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Mutations in certain nuclear envelope (NE) proteins cause muscular dystrophies and other disorders, but
the disease mechanisms remain unclear. The nuclear envelope transmembrane protein NET25 (Lem2) is a
truncated paralog of MAN1, an NE component linked to bone disorders. NET25 and MAN1 share an
�40-residue LEM homology domain with emerin, the protein mutated in X-linked Emery-Dreifuss muscular
dystrophy. However, roles for NET25 and MAN1 in myogenesis have not yet been described. Using RNA
interference in C2C12 myoblasts, we show for the first time that both NET25 and MAN1 are required for
myogenic differentiation. NET25 depletion causes hyperactivation of extracellular signal-regulated kinase 1/2
at the onset of differentiation, and pharmacological inhibition of this transient overactivation rescues myo-
genesis. In contrast, pharmacological inhibition of both mitogen-activated protein kinase and transforming
growth factor � signaling is required to rescue differentiation after MAN1 depletion. Ectopic expression of
silencing-resistant NET25 rescues myogenesis after depletion of emerin but not after MAN1 silencing. Thus,
NET25 and emerin have at least partially overlapping functions during myogenic differentiation, which are
distinct from those of MAN1. Our work supports the hypothesis that deregulation of cell signaling contributes
to NE-linked disorders and suggests that mutations in NET25 and MAN1 may cause muscle diseases.

The nuclear envelope (NE), which forms the barrier be-
tween the nucleus and the cytoplasm, consists of the inner
nuclear membrane (INM) and outer nuclear membrane, nu-
clear pore complexes, and the nuclear lamina. The lamina is a
meshwork of intermediate type filament proteins (lamins A/C,
B1, and B2) associated with numerous transmembrane pro-
teins of the INM. The transmembrane proteins of the INM
include emerin, MAN1, and NET25, the main subjects of this
study. The lamina provides a scaffold for the NE and anchoring
sites for chromatin and the cytoplasmic cytoskeleton and has
been implicated in regulation of gene expression, DNA repli-
cation, and cell signaling (reviewed in reference 40).

Mutations in genes encoding NE proteins have been causally
linked to a host of human diseases (reviewed in reference 43).
The most common of these are diseases affecting mesenchyme-
derived tissues, particularly cardiac and skeletal muscle. Auto-
somal dominant Emery-Dreifuss muscular dystrophy (EDMD)
(5), limb-girdle muscular dystrophy type 1B (29), and dilated
cardiomyopathy (see reference 36 and references therein) are
caused by certain mutations in LMNA, the gene encoding
lamins A/C. The X-linked form of EDMD results from muta-
tions in EMD, which encodes the lamin A-binding transmem-
brane protein emerin (4). Although LMNA and EMD muta-
tions account for roughly two-thirds of all reported EDMD
cases, the genetic basis for the remaining third remains un-
known (19).

Muscular dystrophies are diseases that result from increased

muscle degeneration and/or impaired muscle regeneration.
Satellite cells are the major muscle resident stem cells respon-
sible for the regenerative capacity of postnatal muscle. Initia-
tion of muscle regeneration involves the activation of satellite
cells to form a proliferating myoblast pool (22). This is fol-
lowed by the fusion of myoblasts into multinucleated myotubes
and the expression of characteristic muscle proteins, like mus-
cle creatine kinase and the skeletal muscle myosin heavy chain
(MyHC) (reviewed in reference 8). Muscle-specific myogenic
regulatory transcription factors (MRFs) are critical throughout
muscle differentiation (8). These include Myf5 and MyoD,
which are important for the early steps of myogenesis, includ-
ing myoblast commitment, and MRF4 and myogenin, which
control the late events of myoblast fusion and muscle-specific
gene expression.

Two models have been proposed for the role of lamina
mutations in disease mechanisms. One model posits that mu-
tations in lamina proteins alter the mechanical properties of
the lamina, thereby rendering the functional state of the nu-
cleus more sensitive to physical stress. This could be particu-
larly significant in tissues subjected to mechanical forces, such
as heart and muscle. Indeed, significant changes in the me-
chanical properties of the nucleus have been described in cells
with mutant lamina proteins (23, 25). The other model postu-
lates that changes in the lamina alter gene expression by dis-
rupting interactions of the lamina with chromatin regulators,
such as signaling and transcription factors. This could lead to
changes in the proliferation or differentiation capacity of cells,
which could affect tissue regeneration or lead to cell death.
Supporting this hypothesis, both lamins and INM proteins
have been linked to signaling, using a variety of approaches. In
the organismal context, both mechanisms could contribute to
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diseases to variable degrees, depending on the protein and cell
type affected (reviewed in reference 24).

A proteomics study from our laboratory identified over 50
novel potential nuclear envelope transmembrane proteins
(NETs) (38), substantially increasing the list of �15 integral
proteins of the NE that had been identified at the time. Ex-
pression profiling suggested that some of these novel NETs
might have a role in muscle differentiation and/or maintenance
(9). The lamina-associated protein NET25, also known as
Lem2 (6), stood out as a particularly appealing candidate for
having a myogenic function. NET25 protein level increases
�10-fold during C2C12 myoblast differentiation, and the gene
is expressed at much higher levels in skeletal muscle than in
most other tissues. This expression pattern is similar to that
seen for the disease-linked emerin (9).

NET25 is a truncated paralog of MAN1, the factor mutated
in a set of human bone density disorders (20). Both NET25 and
MAN1 contain an approximately 40-residue LAP2-emerin-
MAN1 homology domain (LEM domain) that also is found in
emerin. However, outside this short region, there is no appre-
ciable sequence conservation between emerin and NET25/
MAN1. MAN1 possesses an extended C-terminal region not
present in NET25 that is responsible for SMAD interaction
and regulation of transforming growth factor � (TGF-�) sig-
naling (26, 35; reviewed in reference 42). Homozygous disrup-
tion of MAN1 function in mice is embryonic lethal, and the
observed vascular development defects are consistent with
MAN1 function in TGF-� signaling (10, 21). Muscle function
is not affected by the human disease mutations identified so far
in MAN1. Nonetheless, the finding that MAN1 is expressed at
much higher levels in muscle than in other tissues, similar to
NET25 and emerin (9), and the observation that it binds to
emerin (27) raise the possibility that MAN1 is involved in
myogenesis.

