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Abstract

Lamina-associated polypeptide 1 (LAP1) is an integral protein of the inner nuclear membrane that has been implicated in
striated muscle maintenance. Mutations in its gene have been linked to muscular dystrophy and cardiomyopathy. As
germline deletion of the gene encoding LAP1 is perinatal lethal, we explored its potential role in myogenic differentiation and
development by generating a conditional knockout mouse in which the protein is depleted from muscle progenitors at
embryonic day 8.5 (Myf5-Lap1CKO mice). Although cultured myoblasts lacking LAP1 demonstrated defective terminal
differentiation and altered expression of muscle regulatory factors, embryonic myogenesis and formation of skeletal muscle
occurred in both mice with a Lap1 germline deletion and Myf5-Lap1CKO mice. However, skeletal muscle fibres were
hypotrophic and their nuclei were morphologically abnormal with a wider perinuclear space than normal myonuclei. Myf5-
Lap1CKO mouse skeletal muscle contained fewer satellite cells than normal and these cells had evidence of reduced
myogenic potential. Abnormalities in signalling pathways required for postnatal hypertrophic growth were also observed in
skeletal muscles of these mice. Our results demonstrate that early embryonic depletion of LAP1 does not impair myogenesis
but that it is necessary for postnatal skeletal muscle growth.

Introduction Emery-Dreifuss muscular dystrophy (EDMD; OMM #310300),
Mutations in genes encoding nuclear lamins and other nuclear caused by mutations in the EMD gene encoding emerin, an inte-
envelope proteins cause a range of diseases, most commonly af- gral protein of the inner nuclear membrane, was the first hu-
fecting tissues in the heart and skeletal muscle (1,2). X-linked man disorder to be recognized as a nuclear envelope-linked
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disease (3-6). EDMD is classically characterized clinically by a
triad of slowly progressive muscle weakness and wasting in a
scapulo-humeroperoneal distribution, early contractures of the
elbows, ankles, and posterior neck and dilated cardiomyopathy
with conduction defects (7,8). Cardiomyopathy with variable
skeletal muscle involvement, including cases of EDMD and limb
girdle muscular dystrophy 1B, is also caused by autosomal mu-
tations in LMNA encoding A-type lamins (9-12). Mutations in
LMNA have also been linked to congenital muscular dystrophy
with cardiomyopathy (13,14), suggesting that A-type lamins
play a role in early striated muscle development. Mutations in
genes encoding other nuclear envelope proteins, including
nesprin-1/2, LUMA and SUN-1/2, have also been reported in pa-
tients with EDMD or EDMD-like phenotypes (15-18). These find-
ings have spurred research on the functions of nuclear
envelope proteins in cardiac and skeletal muscle.

Various studies have demonstrated that the elimination of
nuclear envelope proteins or expression of disease-causing vari-
ants in muscle cells leads to defects in skeletal muscle develop-
ment and maintenance. Mice lacking A-type lamins display
retarded postnatal growth and muscular dystrophy (19).
Homozygous Lmna AK32 knock-in mice, harbouring a congenital
muscular dystrophy-causing mutation, exhibit striated muscle
maturation delay (20). Homozygous Lmna knock-in with the
H222P amino acid substitution has a muscular dystrophy and
cardiomyopathy phenotype (21,22). Emerin null mice do not dis-
play gross myopathies, however, defective muscle regeneration
is evident and myogenic differentiation is delayed (23). Targeted
deletion of the C- terminus of nesprin-1 in mice leads to disor-
ganized myonuclei, central nuclei, and small myofibres, the fea-
tures of abnormal muscle development and maintenance
(16,24). Various in vitro studies using myoblast cell lines, human
primary myoblasts or satellite cells have demonstrated that de-
pletion of the endogenous A-type lamins and other nuclear
envelope-associated proteins, as well as overexpression of mu-
tant forms of these proteins lead to defective myogenic differ-
entiation (25-29).

Vertebrate skeletal muscle development requires the coordi-
nated events of determination, proliferation and differentiation
of myogenic precursors, a fusion of myoblasts, and hypertro-
phic growth and remodelling of myofibres (30,31). During the
early myogenesis period at embryonic day (E) 8, myogenic pro-
genitors are derived from dermomyotome and express the tran-
scription factors paired box protein 3 (Pax3) and 7 (Pax7). These
progenitors proliferate and differentiate into multinucleated
myofibres through orchestrated activation of myogenic regula-
tory factors, including myogenic factor 5 (Myf5), myoblast deter-
mination protein (MyoD), muscle-specific regulatory factor 4
(MRF4) and myogenin. Myofibre hypertrophy with an increase
of myonuclei number occurs during the early postnatal growth
period (postnatal day 3 to 21). In addition to the hypertrophic
growth of myofibres, the expression of myosin heavy chain iso-
forms switches from embryonic to adult isoforms, which en-
hance the maturation to adult skeletal muscle (32,33).

Lamina-associated polypeptide 1 (LAP1) is a protein encoded
by the TOR1AIP1 gene (which for simplicity we refer to herein as
LAP1 in human or Lapl in mice) (34). LAP1 was originally discov-
ered as a transmembrane protein of the inner nuclear mem-
brane, with three isoforms, associated with the nuclear lamina
(35,36). Subsequently, LAP1 was shown to interact with the en-
doplasmic reticulum/perinuclear space protein torsinA and
with protein phosphatase 1 (37,38). Mice carrying a homozygous
gene-trap insertion in the Lap1l locus display late embryonic or
perinatal lethality, suggesting that LAP1 has essential roles in

early mammalian development (39). We have previously dem-
onstrated that LAP1 interacts with emerin and is essential for
adult muscle function or maintenance in mice (40).
Furthermore, several case reports have linked mutations in
LAP1 to striated muscle disease in humans. A genome-wide ho-
mozygosity mapping study led to discovery of a LAP1 mutation
in a family with muscular dystrophy with cardiomyopathy (41).
In another case report, a homozygous missense mutation in the
gene encoding LAP1 was found in a boy with severe dystonia,
progressive cerebellar atrophy, and dilated cardiomyopathy
(42). Compound heterozygous frame shift and missense muta-
tions in LAP1 have also been linked to heart failure and muscu-
lar dystrophy (43). These cases emphasize the essential role of
LAP1 in striated muscle function and provide clinical signifi-
cance to the studies of how LAP1 regulates striated muscle de-
velopment and maintenance.

