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PHYSIOLOGY

Lmod2 is necessary for effective skeletal

muscle contraction

Tania M. Larrinaga1, Gerrie P. Farman’, Rachel M. Mayﬁeld1, Michaela Yuen
Rebecca C. Ahrens-Nicklas®, Sandra T. Cooper***, Christopher T. Pappas't, Carol C. Gregorio"®*t

Muscle contraction is a regulated process driven by the sliding of actin-thin filaments over myosin-thick filaments.
Lmod2 is an actin filament length regulator and essential for life since human mutations and complete loss of
Lmod2 in mice lead to dilated cardiomyopathy and death. To study the little-known role of Lmod2 in skeletal
muscle, we created a mouse model with Lmod2 expressed exclusively in the heart but absent in skeletal muscle.
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Loss of Lmod2 in skeletal muscle results in decreased force production in fast- and slow-twitch muscles. Soleus
muscle from rescued Lmod2 knockout mice have shorter thin filaments, increased Lmod3 levels, and present with
a myosin fiber type switch from fast myosin heavy chain (MHC) lIA to the slower MHC | isoform. Since Lmod2 regu-
lates thin-filament length in slow-twitch but not fast-twitch skeletal muscle and force deficits were observed in
both muscle types, this work demonstrates that Lmod2 regulates skeletal muscle contraction, independent of its

role in thin-filament length regulation.

INTRODUCTION

In striated muscle, maintenance of proper thin-filament orientation,
spacing, and length is necessary to produce efficient contraction and,
when disrupted, can lead to severe cardiac and skeletal muscle disease
(1). The mechanisms underlying the regulation of thin-filament ar-
chitecture are currently under investigation and are known to be
coordinated by the activity of actin-binding proteins that regulate the
stability and length of the thin filament. One such family of proteins
is the leiomodins (Lmods), which consist of three separate genes
(LMOD 1 to 3). All three isoforms robustly promote actin filament
nucleation in vitro and Lmod2 and -3 have also been shown to pro-
mote elongation of thin filaments in cultured myocytes and in vivo
(2-7). Mutations in all three isoforms are linked to disease in humans
with the common underlying pathophysiology of reduced muscle
contractility and severe muscle weakness (4, 8-13). Lmodl is pre-
dominantly expressed in smooth muscle and its deficiency impairs
smooth muscle contractility and causes a rare congenital disease
called microcolon intestinal hypoperistalsis syndrome (MMIHS) (8).
Lmod3 is expressed in skeletal and cardiac muscle (predominantly in
skeletal) and mutations in humans can result in severe nemaline
myopathy (4). Lmod2 is primarily expressed in cardiac muscle but is
also found in skeletal muscle (14, 15). Because of its predominant car-
diac expression pattern and overt cardiac phenotype when defective
or absent, the study of Lmod2’s function has, up until now, focused on
the heart. Constitutive loss of Lmod2 in the mouse results in shorter
thin filaments and cardiac dysfunction (14). The Lmod2 knockout
(KO) mice die around 3 weeks after birth, with no obvious skeletal
muscle defects, although this was not rigorously examined (14). In
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cardiac-specific conditional Lmod2 KO mice, adults die within a week
of inducing KO due to severe systolic dysfunction, they display short-
er thin filaments and a significant decrease in maximum force pro-
duction (16). Cardiac-specific transgenic overexpression of Lmod2
results in longer thin filaments, enlarged atrial and ventricular lu-
mens, disorganized myofibrils, and eventual heart failure (17). Re-
cently, mutations in LMOD?2 have been linked to severe neonatal
dilated cardiomyopathy (DCM) in humans (9-13). To date, seven in-
dividuals (from five families) have been identified with pathogenic
LMOD?2 gene mutations. Four passed away within a month of birth
due to heart failure (9, 10), and three received heart transplants at 10
(patient 1), 14 (patient 2), and 7 (patient 3) months of age (11-13).
Limited analysis of skeletal muscle in two of the patients that received
transplants via ultrasound (at 1 month old) and quadriceps biopsy (at
4.5 months old) in patient 1 (11) and physical examination (at 9
months and 5 years) in patient 2 revealed no abnormalities (12). Thus,
since Lmod2 KO mice and patients harboring LMOD2 mutations
have severe cardiac dysfunction but no evidence of skeletal myopathy,
it is not clear whether Lmod2 is required for skeletal muscle function.
However, it was recently shown that Lmod2 is expressed at higher
levels in slow-twitch compared to fast-twitch skeletal muscle (15). It
was also shown that Lmod2 is responsible for regulating the length of
the nebulin-free zone (a distal thin-filament segment where nebulin is
absent) of the thin filament in slow-twitch skeletal muscle (15). This
finding suggests the possibility that Lmod2 is functionally important
in slow-twitch skeletal muscle where it is more abundant.

To more thoroughly study the physiological function of Lmod2 in
skeletal muscle, we expressed Lmod2 specifically in the heart of
Lmod?2 constitutive KO mice to prevent lethal cardiac disease. This
approach allowed mice lacking Lmod2 in their skeletal muscle to sur-
vive into adulthood. Here, we determine the consequences of loss of
Lmod?2 in the skeletal muscle of adult mice and report that Lmod2 has
a functional role in skeletal muscle and that this function goes beyond
regulating thin-filament lengths (TFLs). Specifically, we show that
loss of Lmod2 in both fast- and slow-twitch muscles results in de-
creased force production both in vivo (during dorsiflexion) and
ex vivo (using skinned fibers). We also found that TFL is reduced in
slow-twitch but is unchanged in fast-twitch muscle. Last, loss of

10of 11


mailto:carol.​gregorio@​mssm.​edu

SCIENCE ADVANCES | RESEARCH ARTICLE

Lmod?2 in slow-twitch muscle leads to changes in myosin heavy chain
(MHC) isoform distribution (from fast type IIA to slow type I) and
changes in Lmod3 expression levels. These results have potentially
important implications for patients living with LMOD2 mutations
who have received heart transplants since the loss of LMOD2 in skel-
etal muscle might lead to skeletal muscle weakness and sarcomeric
changes later on in life.