In this study we use RNA interference to examine the func-
tions of NET25 and MAN1 in the differentiation of C2C12
myoblasts, which recapitulate the basic signaling and molecular
events of muscle differentiation. We find that depletion of
NET25 and MAN1 strongly reduces myogenic differentiation,
comparable to the inhibition of myogenesis that we observe
after emerin depletion. We show that NET25 depletion causes
increased extracellular signal-regulated kinase (ERK) activa-
tion within minutes of shifting cultures to differentiation con-
ditions and that the N-terminal domain of NET25 is respon-
sible for ERK regulation. Pharmacological rescue experiments
suggest that NET25 functions in myoblast differentiation by
attenuating ERK signaling. Moreover, complementation ex-
periments with silencing-resistant human NET25 indicate that
NET25 is functionally redundant with emerin in myogenic
differentiation. Our work highlights both NET25 and MAN1 as
novel candidate muscular dystrophy proteins. Moreover, the
striking functional overlap we detect between NET25 and
emerin in our myogenesis assays indicates that NET25 muta-
tions may account for some or many of the unattributed ge-
netic causes of EDMD.

MATERIALS AND METHODS

Cell culture, transfection, expression constructs, and RNA interference.
C2C12 cells (ATCC CRL-1772) were maintained in proliferation medium (Dul-
becco’s modified Eagle’s medium supplemented with 20% newborn calf serum,

L-glutamine, sodium pyruvate, minimal essential medium nonessential amino
acids, and antibiotics). For differentiation assays, cells were seeded onto gelatin-
coated plates in proliferation medium (PM) at 50% confluence, grown to con-
fluence, and then switched to differentiation medium (DM; same as PM but with
2% horse serum). This time point was considered day 0 of differentiation.

Small interfering RNAs (siRNAs) were introduced into C2C12 cells by trans-
fecting 1.5 � 105 cells suspended in 1 ml PM, using 50 pmol siRNA and 5 �l
Dharmafect 3 (Dharmacon, Lafayette, CO) per reaction. Synthetic siRNAs tar-
geting NET25 (siNET25; M-052028-01), MAN1 (siMAN1; M-063286-00), and
emerin (siEmd; M-040132-00) and a nontargeting control (D-001206-14) were
from Dharmacon, each reagent consisting of a pool of four siRNAs targeting the
same mRNA.

The open reading frame of human NET25 was amplified by reverse transcrip-
tion-PCR from total RNA purified from the human FGM cell line with primers
designed for directional insertion into pcDNA3.1D/V5-His-Topo (Invitrogen) to
create pcDNA-NET25-V5. Constructs used for the deletion analysis shown in
Fig. 6 were created similarly by PCR amplifying human NET25 cDNA regions
encoding NET25 amino acids 1 to 404 or 199 to 503. As described above, this
involved primers designed for directional insertion into pcDNA3.1D/V5-His-
Topo to create pcDNA-NET25�C-V5 and pcDNA-NET25�N-V5, respectively,
using pcDNA-NET25-V5 as the template. All constructs were confirmed by
DNA sequencing. A stable C2C12 cell population expressing V5-tagged human
NET25 was generated by bulk selection of pcDNA-NET25-V5-transfected cells
with 200 �g/ml Geneticin over the course of 2 weeks.

DNA transfections were performed with 1 � 105 to 1.5 � 105 cells suspended
in 1 ml PM, using 1 �g plasmid DNA and 10 �l Optifect reagent (Invitrogen,
Carlsbad, CA) per reaction. After a 15-min incubation with the DNA/reagent
mixture, cells were plated onto 12-well culture dishes which were precoated with
gelatin for differentiation experiments or equipped with 18-mm round glass
coverslips for use in immunofluorescence studies. Using a green fluorescent
protein (GFP) reporter construct (pEGFP; Clontech, Mountain View, CA), we
routinely achieved 70 to 90% transfection efficiency with this “reverse transfec-
tion” technique, except when cells were grown on glass coverslips for immuno-
fluorescence studies, where transfection efficiency was typically lower (30 to
50%) (data not shown).

pENTR/U6-based plasmids for the expression of short hairpin RNAs
(shRNAs) targeting NET25/1 (shNET25/1), NET25/2 (shNET25/2), MAN1
(shMAN1), emerin (shEmd), LAP2� (shLAP2�), and EGFP (shEGFP) and the
empty vector control were designed and constructed according to recommenda-
tions from the vendor (Invitrogen). Recombinant purified human epidermal
growth factor (rEGF) was from Cell Signal Technologies (CST; Danvers, MA).
The P values shown in Fig. 2 and 6 were determined using an unpaired two-tailed
t test.

Immunofluorescence microscopy and myogenic index (MI) analysis. To de-
termine myogenic indices, knockdown and control C2C12 cultures on day 4 after
shift to DM were washed thrice with phosphate-buffered saline (PBS), fixed for
10 min with 2% formaldehyde, permeabilized (10 min) with 0.1% Triton X-100,
and stained with mouse anti-MyHC (M9850-15B; U.S. Biological, Swampscott,
MA) primary and Alexa Fluor 488-coupled anti-mouse immunoglobulin G (In-
vitrogen) secondary antibodies. Nuclei were marked with Hoechst 33342 (In-
vitrogen). Images were acquired on a Leica DM IRE2 microscope equipped with
a Hamamatsu C4742-95 digital charge-coupled-device camera. Images were an-
alyzed using ImageJ software to determine the total number of nuclei and the
number of nuclei within MyHC-positive areas.

For subcellular localization studies, cells on glass coverslips were washed, fixed
with 4% formaldehyde, and permeabilized with 0.1% Triton X-100. Cells were
then stained with rabbit anti-V5 tag primary antibody (Genscript, Piscataway,
NJ) diluted 1:500 in PBS-3% bovine serum albumin, and then incubated with
Alexa 568-coupled anti-rabbit secondary antibody. Nuclei were stained with
Hoechst 33342. Samples were visualized using a 63� oil immersion objective on
our Leica microscope (see above).

