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During aging, skeletal muscles become atrophic and lose contractile force. Aging can also impact the neuromuscular junction
(NM]), a synapse that transmits signals from motoneurons to muscle fibers to control muscle contraction. However, in con-
trast to muscle aging that has been studied extensively, less is known about the molecular mechanisms of NMJ aging
although its structure and function are impaired in aged animals. To this end, we performed RNA sequencing (RNA-seq)
analysis to identify genes whose expression in synapse-rich region is altered. Gene ontology (GO) analysis highlighted genes
relating to nuclear structure or function. In particular, lamin A/C, an intermediate filament protein critical for the interphase
nuclear architecture, was reduced. Remarkably, mutation of lamin A/C in muscles or motoneurons had no effect on NM]J for-
mation in either sex of mice, but the muscle mutation caused progressive denervation, acetylcholine receptor (AChR) cluster
fragmentation, and neuromuscular dysfunction. Interestingly, rapsyn, a protein critical to AChR clustering, was reduced in
mutant muscle cells; and expressing rapsyn in muscles attenuated NMJ deficits of HSA-Lmna—/— mice. These results reveal
a role of lamin A/C in NMJ maintenance and suggest that nuclear dysfunction or deficiency may contribute to NM]J deficits
in aged muscles.
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This study provides evidence that lamin A/C, a scaffolding component of the nuclear envelope, is critical to maintaining the
NMJ in mice. Its muscle-specific mutation led to progressive NMJ degeneration in vivo. We showed that the mutation reduced
the level of rapsyn, a protein necessary for acetylcholine receptor (AChR) clustering; and expression of rapsyn in muscles atte-
nuated NM]J deficits of HSA-Lmna—/— mice. These results reveal a role of lamin A/C in NMJ maintenance and suggest that
nuclear dysfunction or deficiency may contribute to NMJ deficits in aged muscles. j

Introduction during development (Li et al., 2018). Impaired functions or muta-
The neuromuscular junction (NMJ) is a cholinergic synapse tions of genes critical to NMJ formation have been implicated in
various disorders including myasthenia gravis, congenital myas-

between motoneurons and skeletal muscles that controls muscle ) ' : X
contraction (Sanes and Lichtman, 2001; Wu et al., 2010; Li et al., thenic syndrome, and spinal muscular atrophy. Considerable evi-
dence suggests NMJs decline during aging in leg muscles

2018). NMJ formation and maintenance are tightly regulated =i ) o
including tibialis anterior (TA) and extensor digitorum longus
(EDL; Grimby and Saltin, 1983; Doherty et al., 1993; Roos et al,,
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1997; Deschenes et al, 2010; Valdez et al, 2010). In mice
22 months old (M) or older, acetylcholine receptor (AChR) clus-
ters are fragmented and cluster total areas are reduced (Balice-
Gordon, 1997; Messi and Delbono, 2003; Valdez et al., 2010; Li et
al.,, 2011; Zhao et al., 2018). In mice 24 M or older, many clusters
are poorly innervated (Valdez et al., 2010; Chai et al., 2011; Zhao
et al,, 2018) or innervated by multiple axons (Valdez et al., 2010;
Samuel et al., 2012), and varicosities appear in nerve endings of
motoneurons (Valdez et al.,, 2010; Chai et al,, 2011). Impaired
NM]J transmission [reduced compound muscle action potential
(CMAP) and miniature endplate potential (mEPP) amplitude]
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was noted in gastrocnemius (GA) muscles and diaphragms of 24
M mice, compared with 3 M mice (Zhao et al,, 2018), although
no difference was observed between 12 and 26 M mice in another
report (Willadt et al., 2016).

NM]J development and maintenance require interactions
between motoneurons, muscle fibers, and Schwann cells (Sanes
and Lichtman, 2001; Wu et al., 2010; Li et al., 2018). Noticeably,
agrin-LRP4-MuSK signaling is critical (DeChiara et al., 1996;
Gautam et al., 1996; Hesser et al., 2006; Weatherbee et al., 2006;
Chevessier et al., 2008; Kim et al., 2008; Zhang et al., 2008;
Samuel et al., 2012; Zong et al., 2012; Barik et al., 2014). The in-
tracellular protein rapsyn (receptor-associated protein at the syn-
apse) is also necessary, likely by serving as an anchor for AChRs
(Burden et al., 1983; Walker et al., 1984; LaRochelle and
Froehner, 1986; Apel et al., 1995; Gautam et al., 1995) and/or as
an E3 ligase to regulate proteins by posttranslational modifica-
tion including neddylation (Li et al., 2016). Moreover, rapsyn
turns over with a half-life of several hours in muscle cells and its
stability requires Hsp908 (Luo et al., 2008). Muscle fibers con-
tain many nuclei; however, only those beneath the NM]J are
active in transcribing genes for NM]J structure and function
(Merlie and Sanes, 1985; Meier et al., 1997; Schaeffer et al., 2001;
Wu et al., 2010; Li et al., 2018).

To investigate pathologic mechanisms in NM] aging, we
compared mRNAs enriched in the synaptic region (SR) between
young adult and aged mice. Gene ontology (GO) analysis high-
lighted changes in genes involved in nuclear structure or func-
tion. In particular, lamin A/C, an intermediate filament that is
critical for the interphase nuclear architecture (Hutchison, 2002;
Mounkes et al., 2003; Burke and Stewart, 2006, 2013), was
reduced in aged muscles. The mutations of lamin A/C are impli-
cated in premature aging disorders (De Sandre-Giovannoli et al.,
2003; Broers et al., 2006; Scaffidi and Misteli, 2006). Indeed, NM]J
deficits were observed in germline Lmna mutant mice (Lmna—/—;
Mgéjat et al,, 2009). However, because of its ubiquitous expression,
Lmna—/— mice display deficits in multiple tissues such as car-
diomyopathy (Sullivan et al., 1999) and axonopathy (De
Sandre-Giovannoli et al., 2002), making it unclear whether the
NM]J deficits are because of the lack of lamin A/C in moto-
neurons and/or muscles, or occur as compensatory mecha-
nisms. We addressed this important question here by cell-
specific mutation and determination of onset times of NM]J
and muscle deficits. Muscle-specific Lmna mutant mice, but
not the motoneuron-specific Lmna mutant, demonstrated
progressive deficits in NMJ morphology and transmission.
We investigated how lamin A/C mutation impacts AChR clus-
ters in vivo and agrin-LRP4-MuSK signaling. We show that
rapsyn was decreased in Lmna mutant muscles, and express-
ing rapsyn mitigated NM]J deficits in the mutant mice. Our
results support a model in which muscle lamin A/C maintains
NM] integrity and transmission by maintaining rapsyn level.

Materials and Methods

Mouse lines and genotyping

Lmna” mice (Kim and Zheng, 2013) were kindly provided by Yixian
Zheng (Department of Embryology, Carnegie Science); HSA-Cre mice
(Miniou et al., 1999), HB9-Cre mice (Arber et al, 1999; Yang et al,
2001), and Ai9 mice (Madisen et al., 2010) were described previously
and purchased from The Jackson Laboratory (HSA-Cre: stock #006149;
HBY-Cre: stock# 006600; Ai9: stock #007909). Offspring were screened
for the correct genotype by PCR for genomic DNA from the tail. Three,
12, and 24 M mice were acquired from the National Institute on Aging.
Mice were backcrossed into C57BL/6 background (The Jackson
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Laboratory, stock #000664) and housed in a room with a 12/12 h light/
dark cycle and have free access to water and rodent chow diet. Both gen-
ders were used in the study and the Institutional Animal Care and Use
Committee (IACUC) of Case Western Reserve University approved all
experiments.

