop-helix
(bHLH) transcription factors. The bHLH proteins Myf5 and
MyoD are expressed prior to differentiation and specify com-
mitment to the myoblast lineage. Conversely, the bHLH pro-
teins MRF4 and myogenin are expressed only after myoblast
withdrawal from the cell cycle and drive the decisive events of
myogenic differentiation, including myoblast fusion and the
expression of characteristic muscle proteins, such as skeletal
muscle myosin heavy chain (MyHC) (5).

Coordination of myoblast differentiation is achieved through
endocrine and paracrine/autocrine effects on several signaling
pathways, which activate the expression of myogenin, MRF4,
and other late myogenic genes (33, 47). The insulin-like growth
factors (IGFs), including IGF-I and IGF-I1, play critical roles
in skeletal muscle differentiation and growth as well as in adult
muscle regeneration and hypertrophy (13, 31, 32). In myoblast
culture, the autocrine/paracrine actions of IGF-II, induced in
response to growth factor deprivation, are instrumental in
myogenic differentiation (11, 14, 36, 44). The transcriptional
induction of IGF-II after experimental induction of myoblast
differentiation is controlled by the Ser/Thr kinase mammalian
target of rapamycin (mTOR) (11, 49, 50). Although mTOR is
required for IGF-II expression, the kinase activity of mTOR
appears to be dispensable for this process (10, 11, 35). To date,
little is known about how the mTOR-IGF-II axis is regulated
during myogenesis.

Here we characterize the properties of NET39 and describe
its effects on myogenesis in C2C12 myoblasts. Using gene si-



VoL. 29, 2009

lencing and ectopic overexpression approaches, we find that
the presence of NET39 in myoblasts negatively regulates myo-
genic differentiation. This inhibitory phenotype is explained by
our finding that NET39 interacts with mTOR and that it re-
presses mTOR-mediated IGF-II secretion. We propose that
NET39, which is induced to high levels following myogenic
differentiation, functions in muscle homeostasis by limiting the
expression of myogenic genes. We also suggest that regulation
of NET39 may be important in muscle regeneration and hy-
pertrophy.

MATERIALS AND METHODS

Reagents and antibodies. Phosphatidic acid (PA; Cg), lysophosphatidic acid
(LPA; Cg.1), and diacylglycerol pyrophosphate (DGPP; Cg) were purchased
from Avanti Polar Lipids. Ceramide-1-phosphate (C1P), sphingosine-1-phos-
phate (S1P), polyisoprenyl phosphate, farnesyl diphosphate (FDP), rapamycin,
1-butanol, and IGF-II were purchased from Sigma. R59022 (diacylglycerol ki-
nase inhibitor T) was purchased from Calbiochem. To construct NET39-V5,
NET39(1-100)-VS5, NET39(72-271)-V5, NET39(92-271)-V5, and LPP3-VS5, cor-
responding cDNA fragments were PCR amplified from NET39 or LPP3 cDNA
clones (Open Biosystems) and ligated into the pcDNA 3.1 D/V5-His-TOPO
vector (Invitrogen). Myc-NET39 was generated by subcloning NET39 cDNA
into the BamHI and Xhol sites of the Dual-CCM(N-Myc) vector (Vector Bio-
labs). All of the clones were confirmed by DNA sequencing. Myc-mTOR and its
truncation mutants were kindly provided by Do-Hyung Kim (45), and H19-
luc-ME was a generous gift of Jie Chen (11). SureSilencing short hairpin RNA
(shRNA) plasmids for mouse Ppapdc3/NET39 with a Ul promoter and neomy-
cin resistance gene were obtained from SABiosciences. The sense sequences
were as follows: shCtrl, GGAATCTCATTCGATGCATAC; shNET39#2, TAC
CTCACCATGGACATCTAT; shNET39#3, AGCCCTGCTCTTGGACAT
CAT; and shNET39#4, ATCGGACGCCACCACATTACA. Purified adenovi-
rus encoding MyoD or carrying an empty cytomegalovirus cassette was
purchased from Vector Biolabs. Adenovirus encoding Myc-NET39 (Ad-Myc-
NET39) was generated by using Dual-CCM (N-Myc)-NET39 as a shuttle vector.
Construction and purification of Ad-Myc-NET39 were carried out by Vector
Biolabs. Anti-NET39 polyclonal antibody was generated in rabbits, using a re-
combinant His-tagged protein comprising the N-terminal 105 amino acids of
murine NET39, and was affinity purified against the latter. The following anti-
bodies were obtained commercially: anti-Myc (Santa Cruz Biotechnology, Inc.),
anti-V5 (Invitrogen), anti-PDI (Stressgen), antimyogenin (BD Pharmingen), an-
ti-MyHC (U.S. Biological), anti-alpha-tubulin and anti-H2B (Abcam), anti-cal-
nexin (BD Transduction Laboratories), anti-mTOR (Cell Signaling Technology
and Santa Cruz Biotechnology, Inc.), anti-phospho-p70S6K (Cell Signaling
Technology), anti-IGF-II (R&D Systems), anti-V5 and anti-Myc agarose
(Sigma), Alexa Fluor488- or Alexa Fluor594-conjugated anti-immunoglobulin G
(anti-IgG) antibody (Invitrogen), and horseradish peroxidase-conjugated anti-
IgG antibodies (Pierce).

Cell culture and transfection. HEK293A cells (Invitrogen), HeLa cells
(ATCC), COS-7 cells (ATCC), and CH3-10T1/2 cells (ATCC) were maintained
in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum (FBS) (Invitrogen) and antibiotics. C2C12 cells (ATCC) were
maintained in proliferation medium (PM; DMEM supplemented with 15% FBS
and antibiotics). For differentiation assays, cells were seeded in 12-well cell
culture plates (Corning Incorporated) in PM at 50% confluence, grown to con-
fluence, and then switched to differentiation medium (DM; same as PM, but with
2% horse serum [HS; Invitrogen] instead of FBS). This time point was consid-
ered day 0 of differentiation (DMO). The DM was replaced every day. For HeLa,
HEK293A, and COS-7 cells, cells were transfected with Lipofectamine 2000
(Invitrogen) according to the manufacturer’s instructions. For C2C12 cells, DNA
transfections were performed in 12-well plates with 2 X 10° cells suspended in 1
ml PM, using 1 pg plasmid DNA and 10 pl Optifect (Invitrogen) per reaction.
Stable C2C12 populations containing various shRNA expression constructs were
generated by selection with 1,000 pg/ml G418 for 1 week, followed by 500 pg/ml
G418 for 2 weeks.