Western blotting and antibodies. Western blotting was performed as described
in reference 37. Briefly, cells were washed with ice-cold PBS and directly dis-
solved into sodium dodecyl sulfate-polyacrylamide gel electrophoresis loading
dye containing proteinase and phosphatase inhibitor cocktails (Roche, Indianap-
olis, IN). Equal cell equivalents of total protein (�20 �g) were resolved on
Novex 4 to 20% Tris-glycine gels (Invitrogen) and transferred to nitrocellulose
membranes. Membranes were blocked with 5% nonfat dry milk reconstituted in
Tris-buffered saline buffer with 0.1% Tween 20 (TBS/T) and probed with the
following primary antibodies diluted in TBS/T: mouse anti-emerin (Novocastra
catalog number NCL-EMERIN), mouse antimyogenin (BD Pharmingen catalog
number 556358), mouse anti-MyoD (Abcam catalog number 16148), rabbit anti-
Myf-5 (Santa Cruz catalog number 302), rabbit anti-Erk1/2 (CST catalog number
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9102), rabbit anti-phospho-Erk1/2 (Thr202/Tyr204; CST catalog number 9101),
rabbit anti-SAPK/JNK (CST catalog number 9252), rabbit anti-phospho-SAPK/
JNK (Thr183/Tyr185; CST catalog number 9251), rabbit anti-p38 (CST catalog
number 9212), rabbit anti-phospho-p38 (Thr180/Tyr182; CST catalog number
9211), rabbit anti-MEK1/2 (CST catalog number 9122), rabbit anti-phospho-
MEK1/2 (Ser217/221; CST catalog number 9121), mouse anti-phospho-Elk1
(Ser383; CST catalog number 9181), mouse anti-GAPDH (Abcam catalog num-
ber 9484), and rabbit anti-V5 (Genscript catalog number A00623). In-house-
generated antibodies against NET25 (9), LAP2� (44), and MAN1 (this study)
were affinity purified against the immunogen.

BrdU incorporation assay. C2C12 cells were transfected with siRNA as de-
scribed above and seeded onto 12-well plates. Thirty-six hours later, cultures
were either left in PM or shifted to DM for the times indicated (see Fig. 4), and
S phase nuclei were labeled by adding 10 �M bromodeoxyuridine (BrdU) for 45
min. Cultures were fixed with 4% formaldehyde, stained with mouse monoclonal
anti-BrdU antibody coupled to Alexa 594 (Invitrogen), and counterstained with
Hoechst 33342. Images were acquired with our epifluorescence microscope (see
above) and analyzed using ImageJ software to determine the total number of
nuclei and the number of BrdU-positive nuclei.

Cell cycle analysis. siRNA-transfected and control cells were prepared for flow
cytometry analysis by ethanol fixation and propidium iodide staining as described
previously (41). Data were acquired on a BD FACSCalibur flow cytometer.
Percentages of G1, S, and G2 phase cells were determined from cell cycle profiles
by using the Watson pragmatic algorithm of the cell cycle platform within FlowJo
software (Tree Star Inc., Ashland, OR) with the “remove doublets” and “remove
debris” options enabled. P values were determined using an unpaired two-tailed
t test.

Semiquantitative reverse transcription-PCR. Total mRNA from control and
shRNA-transfected C2C12 cultures was prepared using the Qiagen RNeasy mini
kit and reverse transcribed with the Transcriptor first-strand cDNA synthesis
kit (Roche). Three microliters of cDNA was used as input for duplex PCR
mixtures containing 0.2 �M of each primer for simultaneous amplification of
the hypoxanthine phosphoribosyltransferase (HPRT) control and experimen-
tal mRNAs. Primers used were HPRT-F (GGATTTGAAATTCCAGACAAG
TTTG), HPRT-R (AGTGCAAATCAAAAGTCTGGGG), NET25-F (TGGTT
CAGGACCACTATGTGGAC), NET25-R (CGAGATTCATTGGAAGCCA),
emerin-F (GTGCGTGATGACATTTTCTCT), emerin-R (GGTGGAGGATG
TAGGATAATATGA), MAN1-F (GGAAATAGGAGATCACTGGCA), and
MAN1-R (TTCCCAGCATATTCCGGA). Due to differences in apparent effi-
ciency of amplification, reactions for NET25 and MAN1 were run for 30 cycles
and emerin reactions for 25 cycles. Products were resolved on 6% nondenaturing
polyacrylamide gels, stained with SYBR green I (Invitrogen) and visualized on a
Storm 860 system by using blue fluorescence (Molecular Dynamics). Images were
quantified using Imagequant software, and intensities of experimental mRNAs
were normalized to those of the internal HPRT control.

Pharmacological rescue experiments. shRNA-transfected and control cells
were treated singly or in combination with 10 �M U0126 (CST catalog number
9903) and SB431542 (S4317; Sigma-Aldrich, St. Louis, MO) as indicated in the
text. Stock solutions of inhibitors were dissolved in 100% ethanol and diluted at
least 1,000 times in serum-free medium to achieve the final concentrations. The
Jun N-terminal protein kinase (JNK) inhibitor SP600125 (S5567; Sigma-Aldrich)
was dissolved in dimethyl sulfoxide and diluted to achieve a final working con-
centration of 10 nM. Cultures were allowed to differentiate for 4 days before MI
analysis (see above).

RESULTS

NET25 and MAN1 are required for efficient myoblast dif-
ferentiation. To test a possible function of NET25 and MAN1
in myogenesis, we depleted these proteins from cultures of
proliferating C2C12 cells by shRNA that was expressed after
transfection with pENTR/U6-based expression constructs.
Thirty-six hours after transfection, knockdown and control cul-
tures were shifted to DM and assayed 4 days later for myogenic
differentiation. The MI, defined as the percentage of nuclei
found in MyHC-positive myotubes, was used as the measure
for differentiation (Fig. 1).

Two different shRNA constructs that we utilized, shNET25/1 and
shNET25/2 (from here on referred to as shNET25), each caused
depletion of �80% of the NET25 protein that appeared in

control cells at day 4 (Fig. 1C). In agreement with previously
published results involving NET25/Lem2 depletion in HeLa
cells (41), the NE was not detectably affected by NET25 de-
pletion in C2C12 cells, as judged by the normal localization of
emerin, LAP2�, and lamins A/C to the NE (data not shown)
and normal nuclear morphology (e.g., Fig. 1A). Depletion of
NET25 reduced the MI to 22% and 19% for the two shRNAs,
compared to 44% and 47% observed for the empty vector
control and an shRNA control (shEGFP), respectively (Fig.
1A and B). Interestingly, depletion of MAN1 from C2C12
cultures (Fig. 1C) also strongly inhibited myogenesis (MI,
�14%) (Fig. 1B). Consistent with previous work showing that
loss of emerin blocks myoblast differentiation in culture (18),
we observed strong inhibition of myogenesis in C2C12 cultures
where emerin was depleted with shRNA (MI reduced to 21%)
(Fig. 1A and B).