Reagents and antibodies

Chemicals were purchased from Sigma-Aldrich unless otherwise indi-
cated. CF568 conjugated a-bungarotoxin (a-BTX) was purchased from
Biotium (#00006; 1:500 for staining). Primary antibodies used were as
follows: lamin A/C (1:500 for Western blotting, 1:400 for immunostain-
ing; 3A6-4Cl11, Active Motif), glyceraldehyde 3-phosphate dehydrogen-
ase (GAPDH; 1:3000 for Western blotting; NB600-501, Novus), LAP2
(1:500 for Western blotting; ab5162, Abcam), HP1 (1:500 for Western
blotting; sc-515341, Santa Cruz Biotechnology), Tri-Me-H3K9 (1:1000
for Western blotting; ab8898, Abcam), yH2AX (1:500 for Western blot-
ting; sc-517348, Santa Cruz Biotechnology), histone H3 (1:500 for
Western blotting; sc-517576, Santa Cruz Biotechnology), ChAT (1:50 for
staining; AB144P, Millipore Sigma), neurofilament (NF; 1:500 for stain-
ing; C28E10, Cell Signaling Technology) and synapsin-1 (Syn; 1:500 for
staining; D12G5, Cell Signaling Technology), laminin (1:200 for staining;
19393-041M4799, Sigma-Aldrich), AChRS (1:2000 for Western blot-
ting; 88B, ThermoFisher Scientific), AChRS (1:1000 for Western blot-
ting; sc-11371, Santa Cruz Biotechnology), laminin B2 (1:1000 for
Western blotting; PA5-103211, ThermoFisher Scientific), and AChE
(1:500 for Western blotting; sc-373901, Santa Cruz Biotechnology).
Anti-rapsyn, anti-LRP4, and anti-MuSK antibodies were described pre-
viously (1:1000 for Western blotting; Luo et al., 2008; Zhang et al., 2008;
Shen et al.,, 2013; Barik et al., 2014; Zhao et al., 2017). Secondary antibod-
ies used were as follows: Alexa Fluor 488 anti-rabbit IgG (A-11008),
Alexa Fluor 488 anti-mouse IgG (A-11001), Alexa Fluor 488 anti-goat
IgG (A-11055), Alexa Fluor 594 anti-rabbit IgG (A-11012), and Alexa
Fluor 647 anti-mouse IgG (A-21235) antibodies (1:500 for staining) are
from Invitrogen; horseradish peroxidase (HRP)-conjugated goat anti-
rabbit IgG (ab205718) and HRP-conjugated goat anti-mouse IgG
(ab205719) antibodies (1:5000 for Western blotting) are from Abcam.

RNA sequencing (RNA-seq)

Total RNA from the SR was obtained using RNeasy Mini kit (QIAGEN,
74104) according to the manufacturer’s instructions. The library prepa-
ration and RNA-seq were commercially commissioned to Georgia
Cancer Center at Augusta University. The data were generated by
Hiseq2500 through NGS in fast mode as single end. After sequencing
was completed, configureBclToFastq.pl, a Perl script from illumina, was
run to get reads data in FASTQ format. Then we used HISTA2 to map
reads against UCSC mml0 mouse reference transcript and genome
(Kim et al., 2015). We counted each sample’s reads mapped to each gene
of mml0, and got the result of differentially expressed (DE) genes
through edgeR package (dispersion=0.04, other parameters used as
default; Robinson et al., 2010). DE genes were identified by applying a p
value cutoff of 0.05 and a fold change (FC) of 1.5. The expression profile
heatmap of DE genes was generated using ggplot2 package in R (Wickham,
2016). GO analysis of DE genes is conducted by ClusterProfile package in R
(vision 3.5; Yu et al., 2012).

Immunohistochemistry

For NM]J staining, whole-mount diaphragms and TA muscle fibers were
stained as previously described (Dong et al., 2006; Li et al., 2008; Zhao et
al., 2018). Briefly, entire diaphragms with ribs or muscles were fixed in
4% paraformaldehyde (PFA) in 0.1 M phosphate buffer (PB) at 4°C for
48 h, rinsed three times with PBS (pH 7.4), and incubated with 0.1 m gly-
cine in PBS for 1 h at room temperature. Tissues were incubated over-
night at 4°C with primary antibodies against NF and Syn in the blocking
buffer (10% goat serum and 2% Triton X-100 in PBS). After washing
four times for 20 min each with 2% Triton X-100 in PBS, tissues were
incubated with Alexa Fluor 488-conjugated or Alexa Fluor 647-conju-
gated secondary antibody (1:500) and CF568-conjugated a-BTX (1:500)
for 2 h at room temperature. After washing four times for 20 min each
with 2% Triton X-100 in PBS, tissues were mounted in VECTASHIELD
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Figure 1. Abnormal expression of nuclear proteins in aged mice. A, Schematic diagram of mouse diaphragm. NSR, non-SR. Green line indicates nerve terminals and red patches represent
AChR clusters. B, Volcano plot for DE genes (2415 downregulated, in green; 2621 upregulated, in red) in 24 M diaphragm SR samples compared with samples from 3 M mice. Green and red
dots indicated statistical DE genes. C, Heatmap of DE genes in 24 M SR samples compared with that from 3 M mice. Each row of the heatmap represents the z score transformed log,
(1+FPKM) values of one DE gene across samples (blue, low expression; red, high expression). D, Venn diagrams of downregulated genes in this study and other aged muscle DE datasets, illus-
trating overlapped decreased genes (47 genes) among three datasets. £, GO enrichment analysis of overlapped genes in D. Downregulated genes in aged mice were enriched in cellular compo-
nents including “nucleus,” “nucleoplasm,” and “nuclear membrane.” F, List of overlapped genes in D. G, Reduced mRNA level of Lmna determined by real-time PR for TA muscle from 12 and
24 M mice compared with 3 M. Data were shown as mean == SEM 3 versus 12 M, {4 = 7.973, **p = 0.0013; 3 versus 24 M, t4) = 5.724, **p = 0.0046. Unpaired t test, n = 3 mice per group.
H, Decreased lamin A/C protein level in muscles from 12 and 24 M mice compared with 3 M. /, Quantitative analysis for data in H. Data were shown as mean = SEM TA, ¢, = 7.974,
*p=0.0154 for 12 M, tp) = 4.772, *p = 0.0412 for 24 M; EDL, ) = 7.435, *p=10.0176 for 12 M, t5) = 9.819, *p = 0.0102 for 24 M; solues, t5 = 3.212, p=0.0848 for 12 M, t5) = 14.68,
**p =0.0046 for 24 M; GA, t5 = 5439, *p=0.0322 for 12 M, t5) = 5.986, *p = 0.0268 for 24 M; diaphragm, t5) = 5.757, *p =0.0289 for 12 M, t5) = 6.224, *p = 0.0249 for 24 M. Paired
test, n =3 mice per group. J, Decreased lamin A/C protein in SR and NSR from 24 M diaphragm versus 3 M. K, Quantification for data in J indicated lamin A/C declined more in SR (average of
47 = 15%) than in NSR (average of 22 = 7%) in aged muscles. Data were shown as mean = SEM ¢4 = 2.805, *p =0.0486 for SR; {4 = 2.818, *p = 0.0479 for NSR, unpaired t test, n=3
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mounting medium (H-1700, Vector Laboratories)
and covered with a coverslip. For cross-sections
staining of muscles, muscles were fixed with 4%
PFA in PB at 4°C overnight and fully dehydrated
in 30% sucrose at 4°C. Then 25-um sections were
cut with a cryostat (HM550, ThermoFisher
Scientific). Sections were incubated with the
blocking buffer for 1 h at room temperature and
then with primary antibodies at 4°C for 48 h.
After washing three times for 10 min each with
0.5% Triton X-100 in PBS, samples were incu-
bated with Alexa Fluor 594-conjugated secondary
antibody (1:500) overnight at 4°C and mounted
with VECTASHIELD mounting medium. For sin-
gle muscle fiber isolation and immunostaining,
EDL muscles with tendons were carefully dis-
sected and digested with collagenase II (400 U/ml)
in DMEM at 37°C for 1 h. Digested muscles were
fixed with 4% PFA for 5 min at room temperature
and gently washed twice with PBS. Muscles were
gently triturated using a fire-polished glass Pasteur
pipette to release individual muscle fibers. Under
a microscope, straight and intact muscle fibers
were selected and transferred onto coverslips and
subjected to immunostaining. Muscle fibers were
incubated with 2% Triton X-100 in PBS for E
30min and with the blocking buffer for 1 h at
room temperature. Samples were incubated with
CF568-conjugated a-BTX (1:500) and 4',6'-dia-
midino-2-phenylindole dihydrochloride (DAPIL;
1:1000) for 2 h at room temperature, washed, and
mounted with VECTASHIELD mounting me-
dium. Z-serial images were collected with a Zeiss
confocal laser scanning microscope (LSM 700)
and projected into a single image.
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Real-time PCR