Gene transfer with recombinant adenoviruses. Before infection, purified ad-
enoviruses (Ad-empty or Ad-Myc-NET39) were diluted in DMEM with 2% FBS
(for C2C12 myoblasts) or with 2% HS (for C2C12 myotubes) and filtered
through a 0.45-wm syringe filter (Gelman). Viruses were added to cells at 37°C
for 8 h, to a final concentration of 2 X 10® inclusion-forming units (IFU)/ml.
Cells were then washed twice with phosphate-buffered saline (PBS) and incu-
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bated with the growth medium (for myoblasts) or with DM (for myotubes) for
specific purposes. Under these conditions, nearly 100% of cells were infected
with viruses, as evaluated by immunofluorescence staining with anti-Myc anti-
body.

Immunofluorescence microscopy. Cells were fixed with 4% formaldehyde in
PBS for 10 min at room temperature (RT), either with or without preextraction
with Triton X-100 before fixation. For Triton preextraction, cells were rinsed
once with PBS and then extracted twice with 1% Triton X-100 in 10 mM
Tris-HCI, pH 7.5, 1.5 mM MgCl,, and 2 mM CaCl, for 30 s at RT. Following
fixation, cells were treated with 0.2% Triton X-100 in PBS for 5 min at RT or
with 30 pg/ml digitonin in 0.3 M sucrose, 1.5 mM MgCl,, 120 mM KCI, 0.15 mM
CaCl,, 2 mM EGTA, and 25 mM HEPES-KOH (pH 7.6) for 10 min on ice. After
being blocked with 10% FBS in PBS for 20 min, cells were incubated for 1 h with
primary antibody, followed by washing in PBS and incubation for 1 h with the
relevant secondary antibody. Nuclei were stained with Hoechst 33342 (Invitro-
gen). The stained cells on coverslips were subsequently mounted in Gel Mount
(Biomeda) and sealed with Clarion mounting medium (Biomeda). Cell images
were taken with a Bio-Rad-Zeiss Radiance 2100 laser scanning confocal micro-
scope and analyzed by LaserSharp 2000 software (Bio-Rad). Images were
pseudocolorized and merged with ImageJ. For MyHC immunostaining, images
were acquired on a Leica DM IRE2 microscope equipped with a Hamamatsu
C4742-95 digital charge-coupled device camera. Images were analyzed using
ImagelJ to determine the percentage of nuclei within MyHC-positive areas.

Immunoprecipitation and immunoblotting. For immunoprecipitation studies,
whole-cell extracts were prepared by scraping cells into ice-cold lysis buffer (50
mM Tris, pH 7.5, 250 mM NaCl, 1 mM EDTA, 1 mM EGTA, 0.5% Triton
X-100, 10% glycerol, Complete protease inhibitor cocktail [Roche Diagnostics]).
Samples were sonicated on ice and immunoprecipitated by incubating with
anti-V5 or anti-Myc agarose or anti-NET39 antibody followed by protein A/G
Plus (Santa Cruz Biotechnology, Inc.). Precipitated proteins were washed five
times in lysis buffer, dissolved in sodium dodecyl sulfate sample buffer, electro-
phoresed in 4 to 20% Tris-glycine-sodium dodecyl sulfate gels (Invitrogen), and
transferred onto nitrocellulose membranes. Membranes were probed with spe-
cific primary and horseradish peroxidase-coupled secondary antibodies at appro-
priate dilutions and developed with SuperSignal West Pico reagent (Pierce).

Lipid phosphatase activity analysis. Five 10-cm plates of HEK293A cells were
transfected with pcDNA3, NET39-V5, or LPP3-V5, and 48 h later, cells were
lysed by being scraped into ice-cold lysis buffer (50 mM Tris, pH 7.5, 250 mM
NaCl, 1 mM EDTA, 1 mM EGTA, 0.5% Triton X-100, 10% glycerol, Complete
protease inhibitor cocktail [Roche Diagnostics]). Samples were sonicated on ice
and centrifuged at 16,000 X g at 4°C for 30 min. The supernatant was mixed with
anti-V5 agarose and rotated at 4°C overnight. The beads were washed with lysis
buffer four times and with assay buffer (100 mM Tris-maleate, pH 6.5, 0.5%
Triton X-100, 10 mM dithiothreitol) twice. The recombinant NET39-V5 or
LPP3-V5 protein was eluted by incubation with 70 wl V5 peptide (100 wg/ml) in
assay buffer for 1 h at 4°C with agitation. After brief centrifugation, the super-
natants were analyzed either by immunoblotting with anti-V5 antibody or by
analysis of LPP activity by the malachite green colorimetric assay as described
previously (17, 43), with minor modifications. In brief, the assays were performed
in 96-well, clear, nonbinding surface assay plates (Corning Incorporated) in 40 .l
of assay buffer containing either PA, LPA, C1P, S1P, DGPP, or FDP at 100 pM
in the absence or presence of 10 wl of immunopurified NET39-V5 or LPP3-V5.
The reaction was carried out at 37°C for 90 min and stopped with 100 pl of
malachite green reagent (Biomol), and the absorbance was read at 650 nm
according to the manufacturer’s instructions. The enzyme reactions were linear
over time and protein concentration.

Nucleus and ER membrane isolation. C2C12 cells grown in four 10-cm dishes
were induced to differentiate for 4 days. Differentiated cultures were placed on
ice and washed twice with ice-cold PBS, followed by once with HB (10 mM
HEPES, 10 mM KCl, 1.5 mM MgCl,). The cells were then scraped into a total
of 1 ml HB and allowed to swell on ice for 15 min. Next, cells were Dounce
homogenized with 15 strokes and mixed with 2.4 M sucrose in HB to bring the
final sucrose concentration to 1.8 M. The sample was then placed in a Beckman
SW41 centrifuge tube and overlaid with 3 ml 1.6 M sucrose in HB and then with
1 ml HB. After spinning at 150,000 X g at 4°C for 4 h in a Beckman SW41 rotor,
500 pl of each fraction, from top to bottom, was carefully removed, and an
aliquot of each fraction was observed under a light microscope. The interface
between the 1.6 M and 1.8 M sucrose layers contained a mixture of membrane
aggregates and nuclei. The lowest 500 w1 of the 1.8 M sucrose fraction contained
only nuclei and no membrane debris and was used as the nuclear fraction. The
interface between the HB and 1.6 M sucrose layers contained only membranes
and no nuclei and was chosen as the microsomal membrane (endoplasmic retic-
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ulum [ER]) fraction. Finally, the nuclear and ER fractions were subjected to
immunoblotting with appropriate antibodies.