The INM-integrated beta-isoform of LAP2 (LAP2�) (17),
which also has an LEM domain, was not predicted to function
in C2C12 differentiation, based on its lack of preferential ex-
pression in muscle (9). Indeed, reducing LAP2� expression
with shLAP2� to the same degree as that achieved for the
other three targets of interest (Fig. 1C) had no effect on myo-
genesis (MI � 48%). Thus, at our level of sensitivity, only three
of the four LEM domain-containing proteins of the INM are
important for myoblast differentiation.

Accompanying the strong reduction in myogenesis seen in
cultures where NET25, emerin, and MAN1 were silenced, the
level of the “late” MRF myogenin did not substantially in-
crease in these cells during the 4-day period after shift to DM.
This was in sharp contrast to the strong induction of myogenin
seen in the controls and in cells treated with shLAP2� (Fig.
1D). Conversely, the levels of the early MRFs MyoD and
Myf5, which promote myogenin upregulation, remained high
for two or more days after shift to differentiation conditions in
cultures, where NET25, emerin, and MAN1 were silenced.
Therefore C2C12 cells lacking NET25, MAN1, or emerin are
unable to efficiently differentiate even though early MRFs are
present.

MAN1 depletion causes cell cycle alteration. Exit from the
cell cycle, expression of myogenic factors, and terminal differ-
entiation occur in a highly coordinated manner during myo-
genesis (2). It has been shown that expression of an LMNA
mutant that causes EDMD in C2C12 cells leads to inefficient
myogenic differentiation and results in improper exit from the
cell cycle (16). Therefore, it was conceivable that reduction of
NET25, emerin, or MAN1 levels interfered with myoblast dif-
ferentiation by altering cell cycle withdrawal.

We tested this possibility by using BrdU incorporation as a
measure for S phase activity. We found that depletion of
NET25 and emerin had no effect on the number of BrdU-
positive nuclei in proliferating or early differentiating C2C12
cultures (Fig. 2). In contrast, cultures depleted of MAN1
showed a much higher proportion of S phase nuclei than did
cultures transfected with nontargeting control siRNA. This
difference was clearly evident under proliferation conditions in
high-serum medium and continued during the following 8 h
after shift to low-serum DM. However, the rate at which the
percentage of S phase nuclei decreased over the 8-h period
following shift to DM was nearly identical between siMAN1
and the nontargeting control siRNA-transfected cultures.
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Moreover, the total number of cells did not increase in
siMAN1 compared to control cultures, measured by quantify-
ing the number of nuclei per field of view (data not shown).
Therefore, despite the increase in the percentage of S phase
cells in cultures depleted of MAN1, there was no apparent
effect on the kinetics of cell cycle exit.

We confirmed and extended these results by analyzing the
cell cycle profiles of propidium iodide-stained C2C12 cells by
using flow cytometry (Fig. 2D and E). Again, the cell cycle
distributions of siNET25- and siEmd-transfected cells were

not markedly different from the control cultures. However,
siMAN1-transfected cultures showed a statistically significant
increase in S phase cells by 16% relative to the control, and a
decrease of the G1 population by 16.9%. G2 populations were
not significantly affected by any of the targeting shRNAs com-
pared to the control. This suggests that the increase in S phase
cells in shMAN1 cultures may be due to premature exit from
the G1 phase.

NET25 complements the myogenic function of emerin but
not that of MAN1. Since NET25, emerin, and MAN1 are all

FIG. 1. Effects of depletion of NET25, emerin, MAN1, and LAP2� on C2C12 myogenic differentiation. (A) Micrographs showing immuno-
fluorescent staining of C2C12 cells (green, MyHC; blue, DNA) transfected with empty pENTR/U6 (Vector) or pENTR/U6-derived constructs
expressing shRNAs targeting emerin (shEmd), NET25 (shNET25/1, shNET25/2), MAN1 (shMAN1), or LAP2� (shLAP2�). Cultures were
maintained in DM for 4 days before analysis. (B) Quantification of myogenic differentiation, involving at least four of the images shown in panel
A, from at least four individual experiments. The MI is the percentage of nuclei that were found in MyHC-positive cells. Error bars indicate
standard deviations. Asterisks indicate P values of �1.75 � 10�4; the # symbol above the shLAP2� column indicates a P value of 0.378 compared
to the vector control. (C) Western blot analysis (WB) of target protein depletion in shRNA-expressing C2C12 cultures. (D) Western blot analysis
of myogenic markers myogenin (myog.), MyoD, and Myf5 in cultures transfected with shRNA constructs targeting NET25, MAN1, emerin, or
LAP2�. A time course over 4 days is shown. GAPDH levels are shown as a loading control.
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required for myogenesis (Fig. 1), we analyzed whether they are
functionally redundant in this process. For this, we created a
C2C12 cell population that stably expressed human NET25
tagged with the V5 epitope (Fig. 3B). Despite good conserva-
tion between mouse and human NET25 proteins at the amino
acid level (83% identity), human NET25 mRNA was not pre-
dicted to be targeted by shNET25 due to its nucleotide se-
quence variation.

Expression of V5-tagged human NET25 was clearly evident
in the stably transfected cell population and was not detected
in the empty vector control (Fig. 3B). Human NET25-V5 pro-
tein expression was not affected by shNET25 (Fig. 3B), which
reduced endogenous murine NET25 mRNA levels by at least
77% (Fig. 3C, top). shEmd and shMAN1 had no significant
effect on the levels of either V5-tagged human NET25 protein
or endogenous NET25 mRNA (Fig. 3B and C), but reduced
levels of emerin and MAN1 mRNA, respectively, by at least
64% (Fig. 3C, middle and bottom). MI analysis revealed that
human NET25 restored myogenic differentiation to approxi-
mately wild-type levels in shNET25- and shEmd-transfected
cultures, but it failed to rescue myogenesis in shMAN1-trans-
fected cultures (Fig. 3A). This strongly suggested that the func-

tions of NET25 and emerin are redundant in myogenesis,
despite that fact that they have no apparent homology outside
the short LEM domain. Conversely, MAN1 has relatively
strong homology to NET25 throughout most of its sequence,
but must have at least partially unique functions in myogenic
differentiation that cannot be complemented by its paralog, at
least with the levels of ectopic expression achieved here.