We previously generated a mouse line carrying a conditional
Lap1 floxed allele and bred it to mice expressing Cre under con-
trol of the myosin creatine kinase promoter, which induces Cre
expression in differentiating myocytes at E17. The resulting off-
spring with selective depletion of LAP1 in skeletal muscle (re-
ferred as M-CKO mice) develop a muscular dystrophy
phenotype starting at 8 weeks of age with progression leading
to 100% mortality at 30 weeks of age (40). The phenotypic delay
in the M-CKO mice compared to the perinatal lethality of the
Lapl gene-trap knockout mice led us to hypothesize that skele-
tal muscle selective depletion of LAP1 at an earlier myogenic
stage would result in earlier onset phenotypes, as in the germ-
line knockout mice, and display defects during late embryonic
or postnatal muscle development. We therefore tested this hy-
pothesis in mice and further analyzed the potential role of LAP1
in skeletal muscle differentiation in cultured cells.

Results

Expression of LAP1 isoforms during skeletal muscle
development

We examined whether isoforms of LAP1 are differentially ex-
pressed during mouse skeletal muscle development. There are
three LAP1 isoforms that arise by alternative RNA splicing
(35,36,44). The smaller isoform LAP1C (~55kDa) was predomi-
nantly expressed in the embryonic stage at E10.5 and early post-
natal (P) day 1.5-10.5, whereas the larger isoforms LAP1A
(~72kDa) and LAP1B (~68kDa) were predominantly expressed
in mature skeletal muscle at later stages while LAP1C expres-
sion was concurrently diminished (Fig. 1A and B). We next ex-
amined the expression of LAP1 isoforms during in vitro
differentiation of cultured mouse myoblast. C2C12 myoblasts
expressed more LAP1A and LAP1B four days after induced dif-
ferentiation, as confirmed by myogenin expression, compared
to before differentiation; however, the level of LAP1C stayed the
same (Fig. 1C and D). These results suggest that LAP1 isoforms
may have different roles during skeletal muscle development.

Germline Lap1 knockout mice have normal early
myogenesis but reduced myofibre size

LAP1 expression can be detected in mouse embryos at E10.5 and
Lapl gene trap knockout mice (Lap1”") die during the perinatal
period (39). We sought to determine if this perinatal lethality is
due to defective embryonic myogenesis. The gross morphology
and size of Lap1*/* and Lap1”" littermate embryos were indistin-
guishable at E11.5 (Fig. 2A). We next performed whole-mount
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Figure 1. LAP1 expression is regulated during skeletal muscle development in vivo and myogenic differentiation in vitro. (A) Immunoblots showing differential expres-
sion of endogenous LAP1 isoforms during skeletal muscle development in wild type C57BL/6 mice. Whole embryo extract was used for E10.5 samples and hind limb ex-
tracts devoid of skin and bones were used for P1.5 and P3.5 samples. The rest of samples were prepared from dissected quadriceps. GAPDH was used as a loading
control. The band migrating with an apparent molecular mass of 60 kDa (marked with *) is nonspecific. (B) Graphic representation of relative ratios of band densities of
LAP1A and LAP1B to band densities of LAP1C at indicated developmental stages. Band densities were measured from two independent immunoblots using protein ex-
tracts from two mice at each stage. Values are means * standard errors (n=4). (C) Immunoblots showing increased expression of LAP1A and LAP1B during myogenic
differentiation of C2C12 cells. Cells were collected at the indicated time after adding differentiation media. Expressions of GADPH and the differentiation marker myo-
genin are also shown. Treatment with cytosine arabinoside (AraC) eliminates proliferating myoblasts and enriches myotubes in the culture. LAP1A and LAP1B migrate
at the same apparent molecular mass in the immunoblots. (D) Relative ratio of band densities of LAP1A and LAP1B to band densities of LAP1C. Results from immuno-
blots using four independent cultures were used to measure band densities. Values are means = standard errors (n =4).

RNA in situ hybridization to analyze the expression of myogenin,
a critical myogenic differentiation gene, in Lap1**and Lapl™”
embryos at E11.5. While the length and shapes of myotomes
were not obviously different from wild type embryos, the num-
ber of myogenin positive somites was significantly reduced in
embryos lacking LAP1 (Fig. 2A and 2B). The few Lapl” mice that
survived to P2.5 were significantly smaller than Lap™*litter-
mates (Fig. 2C). The general skeletal muscle structure was not
obviously different in P2.5 Lap1*/" and Lapl”" mice; however, the
mean myofibre cross sectional area (CSA) was significantly re-
duced in quadriceps muscle of mice lacking Lap1 (Fig. 2D and 2E)
with a shift towards smaller myofibres (Fig. 2F). There was no in-
crease in myofibres with centrally-located nuclei or degenerated
myofibres in quadriceps from Lapl”" mice at P2.5 (data not
shown). These data indicate that LAP1 is not essential for early
embryonic myogenesis, including muscle progenitor specifica-
tion, determination and differentiation, but that it is required for
late embryonic or postnatal growth of skeletal muscle.

Primary myoblasts lacking LAP1 have defective terminal
differentiation and altered expression of skeletal muscle
regulatory factors

To investigate the requirement for LAP1 in myogenic differenti-
ation in vitro, we isolated primary myoblasts from neonatal
Lap1**and Lapl” mice. We first confirmed the purity of myo-
blasts devoid of fibroblasts by staining with anti-Pax7 antibody,
which showed that nearly 100% of cells contained Pax7
(Supplementary Material, Fig. S1A). In growth media, Lap™* and
Lap1”” primary myoblasts had similar proliferation rates based
on 5-bromo-2-deoxyuridine (BrdU) labeling (Supplementary
Material, Fig. S1B).

We compared the myogenic differentiation capacity of myo-
blasts from Lap1™*and Lap1” mice in differentiation media for

72h. Myoblasts lacking LAP1 were able to form multi-nucleated
myotubes; however, the myotubes were shorter and had
smaller diameters than those formed from Lap1™/*myoblasts
(Fig. 3A). The fusion index, which represents the percentage of
myotubes with more than two nuclei, was also significantly de-
creased for Lap1”~ myoblasts (Fig. 3B). During 24 h of differentia-
tion, myoblasts lacking LAP1 had increased expression of Myf5
and delayed expression of myogenin, MyoD and myosin heavy
chains (MyHC) (Fig. 3C and D). These results suggest that LAP1 is
necessary for the normal expression of myogenic regulatory
factors and terminal differentiation in vitro.