MudPIT analysis of NET39-associated proteins in myotubes. Six 10-cm plates
of C2C12 myotubes (DM4) were transduced with Myc-NET39 or control ade-
novirus and maintained in culture for another 2 days. Cells then were washed
twice with PBS and lysed in a total of 6 ml ice-cold buffer B (50 mM Tris, pH 7.5,
250 mM NaCl, 1 mM EDTA, 1 mM EGTA, 0.5% Triton X-100, 10% glycerol,
Complete protease inhibitor cocktail [Roche Diagnostics]). The Myc-NET39 and
control samples were immunoadsorbed to 100 .l of anti-Myc agarose by rotation
at 4°C overnight. Both the control and Myc-NET39 immunoprecipitates were
washed six times with buffer B and twice with PBS. The protein complexes were
eluted by two sequential incubations with 8 M urea at RT for 30 min, with
agitation. The supernatants of the two samples were subjected to multidimen-
sional protein identification technology (MudPIT) analysis (46, 48). The
MudPIT experiment was performed as follows. Peptides were pressure loaded
onto a 100-pm-internal-diameter fused silica capillary column packed with a
5-cm-long 5-pm Partisphere strong cation exchanger (SCX) and a 5 cm of 5-um
Gemini C,g material (Phenomenex), with the SCX end fritted with immobilized
Kasil 1624 (PQ Corporation). After being desalted, a 100-pm-internal-diameter
capillary with a 5-pm pulled tip packed with 15 cm of 5-pm Jupiter C,¢ material
was attached to the SCX end with a ZDV union, and the entire column was
placed inline with an Agilent pump (Agilent Technologies) and analyzed using a
four-step separation. The three buffer solutions used were 5% acetonitrile-0.1%
formic acid (buffer A), 80% acetonitrile-0.1% formic acid (buffer B), and 500
mM ammonium acetate-5% acetonitrile-0.1% formic acid (buffer C). The first
step consisted of a 100-min gradient from 0 to 100% buffer B. Steps 2 and 3 had
the following profile: 3 min of 100% buffer A, 5 min of X% buffer C, a 10-min
gradient from 0 to 15% buffer B, and a 130-min gradient from 15 to 45% buffer
B, followed by a 20-min gradient increase to 100% buffer B and a reverse of the
gradient to 100% buffer A. The 5-min buffer C percentages (X) were 30, 70, and
100%. As peptides were eluted from the microcapillary column, they were
electrosprayed directly into an LTQ linear ion trap (Thermo) with the applica-
tion of a distal 2.4-kV spray voltage. A cycle of one full-scan mass spectrum (400
to 1,400 m/z) was followed by three data-dependent tandem mass spectrometry
spectra at a 35% normalized collision energy. Tandem mass spectrometry spectra
for peptides were analyzed by using the following software analysis protocol.
Poor-quality spectra were removed from the data set by using an automated
spectral quality assessment algorithm (3). Tandem mass spectrometry spectra
remaining after filtering were searched with the SEQUEST algorithm against a
database concatenated to a decoy database in which the sequence for each entry
in the original database was reversed (9). No enzyme specificity was considered
for any search. SEQUEST results were assembled and filtered by using the
DTASelect program (version 2.0) (42). DTASelect 2.0 uses a linear discriminant
analysis to dynamically set XCorr and DeltaCN thresholds for the entire data set
to achieve a user-specified false-positive rate (5% in this analysis).

Measurement of IGF-II in conditioned medium. Conditioned media were
collected from shCtrl and shNET39#2 C2CI12 cells 1 day after the shift to
differentiation conditions and were concentrated 20-fold with Microcon YM-3
columns (Millipore). The proteins in the media were examined by immunoblot-
ting using the anti-IGF-II antibody.

IGF-II-muscle-specific enhancer (ME) reporter assay. C2C12 cells were
transfected with H19-luc-ME (11) and allowed to reach confluence for 24 h. The
cells were then switched to DM. At various time points, cell lysates were col-
lected and analyzed for luciferase activity, using a luciferase assay system kit
(Promega) following the manufacturer’s protocol (27).

RESULTS

NET39 is an NE-enriched transmembrane protein belong-
ing to the LPP family but has no detectable enzymatic activity.
NET39 (Ppapdc3) is an NE transmembrane protein of 271
amino acids that we originally identified by proteomic analysis
of isolated NEs (38). The Ppapcd3 gene encodes an as yet
uncharacterized member of the LPP family. It is upregulated
over 40-fold at the transcriptional level during myogenesis in
culture (6). When overexpressed in C2C12 cells (6) or HeLa
cells (38) (Fig. 1A), NET39 becomes concentrated at the NE
and also is present in a peripheral ER-like localization, as
commonly seen for other overexpressed NE transmembrane
proteins. An evaluation of the membrane orientation of
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NET39 using the program TMHMM, version 2.0 (http://www
.cbs.dtu.dk), predicted that NET39 contains a hydrophilic do-
main of about 100 residues at its N terminus, followed by four
transmembrane segments extending to the C terminus (Fig.
1B). The transmembrane orientation predicted for NET39 is
different from that described for other members of the LPP
family, which have six predicted transmembrane regions (40).

We used indirect immunofluorescence to map the trans-
membrane topology of the N and C termini of NET39, using
HelLa cells transfected with NET39 containing an N-terminal
Myc epitope tag or a C-terminal V5 epitope tag. Both epitopes
were detected in ER-like membranes when fixed cells were
permeabilized with 0.2% Triton X-100, which perforates all
cellular membranes (Fig. 1A). Both epitopes also were acces-
sible when the fixed cells were treated with 30 pg/ml digitonin,
which selectively breaches the plasma membrane but leaves
ER membranes intact (1), as evidenced by the inaccessibility of
the ER luminal protein PDI (Fig. 1A). However, the pro-
nounced nuclear rim staining of NET39 seen with Triton treat-
ment was conspicuously absent with digitonin permeabiliza-
tion, supporting the notion the most NE staining arises from
NET39 localized at the INM (which is inaccessible to antibod-
ies in digitonin-permeabilized cells) (1). Thus, both the N and
C termini of NET39 are exposed to the cytosol/nucleoplasm
(Fig. 1A and B). NET39 in transfected cells remains nuclear
rim associated after Triton preextraction (6), supporting the
notion that it physically interacts with the Triton-insoluble
nuclear lamina. We found that the hydrophilic N terminus of
NET309 is not necessary for its Triton-resistant targeting to the
NE, because a construct lacking the N-terminal 91 amino acids
was still targeted to the nuclear rim and colocalized with lamins
A/C, similar to the full-length protein (Fig. 1B and C).

Gene database searches showed that NET39 is highly con-
served in mammals; the human and mouse proteins are >95%
identical. It also revealed homologous proteins in Xenopus and
zebrafish (Fig. 2 and data not shown). However, no proteins
with significant homology could be found in Drosophila or
other invertebrates. Unlike other LPP family members, NET39
lacks certain of the highly conserved residues implicated in
phosphatase activity (40). Alignment with the invariant tripar-
tite consensus sequences (denoted C1, C2, and C3) that define
LPPs (e.g., LPP3 and Ppapdc2) revealed nonconservative sub-
stitutions in NET39 at three residues that are thought to be
critical in catalysis (Fig. 2A) (40).