RESULTS

LMOD2 protein is not detected in the quadriceps muscle of a
patient with LMOD2 p.W398*

We previously described the first human mutation (p.W398%*) found
in LMOD?2 that leads to neonatal cardiomyopathy. Because of the se-
verity of the disease, the patient received a heart transplant at 10
months of age. We did not detect mutant LMOD2 protein in the pa-
tient’s left ventricle and concluded that the transcript was most likely
degraded through nonsense-mediated messenger RNA (mRNA) de-
cay (11). Here, we sought to determine whether LMOD?2 protein is
expressed in the patient’s skeletal muscle. Mutant LMOD?2 protein
was not detected in a biopsy sample of the patient’s quadriceps muscle
at 4 months of age, via Western blot analysis. In comparison, full-
length LMOD2 was detected in three skeletal muscle biopsies from
non-affected infants of various ages (Fig. 1A). Furthermore, we ana-
lyzed the levels of LMOD3 and TMODA4 (to look for potential com-
pensation by other tropomodulin family members) as well as skeletal
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Fig. 1.LMOD2 protein is not detected in the LMOD2 p.W398* patient’s skeletal
muscle. A biopsy was performed on the patient’s (Pt) quadriceps muscle at 4
months of age and was compared to skeletal muscle biopsies from non-affected
children (control). (A) Western blot probing for LMOD2 in 10-, 8-, and 5-month-old
control skeletal muscle samples and the patient’s skeletal muscle at 4 months of
age. (B) Western blot of skeletal actin, TMOD4, and LMOD3. Dashed lines represent
areas that have been cropped. Ponceau S staining was used to detect total protein
(bottom). MW, molecular weight. (C) Quantification of Western blot normalized to
total protein levels. Note that the 5-month-old control (closest in age to the pa-
tient) was set to 1.
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actin (since Lmod2 is a known nucleator and elongator of actin) (2, 3).
Little difference was detected in levels of LMOD3, TMOD4, and skel-
etal actin proteins compared to the control closest in age (5 months)
(Fig. 1, Band C).

A successful mouse model was generated, where Lmod2 is
expressed in the heart and absent in skeletal muscle

To extend our knowledge about the potential skeletal muscle pheno-
type in patients that have mutations in LMOD?2 and received a heart
transplant, and to study the function of Lmod2 in adult skeletal mus-
cle, we created a mouse model where Lmod2 is expressed in the heart,
but not in skeletal muscle. To accomplish this, 4-day-old Lmod2
constitutive KO mice (14) were injected with adeno-associated vi-
rus (AAV2/9)-expressing GFP-tagged mouse Lmod2 (KO + c¢GFP-
Lmod2) under control of the cardiac troponin T promoter (cTnT).
Wild-type (WT) mice injected with AAV2/9-expressing cTnT GFP
(WT + cGFP) were used as a control. Data from KO + ¢cGFP mice
could not be included as an additional control since KO mice injected
with AAV2/9-expressing GFP died between 14 and 21 days after birth
despite close monitoring (# = 5). This result is consistent with previ-
ous observations of Lmod2 KO lethality between 15 and 33 days after
birth (median survival of 20 days) with dilated and dysfunctional
hearts (14). Western blot analysis confirmed cardiac-specific expres-
sion of GFP-Lmod2 and GFP in 3- to 5-month-old Lmod2 KO and
WT mice, respectively (Fig. 2A and fig. S1). GFP-Lmod2 protein lev-
els in the KO + ¢GFP-Lmod2 mice were approximately 40% of en-
dogenous Lmod2 levels in WT + c¢GFP mice (Fig. 2B). The injected
mice were closely monitored, and echocardiography analysis was per-
formed at day 21 [a time point by which >75% of Lmod2 KO die with
severe DCM (14)] (fig. S2B and table S1) and in adulthood when stri-
ated muscle development is complete (at 3 to 5 months of age) (Fig. 2,
C to E, and table S1). At day 21, cardiac morphology [monitored by
left ventricular (LV) internal diameter and LV wall thickness during
diastole] in KO + cGFP-Lmod2 mice was similar to WT + cGFP con-
trols, while LV ejection fraction was reduced (fig. S2B and table S1).
However, echocardiography of adult (3 to 5 months) KO + ¢GFP-
Lmod2 mice revealed hearts comparable to WT + c¢GFP controls,
indicating that disease progression was reversed upon reintroduction
of Lmod2. Systolic performance (monitored by LV ejection fraction)
in adult KO + c¢GFP-Lmod2 mice was unchanged from controls
(Fig. 2C and table S1). There was also no difference in LV internal di-
ameter during diastole (Fig. 2D and table S1) nor LV posterior wall
thickness between KO + ¢cGFP-Lmod2 mice and controls (Fig. 2E and
table S1). These data confirm that Lmod2 expression is restricted to
cardiac muscle in KO + c¢GFP-Lmod2 mice and that expression of
Lmod2 reverses cardiac disease progression of Lmod2 KO mice, pro-
viding a model to study the function of Lmod2 in skeletal muscle.