Depletion of LAP1 during early embryonic myogenesis
leads to growth retardation and premature death in mice

The germline gene trap Lapl”~ mouse is not an ideal model to de-
termine the specific roles of LAP1 in skeletal muscle develop-
ment, as non-cell autonomous signals from other tissues can
affect the process. To more specifically examine the requirement
of LAP1 in early skeletal muscle development, we deleted Lapl
during the early myogenic period by crossing Lap1 floxed mice to
Myf5-Cre knock-in mice that have been widely used for this pur-
pose (45-47). We refer this mouse line (Myf5Cre™; Lap1™) as
Myf5-Cre driven Lap1l conditional knockout mice (Myf5-Lap1CKO).
Although the Myf5 promoter has been reported to express in
non-muscle tissues such as adipose tissue (48,49), the final con-
tribution of the Myf5 lineage to adult myonuclei is significant
(50,51). Furthermore, the Myf5 promoter-driven Cre-expressing
knock-in mouse has been widely used to assess the roles of
genes during myogenesis (47,52-54).

Myf5-Lap1CKO mice were born at the expected Mendelian ra-
tios with reduced body weight (Control [Lap?]): 1.37 +0.02g,
n=6; Myf5-Lap1CKO: 1.27 = 0.03g; n=6, P=0.03) and drank milk
after birth. At P5.5, Myf5-Lap1CKO pups were smaller and had a
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Figure 2. Lap1 knock out mouse skeletal muscle histology and whole-mount in situ hybridization. (A) Whole-mount in situ hybridization of E11.5 embryos of the indi-
cated genotype with a myogenin probe. Note that myogenin positive signals are detected in somites. Scale bar: 500 pm (B) Percentage of myogenin positive somites
among total somites. Values are means + standard errors (n=3 per genotype); **P < 0.001. (C) Photographs of Lap1*/*and Lap1”" mice at P2.5. (D) Representative hema-
toxylin and eosin-stained cross sections of quadriceps muscle from Lap1*/*and Lap1”" mice at P2.5. Scale bar: 25 um (E) Quantification of individual quadriceps myofi-
bre CSA from hematoxylin and eosin-stained cross sections from each genotype (n=2 per genotype). Three different fields from each section from different animals
were photographed and measured. A total of 311 myofibres from Lap1*/*and 355 myofibres from Lapl”" mice were counted. Values are means + standard errors;
**P < 0.001. (F) Frequency histogram showing the distribution of quadriceps muscle fibre CSA in Lap1*/* and Lap1”~ mice at P2.5; **P < 0.0001.

significantly reduced body mass compared to littermate Control
pups (Fig. 4A and B). This was the same for both sexes (data not
shown). LAP1 isoforms were reduced by approximately 60% in
protein extracts of quadriceps muscle from Myf5-Lap1CKO mice
at P5.5 age, while the expression levels of LAP1 were comparable
in liver extracts from mice with both genotypes (Fig. 4C and 4D).
The presence of LAP1 in protein extracts from the quadriceps
muscle of Myf5-Lap1CKO mice is likely due to non-muscle cells
and the incomplete expression of Myf5 promoter in skeletal
muscle (51). This was confirmed by immunoflurescence micros-
copy of isolated myofibres from Myf5-Lap1CKO mice, which
showed the absence of LAP1 signals in most myonuclei but the
expression of LAP1 in some nuclei of either myofibres or possi-
bly connective tissues (Fig. 4E). Most of the nuclei of muscle
fibres from both Control and Myf5-LaplCKO mice at P5.5 ex-
pressed lamin A/C, indicating a selective depletion of LAP1 in
the myonuclei from Myf5-LaplCKO mice (Supplementary
Material, Fig. S2). Myf5-Lap1CKO mice started to die at P8 and
had 100% mortality at P17.5, a significantly shorter median sur-
vival than Control mice (Fig. 4F). These data show that skeletal
muscle expression of LAP1 after E8 is not essential for embry-
onic development but is required for early postnatal develop-
ment of mice.

Depletion of LAP1 during early embryonic myogenesis
results in reduced muscle mass and hypotrophic
myofibres

To determine if the neonatal lethality of Myf5-LaplCKO was
caused by skeletal muscle defects, we first performed histopath-
ological analysis on muscles from Myf5-Lap1CKO and littermate
Control mice at P5.5 and P10.5. Microscopic examination of he-
matoxylin and eosin-stained cross sections of hindlimbs dem-
onstrated reduced overall muscle size in Myf5-Lap1CKO mice
compared to that of littermate Control mice (Fig. 5A). Higher
power examination showed global hypotrophy with markedly
reduced myofibre size in Myf5-Lap1CKO mice (Fig. 5B). Laminin
and myosin type I-stained cross sections of hind limb muscles
from Myf5-Lap1CKO mice showed similar features with signifi-
cantly reduced myofibre size but type II fibres were not detected,
likely because they just start to appear at a relatively low level
at this age (Supplementary Material, Fig. S3). However, the gen-
eral muscle organization and patterning was not changed and
there were no myopathic features such as centrally-located
myonuclei or myofibre degeneration. There was a significant re-
duction in mean CSA (Fig. 5C) and a shift towards myofibres
with smaller CSAs in Myf5-Lap1CKO mice (Fig. 5D). Collectively,
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Figure 3. Myogenic differentiation of myoblasts isolated from Lap1*/* and Lap1”" mice. (A) Representative immunofluorescence micrographs of myoblasts from Lap1*/*
and Lap1”" mice after incubation for 72h in differentiation media. Cells were fixed and stained with antibody against MyHC and nuclei labelled with DAPI. Scale bar:
50 um. (B) Fusion index indicating percentages of myotubes containing two or more nuclei. Images were taken from 3 different cultures for each genotype and 1,061 nu-
clei for Lap1*/*and 916 nuclei for Lap1”" cells were counted. Values are means + standard errors; *P < 0.05. (C) Immunoblots showing expression of LAP1, MyoD, Myf5,
myogenin, MyHC and GADPH during differentiation of Lap1*/* and Lap1”" myoblasts (D) Band densities for indicated proteins normalized to the GAPDH signal at the in-
dicated time points. Results from two independent immunoblots each from two different batches of cultures were used to measure band densities. P <0.0001 (all time

points of LAP1 signals), P < 0.05, **P < 0.005.

these results indicated that LAP1 is not essential for initial myo-
genic determination and formation of myofibre but is required
for late embryonic myofibre maturation or postnatal hypertro-
phic muscle growth.