NET25 depletion elevates ERK signaling. Upregulation of
ERK signaling in cardiomyocytes from emerin null mice as
well as in emerin-depleted C2C12 cells has been reported
recently (30, 31). Given the importance of mitogen-activated
protein kinase (MAPK) signaling in cell differentiation, and
based on our complementation studies with human NET25, we
hypothesized that NET25 also might play a role in regulating
ERK signaling during myogenesis. We analyzed phospho-
MAPK activation in C2C12 cultures that were depleted of
NET25 by semiquantitative Western blotting with antibodies
specific for only the activated phosphorylated forms, and an-
tibodies that recognize both activated and nonactivated forms
of the kinases (Fig. 4). These experiments revealed that after
shift to DM, control C2C12 cells experience rapid albeit tran-
sient activation of ERK1/2 and stress-activated protein kinase

FIG. 2. Effects of depletion of NET25, emerin, and MAN1 on cell cycle in C2C12 cultures. (A) Immunofluorescent micrographs from a BrdU
incorporation assay of C2C12 cultures (red, BrdU; blue, DNA) transfected with a nontargeting control siRNA or with siRNAs targeting NET25
(siNET25), emerin (siEmd), or MAN1 (siMAN1). Images shown correspond to the 4-h DM time point in panel B. (B) Quantification of
BrdU-positive nuclei in control and NET25-, emerin-, or MAN1-depleted C2C12 cultures over a time course of 8 h after shift from PM to DM.
(C) Western blot analysis (WB) confirming knockdown of the target proteins by siRNA. Protein extracts were prepared at the time of shifting
cultures to DM. Left lane, protein levels after transfection with nontargeting control siRNA (non-targ.); right lane, protein levels after transfection
with specific siRNA (spec.) targeting NET25, emerin, or MAN1. Blots were probed with antibodies recognizing the siRNA targets as indicated on
the left. A nonspecific band on the MAN1 Western blot is marked by an asterisk. A GAPDH loading control representative of even loading in all
panels is shown at the bottom. (D) Cell cycle profiles of control and siMAN1-transfected C2C12 cells in PM, 36 h after transfection. Representative
examples are shown. Labels mark the cell populations in the G1 (left peak), S (saddle), and G2 (right peak) phases of the cell cycle based on their
DNA content. (E) Summary of cell cycle distributions in control and siRNA-transfected C2C12 cells. Percentages shown are averages of the results
for at least four experiments � the standard deviations. Asterisks mark values with statistically highly significant differences in comparison to the
control (P � 0.035).
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and/or JNK, with a peak of activation 10 min after shift. Similar
short-term ERK activation has been described in epithelial
cells in response to EGF (32) and also in response to Wnt as
a result of signaling pathway cross talk (1).

Significantly, siNET25 cultures showed a much stronger in-
duction of ERK1 and also slightly stronger induction of ERK2
phosphorylation following shift to DM (Fig. 4A, right side)
than did the control cultures. At the peak of MAPK activation

(10 min after shift to DM), relative phospho-ERK1 levels were
3.5-fold higher in NET25-depleted cultures than in cultures
transfected with the nontargeting control siRNA (Fig. 4B).
The effect of NET25 depletion on phospho-ERK2 levels and
on the phosphorylation of the other MAPKs tested ranged
from 0.9- to 1.5-fold, indicating that NET25 preferentially af-
fects ERK1 activation. We were able to recapitulate recently
published results from Muchir et al. (30) as an experimental
control and found hyperactivation of ERK1 (twofold) and
ERK2 (1.2-fold) at 10 min after shift of emerin-depleted cul-
tures to differentiation conditions (data not shown). This draws
another striking parallel between emerin and NET25 functions
at the molecular level.

In order to confirm that NET25 functions in the canonical
ERK pathway, we tested the response of control and NET25-

FIG. 3. Rescue of differentiation by complementation with human
NET25. (A) MI analysis of nontransfected control C2C12 cultures
(gray bars) and C2C12 cultures expressing human NET25-V5 (black
bars) after transfection with the empty vector control (Vector) or
plasmids expressing shRNAs against NET25 (shNET25/1, shNET25/
2), emerin (shEmd), or MAN1 (shMAN1). Cultures were allowed to
differentiate for 4 days before MI analysis. Representative data from
one out of three individual experiments are shown. (B) Western blot
analysis of V5-tagged human NET25 protein levels in control C2C12
cultures (control; corresponding to gray bars in panel A) and C2C12
cultures stably transfected with pcDNA-NET25-V5 (huNET25-V5;
corresponding to black bars in panel A). Transfection with vector
control and shRNA constructs targeting endogenous NET25, emerin,
and MAN1 is indicated above each gel lane. GAPDH levels are shown
as a loading control. (C) mRNA levels of endogenous NET25 (top),
emerin (middle), and MAN1 (bottom) in control and human NET25-
V5-expressing C2C12 cultures after transfection with shRNA con-
structs. Values shown were normalized against the internal HPRT
control, and “vector” control levels were set to 100%.

FIG. 4. MAPK activation in C2C12 cells at the onset of differen-
tiation after NET25 depletion. (A) Western blot analysis of the three
major branches of MAPK signaling in C2C12 cells transfected with a
nontargeting control siRNA (non-targ. ctrl.) or with siRNA targeting
NET25 (siNET25), between 0 and 40 min after shift to differentiation
conditions. Antigens detected in each panel are indicated to the left.
Activated phosphorylated forms of MAPKs are indicated by the prefix
“P-.” NET25 depletion was confirmed by Western blotting (second
panel from bottom). GAPDH is shown as a loading control. (B) Rel-
ative activation of MAPKs in NET25-depleted cultures compared to
control C2C12 cultures. Phospho-MAPK levels were normalized
against total MAPK levels at the 10-min time point after shift to DM
and values from NET25-depleted samples divided by values from non-
targeting control samples. Numbers shown were calculated from the
averages of the results for at least four independent experiments, one
of which is shown in panel A. Error bars indicate standard deviations.
Asterisks indicate a statistically significant difference between siNET25
and control data sets in ERK1 activation (P � 0.027). The # symbol
above all other columns indicates P values of �0.452.
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depleted C2C12 cultures to rEGF (Fig. 5). We found that
phospho-ERK1 levels were 1.7- to 2.7-fold higher in siNET25
cultures than in control cultures at all of the applied EGF
concentrations relative to the nontreated control (Fig. 5B). In
this experiment, phospho-ERK2 levels were again slightly el-
evated at the higher EGF concentrations tested, but the effect
was not as dramatic as that observed for ERK1 (Fig. 5C).