Total RNA was isolated using TRIzol reagent
(15596018, Invitrogen) and total cDNA was syn-
thesized using a cDNA synthesis kit (GoScript
Reverse Transcription System, A5001, Promega).
The real-time PCR was performed with SYBR
Green qPCR master mix (204056, QIAGEN) in a
20-ul reaction system on StepOnePlus real-time
PCR system (Applied Biosystems) according to the
supplied manuals and PCR included an initial step
at 95°C for 3 min, followed by 40 cycles of denatu-
ration at 95°C for 15 s, annealing, and extension at 60°C for 60 s. Gapdh
was used as an internal control. The primers for individual genes were as
follows (F, forward; R, reverse): Lmna, F: 5 -TGTGGCGGTA
GAGGAAGTCG-3" and R: 5'-GGAAGCGATAGGTCATCAAAGG-3';
Rapsn, F: 5'-GTGGATGAAGGTGCTGGAGAAG-3" and R: 5'-CCGA
GCAGTATCAATCTGGACC-3'; Lrp4, F: 5'-AGTCACCGCAAGGCT
GTCATTA-3' and R: 5'-GTTGGCACTATTGATGCTCTTGG-3'; MuSK,
F: 5'-ACCGTCATCATCTCCATCGTGT-3" and R: 5'-CTCAATGTTA
TTCCTCGGATACTCC-3"; Chrnd, F: 5-GAATGAGGAACAAAGGC
TGAR-3" and 5'-GGTGAGACTTAGGGCGACAT-3'; Chrnb, F: 5'-
TATTCGGCGGAAGCCTCTCTTC-3" and R: 5'-GCAGCAAGAACA
CAGTGAGCGT-3'; LAMB2, F: 5'-GAACTTCGCTTGGGCCTACTT-3’
and R: 5'-GGTGGCTGGATAGCAGCTT-3'; ITGBI, F: 5'- ATGCCAAA

«—

mice per group. L, Compromised nuclear proteins in SR from 24 M diaphragm showed nu-
clear defects and increased DNA damage in subsynaptic nuclei. M, Quantification for data in
L. Data were shown as mean % SEM f = 3.78, *p=0.0194 for LAP2; t4 = 4.006,
*p=10.0161 for HP1; t4) = 9.823, ***p = 0.0006 for Tri-Me-H3K9; t4) = 4.564, *p =0.0103
for H2AX; unpaired ¢ test, n =3 mice per group. ns, no significant difference.

bar, 100 um. B, Representative images of lumbar sections of spinal cords from 2 M control and HB9-Lmna—/— mice. Spinal cord
was stained with ChAT (choline acetyltransferase, visualized by Alexa Fluor 488, green) and lamin A/C antibodies (visualized by
Alexa Fluor 647, purple). Scale bar, 20 pum. Lamin A/C was deleted from ChAT-positive motoneurons in HB9-Lmna—/—mice (yellow
arrows). , Representative images of 2 M control and HB9-Lmna—/— TA muscles. Muscles were stained with CF568 conjugated
a-BTX (red) and anti-NF/Syn antibodies (visualized by Alexa Fluor 488, green). Scale bar, 50 pim. D, Enlarged images of individual
NMJ form muscles of the indicated genotype. Scale bar, 20 pum. E-G, Quantification of data in €, D showed unaffected NMJ innerva-
tion (E), fragmentation (F), and AChR area (G) in control and mutant mice. Data were shown as mean = SEM, #g = 0.4633,
p=0.6555 for C; tig = 1.061, p =0.3195 for D; fig) = 0.3450, p = 0.7390 for E; unpaired  test, n =5 mice per genotype.

TCTTGCGGAGAAT-3" and R: 5'-TTTGCTGCGATTGGTGACA
TT-3'; ACHE, F: 5'-GGCTCCTACTTTCTGGTTTACGG-3" and R:
5'-GGCTGCCAGGTCACTTGCTT-3; and Gapdh, F: 5'-AAGG
TCATCCCAGAGCTGAA-3" and R: 5'-CTGCTTCACCACCTTCT
TGA-3'".

Western blot assay

Western blotting was performed as previously described (Dong et
al., 2020). Briefly, samples were separated by SDS-PAGE, trans-
ferred to nitrocellulose membranes, probed with specific antibod-
ies, and visualized with enhanced chemiluminescence (32106,
Thermo Scientific). Immunoreactive bands were imaged using the
LI-COR Odyssey Fc imaging system. For examination of specific
protein levels, tissues and cells were homogenized in modified
RIPA buffer [150 mm NaCl, 50 mum Tris-HCI (pH 7.4), 2 mm EDTA,
1% SDS, 0.5% Triton X-100, 20% glycerol, 1 mm phenylmethylsul-
fonyl fluoride (PMSF), 5 mm NaF, 2 mm Na3;VO,, and cOmplete
protease inhibitor (4693132001, Roche)]. Samples were then centri-
fuged at 12,000 x g for 10 min at 4°C to remove debris. Protein con-
centration was determined by Pierce BCA Protein Assay kit (23225,
Thermo Scientific), an equal volume of 2 x SDS sample buffer was
added to denature proteins. Approximately 50 ug of protein were
subjected to Western blotting.



Gao, Zhao et al. e Lamin A/C Prevents Neuromuscular Junction Decline

A

a-BTX
a-BTX

Lmna™

Endplate band width (um)

HSA-Lmna”

Secondary branch number

B

—
=3
e
=
&
=
=)
E
@

Lmna”

Ko
3]
&
©
£
S
g
<
o
&
e}
o
Jol
(2]

HSA-Lmna”

AChR cluster area (um?2)

Figure 3.

genotype.