As Myf5 is also expressed in brown adipose precursor cells
(48,55), we examined interscapular brown adipose tissues from
Control and Myf5-Lap1CKO mice at P5.5. Microscopic examina-
tion of hematoxylin and eosin-stained sections of brown adi-
pose tissues from Myf5-Lap1CKO showed cells with eosinophilic
cytoplasm containing lipid droplets, a small internal nucleus
and no obvious histological abnormalities, which were the
same as in Control mice (Supplementary Material, Fig. S4).
Hence, the severe skeletal muscle defects observed in Myf5-
Lap1CKO mice were not likely caused by defects in brown adi-
pose tissue.

Ultrastructure of myofibres in mice with depletion of
LAP1 during early embryonic myogenesis

We performed electron microscopy to identify possible abnor-
malities of sarcomere structure or nuclear envelope architec-
ture in myofibres from Myf5-LaplCKO mice. Electron
micrographic examination of quadriceps muscles from Myf5-
Lap1CKO mice did not identify evidence of sarcomere disorgani-
zation, fibre degeneration or myopathic features; however,
some nuclei at P5.5 showed an abnormal nuclear envelope ar-
chitecture with ruffled shapes (Fig. 6A). There were moderately
hypotropic mitochondria but no abnormal rearrangement of
cristae or abnormal proliferation of mitochondria
(Supplementary Material, Fig. S5). There was also an enlarged

perinuclear space between the inner and outer nuclear mem-
branes (Fig. 6B). To quantify the extent of the enlarged perinu-
clear space, we measured the maximum distance between the
inner and outer nuclear membranes in myonuclei from Control
and Myf5-Lap1CKO mice. This revealed that myonuclei from
Myf5-Lap1CKO mice had a significantly wider perinuclear space
(Fig. 6C). These data suggest that LAP1 is required for proper nu-
clear envelope architecture formation in myofibres. An enlarged
perinuclear space has been observed in cells expressing other
abnormal variants of nuclear envelope proteins (15,56,57).

LAP1 depletion during early embryonic myogenesis
impairs the myogenic potentials of satellite cells

Early postnatal muscle growth from PO to P21 correlates with an
increase in myonuclei resulting from Pax7 positive satellite cell
proliferation and fusion (32,58,59) Given the smaller myofibre
diameter in skeletal muscle of Myf5-LaplCKO mice, we sus-
pected that LAP1 depletion at an early postnatal age would pre-
vent committed myoblasts (Pax7/Myf5 positive cells) from
fusing into mature myofibres. To test whether the satellite cell
population was affected by LAP1 depletion, we performed
immuohistochemistry on quadriceps from Myf5-LaplCKO and
control mice at P5.5 to assess Pax7 expression (Fig. 7A). This
analysis showed a reduction in the percentage of Pax7 positive
cells in sections from Myf5-Lap1CKO mice compared to Control
mice (Fig. 7B). We next measured the expression of proteins in-
volved in myogenic cell proliferation and differentiation in skel-
etal muscle of Control and Myf5-Lap1CKO mice at P5.5 and P10.5.
Immunoblotting of protein extracts from quadriceps muscles
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Figure 4. Phenotypic analysis of Myf5-Lap1CKO mice. (A) Photos of littermate Control and Myf5-Lap1CKO mice at P5.5. (B) Body mass of Control (n=11) and Myf5-Lap1CKO
(n=8) mice at P5.5. Values are means + standard errors; **P <0.0001. (C) Immunoblots of protein extracts of skeletal muscle (Sk. Muscle) and liver from P5.5 Control and
Myf5-Lap1CKO mice. Blots were probed with antibodies against LAP1 and GAPDH. Each lane has protein extracts from a different animal. (D) Quantification of LAP1 ex-
pression normalized to GAPDH in protein extracts from skeletal muscle and liver of Control and Myf5-Lap1CKO mice. Values are means + standard errors (n =3 for each
genotype); "P <0.05. (E) Confocal immunofluorescence micrographs of quadriceps muscle fibres from Control and Myf5-Lap1CKO mice at P5.5 showing absence of LAP1
signal (red) in myonuclei of Myf5-Lap1CKO mice. Myofibres from a Myf5-Lap1CKO mouse were counterstained with DAPI to show nuclei (blue). Arrows indicate nuclei
stained with anti-LAP1 antibody that appear to be outside of myofibres or myonuclei with incomplete deletion of LAP1. Scale bars: 25 um. (F) Kaplan-Meier survival
curves for Control (n=15) and Myf5-Lap1CKO (n= 16) mice. P < 0.001 for median survival.

showed reduced expression of Pax7, MyoD, Myf5 and Mef2C
and increased expression of p21, a cell cycle inhibition factor
(Fig. 7C). At P5.5, there was also reduced RNAs encoded by MyoD
and Myf5 and increased expression of CdknlA, which encodes
p21 (Fig. 7D). These results indicate that LAP1 depletion during
early embryonic myogenesis impairs the myogenic potentials of
satellite cells, which can lead to hypotrophic myofibres in Myf5-
Lap1CKO mice.