To directly examine whether NET39 is an LPP, we examined
whether recombinant V5-tagged NET39 that was immunoad-
sorbed from nonionic detergent lysates of transfected
HEK293A cells had catalytic activity against a select group of
potential substrates (Fig. 2B). We detected no phosphatase
activity against Triton X-100-solubilized PA, LPA, C1P, S1P,
DGPP, or FDP. In contrast, recombinant LPP3-V5 prepared
in a similar manner showed substantial phosphatase activity
against PA, LPA, and DGPP (Fig. 2B), as reported previously
(17, 23). Interestingly, coimmunoprecipitation experiments in-
dicated that Myc-NET39 is directly or indirectly associated
with NET39-V5 and with LPP3-V5 in transfected cells (Fig.
2C), suggesting that NET39 may exist in homo- and/or hetero-
oligomers in its native cellular context. This property has been
reported previously for LPP1, LPP2, and LPP3 (28). Further-
more, Blue Native polyacrylamide gel electrophoresis experi-
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FIG. 1. Localization and membrane topology of NET39. (A) HeLa cells transiently expressing Myc-NET39 or NET39-V5 were fixed with 4%
formaldehyde and then treated with 0.2% Triton to permeabilize all cellular membranes or with 30 pg/ml digitonin to selectively permeabilize the
plasma membrane. Cells were then incubated with anti-Myc or anti-V5 antibodies to visualize the epitope tags or with anti-PDI. Bar, 10 pm.
(B) Model depicting the membrane topology of NET39. NET39 is predicted to have four transmembrane domains, and both the N and C termini
are oriented toward the cytosol/nucleoplasm. (C) COS-7 cells transiently expressing NET39-V5 or NET39(92-271)-V5 were preextracted with 1%
Triton X-100 and then were fixed with formaldehyde and analyzed by immunofluorescence staining with anti-V5 antibody. Bar, 10 pm.

ments established that both NET39 and LPP3 are present as
high-molecular-weight complexes under the relatively harsh
lysis conditions of Triton and 250 mM NaCl (data not shown),
supporting the view that NET39 may exist in oligomers or
other large protein complexes.

NET39 protein is highly expressed in striated muscle and is
induced during myogenesis. To monitor endogenous NET39,
we generated an affinity-purified antibody against its N-termi-
nal hydrophilic domain. By immunoblotting, this antibody spe-
cifically recognized untagged NET39 that was overexpressed in
HEK293A cells and NET39-V5 that was immunopurified with
an anti-V5 antibody (Fig. 3A). Using this antibody to analyze
various mouse tissues by immunoblotting, we observed that the
NET39 protein is expressed at high levels in the muscle and
heart compared to the brain and is nearly undetectable in the
liver (Fig. 3B). This pattern was consistent with our previous
quantitative reverse transcription-PCR study that analyzed
NET39 mRNA levels in various murine tissues (6).

We also found that the NET39 protein was strongly upregu-
lated in two in vitro models of myogenic differentiation. One
involved the C2C12 mouse myoblast cell line, which expresses
myogenic commitment factors, including MyoD. Upon re-
moval of growth factors from confluent C2C12 cultures, cells
efficiently differentiate into multinucleated myotubes (34). The
other myogenic model utilized the CH3-10T1/2 mesenchymal
stem cell line, which is converted to myoblasts by overexpres-

sion of MyoD and differentiates to myotubes by a subsequent
shift to low-serum medium (7). When cultures of C2C12 myo-
blasts were induced to differentiate, small multinucleated myo-
tubes expressing MyHC were evident 2 days after the shift, and
the myotubes increased in size and number at 3 days and later
(Fig. 4B). Before differentiation, the NET39 protein was ex-
pressed at a very low level (Fig. 3C and 4A). After 1 day in
DM, the NET39 protein was detectably upregulated, and it was
markedly upregulated at day 2 and later (Fig. 3C). The pattern
of NET39 upregulation during the course of C2C12 differen-
tiation paralleled the increase of the myogenic differentiation
marker myogenin but preceded the expression wave of MyHC,
a transcriptional target of myogenin (Fig. 3C). For CH3-
10T1/2 cells, NET39 was clearly expressed in MyoD-trans-
formed populations 2 days after the switch to DM (Fig. 3D),
further supporting a dramatic induction of NET39 during myo-
genic differentiation. In immunofluorescently stained C2C12
cultures 4 days after the shift to DM, NET39 was clearly
concentrated at the NE in differentiated myotubes, as marked
by the localization of lamins A/C. Moreover, NET39 also was
detectable in peripheral ER-like structures (Fig. 3E). In un-
differentiated cells in the same cultures, lamins A/C, but not
NET39, were strongly evident at the NE (Fig. 3E).

We prepared nuclear and peripheral ER membrane frac-
tions from differentiated C2C12 cells and examined these by
immunoblot analysis, using H2B and calnexin, respectively, as
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FIG. 2. NET39 is a member of the LPP family but demonstrates no detectable enzymatic activity. (A) Alignment of catalytic domain sequences
of members of the LPP family. Conserved residues in the C1, C2, and C3 domains previously reported to be critical for enzyme activity are marked
in bold. Ppapdc3 is the gene name for NET39. (B) Recombinant NET39-V5 and LPP3-V5 proteins were separately purified from transiently
transfected HEK293A cells by immunoadsorption to anti-V5 agarose. Cells transfected with the empty vector pcDNA3 were also employed for
immunoadsorption as a negative control. Phosphatase activities of immunopurified NET39 and LPP3 proteins were measured by the malachite
green assay, using either PA, LPA, C1P, S1P, DGPP, or FDP as the substrate. An immunoblot (inset) shows that the amounts of purified NET39
and LPP3 used in these assays were comparable. (C) HEK293A cells were transfected with Myc-NET39, together with or without NET39-V5 or
LPP3-VS5, as indicated. Thirty-six hours later, the cell lysates were subjected to immunoadsorption to anti-V5 agarose, followed by immunoblot

detection with anti-Myc or anti-V5 antibody.

markers (Fig. 3F). H2B was mostly restricted to the nuclear
fraction, whereas NET39 was detected in both nuclear and
peripheral ER fractions. After normalizing to the ER trans-
membrane marker calnexin, which is equally abundant in both
the NE and peripheral ER because of the physical continuity
of these membranes, we found that NET39 was ~3.3-fold
enriched in the nuclear (NE) fraction compared to the periph-
eral ER. This result agrees with the immunofluorescence anal-
ysis (Fig. 3E).

NET39 levels control myoblast differentiation. To examine a
potential role of NET39 in myogenesis, we created C2C12 cell
populations stably transfected with expression constructs en-
coding shRNAs designed to knock down NET39 expression
and analyzed the ability of these cells to differentiate. We
prepared cells stably expressing each of three independent
shRNAs targeting the NET39 gene, as well as control cells
expressing a nontargeting hairpin sequence. Of the NET39-
targeting sequences analyzed, shRNAs 2 and 3 significantly
reduced the (already low) protein level of NET39 in confluent
myoblast cultures, whereas shRNA 4 was ineffective at NET39
silencing (Fig. 4A).