Lmod2 KO + cGFP-Lmod2 mice display changes in muscle
weight and decreased force production during dorsiflexion
of the hindlimb

Next, we proceeded to study the consequences of loss of Lmod2 in
skeletal muscle in KO + ¢GFP-Lmod2 mice. Body weight normalized
to tibia length (fig. S3A) was not statistically significantly different but
trended lower in the KO + ¢GFP-Lmod2 mice (Fig. 3A). Consistent
with prevention of the onset of the cardiac phenotype, heart and lung
weights were not changed (fig. S3, B and C). Extensor digitorum lon-
gus (EDL), tibialis anterior (TA), and diaphragm weights were also
unchanged; however, there was a significant decrease in the weight of
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Fig. 2. Expression of cGFP-Lmod2 is restricted to the heart and absent from
skeletal muscle. Western blot analysis of Lmod2 WT + cGFP and KO + cGFP-Lmod2
mice. (A) Lmod2 protein levels in left ventricular (LV) (left), extensor digitorum lon-
gus (EDL) (middle), and soleus (right panel) from 3- to 5-month-old mice. Total pro-
tein was stained using Ponceau S (bottom). Note that endogenous Lmod2 migrates
at ~80 kDa and GFP-Lmod2 at ~110 kDa. (B) Percent of cGFP-Lmod2 expressed in
Lmod2 KO LV with respect to endogenous Lmod2 levels. (C to E) Echocardiography
of 3- to 5-month-old Lmod2 WT (black) and KO (pink) mice expressing either cGFP
or cGFP-Lmod2, respectively. (C) Systolic performance, as determined by LV ejec-
tion fraction. (D) LV internal diameter during diastole. (E) LV posterior wall thickness
during diastole. All values are means + SD; P < 0.05 was considered significant,
unpaired t test; (B) n = 6 mice per genotype and [(C) to (E)] n = 12 to 15 mice per
genotype. ns, not significant.

the quadriceps and an increase in the weight of the soleus in
KO + cGFP-Lmod2 mice when compared to WT + c¢GFP mice
(Fig. 3D). Next, to investigate whole limb function, we measured grip
strength. There was no change in force produced by KO + cGFP-
Lmod2 mice when compared to WT + cGFP controls at both day 21
and as adults (Fig. 3B and fig. S2A). To further study the in vivo phys-
iological function of Lmod2 in skeletal muscle, the force-frequency
relationship of the hindlimb during dorsiflexion was assessed.
KO + cGFP-Lmod2 adult mice produce significantly less dorsiflexion
force than WT + cGFP mice (Fig. 3C). This suggests that loss of
Lmod2 affects specific groups of muscles such as those involved in
dorsiflexion (i.e., the EDL and TA muscles).

EDL and soleus fiber bundles from Lmod2 KO mice have a
deficit in force production that is abolished by introducing
recombinant Lmod2

To determine whether loss of Lmod?2 affects force production and re-
sponse to calcium at the fiber level, we performed force/calcium
curves on skinned EDL (predominantly fast twitch) and soleus (mix
of slow and fast twitch) fiber bundles from KO + cGFP-Lmod2 and
WT + cGFP mice. Experiments were performed at a sarcomere
length (SL) of 2.0 pm. The maximal tension achieved at the highest
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Ca>™ concentration (48.6 pM) in EDL fibers bundles taken from
KO + cGFP-Lmod2 mice was lower by 20% when compared to
WT + c¢GFP mice (Fig. 4A and table S2). KO + ¢cGFP-Lmod2 soleus
fiber bundles displayed a 32% decrease in maximally activated tension
when compared to WT + cGFP soleus fiber bundles (Fig. 4B and
table S2). Note that an SL of 2.0 is within the plateau region of the pre-
dicted force-SL relationship for the Lmod2 KO fibers (based on our
experimentally measured TFLs). Furthermore, the KO soleus fibers
displayed a greater decrease in force compared with KO EDL fibers
(fig. S3E). There was no change in half maximal effective concentration
(ECso) for both EDL and soleus fibers (Fig. 4A, B, inset; and table S2).
We next incubated the skinned fiber bundles with recombinant
Lmod?2 protein and repeated the force-calcium experiments. We
found that the reintroduction of Lmod2 restored force production to
WT levels in both EDL (Fig. 4A and table S2) and soleus muscles
(Fig. 4B and table S2). The addition of Lmod2 had no impact on the
calcium sensitivity of EDL and soleus fiber bundles (Fig. 4, A and B,
insets; and table S2). Western blot analysis confirmed the presence of
recombinant Lmod?2 in the skinned EDL fiber bundles (fig. S4A). En-
dogenous Lmod2 levels in WT + ¢GFP EDL muscle are low and
therefore were not detected (fig. S4A). Furthermore, we incubated
KO + ¢GFP-Lmod2 EDL and soleus fiber bundles with recombinant
GFP-Lmod2 and determined the localization of GFP-Lmod?2 in the
sarcomere by immunofluorescence microscopy. GFP-Lmod2 was en-
riched at the pointed ends of the thin filaments (fig. S4C). This data
confirms that lack of Lmod2 in both EDL and soleus skeletal muscle
fibers results in force deficits at the myofilament level.