Depletion of LAP1 during early embryonic myogenesis
impairs AKT signalling and enhances ubiquitin
proteasome pathways

Postnatal skeletal muscle hypertrophic growth occurs through
various signalling pathways (60). The proper balance between
anabolic and catabolic mechanisms, which control the in-
creased synthesis of muscle proteins or their degradation, de-
termines muscle mass (61,62). One of the key regulators of this
is AKT, which stimulates protein synthesis by activating mam-
malian target of rapamycin (mTOR) and blocking forkhead box
O (FoxO) 1 and 3A, thus inhibiting the expression of atrophy-
related genes, apoptosis and cell cycle arrest (63-65). We tested
if AKT activity was altered in skeletal muscle of Myf5-Lap1CKO
mice. There was a significant reduction in Ser-473 phosphory-
lated AKT in skeletal muscle from Myf5-LaplCKO mice

compared to Control mice at P5.5 and P10.5 (Fig. 8A). AKT regu-
lates macroautophagy through the mTOR pathway (66).
However, we did not observe significant changes in Ser-2448
phosphorylated mTOR in skeletal muscle of Myf5-Lap1CKO mice
(Fig. 8B). There were also no significant differences in expres-
sion of macroautophagy-related genes in skeletal muscle of
Control and Myf5-Lap1CKO mice (Supplementary Material, Fig.
S6). Next we examined the AKT/FoxO/atrogene pathway re-
sponsible for protein degradation by the ubiquitin-proteosome
system. AKT phosphorylates FoxO proteins on multiple sites,
leading to the exclusion of phosphorylated FoxO proteins from
the nucleus and inhibition of their transcriptional activity.
Nuclear FoxO proteins induce the transcription of muscle-
specific ubiquitin ligases such as muscle RING finer 1 (MuRF1)
and muscle atrophy F box (MAFbx, also called atroginil) during
muscle atrophy (64,65,67). There were no significant differences
in the levels of mRNAs encoded by Igf-1, Igf-1r, and Foxo-1 and
Foxo-3a in skeletal muscle of Myf5-Lap1CKO mice compared to
Control mice; however, there was a significant increase of mRNA
encoded by MAFbx and a trend towards increased mRNA
encoded by MuRF1 (Fig. 8C). Both of these genes are downstream
targets of the AKT-FoxO signalling cascade. These data indi-
cated that LAP1 depletion during early embryonic myogenesis
lead to decreased AKT activity and increased FoxO-mediated
atrogene expression and suggested that accelerated catabolism
produces hypotrophic myofibres in Myf5-Lap1CKO mice.
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Figure 5. Histological examination of skeletal muscles from Control and Myf5-Lap1CKO mice at P5.5. (A) Representative micrographs of hematoxylin and eosin-stained
cross sections of hindlimbs from Control (Lap1) and Myf5-Lap1CKO (Myf5cre; Lap?”) mice at P5.5. The tibia (T) and fibula (F) bones are indicated. Scale bar: 1mm.
(B) Representative hematoxylin and eosin-stained cross sections of quadriceps muscle from Control and Myf5-Lap1CKO mice at P5.5. Scale bar: 50 um. (C) Mean myofibre
size in quadriceps from Control and Myf5-Lap1CKO mice at P5.5. The myofibre cross sectional area (CSA) were measured for three different sections from three mice
per genotype. A total of 181 myofibres from Control and 327 myofibres from Myf5-Lap1CKO mice were measured. Values are means + standard errors; *P <0.001.
(D) Frequency histograms showing the distribution of quadriceps muscle fibre CSA in Control and Myf5-Lap1CKO mice at P5.5 (n=3 per genotype); **P < 0.0001.
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Figure 6. Ultrastructural analysis of nuclei in quadriceps from Control and Myf5-Lap1CKO mice at P5.5. (A) Electron micrographs of quadriceps from Control and Myf5-
Lap1CKO mice at P5.5. Scale bar: 2um (B) Electron micrographs of nuclei in quadriceps sections from Control and Myf5-Lap1CKO mice. Arrows indicate areas with in-
creased distance between the inner and outer nuclear membranes. Scale bars: 500 nm. (C) Measurement of maximum distance between the inner and outer nuclear
membranes in myonuclei of Control mice (n = 7 nuclei) and Myf5-Lap1CKO mice (n = 18 nuclei). Each circle represents the value from an individual myonucleus and hori-
zontal bars the means; *P < 0.05.
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Figure 7. Reduced myogenic potential of satellite cells in skeletal muscle of Myf5-Lap1CKO mice. (A) Cross sections of quadriceps from Control and Myf5-Lap1CKO mice
at P5.5 were stained with antibodies against laminin (green) and Pax7 (red). Images were chosen to show areas where Pax7 signals are frequent. Nuclei were counter
stained with DAPI (blue). Scale bar: 25 pm. (B) Percentages of Pax7 positive nuclei among total nuclei in quadriceps from Control and Myf5-Lap1CKO mice. Nuclei in
(n=10) images from five different tissue sections from two animals per genotype were counted. Circles are values for individual images and horizontal bars show
means; *P < 0.05. (C) Immunoblots of protein extracts of quadriceps from Control (Con) and Myf5-Lap1CKO (CKO) mice at P5.5 and P10.5. Blots were probed with antibod-
ies against indicated proteins. Each lane contained extracts from different mice. (D). Relative expression of mRNAs encoded by Lap1, MyoD, Myf5, Myog (Myogenin),
Mef2c and Cdknla (p21) in quadriceps from Control and Myf5-Lap1CKO mice at P5.5. Analysis was performed on total RNA from muscles of Control (n=4) and Myf5-

Lap1CKO (n=4) mice; *P <0.05, **P < 0.001, ns: not significant.

Discussion

We have shown that early embryonic expression of LAP1 isoforms,
integral polypeptides of the inner nuclear membrane, is required
for normal postnatal skeletal muscle growth. Embryos of Lapl”
mice had fewer myotomes at E11.5 compared to Lapl™*mice
but the general size and structure of myotomes were not changed.
Although we observed impairment of myoblast differentiation in
cultured primary myoblasts from Lap1”~ mice, early myogenesis
was not ostensibly altered. Myofibres of Lapl”" mice at P25
appeared to be normally formed and the general skeletal muscle
organization was not altered. However, fibre CSA was significantly
reduced in skeletal muscle of Lapl”" mice, indicating hypotrophic
growth. From these results, we conclude that LAP1 is not essential
for myogenic progenitor determination and initial skeletal muscle
formation but is required for late embryonic and postnatal muscle
growth.

We previously reported that conditional skeletal muscle dele-
tion of LAP1 starting at E17.5 lead to myopathic features typically
seen in muscular dystrophy starting at P55 to P60 (40). There are
also case reports of human subjects with genetic mutations af-
fecting single isoforms of LAP1 or leading to amino acid substitu-
tions that cause limb-girdle or Emery-Dreifuss-like muscular
dystrophy (41,43). In contrast, our findings in mice with condi-
tional skeletal muscle deletion of all LAP1 isoforms starting at
E8.5 did not include typical myopathic features such as disorga-
nized myofibres, degenerative myofibres or internal myonuclei.
Instead, this earlier embryonic depletion of LAP1 caused dramatic

skeletal muscle hypotrophy by P2.5 leading to 100% mortality by
P17.5. Hence, some LAP1 expression during early embryogenesis
appears to be necessary for normal postnatal skeletal muscle de-
velopment and prolonged postnatal survival. However, depletion
later in embryonic development or germline mutations leading
to more-subtle alterations in isoform expression or protein struc-
ture can lead to later-onset muscular dystrophy.