Because the expression of NET39 paralleled that of myoge-
nin, we predicted that silencing of NET39 might delay or block
late events of myogenesis, such as cell fusion and expression of
MyHC. In contrast to our predictions, cells expressing either
shRNA 2 or 3 showed dramatically accelerated myogenic dif-
ferentiation compared to that of controls following the shift to
DM, as evaluated by visualizing MyHC-positive myotubes. At
day 2, cultures transfected with either control sShRNA or the
silencing-ineffective SaINET39#4 (Fig. 4A) were at early stages
of differentiation and had a myogenic index (% of nuclei in
MyHC-positive cells) of <20%. In contrast, cultures trans-

fected with SANET39#2 and shANET39+#3 displayed high levels
of differentiation, with the myogenic index exceeding 60%
(Fig. 4B and C and data not shown). By day 3, the sShANET39
cells developed into huge myotubes containing hundreds of
nuclei (arrows), and nearly 90% of the nuclei were in MyHC-
positive cells (Fig. 4B and C). Control differentiated C2C12
cultures never showed such gigantic myotubes, and the myo-
genic index typically did not exceed ~50%. This difference
presumably reflects the vigorous, dysregulated myogenic sig-
naling present in the shNET39 cultures (see below).

To complement the silencing analysis, we investigated the
effects of NET39 overexpression on myogenesis. For this pur-
pose, C2C12 myoblasts were transduced either with adenovi-
rus-Myc-NET39 or with a control adenovirus carrying an
empty cytomegalovirus cassette and then shifted to DM. In
contrast to the NET39 knockdown, NET39 overexpression
substantially inhibited C2C12 differentiation, as the myogenic
index was reduced from 29% in controls to ~12% at day 3
(Fig. 4D and E). In further experiments, the effects of knock-
down or overexpression of NET39 were examined in CH3-
10T1/2 cells transduced with MyoD via adenovirus to induce
myogenesis. Consistent with the results for C2C12 cells, myo-
genic transformation was enhanced by simultaneous transduc-
tion of the adenovirus vector encoding NET39 shRNA to-
gether with the adenovirus MyoD vector and was repressed by
cotransduction with the NET39 expression vector (data not
shown). Together, these data indicate that NET39 antagonizes
differentiation in these myoblast models.

Proteomic screen identifies mTOR as a NET39 binding
partner. Since NET39 negatively regulates myogenic differen-
tiation, we hypothesized that it may interact with a signaling
component(s) that plays a critical role in this process. To iden-
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FIG. 3. NET39is present at high levels in striated muscle tissue and
is induced during myogenic differentiation. (A) HEK293A cells were
transfected with the empty expression vector (Ctrl; lanes 1 and 3) or
with vector containing a cDNA for untagged NET39 (lane 2) or for
V5-tagged NET39 (lane 4). Thirty-six hours later, NET39-V5 was
immunoadsorbed to anti-V5 agarose (lanes 3 and 4), and both the
immunoprecipitates (lanes 3 and 4) and the whole-cell lysates (lanes 1
and 2) were subjected to immunoblot analysis with anti-NET309.
(B) Thirty-microgram aliquots of protein extracts from liver (L), brain
(B), heart (H), and skeletal muscle (M) of the mouse were analyzed by
immunoblotting with anti-NET39 antibody preincubated with (lanes 5
to 8) or without (lanes 1 to 4) the blocking antigen. (C) C2C12 cells
were differentiated as described in Materials and Methods, and lysates
from undifferentiated cells (DMO) and cells analyzed 1 to 6 days after
the shift to DM (DM1 to DM6) were analyzed by immunoblotting for
NET39, myogenin, MyHC, and tubulin, using the corresponding anti-
bodies. (D) Subconfluent CH3-10T1/2 cells were transduced with
MyoD-encoding adenovirus or with control adenovirus and were al-
lowed to reach confluence in 10% FBS. Cells were then switched to 2%
HS for 2 days, and the levels of NET39 in cell lysates were analyzed by
immunoblotting. (E) C2C12 cells were differentiated for 4 days and
then subjected to immunofluorescence staining with anti-NET39 and
anti-lamin A/C antibodies. Arrowheads denote some undifferentiated
cells with strong staining for lamin but not for NET39. Bar, 10 pm.
(F) ER and nuclear (Nuc) fractions from differentiated C2C12 myo-
tubes (DM4) were subjected to immunoblotting with anti-NET39,
anti-H2B, and anticalnexin antibodies, respectively. The relative inten-
sities of the NET39 signal in the ER and nuclear fractions, normalized
to calnexin (Cxn), are indicated.

tify potential targets of NET39, we analyzed NET39 interact-
ing proteins in C2C12 myotubes, where NET39 is normally
expressed at high levels. Aside from an increase in sensitivity of
our analysis using this time point, we reasoned that potential
partners of NET39 involved in muscle homeostasis (which may
be related to those involved in inhibition of myogenic differ-
entiation as well; see Discussion) would be identified. For this
experiment, parallel C2C12 cultures were shifted to DM, and
after 4 days, they were transduced either with adenovirus en-
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coding Myc-NET39 or with adenovirus lacking an insert. Fol-
lowing another 2 days of culture, lysates were prepared from
each culture and were immunoadsorbed to anti-Myc agarose.
Proteins were eluted from the immunobeads and were ana-
lyzed by the highly sensitive MudPIT proteomic method (Fig.
5A) (46, 48). A total of 174 proteins were detected uniquely in
the Myc-NET39 sample and were absent in the empty vector
sample, representing proteins that are specifically associated
with NET39, by either direct or indirect interactions (Fig. SA
and B; see Table S1 in the supplemental material). We verified
that six randomly selected proteins identified in the proteomic
data set (viz., lamin A/C, B-catenin, 14-3-3, a-tubulin, B-tubu-
lin, and glyceraldehyde-3-phosphate dehydrogenase) were also
detectable in immunoblots of the Myc-NET39 pull-down prod-
ucts but not in pull-down products with anti-Myc agarose alone
(data not shown). The NET39-associated proteins are associ-
ated with multiple cellular structures and pathways, as depicted
in Fig. 5B. These include nuclear functions; protein synthesis,
folding, and degradation; signal transduction; cytoskeleton and
motility; mitochondrial functions; ER membranes and exocytic
and endocytic pathways; and other functions. It is noteworthy
that among the NET39-associated proteins are lamins A/C
(see Table S1 in the supplemental material), which could pro-
vide a Triton-insoluble anchoring site for NET39 in the NE
(Fig. 1).

Of the broad spectrum of proteins associated with NET39 in
myotubes, most are likely to be part of multiprotein complexes
that interact with NET39 only via one of the complex compo-
nents. Furthermore, many such “indirectly” interacting pro-
teins may not be linked to physiological functions of NET39. In
a hypothetical example, the interaction of NET39 with tubulin
(see Table S1 in the supplemental material) might be physio-
logically specific, but a number of tubulin-interacting proteins,
which occur in the pull-down samples due to association with
tubulin, might not be pertinent. Establishing the physiological
relevance of proteins identified in the proteomic screen will
require detailed analysis of individual components. These ca-
veats aside, the proteomic results suggest that NET39 may play
a role in multiple facets of muscle cell regulation.