Loss of Lmod2 results in changes in MHC fiber type
distribution and fiber size in the soleus but not EDL muscle
To determine whether the force deficits observed in the KO + ¢GFP-
Lmod2 mice at the myofilament level are coupled with a myosin fiber
type switch, we analyzed MHC isoform expression. MHC protein
expression levels were determined in both EDL and soleus muscle
lysates from Lmod2 WT + cGFP and KO + cGFP-Lmod2 mice using
SDS-polyacrylamide gel electrophoresis (SDS-PAGE) (Fig. 5A).
There was no change in the relative amounts of MHC type I, IIA/IIX,
and IIB levels in EDL lysate from the KO 4+ cGFP-Lmod2 mice com-
pared with the WT + cGFP controls (Fig. 5B). However, there was an
increase in the relative amount of MHC type I and a decrease in the
relative amount of MHC ITA/IIX in the soleus of KO + ¢GFP-Lmod2
mice compared with WT + c¢GFP controls (Fig. 5C). To distinguish
between fiber type changes in MHC IIA versus IIX (MHCIIA and IIX
bands were not resolved by SDS-PAGE) and to assess changes in fiber
size, we stained EDL and soleus cross sections from WT + ¢GFP and
KO + ¢GFP-Lmod2 mice with antibodies against the different MHC
isoforms (Fig. 6, A and B). There was no change in MHC isoform
distribution in the EDL muscle of the KO 4+ ¢GFP-Lmod2 mice when
compared with WT + c¢GFP controls (Fig. 6C). We used the mini-
mum Feret (min Feret) diameter to analyze fiber size since this value
is less sensitive to the angle of cross section compared to fiber cross-
sectional area (18). We observed no change in min Feret diameter
between the KO + c¢GFP-Lmod2 and WT + c¢GFP EDL (Fig. 6D).
Conversely, in the soleus, there is a 39% increase in the number of
MHC I-positive fibers, a 27% decrease in the number of MHC ITA-
positive fibers, and no change in the number of MHC IIB- and MHC
IIX-positive fibers in the KO + ¢GFP-Lmod2 mice compared with
WT + cGFP controls (Fig. 6E). There was also an increase in min
Feret diameter of MHC IIA-positive fibers and no change in min
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Fig. 3. Lmod2 KO mice display changes in muscle weight and force produced during hindlimb dorsiflexion. (A) Body weight (BW) normalized to tibia length (TL) of
Lmod2 WT (black) and Lmod2 KO (pink) mice expressing cGFP or cGFP-Lmod2 (respectively) at 3 to 5 months old. (B) Grip strength analysis of forelimbs and all limbs at 3
to 5 months old. Force was normalized to BW. (C) In vivo hindlimb dorsiflexion analysis using footplate mechanics. Force was normalized to TA muscle weight. (D) Indi-
vidual muscle weights normalized to TL. TA, tibialis anterior. In (A), (B), and (D), all values are means + SD; P < 0.05 was considered significant, unpaired t test; *P < 0.05;
n=4to 15 muscles per genotype. (C) All values are means + SEM. Data points were fit to a sigmoidal 4PL curve using the least-squares regression model. The null hypoth-
esis (one curve fits all datasets) was rejected; P < 0.05 was considered significant; ****P < 0.0001; n = 5 to 7 mice.

Feret diameter of MHC I-, MHC IIB-, and MHC IIX-positive fibers
in the soleus of KO + ¢GFP-Lmod2 mice (Fig. 6F). We also compared
the total number of fibers in EDL and soleus cross sections from the
KO + ¢cGFP-Lmod2 and WT + c¢GFP mice and found no significant
change (fig. S3D). These data confirm that the KO 4+ ¢GFP-Lmod2
mice have changes in fiber type and size in slow-twitch muscle.

Lmod2 regulates thin-filament length in slow-twitch muscle
and the addition of recombinant Lmod2 to skinned fibers
does not alter the thin-filament length

It has been previously shown that Lmod2 is responsible for regulating
the length of the nebulin-free segment of the thin filament in slow-
twitch muscle (15). To confirm that this was the case in our cardiac-
specific rescue model, TFL was measured in longitudinal sections of
EDL and soleus muscles. There was no change in TFL in EDL (Fig. 7A,
top) and a decrease in TFL in soleus from KO + ¢GFP-Lmod2 mice
when compared to WT + ¢GFP controls (Fig. 7B, top). Mean SL was
not significantly different between groups in EDL nor soleus muscle
(Fig. 7, A and B, bottom). Furthermore, to test whether the introduc-
tion of recombinant Lmod2 to skinned soleus fibers affects TFL, we
analyzed the Lmod2 WT and KO soleus fibers used to generate the
force/calcium curves. There was no significant change in TFL be-
tween Lmod2 WT untreated and treated fibers as well as Lmod2 KO
untreated and treated fibers (fig. S4B). There was a decrease in TFL in
untreated soleus fibers from KO + c¢GFP-Lmod2 mice compared to
fibers from untreated WT + cGFP mice, verifying that loss of Lmod2
results in shorter thin filaments in soleus fibers. These data confirm
that Lmod?2 is important for TFL regulation in slow-twitch muscle
and that the addition of recombinant Lmod2 to skinned fiber bundles
does not alter TFL. Electron microscopy was then used to investigate
whether loss of Lmod2 leads to abnormalities in the sarcomeric ultra-
structure of EDL (fig. S5A) and soleus (fig. S5B) muscles in the
KO + GFP-Lmod2 mice. No obvious changes in Z-disc structure,
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thick- and thin-filament structure, and mitochondria morphology
were observed. Other morphological disease indicators like nemaline
bodies were not detected. This indicates that the skeletal-specific
Lmod2 KO mouse model does not display some of the common path-
ological changes observed in muscle fibers during disease.

Lmod3 expression levels are elevated in the soleus muscle of
Lmod2 KO mice

We next wanted to investigate whether changes in force, MHC iso-
form expression, and TFL due to the lack of Lmod2 result in parallel
changes in the expression of different sarcomeric proteins. Expression
levels of several members of the tropomodulin family of proteins
(Tmod4 and Lmod3) and skeletal actin (Lmod2 is known to polymer-
ize actin) were analyzed by Western blot analysis in EDL and soleus
lysate from 3- to 5-month-old KO + ¢cGFP-Lmod2 and WT + cGFP
mice. We found no change in relative expression levels of these pro-
teins in EDL lysate from the KO 4+ c¢GFP-Lmod2 mice when com-
pared with WT + cGFP controls (fig. S6, A and B). In soleus muscle,
there was an increase in Lmod3 relative expression levels but no
change in skeletal actin, and Tmod4 relative expression levels (Fig. 8,
A and B). Here, we demonstrate that Lmod3 expression levels are el-
evated in the soleus muscle, potentially as a compensatory mecha-
nism for the loss of Lmod?2 or as a result of the fiber type switch.