We used the Myf5 promoter to drive Cre expression to deplete
LAP1 in early embryonic myogenesis in mice. While Myf5 lineage
cells contribute to a substantial percentage of adult myofibres
(51), they can also develop into non-muscle tissues including adi-
pose, bone, cartilage and dermis (48,68,69). Therefore, the pheno-
type of the Myf5-Lap1CKO mice we generated could be caused by
alterations in tissues other than skeletal muscle. However, we
did not observe any gross abnormalities in bone, cartilage or skin
in Myf5-Lap1CKO mice. We also examined interscapular brown
adipose tissue at P5.5, as it shares Myf5 lineage progenitors with
skeletal muscle, and did not find any histological abnormalities.
Given the profound skeletal muscle defects with lack of obvious
gross defects in other tissues of Myf5-Lap1CKO mice, we are confi-
dent that their phenotype results from early embryonic deletion
of LAP1 from muscle precursors.

Proliferation and fusion of satellite cells contribute to post-
natal muscle growth (32,60). Myf5-Lap1CKO mice had a small but
significant reduction in the number of Pax7 positive satellite
cells at P5.5. Postnatal skeletal muscle also had decreased ex-
pression of myogenic factors such as MyoD, Myf5 and Mef2C
and increased expression of a cell cycle inhibition factor.
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Figure 8. Depletion of LAP1 in skeletal muscle leads to down-regulation of AKT activity and enhanced expression of atrophy-related genes. (A) Immunoblots of protein
extracts of quadriceps from Con (Control) and CKO (Myf5-Lap1CKO animals at P5.5. Blots were probed with antibodies against total AKT and Ser-473 phosphorylated
AKT. In the lower panel, bar graphs show quantification of the ratio of the phosphorylated protein signals to their respective total protein signals. Values are
means + standard errors (n =4 per genotype). *P < 0.05, **P <0.0001. Graphs are presented as fold change over controls. (B) Immunoblot analysis of total mTOR and Ser-
2448 phosphorylated mTOR from protein extracts of quadriceps from Con (Control) and CKO (Myf5-Lap1CKO animals at P5.5. Bar graphs show the ratio of phosphory-
lated protein signals to their respective total protein signals. Values are means + standard errors (n =4 per genotype). ns: not significant. (C) Means * standard errors of
relative expression of mRNA encoded by Igf-1, Igf-1r, Foxo-1, Foxo-3a, MAFbx and MuRF1 in quadriceps of Control (n=4) and Myf5-Lap1CKO (n=4) mice at P5.5. *P <0.05,

ns: not significant.

These data suggest that LAP1 is necessary for postnatal satellite
cells proliferation and activation. As some Pax7 positive satellite
cells do not express Myf5 (68), LAP1 may not have been depleted
in all satellite cells in the Myf5-Lap1CKO mice population. Mice
with floxed Lap1 alleles and Pax7-driven expression of Cre can
be used to better elucidate the contribution of satellite cell de-
pletion of LAP1 on skeletal muscle.

Postnatal skeletal muscle growth is controlled by various sig-
nalling pathways (31,60). We found reduced AKT activity and in-
creased downstream FoxO-mediated atrophy-related gene
expression in skeletal muscle of postnatal Myf5-Lap1CKO mice.
This suggests that LAP1 is required for the suppression of protein
catabolic pathways in postnatal muscle. A more comprehensive
approach using transcriptome or proteomic profiling may lead to
the identification of other signalling pathways altered in mice
lacking LAP1 in skeletal muscle. This could lead to the identifica-
tion of candidate targets for novel therapeutics to treat muscular
dystrophies and skeletal muscle hypotrophy associated with
physiological gaining and debilitating medical conditions.

Materials and Methods
Mice

The Institutional Animal Care and Use Committee of Columbia
University Medical Center approved all protocols. Mice were
kept at room temperature and fed normal chow. Lapl”" mice
have been described previously (39) and were maintained in a
129S6/SvEv background. The generation and maintenance of

floxed alleles of Lapl (Lap1”) mice were previously described
(40,70). The Myf5-Cre knock-in mice (stock number 007893) were
purchased and maintained according to the protocol from the
Jackson Laboratory. Both mouse lines were maintained in a
C57BL/6 background. To generate Myf5-Cre;Lap?¥ mice (referred
to as Myf5-LaplCKO mice), Myf5-Cre*" mice were bred with
Lap?” mice to obtain Myf5-Cre+/-; Lap?* mice. These animals
were fertile and produced at the expected Mendelian frequency.
They were subsequently backcrossed with Lap?”/ mice to obtain
Myf5-Lap1CKO mice. To genotype Myf5-Cre mice, PCR was per-
formed from tail biopsies using the following primers (Forward:
5" CGTAGACGCCTGAAGAAGGTCAACCA Reverse: 5° ACGAAGT
TATTAAGGTCCCTCGAC). When newborn pups were found in
the morning, we considered their age to be PO.5.

Whole mount RNA in situ hybridization

The plasmid containing myogenin cDNA has been described
(71). For whole-mount RNA in situ hybridization, digoxigenin la-
belled riboprobe and embryos were prepared as described previ-
ously (72,73). In brief, the plasmid was linearized and
digoxigenin-labelled antisense RNA was transcribed in vitro us-
ing a DIG RNA labeling mix with T7 RNA polymerase (Roche).
Labelled riboprobes were purified using ProbeQuant G-50 micro
columns (Amersham) before hybridization to embryos.