Electrophysiological recording

Eectrophysiological recording of CMAPs was performed as
described previously (Li et al., 2016; Zhao et al., 2017). Mice were
anesthetized using ketamine and xylazine mixture (100 and
10 mg/kg body weight, respectively) and then put on a 37°C heat-
ing pad. The stimulation needle electrode (TECA, 092-DMF25-5)
was inserted near the sciatic nerve at thigh level of the left leg and
connected to an isolator (ISO-Flex, AMPI). The reference needle
electrode was inserted into the Achilles tendon and the recording
needle electrode was inserted into the middle of left GA, both of
which were connected to AxoPatch 200B Amplifier (Molecular
Devices). The sciatic nerve was stimulated with a series of 10
stimuli at 1, 5, 10, 20, and 40 Hz and was CMAP recorded by
Digidata 1322A and analyzed by Clampfit 9.2 software
(Molecular Devices).

For mEPPs recording, left hemidiaphragm were dissected with ribs
and phrenic nerves were quickly dissected from euthanized mice,
mounted onto Sylgard gel and merged in fully oxygenated (95% O,, 5%
CO,) Ringer solution (137 mm NaCl, 5 mm KCl, 12 mm NaHCO;, 1 mm
NaH,PO,, 1 mm MgCl,, 2 mm CaCl, and 11 mm D-glucose; pH 7.3) at
room temperature. To record mEPPs, microelectrodes (CV203 BU
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Normal neonatal NMJ in HSA-Lmna—/— mice. A, B, NMJ morphologies were comparable between control and
HSA-Lmna—/— mice at P0. Whole-mount diaphragms were stained with CF568 c-BTX (red) to label AChR clusters and with
anti-NF/Syn antibodies (visualized by Alexa Fluor 488, green) to label motor nerve terminals. A, Representative images for
the ventral region of the left diaphragms from control and mutant mice at low magnification. Scale bar, 100 um. B,
Enlarged images of individual AChRs and motor nerve terminals from diaphragms of indicated genotypes. Scale bar, 10 um.
C-F, Quantitative data of endplate band width (C), secondary branch number (D), secondary branch length (E), and AChR
cluster area (F) of control and mutant mice. Data were shown as mean = SEM, t = 1.143, p =0.2859 for C; tg = 0.
3847, p=0.7105 for D; tg = 0.9726, p=0.3592 for E; tg) = 1.324, p=0.2222 for F; unpaired ¢ test, n=>5 mice per

n
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HEADSTAGE, 20-40 m¢, filled with 3 m KCI)
connected to the AxoPatch 200B Amplifier was
inserted to central regions of the muscle.
Recordings were performed when resting mem-
brane potentials were at —65—75mV. Five
recordings (for 2-3 min each) were performed
per diaphragm. Data were collected with
AxoPatch 200B Amplifier and Digidata 1322A
(10-kHz low-pass filtered) and analyzed by
Clampfit 9.2 software.

il

Lmna” HSA-Lmna”

Experimental design and statistical analysis

All data were generated by at least three repli-
cates from independently prepared samples,
and the total number of mice or tissues used
per group was provided in the figure legends.
Both genders were used and 10-30 NM]Js or
muscle fibers were quantified for each mouse.
The sample size (n) was based on the literature
(Wu et al,, 2012b; Shen et al., 2013; Barik et al.,
2014; Zhao et al,, 2017). Data were analyzed by
unpaired ¢ test, one-way ANOVA (with Tukey’s
multiple comparison test) and two-way ANOVA
(with Bonferroni’s post hoc test). GraphPad Prism
(version 6, GraphPad Software) was used for sta-
tistical analysis. Data are shown as mean = SEM.
Statistical difference was considered when
p<0.05. The p values were presented as
*p < 0.05, **p<0.01, **p<0.001. ns, no
significant difference.

Lmna” HSA-Lmna”

Lmna” HSA-Lmna”

[l

Lmna” HSA-Lmna”

Results

Abnormal expression of nuclear
proteins in muscular SR of aged mice

To identify genes that are critical to NMJ
formation/maintenance and whose expres-
sion is altered in aged mice, we isolated
SRs of diaphragms (Fig. 1A) and per-
formed RNA-seq analysis of SR samples
from 3 and 24 M C57BL/6 mice. A total of
5036 DE genes were identified with the fil-
ter of FC > 1.5 and p < 0.05 (Fig. 1B,0).
Among them, 2415 were downregulated
(Fig. 1B, in green) and 2621 were upregu-
lated (Fig. 1B, in red). We reasoned that
critical molecules in maintaining NM]J
structure and function should be reduced
in aged muscles and may have been revealed already by datasets in
the literature. Therefore, we conducted a cross-comparison
between our dataset with published data including aged EDL
muscle data in GSE3309 and aged GA muscle data in GSE6323,
and identified 47 genes that were reduced in all three datasets
(Fig. 1D,F). GO analysis of these genes implicated several nu-
clear components such as nucleus, nucleoplasm, and nuclear
membrane (Fig. 1E), suggesting a possible deterioration in nu-
clear structure or function at aged NMJ. Notably, the expres-
sion of two genes encoding nuclear membrane proteins, Lmna
(lamin A/C) and Lemd2 (LEM domain containing 2), was
reduced (Fig. 1F). Mutations in Lmna have been shown to
cause muscular dystrophy and premature aging disease
(Bechert et al., 2003; De Sandre-Giovannoli et al., 2003;
Eriksson et al., 2003). Lamin A/C mRNA was reduced at 12 M
when NM]J degeneration was not apparent (Li et al., 2011), but
further reduced at 24 M (Fig. 1G). Similar reduction at the pro-
tein level was observed (Fig. 1H,I). Furthermore, lamin A/C
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Figure 4.  Progressive NMJ degeneration in HSA-Lmna—/— mice. A, B, NMJ morphology deficits in HSA-Lmna—/— mice. TA muscles were stained whole-mount with CF568 «-BTX (red)
and anti-NF/Syn antibodies (visualized by Alexa Fluor 488, green). 4, Representative images of TA muscles of control and mutant mice at different ages. Blue arrowheads indicated denervated
or partially innervated endplates. Scale bar, 50 pm. B, Enlarged images of the individual NMJs. Scale bar, 20 um. C, Progressive decrease in NMJ innervation in mutant mice. Data were shown
as mean = SEM, n=>5 mice per group. Control versus mutant: unpaired ¢ test, t;g) = 3.515, **p =0.0079 for 1 M; tg) = 7.71, ***p << 0.0001 for 2 M; () = 6.737, ***p =0.0001 for 3 M;
te) = 15.39, ***p < 0.0001 for 6 M. Control: one-way ANOVA, f3 15) = 1.282, p = 0.3143. Mutant: one-way ANOVA, F316) = 41.19; 2 versus 1 M, **p = 0.0078; 3 versus 2 M, *p =0.0289; 6
versus 3 M, **p=0.0033. D, Progressive NMJ fragmentation in mutant mice. Data were shown as mean = SEM, n=5 mice per group. Control versus mutant: unpaired t test, g = 0.1127,
p=09131 for 1 M; tg = 4.725, **p=0.0015 for 2 M; t(g = 8.165, ***p << 0.0001 for 3 M; t5) = 10.08, ***p << 0.0001 for 6 M. Control: one-way ANOVA, F3 1¢ = 0.4222, p=0.7397.
Mutant: one-way ANOVA, F316) = 47.74; 2 versus 1 M, **p=0.0012; 3 versus 2 M, ***p =0.0004; 6 versus 3 M, *p =0.0159. E, Progressive reduction in AChR cluster area in mutant mice.
Data were shown as mean * SEM, n=>5 mice per group. Control versus mutant: unpaired t test, g = 1.332, p=0.2196 for 1 M; g = 2.986, *p=0.0175 for 2 M; t;) = 4.883,

**p=0.0012 for 3 M; t(5) = 6.615, ***p = 0.0002 for 6 M. Control: one-way ANOVA, F;3 16
2 M, *p=10.0286; 6 versus 3 M, ***p = 0.0004. ns, no significant difference.

protein in SR was reduced at 24 M (Fig. 1],K). To investigate
whether there are molecular changes in subsynaptic nuclei in
aged muscles, we isolated muscle SR and analyzed nuclear
proteins including LAP2 (LAP2 group of lamin A-associated
proteins), HP1 (heterochromatin protein HP1), and hetero-
chromatin-specific trimethylation of Lys9 on histone H3
(Tri-Me-H3K9), all of which were reduced (Fig. 1L,M).
Concomitantly, the DNA damage marker yH2AX was
increased. These results support the notion that synaptic
nuclei may be compromised in aged muscle fibers and may
likely involve Lmna deficiency. Indeed, NM]Js in Lmna germ-
line knock-out mice were discontinuous or fragmented
(Méjat et al., 2009). However, it is not known whether the
phenotypes were because of gene loss in muscles or moto-
neurons and what the underlying mechanisms are.