We focused on mTOR among the NET39 binding partners
for the current study, as the mTOR-IGF-II axis is critical for
initiation of myogenic differentiation in myoblasts (11), and an
mTOR interaction could explain the phenotypes we observed
in myoblasts with NET39 overexpression or knockdown. To
confirm that mTOR is a binding partner of endogenous
NET39, samples of NET39 immunoprecipitated from (un-
transduced) differentiated C2C12 cultures were analyzed by
immunoblotting. As shown in the left panels of Fig. 6A, mTOR
was detected only in the sample incubated with anti-NET39,
not in the sample treated with the control antibody. Similarly,
NET39 was detected only in the anti-mTOR, not control, im-
munoprecipitate (Fig. 6A, right panels). Furthermore, ectopi-
cally expressed NET39 interacted with mTOR in differentiated
C2C12 cultures (Fig. 6B). By expressing NET39 and mTOR in
HEK293A cells and carrying out immunoprecipitation, we
found that amino acids 70 to 91 of NET39 are crucial for
mediating the NET39-mTOR association, as both N-terminal
and C-terminal fragments of NET39 containing this region
(but not the C-terminal fragment lacking this segment) were
able to associate with mTOR (Fig. 6C). Coexpression of



5806 LIU ET AL.

oy)

A shRNA: Ctrl #2 #3 #4

NET39 > s o w=
—IP:aNET39—

Tubulin > e——

L— Lysates —

shCtrl

@

W shCtrl

@ shNET39#2
ShNET39#3 *
0O shNET39#4

9 .

N
o

o
(=]

60

shNET39#2

40

20

Myogenic index (%)

o

O

Anti-myc

28.6110.1%

MoL. CELL. BIOL.

1254+2.1% *

FIG. 4. NET39 antagonizes C2C12 cell myogenic differentiation. (A) Lysates containing the same amounts of protein, which were derived from
separate C2C12 cultures stably expressing each of three NET39-targeting shRNAs (shRNAs 2, 3, and 4) and a nontargeting hairpin sequence
(shCtrl), were subjected to immunoprecipitation with anti-NET39 antibody. The immuno-enriched NET39 protein and the tubulin in the initial
lysates were analyzed by immunoblotting. (B) Micrographs showing immunofluorescence staining of C2C12 cells stably transfected with shCtrl or
with shNET39#2 (green, MyHC; blue, DNA). Cultures were maintained in DM for the indicated times before analysis. Arrows denote huge
multinucleated myotubes. (C) Quantification of myogenic differentiation from the experiment in panel B. The myogenic index is the percentage
of nuclei in MyHC-positive cells. Error bars indicate standard deviations. (D) Immunoblot analysis, using anti-Myc antibody, of C2C12 myoblasts
transduced with adenovirus expressing Myc-NET39 or with control adenovirus and examined 2 days after transduction. (E) C2C12 myoblast
cultures (25% confluent) were transduced with adenovirus encoding Myc-NET39, allowed to reach confluence, and switched to DM for 3 days.
Typical MyHC immunostaining and the myogenic index are shown. *, P < 0.05; **, P < 0.01.

NET39 and several mTOR fragments in HEK293A cells, fol-
lowed by immunoprecipitation, revealed that both the N-ter-
minal ~1,500 residues and C-terminal ~550 residues of
mTOR are sufficient for NET39 binding (Fig. 6D). To evaluate
the strength of mTOR-NET39 interaction, we treated the
NET39-V5 immunoprecipitates from HEK293A cells with in-
creasingly stringent wash conditions. A high salt concentration
(1 M or 2 M KClI) and 2 M urea had no effect on the associ-
ation of NET39 and endogenous mTOR, and disruption of the
interaction was seen only with 4 M urea (Fig. 6E). This indi-
cates that mTOR is tightly associated with NET39, although it
cannot be excluded that this interaction is indirect. The robust
interaction between NET39 and mTOR was further demon-
strated by the observation that ectopic overexpression of NET39
in HeLa cells targeted endogenous mTOR from a mixed cyto-
plasmic and nuclear localization (Fig. 7A, middle panel, inset) to
the NE and peripheral ER-like membrane localization seen for
NET39 (Fig. 7A). As a control, overexpression of Myc-NET39

did not alter the localization of PDI, an ER luminal protein (Fig.
7B). Although it was feasible to localize mTOR in human cells,
we were not able to obtain a suitable antibody for immunolocal-
ization in C2C12 (murine) cells.

NET39 regulates mTOR signaling and the production of
IGF-II during C2C12 cell differentiation. Since NET39 nega-
tively regulates myogenesis in culture and interacts strongly
with mTOR, we speculated that it might antagonize the action
of mTOR in initiating myogenesis. We therefore examined
mTOR in the early stages of C2C12 cell differentiation in cells
where NET39 levels were altered by silencing or overexpres-
sion. As a proxy for evaluating the functional state of mTOR
during this period, we measured the activity of mTOR as
determined by the phosphorylation of its downstream target
p70S6K. As shown in Fig. 8B, the expression of SINET39#2
significantly enhanced p70S6K phosphorylation, particularly at
0 h and 1 h after the shift to DM. Conversely, overexpression
of NET39 strongly repressed p70S6K phosphorylation over the
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FIG. 5. Identification of NET39-associated proteins in myotubes by MudPIT analysis. (A) C2C12 cells were incubated in DM for 4 days to
induce myotube formation and then transduced either with adenovirus encoding Myc-NET39 or with control adenovirus. After another 2 days, cell
lysates were prepared and subjected to immunoadsorption to anti-Myc agarose, and the bound proteins were eluted with 8 M urea. By MudPIT
proteomics, 173 proteins were identified as NET39-binding partners, as they were detected in the Myc-NET39 sample but were absent in the
control sample. (B) NET39-associated proteins within different functional classes.

entire 24-h window following serum withdrawal (Fig. 8A).
Thus, NET39 negatively regulates the activity of mMTOR during
early stages of differentiation, and this correlates with the neg-
ative effects of NET39 on myogenesis. Although the kinase
activity of mTOR is reported to not be required for mTOR-
regulated initiation of myogenesis differentiation (10, 11),
NET309 clearly could affect other functions of mTOR, as well as
its activity, through its physical interaction with mTOR.