E11.5 embryos were prepared essentially as described previ-
ously (72), except that they were treated with 10 ug/ml protein-
ase K (Qiagen) in phosphate-buffered saline (PBS) containing
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0.1% polysorbate 20 for one hr. Embryos were rinsed, post-fixed,
and hybridized with digoxigenin-labelled probe in the hybridi-
zation mix [50% formamide, 1.3 x saline-sodium citrate buffer,
5mM ethylenediaminetetraacetic acid, 50 pg/ml yeast RNA, 0.2%
polysorbate 20, 0.5% 3-[(3-cholamidopropyl) dimethylammonio]
propanesulfonate and 100pg/ml heparin] overnight at 65°C.
After washing and blocking, embryos were incubated overnight
with alkaline phosphatase-conjugated anti-digoxigenin anti-
body (Roche) in 2% Blocking Reagent (Roche) containing 20%
heat-inactivated lamb serum in 100mM maleic acid (pH 7.5),
150 mM NaCl and 0.1% polysorbate 20. After washing with buffer
containing 100mM NaCl, 100mM Tris-HCl (pH 9.5), 50mM
MgCl,, and 0.1% polysorbate 20, signals were developed using
BM Purple (Roche).

Histology and myofibre quantification

For light microscopy, mouse hindlimbs or dissected quadriceps
muscles were placed in 10% neutral-buffered formalin for 48 hr,
embedded in paraffin and sectioned at 5 pm. Sections were
stained with hematoxylin and eosin for histological analysis. To
analyze myofibre size, representative images of stained cross
sections of hindlimbs from two Lap1**and two Lapl”" mice at
P2.5 were photographed with a DP72 digital camera attached to
a BX53 upright light microscope (Olympus). Three different
areas of each section were photographed to assess general fea-
tures of myofibres. Individual myofibres from each image were
processed using Adobe Photoshop CS (Adobe Systems). CSAs of
individual myofibres were measured with Image ] software
(https://imagej.nih.gov/ij/; date last accessed November 4, 2016)
and graphically represented with GraphPad Prism 4 software.
The same procedures were applied to the measurement of CSAs
of myofibres in the sections of the quadriceps from three con-
trol and three Myf5C-Lap1CKO mice at P5.5 of age.

C2C12 and primary myoblast cultures

The methods for isolation and culturing primary myoblasts and
C2C12 cells were adapted from previous reports (73-75). C2C12
cells were obtained from the American Type Culture Collection
and cultured in Dulbecco’s Modified Eagle Medium supple-
mented with 10% fetal bovine serum. To induce differentiation
of C2C12 cells, cultures grown to approximately 90% confluency
were transferred to Dulbecco’s Modified Eagle Medium with 2%
horse serum. Some cultures were treated in differentiation me-
dia containing 10 mM cytosine arabinoside to eliminate prolifer-
ating myoblasts and enrich myotubes.

Primary myoblasts were isolated from dissected quadriceps
muscles from the hindlimbs of Lap1*/*and Lap1”" mice at P0.5
or P1.5. The dissected muscles were incubated with a collage-
nase and dispase mixture solution and further dissociated by
gentle mechanical trituration. Dissociated cells were filtered
and centrifuged before being plated on non-coated tissue cul-
ture dishes with growth media (Ham’s F-10 media with 20% fe-
tal bovine serum, 2.5ng/ml basic fibroblast growth factor). To
remove fibroblasts, floating cells were collected to a collagen-
coated culture dish after 12h of initial plating. Growth media
were replaced every 48 h and only floating cells were replated to
leave fibroblast behind. The purity of myoblasts was confirmed
by Pax7 staining. To differentiate myoblasts, cells at 70-80%
confluence in growth media were switched to differentiation
media (Ham’s F-10 media with 5% horse serum). To maintain
the cell's primary characteristics, all experiments were

performed using cultures that had undergone between four and
seven passages.

Immnofluorescence microscopy on cultured cells

Primary myoblasts were cultured on collagen-coated coverslips
and fixed with 4% paraformaldehyde in PBS at room tempera-
ture. Cells were blocked and permeabilized with 0.2% Triton X-
100 in PBS for 20 min at room temperature and then incubated
with anti-Pax7 (Developmental Studies Hybridoma Bank) and
anti-MyHC (Santa Cruz Biotechnologies #SC-20641) antibodies
in blocking buffer (PBS with 5% normal goat or donkey serum
[Jackson Laboratory]) overnight at 4°C. After washing four times
with 0.2% polysorbate 20 in PBS, cells were incubated with sec-
ondary antibodies (Molecular Probes) in blocking buffer for 1h
at room temperature. After washing again with 0.2% polysor-
bate 20 in PBS, coverslips were mounted using ProLong Gold
Anti-fade Kit (Life Technologies) with 4’,6-diamidino-2-phenyl-
indole (DAPI; Life Technologies). Stained cells were photo-
graphed using a DP72 digital camera attached to a BX53 upright
light microscope (Olympus). The myoblast fusion index was cal-
culated as the percentage of myotubes containing two or more
nuclei. Three independent experiments were performed in du-
plicate and at least three random fields were imaged per geno-
type for quantification.

Myofibre staining and immunohistochemistry

For myofibre staining, dissected hindlimb muscles from Control
and Myf5-Lap1CKO mice at P5.5 were fixed with 4% paraformal-
dehyde for 30 min at room temperature. Muscles were washed
with PBS three times, finely teased with a forceps with a sharp
#5 tip and then incubated with blocking solution (1% bovine se-
rum albumin/5% normal goat serum/0.5% Triton X-100 in PBS)
overnight at 4°C. Myofibres were then incubated with anti-LAP1
(37) or anti-lamin A/C (Santa Cruz Biotechnologies #SC-20681)
antibodies in the same blocking solution overnight at 4°C. After
three washes with PBS containing 0.2% polysorbate 20,
myofibres were incubated with Texas Red conjugated secondary
antibodies (Life Technologies) in blocking buffer for 1h at room
temperature to visualize the primary antibody labeling. After
three additional washes, myofibres were stained with DAPI be-
fore mounting on coverslips. Microscopy was performed on a
AIR MP multiphoton confocal microscope with imaging soft-
ware NIS-Elements (Nikon).