= 0.0835, p = 0.9680. Mutant: one-way ANOVA, F3 16) = 36.62; 2 versus 1 M, *p = 0.04; 3 versus

Progressive NMJ decline in HSA-Lmna—/—, but not HB9-
Lmna—/—, mice -

To mutate Lmna in motoneurons, we bred Lmnd” mice in
which exon 2 of the Lmna gene is flanked with loxP sites
(Kim and Zheng, 2013) with HB9::Cre mice which express Cre
recombinase under the control of the homeobox gene HB9
promoter (Arber et al, 1999; Yang et al, 2001; Wu et al,
2012a; Shen et al., 2018). Resulting compound mice HB9::Cre;
Lmnd” (referred to as HB9-Lmna—/— hereafter) were validated
for knock-out of lamin A/C in motoneurons (Fig. 2A,B) and
analyzed for NMJ morphology. No difference was observed in
NM]Js in HB9-Lmna—/— mice as old as 2 M (Fig. 2C,D).
Quantitative data reveal similar fully innervated NM]J (Fig.
2E), NM]J fragmentation (Fig. 2F), and AChR area (Fig. 2G)
between the two genotypes, suggesting that lamin A/C in
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Figure 5.  Progressive CMAP deficits in HSA-Lmna—/— mice. A, Representative CMAP traces at 40-Hz stimulations for 1 M control and mutant mice. Ten CMAP traces were shown in a
stacked succession for comparison. B, Frequency-dependent reduction in CMAP amplitude in 1 M mutant mice. Shown were ratios of 10th over the first CMAP amplitudes after stimulation.
Figenotypey4) = 49.97, ***p = 0.0008 for 20 Hz, **p =0.0013 for 40 Hz. C, Reduced CMAP amplitude at 40-Hz stimulation in 1 M mutant mice. Shown were ratios of the 2nd—10th over the
first CMAP amplitudes after stimulation. Fgenotype)1,4) = 88.31, **p = 0.0080 for 7th, **p = 0.0044 for 8th, ***p = 0.0006 for 9th, **p = 0.0013 for 10th. D, Representative CMAP traces at 40-
Hz stimulations for 3 M control and mutant mice. E, Frequency-dependent reduction in CMAP amplitude in 3 M mutant mice. Shown were ratios of 10th over the first CMAP amplitudes after
stimulation. Figenotype)r,4) = 280.9, **p = 0.0036 for 10 Hz, **p = 0.0034 for 20 Hz, **p =0.0032 for 40 Hz. F, Reduced CMAP amplitude at 40-Hz stimulation in 3 M mutant mice. Shown were
ratios of the 2nd-10th over the first CMAP amplitudes after stimulation. Fgenotypey,4 = 258.6, *p=0.0141 for 5th, **p=0.0098 for 6th, **p=0.0084 for 7th, **p=10.0071 for 8th,
**p =0.0075 for 9th, **p = 0.0032 for 10th. G, Representative CMAP traces at 40-Hz stimulations for 6 M control and mutant mice. H, Frequency-dependent reduction in CMAP amplitude in 6
M mutant mice. Shown were ratios of 10th over the first CMAP amplitudes after stimulation. Figenotype)1,6) = 226.2, **p = 0.0033 for 5 Hz, ***p = 0.0002 for 10 Hz, ***p <<'0.0001 for 20 Hz,
**%p <0.0001 for 40 Hz. /, Reduced CMAP amplitude at 40-Hz stimulation in 6 M mutant mice. Shown were ratios of the 2nd—10th over the first CMAP amplitudes after stimulation.
Figenatype)i,6) = 303.2, **p=0.0035 for 4th, ***p =0.0002 for 5th, ***p < 0.0001 for 6th, ***p <<0.0001 for 7th, ***p < 0.0001 for 8th, ***p <<'0.0001 for 9th, ***p < 0.0001 for 10th.
Data were shown as mean == SEM; two-way ANOVA followed by Bonferroni’s post hoc test, n =4 mice per group for 6 M and n = 3 mice per group for rest.

motoneurons may be dispensable for NM] formation and Interestingly, NM]Js displayed a progressive decline in HSA-
maintenance within the times of experiments. Lmna—/— mice (Fig. 4). In 1 M control mice, 95.2% of NM]Js

To mutate Lmna in skeletal muscles, Lmna” mice were bred  were fully innervated; it was reduced to 86.7% in age-matched
with HSA::Cre mice, in which Cre recombinase is expressed under  mutant mice (Fig. 4A,C). There was little change in fully inner-
the human skeletal a-actin (HSA) promotor. The HSA promoter  vated NMJs in controls from 1 to 3 M (Fig. 4C, blue); however,
drives gene expression specifically in skeletal muscle as early as em- i mutant mice, fully innervated NMJ further decreased to 78.1%
bryonic day 9.5 (Muscat and Kedes, 1987; Brennan and Hardeman, ¢ 2 M and to 69.8% at 3 M (Fig. 4C, red). NMJ fragmentation

1993) and has been widely u§ed to study NMJ formation ¢ similar between 1 M control and mutant mice, but was
(Schwander et al., 2004; Jaworski et al., 2007; Nishimune et al., increased in mutant mice at 2 and 3 M compared with

2008; Wu et al,, 2012a; Li et al,, 2016; Zhao et al., 2017). The com- age-matched control mice (Fig. 4B,D). Notably, fragmenta-

pound mice, referred to as HSA-Lmna—/—, were viable and showed ; b . L 1 f

no sign of muscle weakness in neonatal stages. We examined NM]Js tion numbers per NMJ in mutant mice increased from
) 3.40 = 0.18 at 2 M and to 5.10 = 0.24 at 3 M while there is no

in diaphragms and TA muscles using whole-mount staining with diff . | mice 1 th h 3 M. Similarl
NF/Syn antibodies to label motoneuron axon terminals (Alexa ltference in control mice 1 throug - lmIlarly, progres-

: sive reduction of AChR cluster area was also observed in mu-
fclvl{%tffg;e%?ei)t a;(;istgizl?Sd:yB("l];))(o,toﬂizb;e\ln\l/)[(;:tsgr:;fet; ﬁ}jﬁ tant mice (403 and 334 ,um2 at 2 M for control and mutant
Lmna—/— mice and control Lmna” mice were similar, with no ~ mice, respectively; 398 and 292 um?” at 3 M for control and
difference in the width of endplate bands (Fig. 3C), number =~ mutant, respectively; Fig. 4B,E). At 6 M, mutant mice showed
of secondary nerve branches (Fig. 3D), length of secondary ~ more severe deficits in NMJ morphology (denervation, frag-
branches (Fig. 3E), or areas of AChR clusters (Fig. 3F). These ~ mentation, and AChR cluster area). These findings indicated a
results suggest that muscle lamin A/C is not necessary for  progressive NM]J degeneration in the absence of lamin A/C in
NM]J formation in mice. muscles.
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Figure 6.