DISCUSSION

We previously demonstrated that Lmod2 is essential for proper car-
diac muscle function since mutations in humans and complete loss
of Lmod2 in mice lead to heart failure and death (9-14, 16). Both
Lmod2 KO mice and human patients containing LMOD2 mutations
do not show obvious signs of skeletal muscle disease; therefore, it was
thought that Lmod3 is the only functional Lmod isoform in skeletal
muscle (4, 9-12, 14). However, Lmod2 KO mice die at an early age
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Fig. 4. Loss of Lmod2 reduces calcium-activated force production in EDL and
soleus fibers; this change is rescued by the addition of recombinant Lmod2.
Force produced by skinned EDL and soleus fiber bundles with increasing concen-
trations of calcium. (A) Force produced by EDL fibers at an SL of 2.0 um. (B) Force
produced by soleus fibers at an SL of 2.0 pm. Insets show mean half maximal effec-
tive concentration (ECso) of calcium activation. Lmod2 WT (black), Lmod2 KO (pink),
Lmod2 WT plus recombinant Lmod2 (green), and Lmod2 KO plus recombinant
Lmod2 (purple). The force-calcium relationships were fit individually using a modi-
fied Hill equation. The significance of the differences in force was determined at the
highest Ca’* concentration. Tension and ECso values are means + SEM; P < 0.05 was
considered significant, two-way ANOVA followed by Sidak’s multiple comparisons
test; #*P < 0.01 and **##P < 0.0001; n = 6 to 7 mice.

(median survival of 20 days) and human patients with LMOD2 mu-
tations die as neonates (or survive by receiving a heart transplant)
(9-14); thus, it is possible that skeletal muscle alterations were not
apparent at the time the skeletal muscle was examined. In addition, it
is important to note that the transcript levels of Lmod?2 are ~6 times
higher than Lmod3 in soleus muscle (15); therefore, Lmod2 could be
functional in at least a subset of skeletal muscle types.

Since the possibility of skeletal muscle perturbations arising at an
older age in patients harboring LMOD?2 mutations could not be ruled
out, we prevented the lethal cardiac phenotype typical of Lmod2 KO
mice (i.e., essentially generated a Lmod2 skeletal muscle KO mouse
model) to determine whether loss of Lmod2 affects skeletal muscle
function in adult mice. To do this, we expressed AAV2/9 GFP-mouse
Lmod2 driven by a ¢TnT promoter in the hearts of constitutive
Lmod2 KO mice (14).

To date, the documented functions of Lmod2 include (i) actin-
thin filament pointed end elongation in myocytes (3, 14) and (ii) actin
nucleation in vitro (2). Here, we show that soleus muscle from the
cardiac-rescued Lmod2 KO mice has shorter thin filaments, while
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Fig. 5. MHC isoform distribution shifts from type IIA toward a slower MHC iso-
form (type 1) in the soleus muscle of Lmod2 KO mice. (A) Poly-acrylamide gel
showing MHC distribution in EDL (top) and soleus (bottom) muscles from Lmod2
WT and KO mice expressing either cGFP or cGFP-Lmod2 (respectively). A 50/50 mix
of homogenized soleus and tibialis cranialis muscle was used as a control (Ctrl) to
denote the size of the three MHC isoforms. Quantification of EDL (B) or soleus
(€) MHC distribution is shown as a percent of total myosin. All values are means +
SD; P < 0.05 was considered significant, unpaired t test; **P < 0.01; n = 5 to 6 mice
per genotype.

TFLs in the KO mice are unchanged in EDL muscle. These observa-
tions corroborate previous work indicating that Lmod2 has no impact
on TFL regulation in fast-twitch muscles but does influence TFL in
slow-twitch muscles (15). While Lmod2 has strong actin nucleating
ability in vitro, analysis of cardiac muscle in Lmod2 KO mouse models
and human patients revealed no evidence of initial nucleation by
Lmod2 (11, 14, 16). Our data also suggest that it is unlikely that
Lmod2 is acting as the initial nucleator of actin filaments in the skel-
etal muscle. If nucleation was absent in skeletal muscle from the
cardiac-rescued Lmod2 KO mice, then we would expect to see a dras-
tic decrease in the total number of actin filaments. However, we do
not observe a change in skeletal actin levels in KO EDL and soleus
muscles. Here, we confirm that Lmod2 acts to elongate thin filaments
in slow-twitch soleus muscle.

Our analysis of dorsiflexion, which predominantly involves the
TA and EDL fast-twitch muscles, and skinned fiber mechanics of
EDL and soleus fibers revealed deficits in force production in the
cardiac-rescued Lmod2 KO mice, indicating that Lmod2 is function-
al not only in slow-twitch but also in some fast-twitch skeletal muscle
types. These findings support a role for Lmod2 in regulating skeletal
muscle force production, independent of its role in TFL regulation.
First, a force deficit was unexpectedly observed in the EDL muscle of
cardiac-rescued Lmod2 KO mice, where TFLs are unchanged. This is
different from the soleus muscle, where shorter TFLs could contrib-
ute to the larger decrease in force observed. The larger amount of
force lost in the soleus muscle could be due to a basic property of the
sliding filament theory of muscle contraction: the dependency of
force production on SL (19). Shorter thin filaments (as observed here
in the Lmod2 KO soleus muscle) would be predicted to lead to a left-
ward shift in the force-SL relationship (20). This results in less force
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Fig. 6. The shift in MHC isoform distribution (from type IIA to type I) is coupled with an increase in the size of type IIA fibers. Lmod2 WT + cGFP and KO + cGFP-
Lmod2 skeletal muscle cross sections were stained with antibodies against different MHC isoforms. Representative images of EDL (A) or soleus (B) MHC fiber type staining.
Top: MHC type | (blue), MHC type IIB (green), and laminin (red). Middle: MHC type IIA (green) and laminin (red). Bottom: MHC type IIX (blue) and laminin (red). Quantifica-
tion of the number of MHC type |-, IIA-, 1IB-, or lIX-positive fibers in EDL (C) or soleus (E) cross-sections shown as percent of total fibers. Minimum Feret diameter of MHC
type I-, IIA-, lIB-, or lIX-positive fibers in EDL (D) or soleus (F) cross sections. Scale bars, 100 pm. All values are means + SD; P < 0.05 was considered significant, unpaired