Upregulation of phospho-ERK1 levels in response to
NET25 depletion could indicate that NET25 positively affects
upstream components of the signaling cascade. However, in
NET25-depleted cultures, the levels of phospho-MEK1/2 (the
kinase immediately upstream of ERK in the kinase cascade)
were unchanged (Fig. 5D). In contrast, the phosphorylated
form of Elk1, a direct substrate of ERK1/2, was enhanced upon
stimulation with rEGF in siNET25 cultures (Fig. 5E). These
results suggest that NET25 depletion leads to ERK pathway
activation that extends into compartments downstream of
ERK1/2, but does not affect the cascade upstream of ERK1/2.

The N terminus of NET25 is required for ERK regulation.
In order to map the region of NET25 that is required for

regulation of ERK activation, we created two deletion con-
structs based on the human NET25 sequence (Fig. 6A).
pcDNA-NET25�C-V5 (see Materials and Methods) pro-
grammed the expression of a V5 epitope-tagged NET25 ver-
sion that lacks the nucleoplasmic region downstream of the
second predicted transmembrane segment of NET25. pcDNA-
NET25�N-V5 specified expression of V5-tagged NET25 lack-
ing the N-terminal nucleoplasmic region upstream of the first
predicted transmembrane segment of NET25, including the
LEM domain (Fig. 6A and B). The truncations were designed
to retain 10 amino acids after the second transmembrane re-
gion (pcDNA-NET25�C-V5) and 10 amino acids before the
first transmembrane region (pcDNA-NET25�N-V5) to pro-
mote proper transmembrane topology of these constructs.
Subcellular localization of full-length and truncated NET25
proteins in C2C12 cells was determined by fluorescence mi-
croscopy with anti-V5 antibody (Fig. 6C). NET25 and
NET25�C were clearly localized to the nuclear rim and also
were present in cytoplasmic aggregates. A similar level of nu-
clear rim staining was observed for NET25�N, although in this

FIG. 5. Response of NET25-depleted C2C12 cultures to EGF. (A) Western blot analysis of activation of the ERK1/2 cascade in response to
rEGF in nontargeting control and siNET25-transfected C2C12 cultures. Final concentrations of rEGF are indicated above each gel lane.
Antibodies used are indicated to the left. (B to E) Quantification of phosphorylated ERK1, phosphorylated ERK2, phosphorylated MEK1/2, and
phosphorylated Elk1 levels normalized against total kinase levels and GAPDH signals. Representative data from one out of three individual
experiments are shown.
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case, more and larger cytoplasmic aggregates were detected.
This difference may have been a consequence of the expression
level of NET25�N being higher than that NET25 and
NET25�C, which we observed by Western blotting (Fig. 6B).

We assayed relative phospho-ERK1 and phospho-ERK2
levels after stimulation with 0.3 ng/ml EGF in cells expressing
full-length or truncated NET25, 36 h after transfection with the
respective expression constructs or the empty vector control.
As shown in Fig. 6D and E, expression of full-length NET25
and NET25�C significantly reduced ERK1 activation to 56%
(P � 0.04) and 55% (P � 0.06), respectively, relative to the
vector control. In contrast, ERK1 activation was not signifi-
cantly affected by the expression of NET25�N (89%; P �
0.41). These data indicate that the N-terminal nucleoplasmic

domain of NET25 is required to modulate ERK1 activation. In
agreement with our previous result involving NET25 silencing
(Fig. 4), we were not able to detect a significant effect for
either NET25, NET25�C, or NET25�N on ERK2 activation
in this overexpression approach (Fig. 6D, bottom; all P
values, �0.43).

Inhibition of ERK signaling restores myogenesis after
NET25 and emerin depletion. Because hyperactivation of ERK
signaling within the first few minutes after shift to differentia-
tion conditions appeared to interfere with myogenesis, we
tested to see if transient suppression of this MAPK signaling
pathway could correct the myogenic defect after NET25 and
emerin depletion. We used the highly specific and potent
MEK1/2 inhibitor U0126 (14) to transiently abolish ERK1/2

FIG. 6. ERK activation in C2C12 cells after overexpression of NET25, NET25�C, and NET25�N. (A) Schematic of the full-length and
truncated NET25 proteins used in these experiments. Numbers in parentheses indicate amino acid regions of human NET25 expressed in the
resulting recombinant protein. The C-terminal V5 tag is indicated. (B) Western blot analysis of expression of full-length and truncated NET25 in
C2C12 cells. Samples were probed with anti-V5 antibody to detect the tagged fusion proteins. (C) Immunofluorescence (IF) microscopy analysis
of V5-tagged NET25, NET25�C, and NET25�N localization. Three representative images are shown for each construct. (D) Example of a
semiquantitative Western blot analyzing ERK activation after treating NET25-, NET25�C-, or NET25�N-expressing C2C12 cells with 0.3 mg/ml
rEGF for 15 min. (E) Graphs summarizing quantification of ERK1 (top) and ERK2 activation (bottom) from at least four experiments. Error bars
indicate standard deviations. Asterisks mark statistically significant differences in comparison to the vector control (P � 0.006). The # symbol
indicates P values of �0.354.
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phosphorylation at the time of shift to DM (Fig. 7). In a related
approach, pharmacological inhibition with the MEK1/2 inhib-
itor PD98059 has been shown to improve differentiation of
myoblasts from Lmna(R453W) mutant mice (15). Initial opti-
mization showed that treatment of the cultures with 10 �M
U0126 from 1 h before shift until 1 h after shift to DM (Fig.
7A) showed the greatest effect on the MI in NET25-depleted
cultures. In contrast, a continuous presence of U0126 over the
entire course of a differentiation experiment (4 days) was toxic
to C2C12 cells (data not shown). The efficacy of U0126 in
C2C12 cells was confirmed by semiquantitative Western blot
analysis of phospho-ERK1/2 levels (data not shown).