Progressive NMJ transmission deficits in HSA-Lmna—/— mice. Progressive reduction in mEPP frequency and amplitude in mutant mice. A, C, D, Representative mEPP traces of 1

M (4), 3 M (C), and 6 M (D) control and mutant mice. Underlined regions on the left were enlarged and shown on the right. B, Reduced mEPP frequency in mutant mice at different ages; 4
= 7.730, **p=0.0015 for 1 M; ts) = 6.361, **p=0.0031 for 3 M; t5) = 8.497, **p=0.0011 for 6 M. E, Reduced mEPP amplitude in mutant mice at 3 and 6 but not 1 M; f4 = 0.2594,
p=0.8081for 1 M; t4) = 8.151, **p=0.0012 for 3 M; t5) = 5.823, **p = 0.0043 for 6 M. Data were shown as mean == SEM, unpaired ¢ test, n =3 mice per group.

Progressive impairment in NMJ transmission in HSA-
Lmna—/— mice

To evaluate the functional consequences of aberrant NMJ main-
tenance in HSA-Lmna—/— mice, we probed neuromuscular
transmission by measuring CMAP and mEPPs. For CMAP
assay, action potentials were triggered by 10 consecutive nerve
stimuli (Grob and Harvey, 1953; Elmqyvist et al., 1977; Barik et
al., 2014; Patten et al., 2017; Zhao et al, 2017). As shown in
Figure 5B, CMAP amplitudes at the 10th stimuli at 1, 5, and
10 Hz were similar in control and mutant mice at the age of 1 M.
However, the amplitudes were reduced at 20 and 40 Hz of stimu-
lation frequency (Fig. 5B). Amplitude reduction was observed
beginning at 10 Hz in 3 M mutant mice and 5Hz in 6 M mutant
mice (Fig. 5E,H). Next, we stimulated CMAP amplitudes at 10
consecutive stimuli at 40 Hz (Fig. 4A4,D,G). At 1 M, mutant mice
did not show a reduction until the 7th stimulus (Fig. 5C); how-
ever, the reduction was observed at the 5th stimulus for 3 M mu-
tant mice (Fig. 5F) and 4th stimulus for 6 M mutant mice (Fig.
5I). These data pointed to a progressive impairment in NM]J
transmission in mutant mice.

To investigate underlying cellular mechanisms of neuromuscu-
lar transmission deficits, we measured mEPPs, local depolariza-
tions in response to spontaneous ACh release (Fatt and Katz,
1952; Shen et al.,, 2018; Zhao et al., 2018; Xing et al., 2019). mEPP
frequency decreased in 1, 3, and 6 M mutant mice compared with
control (Fig. 6A-D), suggesting impairment in ACh release.
mEPP amplitude was similar between 1 M control and mutant
mice but was decreased in 3 and 6 M mutants, suggesting a pro-
gressive reduction in postsynaptic AChR density at the NMJ (Fig.
6A,C-E). These results indicate reduced CMAPs in response to
higher frequency stimulation and miniature EPSC (mEPSC) fre-
quency in 1 M mutant mice and the reduction appeared to be pro-
gressive. Together with morphologic studies (Fig. 4C-E), these
observations indicate that functional deficits occurred as early as 1
M in mutant mice when deficits in NMJ morphology were not
apparent, suggesting that neurotransmissions are a more sensitive
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Figure 7. Reduced musde size and increased central nuclei in HSA-Lmna—/— mice. A,
Cross-sections of TA muscles were stained with laminin antibody (visualized by Alexa Fluor
594, red) and DAPI (blue). Yellow arrowheads, central nuclei. Scale bar, 20 um. B, Reduced
cross-section area in 3 M mutant mice compared with control mice. Data were shown as
mean % SEM, tg = 0.2521, p=10.8073 for 1 M; t(5) = 0.0353, p=0.9729 for 2 M; t(g) =
2.391,%p =0.0438 for 3 M; unpaired t test, n =5 mice per group. C, Increased central nuclei
in 2 and 3 M mutant mice compared with control mice. Data were shown as mean = SEM,
fiey = 0.110, p=0.9154 for 1 M; g = 6.968, **p=0.0001 for 2 M; 5y = 7.614,
*¥¥p < 0.0001 for 3 M; unpaired t test, n=>5 mice per group.

indicator of NMJ decline. In addition, both morphologic and
functional deficits are progressive with time.

Lmna mutation has been shown to impair muscle develop-
ment (Sullivan et al., 1999; Frock et al., 2006; Cohen et al., 2013).
In parallel experiments, we analyzed the morphology of muscle
fibers and quantified their diameters and central nuclei, an indi-
cator of muscle regeneration. As shown in Figure 7, the size of
muscle fibers was similar between control and mutant mice at
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Reduced rapsyn levels in HSA-Lmna—/— mice. A, Representative images of single musdle fiber in 3 M control and

mutant mice. Muscle fibers were stained with CF568-conjugated ce-BTX (red) and DAPI (blue). Scale bar, 10 pm. White asterisk,
subsynaptic nucleus. B, Quantification of data in A showed decreased subsynaptic nuclei in mutant muscle. Data were shown as
mean = SEM, s = 6.513, **p < 0.0001; unpaired ¢ test, n =30 NMJs from 3 mice per group. €, Histograms showed the distri-
bution of data in B. D, Reduced rapsyn mRNA levels in mutant mice. Data were shown as mean = SEM, ty = 1036,
**¥p =0.0005 for Rapsyn; ty = 4.505, *p=0.0108 for Lip4; t = 4480, *p=0.0110 for MuSK; t = 5.919, **p =0.0041 for
Chnd; tay = 1.960, p=0.1216 for Chrmb; ty) = 2.777, *p=0.05 for LAMB2; tq = 0.6521, p= 05499 for ITGBT; t,4y = 0.099,
p =0.9255 for ACHE. Unpaired ¢ test, n =3 mice per group. E, Reduced rapsyn protein level from mutant muscles. F, Reduced rap-
syn stability in Lmna mutant myotubes. C2C12 myotubes were treated with cycloheximide (CHX, 50 r.g/ml) for indicated times and
blotted for rapsyn. Protein level at 0 h in each individual group was normalized to 100%, respectively. G, Quantitative analysis for
data in F. Fgenoypeyr.a) = 2335, **p =0.0084; ***p =0.0007 for 4 h, **p=0.0013 for 8 h, ***p=0.0002 for 12 h. Data were
shown as mean == SEM; two-way ANOVA followed by Bonferroni’s post hoc test, n =3 independent experiments.

ages of 1 and 2 M, but slightly reduced in 3 M HSA-Lmna—/—

mice (Fig. 7A,B). Central nuclei were similar between the two ge-
notypes in 1 M mice but increased in mutant mice at the ages of
2 and 3 M (Fig. 7A,C). As described above, muscle fiber deficits
in HSA-Lmna—/— mice appeared to be lagging behind the NM]J
deficits, in particular functional deficits which were apparent as
early as 1 M of age. These observations suggest that the NMJ

J. Neurosci., September 16, 2020 - 40(38):7203-7215 - 7211

may be a primary target of Lmna muta-
tion, i.e., NMJ deficits may not be second-
ary to muscle impairment.