t test; *P < 0.05, **P < 0.01; n = 4 mice per genotype.

production at longer SLs (i.e., within the descending limb of the
force-SL relationship) compared to WT muscle. However, using ex-
perimentally measured TFLs from our immunofluorescence analy-
sis, we determined that the SL at which our force measurements were
performed (2.0 pm) is within the plateau region (where myosin
heads are fully covered and maximal force is produced) of the force-
SL relationship in Lmod2 KO soleus fibers. Since force production is
not dependent on the length of thin filaments within the plateau re-
gion, shorter thin filaments could not be the cause of a loss of force in
the Lmod2 KO soleus fibers. Second, evidence of TFL-independent
force regulation is also provided by the fiber mechanics experiments
performed using recombinant Lmod2. These experiments show that
incubating both EDL and soleus Lmod2 KO fibers with recombinant
Lmod?2 restores force production. As these fibers are demembranated
(skinned), recombinant Lmod2 should not be able to modify
TFLs since the available pool of monomeric actin needed for thin-
filament elongation is extracted during the skinning process. This
was confirmed by direct measurements revealing no change in TFL
following the addition of recombinant Lmod2. Lmod2 localization at

Larrinaga et al., Sci. Adv. 10, eadk1890 (2024) 13 March 2024

the pointed end of actin filaments could affect force generation
through its interactions with tropomyosin exclusively at the pointed
end of thin filaments, similar to a function proposed for tropomodu-
lin (21, 22). Tropomyosin positioning on the thin filament is known
to be regulated by the troponin complex (troponin T, I, and C) and
plays a crucial role during actomyosin cross-bridge formation (1). It
is possible that tropomyosin dynamics are further regulated by its
interaction with Lmod2 at the pointed end of the thin filament, and
therefore, the absence of Lmod2 affects tropomyosin positioning on
the thin filament, potentially reducing cross-bridge formation and
contractile force production.

We do not observe force changes in grip strength from the cardiac-
rescued Lmod2 KO mice. The grip strength test is used to study the
overall muscle strength of either forelimbs only or both forelimbs and
hindlimbs combined. EDL and soleus muscles are only found in the
hindlimbs and are relatively small in size when compared with the
majority of the muscles in the limbs; therefore, detectable changes in
force as a result of these two muscle types could be masked by the
presence of larger muscles that produce most of the force. In our
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Fig. 7. Soleus muscle from Lmod2 KO mice has shorter thin filaments than
that of WT mice. Quantification of TFL (top) and SL (bottom) in EDL (A) and
soleus (B) muscle of 3- to 5-month-old WT (black) and KO (pink) mice express-
ing cGFP or cGFP-Lmod2 (respectively). All values are means + SD; P < 0.05
was considered significant, unpaired t test; **P < 0.01; n = 5 to 8 mice per
genotype.

experiments, we mainly focused on studying EDL and soleus as a rep-
resentation of fast and slow-twitch muscles; however, the conse-
quences of loss of Lmod2 in other muscle types are unknown. The fact
that we do not observe differences in force production during grip
strength analysis suggests that Lmod2 is not functioning uniformly in
all muscles.

The cardiac-rescued Lmod2 KO mice display no significant
changes in body weight, an increase in soleus weight, and a de-
crease in quadriceps weight. The muscle-specific weight differ-
ences could be a result of fiber size changes. This hypothesis was
supported by analysis of Lmod2 KO soleus fibers which present
with larger type IIA fibers. The fiber type switch (from type ITA
toward type I) in soleus muscle in the KO mice could potentially
be causing the changes in force production or could be a second-
ary effect to the extensive loss of force found in soleus muscle. If
the myosin fiber type changes were causing a decrease in force
production in the soleus muscle, then we would also predict to
observe fiber type/size changes in EDL Lmod2 KO fibers, which
also have a reduction in force. In addition, force deficiencies in
both EDL and soleus KO fibers are abolished after incubation with
recombinant Lmod2, even in the presence of the fiber type and
size change evident in soleus KO fibers, making it unlikely that
MHC fiber type changes are driving changes in force production.
Furthermore, the decrease in maximally activated force produc-
tion of Lmod2 KO fibers is greater in the soleus muscle compared
to the EDL muscle. A greater decrease in force in the soleus mus-
cle, coupled with additional changes, like shorter actin filaments,
could potentially drive fiber type/size changes as a compensatory
mechanism specifically in the soleus muscle. These severe pertur-
bations in soleus muscle suggest a dose-dependent phenotype as it
has been shown that Lmod2 is expressed at higher levels in the
soleus compared to EDL muscle in mice (15).
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Fig. 8. Lmod3 protein levels are elevated in soleus Lmod2 KO muscle com-
pared to WT soleus muscle. Western blot analysis of 3- to 5-month-old Lmod2
WT + c¢GFP and KO + cGFP-Lmod2 mice. (A) Western blot probed for alpha skeletal
actin (Sk. actin), Tmod4, and Lmod3 in the soleus muscle. Ponceau S was used to
stain for total protein. (B) Relative protein levels following normalization to total
protein. Note that the average of WT animals expressing cGFP was set to 1. All
values are means + SD; P < 0.05 was considered significant, unpaired t test.
**P < 0.01; n = 6 mice per genotype.