We found that the regulation of mTOR kinase activity by
NET39 occurs only during the early stage of myogenic differ-
entiation, as knockdown of NET39 by adenovirus-mediated
transduction in differentiated myotube cultures at DM3 did
not affect the basal and insulin-induced phosphorylation of
p70S6K measured 3 days later (data not shown; also see Dis-
cussion). The detailed mechanism by which NET39 specifically
regulates the kinase activity of mTOR at an early stage of
myogenic differentiation and the exact relationship of this to
myogenesis need to be investigated further.

mTOR signaling regulates the transcription of mRNA for
IGF-II, an autocrine/paracrine factor responsible for initiating
differentiation in C2C12 cells (11). To ascertain that the myo-
genic effect of NET39 involves the mTOR pathway, we exam-
ined whether IGF-II production was expedited upon NET39
knockdown. As shown in Fig. 8C, when myoblasts stably ex-
pressing sShANET39#2 were shifted to DM, a significant amount
of IGF-II was found in the medium 1 day after the shift,
whereas essentially no IGF-II was present in the medium of
shCtr]l myoblasts at this early time point. Since mTOR signal-
ing has been shown to regulate the transcription of the IGF-II
gene through a muscle-specific enhancer (termed “ME”) (11),
we examined the effect of NET39 silencing on the activity of
ME measured with a luciferase reporter plasmid. We found
that the induction of ME activity during myogenesis was
strongly enhanced by NET39 knockdown (Fig. 8D), consistent
with the effects we observed on IGF-II secretion.

As an independent approach to validate that stimulation of
the mTOR-IGF-II axis is responsible for the enhanced myo-
genesis obtained by silencing NET39, shNET39-transfected
cells were shifted to DM for 1 day in the presence of rapamy-
cin, a specific mTOR inhibitor. As shown in Fig. 8E and F,

repression of mTOR by rapamycin during the first day after the
shift to DM abrogated myogenesis promoted by the knock-
down of NET39. A similar phenomenon was also observed in
cells incubated with a combination of 1-butanol and R59022,
which block the synthesis of PA, a physiological activator of
mTOR (Fig. 8E and F) (15, 26, 50). Interestingly, addition of
the mTOR inhibitors at DM1 did not block NET39 knock-
down-facilitated myogenic differentiation (data not shown),
thus suggesting that the effects of NET39 in regulating mTOR
activity and myogenesis occur only at the early stage of myo-
genesis (see Discussion). Supporting this speculation, we also
found that overexpression of NET39 by adenovirus transduc-
tion after the switch to DM (the viruses were added at DMO,
DM1, DM2, or DM3) did not markedly repress the expression
of myogenin (data not shown).

Next, we examined whether the addition of IGF-II could res-
cue the effect of mTOR repression. As shown in Fig. 8F, addition
of IGF-II alone was sufficient to reverse the negative effects of
rapamycin or 1-butanol plus R59022 on myotube formation in
shNET39 cells, suggesting that hyperactivation of the mTOR-
IGF-II axis indeed contributes to enhanced myogenesis caused by
knockdown of NET39. To complement the above observations,
conditioned medium from “donor” shCtrl or shNET39 cells,
taken 24 h after the shift to differentiation conditions, was trans-
ferred to “recipient” C2C12 cells. As shown in Fig. 8G, the con-
ditioned medium from shNET39 cells exerted a much stronger
effect in promoting differentiation of the recipient cells than did
the medium from control cells. The differentiation-promoting
factor in the SANET39 medium was at least mainly IGF-II, since
preincubation with an anti-IGF-II antibody, but not with a control
IgG, strongly reduced the myogenic potency of the shNET39
medium (Fig. 8G). Taken together, these results suggest that
NET?39 likely exerts its function by controlling mTOR-dependent
IGF-II expression, a critical step in the initiation of the differen-
tiation program in myoblasts.

DISCUSSION

The kinase mTOR functions as a master regulator of cell
growth, proliferation, and various types of cellular differenti-
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anti-NET39 antibody or with a control antibody, and the bound material was analyzed by immunoblotting to detect mTOR. (Right) Same as for
the left panels, except that anti-mTOR antibody and a control antibody were used for immunoprecipitation. (B) C2C12 cultures were transduced
after 4 days in DM with adenovirus encoding Myc-NET39 or with control adenovirus. Forty-eight hours later, the cell lysates were immunopre-
cipitated with anti-Myc agarose and subjected to immunoblotting with anti-Myc or anti-mTOR antibodies. (C) HEK293A cells were transfected
with various V5-tagged NET39 truncation mutants, as indicated. Forty-eight hours later, the cell lysates were immunoprecipitated with anti-V5
agarose and subjected to immunoblotting with anti-V5 or anti-mTOR antibodies. Black dots denote the specific unproteolyzed polypeptides
encoded by the indicated NET39 constructs, and asterisks denote the IgG light chain. (D) HEK293A cells were transfected with NET39-V5 and
various Myc-tagged mTOR truncation mutants, as indicated. Forty-eight hours later, the cell lysates were immunoprecipitated with anti-Myc
agarose and subjected to immunoblotting with anti-Myc or anti-V5 antibodies. Black dots denote the specific unproteolyzed polypeptides encoded
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36 h, cell lysates were prepared and subjected to immunoadsorption to anti-V5 agarose. After three washes with immunoprecipitation buffer, the
immunoprecipitates were washed another time with either Tris buffer (50 mM Tris-HCI, pH 7.5, 50 mM NaCl) (lanes 1 and 2) or Tris buffer
containing 1 M or 2 M KCl (lanes 3 and 4) or 2 M or 4 M urea (lanes 5 and 6). The immunoadsorbent beads were then subjected to immunoblot

analysis.

ation by sensing nutrient availability and cellular energy levels
(20). For myogenesis in cultured cells, mTOR regulates IGF-II
transcription in response to amino acid signaling, and this is
critical for initiation of myogenic differentiation (11). Up to
now, little is known about how the mTOR-IGF-II pathway is
regulated during myogenesis. Here we show that the NE pro-
tein NET39 associates with mTOR and represses mTOR-
IGF-II signaling during myoblast differentiation. The NET39-
mTOR interaction is robust, since we detected it in cell lysates
after solubilization under stringent conditions (i.e., nonionic
detergent and 250 mM NaCl, which dissociates the mTORC
components raptor and rictor from mTOR [25]), and we found
that the association persisted in 2 M salt and 2 M urea. Using
the kinase activity of mTOR as a proxy for its functional state,
we found that knockdown of NET39 enhanced the activity of
mTOR at the onset of C2C12 cell differentiation, as indicated

by p70S6K phosphorylation, and accelerated the production
and secretion of the critical autocrine/paracrine factor IGF-II.
Conversely, overexpression of NET39 repressed mTOR activ-
ity upon a shift of cells to differentiation conditions.