Alleviated NM]J deficits in HSA-Lmna—/
— mice by rapsyn expression

To explore underlying molecular mecha-
nisms by which Lmna mutation leads to
NM]J degeneration, we first stained the sin-
gle muscle fiber isolated from control and
mutant mice. We found while control
NMJs had approximately four nuclei
underneath the postsynaptic membrane,
mutant NM]Js contained fewer (approxi-
mately two) subsynaptic nuclei (Fig. 8A-C).
These results may suggest dislocation of
synaptic nuclei in mutant muscle. Next, we
examined the mRNA and protein levels for
a handful of molecules involved in NMJ
formation and maintenance. Quantitative
real-time PCR showed lower mRNA levels
of Rapsn in mutant muscles compared with
control. Lrp4, MuSK, and Chrnd were
increased, and Chrnb remained unaffected
(Fig. 8D). Similar changes in these mole-
cules were observed at protein levels (Fig.
8E). Moreover, laminin 82 mRNA and
protein were reduced in mutant muscles
(Fig. 8D,E), revealing a potential mecha-
nism for presynaptic deficits. However, the
turnover rate of rapsyn was increased in
lamin A/C knock-out C2C12 myotubes in
the presence of cycloheximide (CHX; Fig.
8F,G). Collectively, our data suggest lamin
A/C may be necessary for NMJ mainte-
nance by regulating transcription and post-
transcriptional mechanisms.

Considering the critical role of rapsyn
in NMJ formation and maintenance, we
examined if increasing rapsyn levels in
muscles ameliorate NM]J deficits in HSA-
Lmna—/— mice. HSA-Lmna—/— mice
were crossed with HSA-Rapsyn transgenic
mice (referred to as Rapsyn-Tg) that express
rapsyn under the control of HSA promoter
(Li et al., 2016). Increased expression of rap-
syn was validated by Western blotting (Fig.
9A-C). NMJs were examined at the age of 3
M. There were more fully innervated NM]Js
in 3 M HSA-Lmna—/—; Rapsyn-Tg mice,
compared with HSA-Lmna—/— mice (Fig.
9D,E). NM]J fragment numbers were re-
duced by rapsyn expression (Fig. 9D,F).
Additionally, AChR cluster area was in-
creased from 305 * 13.0 in HSA-Lmna—/—
mice to 354 = 7.66 um® in HSA-Lmna—/—;
Rapsyn-Tg mice (Fig. 9G). Rapsyn expres-

sion also improved NM]J transmission. The 10th to 1st ratios
of CMAP at 20 and 40 Hz of stimulation was 82.3% and 79.7%
in HSA-Lmna—/— mice, and were increased to 88.4% and
87.3% in HSA-Lmna—/—; Rapsyn-Tg mice (Fig. 9I). At 40 Hz,
CMAP reduction observed in HSA-Lmna—/— was also dimin-
ished in HSA-Lmna—/—; Rapsyn-Tg (Fig. 9H,]). Reduction in
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Figure 9. Alleviated NMJ deficits in HSA-Lmna—/— mice by rapsyn expression. A, Overexpression of rapsyn in TA muscles of 2 M Rapsyn-Tg mice. B, Elevated rapsyn protein in HSA-
Lmna—/—; Rapsyn-Tg muscles. €, Quantitative analysis for data in B. Data were shown as mean = SEM. Lmnaf”' versus HSA-Lmna—/—, tigy = 11.44, **p =0.0003; HSA-Lmna—/— versus
HSA-Lmna—/—; Rapsyn-Tg, 4 = 2.822, *p=0.0477. Unpaired ¢ test, n=3 mice per group. D, Improved NMJ morphologic deficits in HSA-Lmna—/— mice by rapsyn expression. Top, TA
muscles of mice from different ages and indicated genotypes were whole-mount stained with CF568 «-BTX (red) and anti-NF/Syn antibodies (green). Blue arrowhead, denervated or partially
innervated NMJ. Scale bar, 50 pm. Bottom, Enlarged images of individual NMJ. Scale bar, 20 um. E-G, Quantitative analysis of data in D. E, Rescue of NMJ denervation in HSA-Lmna—/—
mice by rapsyn expression. £ 15 = 62.32, ***p < 0.0001 for Lmnd” versus HSA-Lmna—/—; **p=0.0013 for HSA-Lmna—/—; Rapsyn-Tg versus HSA-Lmna—/—. F, Rescue of fragmentation
in HSA-Lmna—/— mice by rapsyn expression. f 13 = 31.41, ***p < 0.0001 for Lmna” versus HSA-Lmna—/—; **p =0.0040 for HSA-Lmna—/—; Rapsyn-Tg versus HSA-Lmna—/—. G,
Rescue of reduced AChR cluster area in HSA-Lmna—/— mice by rapsyn expression. F(5 1 = 10.39, **p = 0.0045 for Lmnd” versus HSA-Lmna—/—; *p = 0.0115 for HSA-Lmna—/—; Rapsyn-
Tg versus HSA-Lmna—/—. Data were shown as mean == SEM, one-way ANOVA with Tukey's multiple comparison test, n=>5 mice per genotype. H-J, Increased CMAP amplitudes of HSA-
Lmna—/— mice by rapsyn expression. H, Representative CMAP traces at 40-Hz stimulations. I, Rescue of frequency-dependent CMAP reduction in HSA-Lmna—/—; Rapsyn-Tg mice. Shown
were ratios of the 10th over the first CMAP amplitudes. For 5 Hz, Lmnd” versus HSA-Lmna—/—, p=0.1081; HSA-Lmna—/— Rapsyn-Tg versus HSA-Lmna—/—, p = 0.9472. For 10 Hz, Lmnd” ver-
sus HSA-Lmna—/—, ***p = 0.0003; HSA-Lmna—/—; Rapsyn-Tg versus HSA-Lmna—/—, p = 0.0975. For 20 Hz, Lmnd” versus HSA-Lmna—/—, **p=0.0013; HSA-Lmna—/—; Rapsyn-Tgq versus
HSA-Lmna—/—, *p =0.0164. For 40 Hz, Lmnd” versus HSA-Lmna—/—, **p=0.0026; HSA-Lmna—/—; Rapsyn-Tg versus HSA-Lmna—/—, *p =0.0204. Data were shown as mean = SEM,
Figenope)6) = 49.23, two-way ANOVA followed by Bonferroni's post hoc test, n =3 mice per genotype. J, Reduced ratio of 2nd—10th CMAP amplitudes over the first CMAP amplitude at 40-Hz stim-
ulations. 5th, Lmnd” versus HSA-Lmna—/—, *p=0.0101; HSA-Lmna—/—; Rapsyn-Tq versus HSA-Lmna—/—, *p = 0.0316. 6th, Lmnd” versus HSA-Lmna—/—, **p =0.0054; HSA-Lmna—/—;
Rapsyn-Tg versus HSA-Lmna—/—, *p=0.0307. 7th, Lmnd”" versus HSA-Lmna—/—, **p=0.0067; HSA-Lmna—/—; Rapsyn-Tg versus HSA-Lmna—/—, *p=0.0268. 8th, Lmna”" versus HSA-
Lmna—/—, **p = 0.0045; HSA-Lmna—/—; Rapsyn-Tq versus HSA-Lmna—/—, *p = 0.0310. 9th, Lmna” versus HSA-Lmna—/ —, **p=10.0021; HSA-Lmna—/—; Rapsyn-Tq versus HSA-Lmna—/—,
*p=0.0166. 10th, Lmnd”" versus HSA-Lmna—/—, *p =0.0026; HSA-Lmna—/—; Rapsyn-Tq versus HSA-Lmna—/—, *p = 0.0204. Data shown as mean = SEM, Figenoype)26) = 16.97, two-way
ANOVA followed by Bonferroni's post hoc test, n=3 mice per genotype. K~M, Increased mEPP frequencies and amplitudes in HSA-Lmna—/— mice by rapsyn expression. K, Representative mEPP
traces. L, Increased mEPP frequencies in HSA-Lmna—/—; Rapsyn-Tg mice compared with HSA-Lmna—/— mice. Data were shown as mean % SEM, Fp5) = 29.40, **p = 0.0022 for Lmnd™ versus
HSA-Lmna—/—; **p = 0.0078 for HSA-Lmna—/—; Rapsyn-Tg versus HSA-Lmna—/—; one-way ANOVA with Tukey’s multiple comparison test, n =3 mice per genotype. M, Increased mEPP ampli-
tudes in HSA-Lmna—/—; Rapsyn-Tg mice compared with HSA-Lmna—/— mice. Data were shown as mean % SEM, F¢ = 30.27, **p =0.0017 for Lmnd”" versus HSA-Lmna—/—; *p = 0.0208
for HSA-Lmna—/—; Rapsyn-Tg versus HSA-Lmna—/—; one-way ANOVA with Tukey’s multiple comparison test, n =3 mice per genotype.