Loss of LMOD1 and LMOD?2 in humans and mice, and knock-
down of Lmod3 in zebrafish, results in decreased contractility (4, 8,
11, 14, 16). These phenotypic similarities suggest that Lmod isoforms
have related functions. We show that Lmod3 is increased in the soleus
muscle of Lmod2 KO mice. This could be a result of the fiber type
switch from the faster MHC IIA to the slower MHC I fibers that ex-
press higher levels of Lmod3 (15). In addition, increased Lmod3 levels
could represent a compensatory mechanism for the loss of Lmod2,
similar to the up-regulation of LMOD?2 found in patients with muta-
tions in LMOD3 (4). The fact that we observe substantial functional
and morphological differences between Lmod2 KO and WT soleus
muscle suggests that Lmod3 up-regulation is not able to fully com-
pensate for the loss of Lmod2, implying that the function of these two
isoforms (even though they are structurally similar) does not overlap.
Furthermore, it is unlikely that Lmod1 functions in striated muscle
since it is predominantly expressed in smooth muscle, and little to no
Lmodl mRNA is detected in skeletal and cardiac muscle (23). We did
not observe any sarcomeric structural abnormalities in the EDL and
soleus muscles from the cardiac-rescued Lmod2 KO mice (e.g., Z-disc
streaming, changes in thick- and thin-filament structure, or nemaline
bodies) suggesting that the alterations observed in these mice are not
nearly as severe as those observed in the skeletal muscle of Lmod3 KO
mice and human patients with LMOD3 mutations.

In conclusion, we show that despite cardiac rescue, the Lmod2 KO
mouse demonstrates abnormalities in skeletal muscle force produc-
tion, protein expression levels, and fiber type/size. These alterations
are not lethal, as the mice live to adulthood. Furthermore, we dem-
onstrate using a mouse model that Lmod2 is not only important for
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thin-filament regulation and proper contraction in cardiac muscle
but is also involved in regulating TFLs and force production in skel-
etal muscle. Lmod2 loss affects both slow-twitch and fast-twitch
muscles, suggesting that Lmod2 directly regulates contractility in ad-
dition to regulating TFL (in slow-twitch muscles). Our findings have
important implications for human health, especially for patients di-
agnosed with DCM due to mutations in LMOD2, although we can-
not rule out that clinically significant skeletal muscle abnormalities
may not be obligatory in humans with LMOD2 mutations. Neverthe-
less, our data support a role for Lmod?2 in skeletal muscle suggesting
skeletal muscle function should be monitored in individuals with
LMOD2 mutations.

MATERIALS AND METHODS

Ethics

The use of the subject’s skeletal muscle specimen in research studies
was approved by the Institutional Research Board (IRB) at the Chil-
dren’s Hospital of Philadelphia. De-identified control muscle tissue
lysates were obtained from the Kids Neuroscience Center biobank,
the Children’s Hospital at Westmead, approved by the Human Re-
search Ethics Committees of the Children’s Hospital at Westmead,
Australia (2019/ETH11736).

Construct design

The pAAV cTnT mouse Lmod2 and pAAV cTnT-GFP constructs
were generated by digesting a pAAV cTnT-iCre (Addgene, plasmid #
69916) Tomato construct with Nhel, Sall, and HindIII restriction en-
zymes. The pEGFP-C2 mouse Lmod2 (21) and pEGFP-C2 (Clontech,
catalog #6083-1) constructs were digested using Nhel and Sall. GFP
mouse Lmod2 and GFP were then ligated into the empty pAAV cTnT
vector and the sequence was confirmed by DNA sequencing.

AAV generation

AAV was generated as follows: 20 15-cm cell culture plates contain-
ing AAV 293 T cells at 60% confluence were transfected with either
PAAV-cTnT GFP mouse Lmod2 or pAAV-cTnT GFP, AAV helper,
and AAV-RC2/9 at a 1:1:1 molar ratio using polyethyleneimine
(Polysciences); cells were transfected at a 4:1 polyethyleneimine to
DNA ratio. After 4 to 5 days, cells were collected and lysed by three
rounds of freeze-thawing in liquid nitrogen followed by passage
through a 22-gauge needle on a 5-ml syringe. Cells were then treated
with 1 ml of Benzonase per 3 ml of lysate (250 U) (Sigma-Aldrich)
at 37°C for 1 hour and vortexed every 15 min. The virus was purified
using an iodixanol density gradient (OptiPrep; Greiner Bio-One
Inc.), concentrated, exchanged into modified phosphate-buffered
saline (PBS) (2.5 mM KCl, 1 mM MgCl2, and 0.0001% Tween 20)
using centrifugal concentrators (50-kDa molecular weight cutoft)
(Millipore), and stored at 4°C. Viral particle number was deter-
mined by SDS-PAGE.

Lmod2 knockout mice

Lmod2 KO mice used in this study were generated as described in (14).
Briefly, the Lmod2 gene was replaced with a LacZ reporter cassette.
Embryos were rederived in the Genetically Engineered Transgenic
Core at University of Arizona and the colony was established by cross-
ing to a C57BL/6] strain (The Jackson Laboratory, stock no. 000664).
All animal procedures were approved by the Institutional Animal Care
and Use Committee (IACUC) at University of Arizona.