For immunohistochemistry, mouse quadriceps muscles
were dissected and rapidly frozen in liquid nitrogen-cooled iso-
pentane for sectioning on a cryostat and cryosections were cut
at 5 pm thickness. For Pax7 and laminin staining, frozen muscle
sections were fixed with 4% paraformaldehyde for 20min at
room temperature and then permeabilized in methanol for
6min at —20°C. Antigen retrieval was performed by boiling the
sections in 0.01M citric acid buffer (pH 6.0) for 10 min in a micro-
wave oven. Sections were cooled to room temperature and
washed three times with PBS. They were then incubated with
anti-Pax7 and anti-laminin (Sigma-Aldrich, #19393) antibodies
in blocking solution (PBS with 5% normal goat serum [Jackson
Laboratory]) overnight at 4°C. After washing four times with
0.2% polysorbate 20 in PBS, sections were incubated with Alexa
Fluor 488 and Texas Red conjugated secondary antibodies (Life
Technologies) in blocking buffer for 1h at room temperature
and sections were stained with DAPI before mounting on cover-
slips. To quantify Pax7 positive myonuclei, a total of five
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sections from two mice from Control and Myf5-Lap1CKO mice
were imaged using a 40X objective and numbers of total nuclei
(DAPI labelled) and Pax7 positive nuclei from two different areas
of each section were averaged and used for plotting. The hind
limb sections from Control and Myf5-Lap1CKO were also stained
with anti-laminin and myosin heavy chain type I (Sigma, clone
NOQ?7.5.4D) and type II (Sigma, clone My-32) antibodies.

Electron microscopy

Electron microscopy was performed as previously described
(39,40). Briefly, quadriceps from P5.5 Control and Myf5-Lap1CKO
mice were drop fixed with 1% paraformaldehyde/2.5% glutaral-
dehyde in 0.1 M cacodylate buffer (pH 7.4), postfixed with 1% os-
mium tetroxide in 0.1 M cacodylate buffer (pH 7.4) and
incubated with uranyl acetate and dehydrated with ethanol.
Tissues were subsequently rinsed with propylene oxide and
embedded. Sections 60 nm thick were counterstained with ura-
nyl acetate and lead citrate and examined on a JEM-1200EX elec-
tron microscope (JEOL). Measurements of perinuclear spacing
were taken with Image] software with the nanometer/pixel ratio
set according to the scale in electron micrograph. For each myo-
nucleus, three different perinuclear areas showing increased
distances between inner nuclear membrane and outer nuclear
membrane were selected and measured and mean values plot-
ted (57). A total of 7 nuclei from control mice and 19 nuclei from
Myf5-Lap1CKO mice were analyzed.

Protein extraction and immunoblotting

Lysates of cultured cells and dissected skeletal muscles were
homogenized in radioimmunoprecipitation assay buffer (RIPA
Buffer, Cell Signaling) containing Protease Inhibitor Cocktail
(Roche) plus 1mM phenylmethanesulfonyl fluoride (Sigma).
Proteins in the samples were denatured by boiling in Laemmli
sample buffer (76) containing p-mercaptoethanol for 5min, sep-
arated by SDS-polyacrylamide gel electrophoresis and trans-
ferred to nitrocellulose membranes for immunoblotting.

For immunoblotting, the membranes containing proteins
transferred from SDS-polyacrylamide gels were washed with
blocking buffer (5% bovine serum albumin and 0.2% polysorbate
20 in PBS for 30min and probed with primary antibodies in
blocking buffer overnight at 4°C. The primary antibodies used
for immunoblotting were against LAP1 (37) GAPDH (Ambion
#AM4300), MyoD (BD Parmingen #554130), Myf5 (Santa Cruz
Biotechnologies #SC-302), myogenin (Santa Cruz Biotechnolo-
gies #SC-12732), MyHC, MEF2C (Santa Cruz Biotechnologies #SC-
17785), Pax7, P21 (Santa Cruz Biotechnologies #SC-391), total
AKT (Cell Signaling, #4691), phosphorylated AKT S473 (Cell
Signaling #4969), total mTOR (Cell Signaling, #2972) and phos-
phorylated mTOR S2448 (Cell Signaling #2971). Blots were
washed with 0.2% polysorbate 20 in PBS and then incubated in
blocking buffer with horseradish peroxidase-conjugated sec-
ondary antibodies (Amersham) for 1h at room temperature.
Recognized proteins were visualized by enhanced chemilumi-
nescence (Thermo Fisher Scientific) and detected by exposure
on X-ray films (Kodak). To quantify signals, immunoblots were
scanned and the densities of the bands were quantified using
Image] software. For kinases, band intensity of phosphorylated
protein was normalized to the band intensity of respective total
protein.
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BrdU labeling

The BrdU stock solution was purchased from Abcam
(#ab142567) and labeling performed according to the manufac-
turer’s instruction. Briefly, final concentration of 10 M BrdU la-
beling solution was added on culture media and incubated for
2h at 37°C in a 5% CO, incubator. After removing labeling solu-
tion, cells were fixed with 4% paraformaldehyde. For DNA hy-
drolysis, fixed cells were incubated in 1 N HCl for 10mins
followed by 2 N HCI for 10 mins. After neutralization with 0.1 M
sodium borate, standard immunocytochemistry procedures
were performed with anti-BrdU antibody (Abcam, #ab6326) and
DAPL

Quantitative real-time qPCR

Total RNA was extracted from dissected quadriceps muscle
from Control and Myf5-Lap1CKO mice at P5.5 age using the
RNeasy isolation Kit (Qiagen) as described previously (77).
Quality and concentrations of RNA were measured using a
Nanodrop spectrophotometer (Thermo Fisher Scientific). The
cDNA was synthesized using Superscript First Strand Synthesis
System according to the manufacturer’s instructions (Life
Technologies). For each replicate in each experiment, RNAs
from skeletal muscles of different animals were used. The se-
quences of gPCR primers were either designed using Primer3
software or used with validated primers from the PrimerBank
(https://pga.mgh.harvard.edu/primerbank; date last accessed
November 4, 2016) (78). The primer sequences used for the study
are listed in Supplementary Material, Table S1. gPCR was per-
formed on an ABI 7300 Real-Time PCR System (Applied
Biosystems) using HotStart-IT SYBR green gPCR Master Mix
(Affymetrix). Relative levels of mRNA expression were calcu-
lated using the AACT method (79). Individual expression values
were normalized by comparison to GAPDH mRNA.

Statistical analysis

Statistical analyses were carried out using GraphPad Prism 4.
Comparisons between two groups were tested using a two-
tailed t-test. Two way ANOVA was used for comparisons in Fig.
2F, Fig. 3D and Fig. 5D. Mouse survival was analyzed using the
Kaplan-Meier estimator (80) and differences in median survival
were compared using a log-rank test. Differences were consid-
ered significant at P-values less than 0.05.

Supplementary Material

Supplementary Material is available at HMG online.
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