mEPP frequency and amplitude were also attenuated in HSA-
Lmna—/—; Rapsyn-Tg mice compared with HSA-Lmna—/—
mice of the same age (Fig. 9K-M). These observations demon-
strated that compromised NM]J transmission in HSA-Lmna—/—
wasmitigated byrestoringrapsynlevelsin muscles.

Discussion

Here, we provide evidence for a role of lamin A/C deficiency in
NMJ aging. We showed that deletion of lamin A/C from skeletal
muscle impaired NMJ] morphologically and functionally,

whereas lack of lamin A/C in motoneurons had little effect. The
NM] deficits appear before the reduction of muscle diameters
and the increase of central nuclei, suggesting the NMJ may be a
primary target of Lmna mutation. Interestingly, rapsyn was
reduced in Lmna mutant muscles, and overexpressing rapsyn
mitigated NM]J deficits in HSA-Lmna—/— mutant mice.

During aging, NMJ decline may contribute to skeletal muscle
weakness. There is evidence that NMJ fragmentation occurs
along with aging; AChR clusters become discontinuous and dis-
tributed in dispersed areas in aged mice, compared with pretzel-
like clusters in young adults (Valdez et al, 2010; Zhao et al,
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2018). Moreover, AChR clusters show a reduced density of
a-BTX staining in aged muscles (Zhao et al, 2018). Pre-
synaptically, there is a gradual loss of motoneurons in aged
human subjects (Berger and Doherty, 2010; Rowan et al., 2012).
In mice, results were controversial about motoneuronal loss
(Valdez et al., 2010; Chai et al., 2011). Nevertheless, motoneuron
axons in aged mice display varicosities, denervation, and multi-
innervation (Li et al., 2018). Functionally, a recent study revealed
a decline of neuromuscular transmission in 24 M mice compared
with 3 M group (Zhao et al,, 2018) although no neuromuscular
transmission deficits were observed between 26 and 12 M mice
(Willadt et al.,, 2016). However, mechanisms underlying NMJ
decline in aging are far from fully understood.

Here, we identified genes that were decreased in aged muscles
through RNA-seq. GO analysis of genes whose expression was
reduced reveal nuclear-related structures such as nucleus, nu-
cleoplasm, perinuclear region, and nuclear membrane (Fig. 1E,
F). In accord, we found structural and functional defects in sub-
synaptic nuclei (Fig. 1L), which are believed to mediate synapse-
specific transcription for NMJ formation and maintenance (Wu
et al., 2010; Li et al., 2018). In particular, two nuclear membrane
proteins, Lmna (lamin A/C) and Lemd2 (LEM domain contain-
ing 2), were reduced (Fig. 1F). We specifically studied Lmna
because of its association with aging-related disorders such as
Hutchinson-Gilford progeria syndrome and muscular dystrophy
(Novelli and D’Apice, 2003). Lamin A/C, the protein encoded by
Lmna gene, is an intermediate filament protein. Its null mutation
led to NMJ degeneration (M¢jat et al., 2009).

By cell-specific ablation of Lmna, we demonstrate that mus-
cle, but not motoneuron, lamin A/C, is critical to NMJ mainte-
nance. How lamin A/C regulates the NMJ maintenance remains
unclear. Intriguingly, the mutant mice had fewer nuclei in the
NM]J region, suggesting perhaps that it is necessary for aggregat-
ing synaptic nuclei (Fig. 8A-C). Moreover, compromised nuclear
envelope may alter the expression of genes critical to NMJ main-
tenance (Burke and Stewart, 2002; Bechert et al., 2003; Bakay et
al., 2006). AChR 6 and B subunit increased in Lmna mutant
muscles (Fig. 8E), suggesting that NM] decline may not because
of a reduction in AChR proteins. Recent work indicates that the
agrin-LRP4-MuSK signaling is not only important for NMJ for-
mation but also critical for its maintenance (Hesser et al., 2006;
Samuel et al., 2012; Barik et al., 2014). In Lmna mutant muscles,
we found higher mRNA and protein levels of LRP4 and MuSK
(Fig. 8D,E), suggesting that agrin-LRP4-MuSK signaling may not
be compromised. However, both the mRNA and protein levels
of rapsyn reduced (Fig. 8D,E). Rapsyn is thought to bridge the
AChR with the cytoskeleton and serves an E3 ligase whose enzy-
matic activity is necessary for NMJ formation (Apel et al., 1997;
Wu et al, 2010; Li et al, 2016, 2018). In particular, rapsyn
appeared to be less stable in lamin A/C mutant C2C12 myotubes
(Fig. 8F,G), suggesting lamin A/C may regulate rapsyn turnover.
Noticeably, HSA-Lmna—/— mice displayed a reduction in mEPP
frequency, suggesting presynaptic deficits. One possible explana-
tion is the loss of laminin B2 (Fig. 8D,E), which is important for
aligning and maintaining active zones on presynaptic membranes
by interacting with P/Q-type calcium channels (Nishimune et al,
2004). In mice lacking laminin (2, active zones form but cannot be
maintained (Noakes et al., 1995), and mEPP frequency is reduced
(Knight et al., 2003). Together, these observations support a model
that Lmna contributes to NMJ maintenance by stabilizing rapsyn.

Interestingly, transgenic expression of rapsyn was able to dimin-
ish NM]J deficits in Lmna mutant mice, AChR clusters were
increased and less fragmented, NMJ innervation was increased, and
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neuromuscular transmission was improved in HSA-Lmna—/—;
Rapsyn-Tg mice, compared with HSA-Lmna—/— mice. These
results suggest that rapsyn may be a downstream target of lamin A/
C. On the other hand, replenished rapsyn may improve the cyto-
skeleton network and/or increase E3 ligase activity in the postsynap-
tic region and consequently benefit the postsynaptic nuclei and
their gene expression. Better postsynaptic structure and function are
known to improve presynaptic functions at the NMJ (Pérez-Garcia
and Burden, 2012; Miyoshi et al., 2017; Zhao et al., 2018; Eguchi et
al, 2020). Future work is needed to investigate underlying
mechanisms.
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