Myogenic differentiation in shNET25 and shEmd cultures
(MIs of 20% and 19%, respectively, compared to 45% in the
control) was almost completely restored by U0126 to levels
comparable to that of the drug-treated, nondepleted control
(MIs of 40% and 47%, respectively, compared to 47% in the
control; Fig. 7B and C). On the other hand, U0126 had only a
small positive effect on the MI in MAN1-depleted C2C12
cultures. Because MAN1 regulates SMAD signaling (21, 26),
we also tested the effect of SB431542, a specific inhibitor of the
TGF-� receptor serine/threonine kinase activity, on myogen-
esis in NET25-, emerin-, and MAN1-depleted cultures.
SB431542 alone had little or no effect on the MI in shNET25,
shEmd, and shMAN1 cultures. However, a combination of the
MEK1/2 and TGF-� receptor inhibitors completely restored
differentiation of MAN1-depleted cultures. Hence, transient
ablation of ERK1/2 phosphorylation alone is enough to rescue
the NET25 and emerin defect, but transient inhibition of both
ERK signaling and TGF-�/SMAD signaling is required to
overcome the MAN1 defect. This provided an additional line
of evidence that NET25 and emerin functions in myogenesis at
least partially overlap and that they are separable from MAN1
functions.

Whereas NET25 depletion substantially increased the acti-
vation of ERK kinases after shift of myoblasts to DM, a more
modest activation of JNK also was observed (Fig. 4). To in-
vestigate whether this was functionally significant, we tested
whether the JNK inhibitor SP600125 could restore myogenesis.
However, using the same regimen of drug exposure as that
used for the ERK inhibitor, we found no effect of SP600125 on
myogenesis in shNET25-transfected cultures (data not shown).

DISCUSSION

Transmembrane proteins of the INM are a functionally di-
verse group of components that interact closely with lamins.
Previously, emerin was the only transmembrane protein of the
INM implicated in myogenesis (18). Here, using C2C12 cells,
we show that NET25 and MAN1 are two additional INM
proteins required for myogenic differentiation. These three
proteins all regulate cell signaling (26, 30, 31, 35; also, this

FIG. 7. Pharmacological rescue of myogenic defect in C2C12 cul-
tures after depletion of NET25, emerin, and MAN1. (A) Schematic of
the time course of inhibitor application. On day 0, proliferating C2C12
cultures were treated with an inhibitor for the period between 1 h
before and 1 h after shifting cells from PM to DM. Cultures were then
kept for 4 days in DM before MI analysis. (B) Immunofluorescent
micrographs (green, MyHC; blue, DNA) of empty vector control (Vec-
tor) and NET25 (shNET25)-, emerin (shEmd)-, or MAN1 (shMAN1)-
depleted C2C12 cultures treated with MEK1/2 inhibitor U0126 (U0)
and/or TGF-� inhibitor SB431542 (SB). The inhibitor applied to the
drug-treated cultures (right column) is indicated below the bottom
right corner of each image. Cultures were assayed after 4 days of
differentiation. Images shown are from one representative experiment.

(C) MI analysis of NET25 (gray bars)-, emerin (black bars)-, and
MAN1 (hatched bars)-depleted as well as control (open bars) cultures
treated with U0 and/or SB. Average values from the results for at least
three independent experiments are shown. Error bars indicate stan-
dard deviations.
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study), and the results of our phenotypic analysis highlight the
importance of their signaling functions in myogenic differen-
tiation. Our results, in concert with other recent data, support
the model that diseases caused by NE mutations can at least
partially result from changes in signaling pathways.

Surprisingly, we found that emerin and NET25 have redun-
dant functions in myoblast differentiation. The sequence ho-
mology between NET25 and emerin is limited to the LEM
domain in the first �40 amino acids, and the transmembrane
topology of NET25 (a type III/multipass transmembrane pro-
tein) is different from that of emerin (a type II/single-pass
transmembrane protein). Nonetheless, the silencing of NET25
and emerin showed identical phenotypic signatures in cell dif-
ferentiation, cell cycle, and MAPK activation assays. More
importantly, increasing NET25 levels by ectopic overexpres-
sion compensated for loss of emerin function in myogenesis.
Furthermore, pharmacologically suppressing the burst of
ERK1/2 activity that occurred shortly after shift to DM was
sufficient to restore myogenesis in both NET25- and emerin-
depleted cultures. Therefore, NET25 and emerin appear to
have overlapping functions in myogenesis by regulation of
ERK signaling (see below).

Despite the relatively strong amino acid sequence similarity
of 57% between MAN1 and NET25 (6), the effects of MAN1
depletion on C2C12 cells were distinct from those seen with
NET25 and emerin depletion in three ways. First, only silenc-
ing of MAN1 caused an increase in the percentage of S phase
nuclei in proliferating and early differentiating cell cultures,
even though cell cycle exit was not impaired. This increase
came at the expense of the G1 population in MAN1-depleted
cultures, suggesting that lower MAN1 levels cause cells to
enter S phase prematurely. Second, ectopic expression of
NET25 did not rescue myogenesis after MAN1 depletion.
Third, although pharmacological suppression of ERK signal-
ing alone was sufficient to rescue myogenesis in NET25- and
emerin-silenced cultures, the combined inhibition of ERK and
SMAD signaling was needed to restore myogenic differentia-
tion in shMAN1 cultures. Therefore, NET25 and MAN1 have
at least partially nonredundant functions in differentiation of
C2C12 cells. The pharmacological rescue experiments further
suggest that MAN1 not only regulates TGF-� signaling (re-
viewed in reference 3), but also can influence ERK signaling,
either directly or via cross talk with the TGF-� pathway.

Our conclusion that NET25 regulates ERK is supported by
four lines of evidence. First, the levels of phospho-ERK1, and
to a lesser degree the levels of phospho-ERK2, are elevated in
NET25-depleted cultures relative to those in control C2C12
cultures shortly after shifting cultures to DM. Second, ERK1,
and to a lesser extent ERK2, was more sensitive to activation
by EGF in NET25-depleted C2C12 cultures. Third, overex-
pression of human NET25 in C2C12 cells diminished ERK1
activation in response to EGF. Fourth, a pharmacological ap-
proach showed that the myogenic defect in NET25-depleted
myoblast cultures can be rescued by transient inhibition of
ERK phosphorylation at the onset of myogenesis.