It should be pointed out that the function of mTOR during
myoblast differentiation as a signaling factor upstream of
IGF-II transcription (11, 49, 50) is at least partially distinct
from its functions in mature myotubes, where it can mediate
IGF-I-induced hypertrophy by serving as a key downstream
kinase (37). The mTOR-IGF-II axis serves as a distinctive
initiator of myogenic differentiation that plays a crucial role
only in the early stage of myogenesis, since inactivation of
mTOR by rapamycin at DM2 is not able to abolish myogenesis
(35). These results are very similar to our finding that NET39
influences myogenesis only at an early stage of differentiation.
Intriguingly, the kinase activity of mTOR is reported not to be
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(B) HeLa cells were transiently transfected with Myc-NET39, and after 48 h, cells were immunostained with anti-PDI and anti-Myc antibodies.
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required for mTOR-regulated myoblast differentiation, al-
though the exact mechanism by which mTOR regulates tran-
scription of IGF-II needs to be determined (10, 11). Since
mTOR is localized mainly in the nucleus in C2C12 myoblasts
(51), NET39 may recruit mTOR to the INM. This may serve as
a physical sequestration mechanism to limit the availability of
mTOR in control of IGF-II transcription (11), and the upregu-
lation of NET39 may therefore impose negative feedback for a
precisely tuned regulation of myogenesis. Indeed, physical se-
questration of transcriptional regulators at the NE as a means
of inhibiting their activity has been described previously (18,
21). It is plausible that the NET39-mTOR interaction is regu-
lated by specific posttranslational modifications (on NET39
and/or mTOR) which appear or function only during the pe-
riod of cell cycle exit.

NET309 is the only known member of the LPP family that is
localized at the NE. We could not detect phosphatase activity
of NET39 toward common phospholipid substrates. These re-
sults, combined with the observation that NET39 contains non-
conservative substitutions in presumptive key catalytic site res-
idues, suggest that NET39 may be a phosphatase-dead variant.
In a similar vein, NET39 also has been proposed to be a
candidate type 2 sphingomyelin synthase, but a recent study
indicated that it does not have this enzyme activity (22). The
LPP family member most closely related to NET39 that shows
LPP activity, Ppapdc2, contains intact phosphatase motifs (17).

Nonetheless, we cannot exclude the possibility that NET39
serves as a phosphatase for an unknown lipid substrate and
regulates lipid signaling in the nucleus. Interestingly, LPP3 has
been reported to repress B-catenin-mediated transcription and
axis duplication in a phosphatase-independent manner (12).
This report, together with our findings, implies that some LPP
family members, including NET39, exert some of their func-
tions in a manner independent of lipid signaling.

The strong transcriptional upregulation of NET39 during
myogenesis likely is controlled by early myogenic regulatory
transcription factors, such as MyoD or MEF2. Consistent with
this notion, the upregulation of NET39 parallels that of myo-
genin, another MyoD/MEF?2 target. MEF2, which is selectively
active in brain as well as in muscle, also may control the
expression of NET39 that is observed in the former tissue.
Interestingly, HDAC9 was recently identified as an MEF?2 tar-
get gene (19). Since HDAC9 serves as a corepressor of MEF2,
upregulation of HDAC9 during myogenesis might serve as a
negative feedback mechanism to limit myogenic gene expres-
sion (19). NET39 may be part of an additional negative feed-
back mechanism, because it has the ability to inhibit expression
of myogenic genes by the mTOR-IGF2 pathway, and poten-
tially by other pathways (see the following paragraph).

Although we have focused mainly on regulation of the
mTOR-IGF-II pathway by NET39 in this study, other NET39-
binding partners identified in our proteomic screen also may
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FIG. 8. NET39 negatively regulates the mTOR-IGF-II pathway during myogenesis. (A) C2C12 myoblast cultures at 25% confluence were
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phosphorylated p70S6K and tubulin was determined by immunoblotting. (B) C2C12 cells stably expressing sSINET39#2 were switched to DM for
the indicated times, and levels of phosphorylated p70S6K and tubulin were determined by immunoblotting. (C) IGF-II in the medium from shCtrl
or sShANET39#2 C2C12 cells 24 h after the shift to differentiation conditions was assessed by immunoblotting with anti-IGF-II antibody. Blots show
duplicate independent samples. (D) C2C12 cells stably expressing shCtrl or shNET39#2 were transfected with the H19-luc-ME reporter and
induced to differentiate. At the indicated times, cells were lysed and luciferase assays were performed. Standard deviations are shown. (E) Diagram
showing pathways for repression of mTOR activity by the pharmacological inhibitors used in panels F and G. Both phospholipase D (PLD) and
diacylglycerol kinases (DGKs) can catalyze the production of PA, a physiological activator of mTOR. 1-Butanol and R59022 are specific inhibitors
of PLD and DGKs, respectively. Rapamycin is a specific inhibitor of mTOR. (F) shNET39#2 C2C12 cells were differentiated for 1 day in the
presence or absence of rapamycin (mTOR inhibitor) or the combination of 1-butanol (a PLD inhibitor) and R59022 (a DGK inhibitor), with or
without 150 ng/ml recombinant IGF-II. Myotube formation was assessed by MyHC staining, and myogenic indexes are shown. (G) Donor cells
(shCtrl and shNET39#2 cells) were shifted to DM for 24 h, and the media were harvested. These media (“CM1”) then were transferred to the
recipient cells in the presence of an anti-IGF-II blocking antibody or a control IgG. The recipient cells were stained for MyHC after 24 h, and
myogenic indexes were determined. *, P < 0.05; %, P < 0.01.

contribute to NET39 regulation of myogenesis. Among the differentiation by silencing or overexpression of NET39 in

binding partners we identified, we currently are analyzing myoblasts, where it normally is expressed at only low levels.
B-catenin and TIP120B, which were recently reported to acti- NET309 is expressed at much higher levels after myoblast dif-
vate MyoD and myogenin, respectively (24, 39). Moreover, ferentiation and in mature muscle. We predict that NET39 will
B-catenin is known to be required for early myogenic differ- engage in conceptually similar physiological regulation in the
entiation (4). latter biological contexts. In this case, we propose that NET39

In this study, we observed a potent modulation of myogenic functions are linked to muscle homeostasis in both normal and
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pathological muscle regeneration. Such functions could be par-
ticularly important in the heart, where pathological hypertro-
phy is a major human health issue. It is conceivable that
genetic defects in human NET39 might be manifest as patho-
logical cardiac hypertrophy. We are constructing a mouse
model for conditional disruption of NET39 to directly test this
hypothesis.

A close involvement of NET39 in muscle homeostasis is
supported by data from a recently published study on muscle
regeneration in the mouse (29). It was found that the mRNA
of NET39 in experimentally damaged mouse muscle was
strongly diminished 3 days after cardiotoxin administration,
whereas the expression of mTOR was not affected. The de-
creased expression of NET39 correlated with transcriptional
upregulation of IGF-II, the mTOR-regulated autocrine gene,
as well as with upregulation of MyoD and myogenin. This
animal study supports our observations with cultured cells
showing that NET39 negatively regulates myogenesis by coun-
teracting the mTOR-IGF-II pathway. As outlined above, it is
plausible, if not likely, that NET39 regulates additional homeo-
static pathways in muscle. The list of potential NET39 targets
we identified by proteomics in this study, which include struc-
tural/contractile proteins, ER membrane proteins, and pro-
teins involved in apoptosis, will provide a valuable framework
for future studies addressing this question.
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