Both the amplitude as well as the duration of MAPK sig-
naling can influence the physiological outcome of pathway
activation (28). In addition, regulation of spatial distribution of
signaling components can alter the output of a signaling event,
such as by regulating access to substrates (13). NET25 and

emerin could play roles in either scenario. Transient hyperac-
tivation of ERK1/2 occurring in the absence of NET25 or
emerin could directly upregulate expression of antimyogenic
factors or inactivate promyogenic factors, thus derailing the
myogenic program. Proliferation of muscle progenitor cells
(satellite cells) in response to mitogens, predominantly hepa-
tocyte growth factor and fibroblast growth factor (FGF) family
members, involves ERK activation via receptor tyrosine ki-
nases and is required for efficient muscle repair in vivo (8).
However, uncontrolled proliferation of muscle progenitor cells
is incompatible with myogenesis, consistent with studies show-
ing that constitutive activation of MAPK signaling by forced
expression of Ras inhibits myogenic differentiation of C2C12
cells (11). Therefore, proliferative signals have to be turned off
after myoblast expansion in order to allow formation of muscle
fibers. The switch from proliferation to differentiation could be
promoted by mammalian Sprouty isoforms, which negatively
regulate FGF-2 mediated ERK activation (34). Overexpres-
sion of Sprouty-2 allows C2C12 differentiation in the presence
of FGF-2 (12), and Sprouty homologs 1, 2, and 3 are transcrip-
tionally upregulated during C2C12 differentiation (9; also see
GEO accession number GSE4694). Analogously, NET25 and
emerin could aid myogenesis by keeping ERK1/2 signals in
check at the initial stages of terminal differentiation emulated
by the C2C12 model system used here. This proposition agrees
with our previous observation that NET25 levels are highest in
adult mouse muscle (9), where it might help to maintain a
nonproliferative state.

Mechanistically, our data indicate that NET25 acts at or very
close to the level of ERK1 in this signaling cascade. In NET25-
depleted cells in which ERK1 was hyperactivated, we found
that MEK1/2, the MAPK that activates ERK1/2, itself was not
hyperactivated, unlike a downstream target of ERK1 (Elk1).
Our deletion analysis revealed that the N-terminal nucleoplas-
mic domain of NET25 is required for the suppression of ERK1
activation by NET25, whereas the C-terminal nucleoplasmic
domain, predicted to form a winged helix domain akin to the
one found in MAN1 (7), is not required. It is noteworthy that
the N-terminal region of NET25 contains several features that
indicate a potentially direct interaction with ERK1. The Scan-
site web server (33) identifies residues 89 to 103 and 216 to 230
of mouse NET25 as potential ERK docking (ERK-D) sites, a
motif that confers physical interaction with ERKs (39). More-
over, residue Ser97 in mouse NET25 is predicted to be phos-
phorylated by ERK1. Although we have not yet been able to
obtain conclusive evidence that NET25 physically interacts
with ERK1 or one of its phosphatases, we propose that NET25
could function as a scaffold that brings ERK1 and a cognate
MAPK phosphatase into close proximity at the nuclear periph-
ery and thus attenuates ERK signaling. Analysis of the NE
proteome and NET25 protein interactions in myonuclei will
address this possibility in the future.

In conclusion, our study suggests that the LEMD2 gene
(encoding NET25) is an excellent candidate for a novel disease
gene within the large cohort of EDMD cases that cannot be
attributed to mutations in EMD or LMNA. Analysis of NET25
in EDMD patients and animal models of muscular dystrophy
could provide insight into this question in the near future.

VOL. 29, 2009 NET25, MAN1, AND EMERIN IN MYOBLAST DIFFERENTIATION 5727



ACKNOWLEDGMENTS

We thank the members of our laboratory for critical discussion of
the manuscript.

This work was supported by NIH grant RO1 GM28521 to
L.G. M.D.H. was supported by NIH fellowship F32 GM080045.

REFERENCES

1. Almeida, M., L. Han, T. Bellido, S. C. Manolagas, and S. Kousteni. 2005.
Wnt proteins prevent apoptosis of both uncommitted osteoblast progenitors
and differentiated osteoblasts by beta-catenin-dependent and -independent
signaling cascades involving Src/ERK and phosphatidylinositol 3-kinase/
AKT. J. Biol. Chem. 280:41342–41351.

2. Andrés, V., and K. Walsh. 1996. Myogenin expression, cell cycle withdrawal,
and phenotypic differentiation are temporally separable events that precede
cell fusion upon myogenesis. J. Cell Biol. 132:657–666.

3. Bengtsson, L. 2007. What MAN1 does to the Smads. TGFbeta/BMP signal-
ing and the nuclear envelope. FEBS J. 274:1374–1382.

4. Bione, S., E. Maestrini, S. Rivella, M. Mancini, S. Regis, G. Romeo, and D.
Toniolo. 1994. Identification of a novel X-linked gene responsible for Emery-
Dreifuss muscular dystrophy. Nat. Genet. 8:323–327.

5. Bonne, G., M. R. Di Barletta, S. Varnous, H. M. Becane, E. H. Hammouda,
L. Merlini, F. Muntoni, C. R. Greenberg, F. Gary, J. A. Urtizberea, D.
Duboc, M. Fardeau, D. Toniolo, and K. Schwartz. 1999. Mutations in the
gene encoding lamin A/C cause autosomal dominant Emery-Dreifuss mus-
cular dystrophy. Nat. Genet. 21:285–288.

6. Brachner, A., S. Reipert, R. Foisner, and J. Gotzmann. 2005. LEM2 is a
novel MAN1-related inner nuclear membrane protein associated with A-
type lamins. J. Cell Sci. 118:5797–5810.

7. Caputo, S., J. Couprie, I. Duband-Goulet, E. Konde, F. Lin, S. Braud, M.
Gondry, B. Gilquin, H. J. Worman, and S. Zinn-Justin. 2006. The carboxyl-
terminal nucleoplasmic region of MAN1 exhibits a DNA binding winged
helix domain. J. Biol. Chem. 281:18208–18215.
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