Larrinaga et al., Sci. Adv. 10, eadk1890 (2024) 13 March 2024

Genotyping

Genomic DNA was isolated from newborn mice tail tips and digested
in 100 ml of digestion buffer [50 mM KCIl, 1.5 mM MgCl2, 0.1% gela-
tin, 0.45% NP-40, 0.45% Tween 20, and 10 mM tris-HCI (pH 8.3)]
plus 1 ml of proteinase K (600 to 1000 U/ml) (Thermo Fisher Scien-
tific); samples were placed at 60°C for 20 min, followed by 100°C for
3 min. A 20-ml PCR reaction was run with GoTaq polymerase (Pro-
mega) using the following program: 95°C for 2 min [95°C for 30 s,
66°C for 30 s, 72°C for 45 s] X 35 cycles, and 72°C for 5 min. The fol-
lowing primers for Lmod2 and LacZ cassette were used:

Lmod2 (forward: 5'-GAGGAGGTGTGTACAGAAGAT-
GAGGAAGAGTCreverse: 5'-GGAGTTCCTCTGTGTTCTTC-
CACTGTTG).

LacZ (forward: 5'-CTTGGAGAAACAGTGAGGAAGCTAGGA-
CAGandreverse:5'-CCTGCCATAAAGAAACTGTTACCCGTAGGT).

AAV injections

P4-5 Lmod2 KO and WT mice were anesthetized by cryoanesthesia.
Once under, 50 pl of modified PBS (2.5 mM KCl, 1 mM MgCI2, and
0.0001% Tween 20) containing either 1.25 X 10'? (for ¢TnT GFP-
mLmod2) or 3.13 x 10" (for ¢TnT-GFP) vector genomes was injected
into the pericardial cavity of the mice. After injection, mice were
placed on a heating pad and allowed to recover. After the mice recov-
ered, they were placed back in the cage with their mother and moni-
tored closely until collection. Mice were collected 3 to 5 months after
injection.

Echocardiography

AAV-injected Lmod2 KO and control mice were echoed consciously
at P16 to P18 and under isoflurane-induced anesthesia at P90 to
P120 (the latter within a target heart range of 550 + 50 bpm). Trans-
thoracic images were obtained using the Vevo 770 High-Resolution
In Vivo Micro-Imaging System from Visual Sonics with a 707B
transducer array and images were saved as digital loops for offline
calculations. Standard imaging planes and functional calculations
were obtained according to the American Society of Echocardiogra-
phy guidelines. M-mode images at the level of the papillary muscles
were used to determine LV wall thicknesses, chamber dimensions,
and ejection fraction.

Grip strength

Grip strength measurements were performed on injected Lmod2 KO
and WT mice at P21 and then again at P90 to P120. First, the mouse’s
forelimbs were placed on a metal bar and its tail was gently pulled
until the mouse released its grip. All four limbs were also tested by
allowing the mouse to hold onto a mesh with its four limbs and gently
pulling its tail until the mouse released its grip. Grams of force
produced by the mouse were recorded using a digital force gauge
(Chatillon Force Measurement DFEII, Columbus Instruments). Force
was normalized to body weight.

Footplate mechanics

Force produced during dorsiflexion of the right hindlimb of the
Lmod2 WT and KO mice was measured using footplate mechanics,
while the mice were unconscious and under a heating platform (Au-
rora Scientific). Mice were anesthetized using isoflurane and placed
on a heating pad (39°C). The right hindlimb was shaved and the knee
was clamped for stabilization and immobilization. The foot was
secured to the footplate on the force transducer (Aurora Scientific)
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using medical tape and the hindlimb was positioned so that there was
a 90° angle at the ankle. One subdermal needle electrode was placed
on the lateral side of the right leg, near the head of the fibula close to
the peroneal nerve, and the second one was placed more distally on
the lateral side of the leg. Optimal electrode placement and pulse
phase were established, and forces were measured (ASI 610A Dynam-
ic Muscle Control v.5.3 software). The force-frequency relationship
was measured at 10, 20, 30, 40, 60, 100, 125, and 150 Hz, with maxi-
mal force usually produced at 150 Hz. Force was normalized to TA
muscle weight.

Heart and skeletal muscle dissections

Hearts and skeletal muscle from injected mice were collected at 3 to
5 months of age (right and left atria, intraventricular septum, right
ventricle, a section of the left ventricle, diaphragm, soleus, EDL, TA,
and quadriceps) and frozen in liquid nitrogen. Both hindlimbs were
collected and the EDL and soleus from one leg were demembranated
(skinned) or pinned onto a piece of cork for fiber type and fiber size
analysis via immunofluorescence microscopy. After skinning, EDL
and soleus fiber bundles were isolated, stretched, and used either for
fiber mechanics or pinned onto a piece of cork (to prevent contrac-
tion) so that localization of recombinant GFP-Lmod2 could be exam-
ined. The EDL and soleus from the remaining leg were cut in the
middle, one section was frozen for immunoblotting and the remain-
ing section was stretched and fixed in 4% paraformaldehyde in 1x
PBS, and then washed four times with 1x PBS every hour to perform
TFL measurements via immunofluorescence microscopy. A section
of LV free wall was also stretched and fixed to analyze TFLs. All tissue
for immunofluorescence microscopy was embedded in Tissue-Tek
O.C.T. compound (Sakura Finetek) and frozen in 2-methylbutane
cooled in liquid nitrogen.

Immunofluorescence microscopy

For TFL measurements, 5-pm cryosections of stretched, fixed, and
embedded EDL- and soleus-intact or -skinned fiber bundles were
mounted on no. 1.5 size coverslips that had been previously coated
with gelatin (intact EDL and soleus muscles) or collected on Super-
frost Plus microscope slides (skinned fiber bundles) (Thermo Fisher
Scientific). A hydrophobic barrier pen was used to encircle the fiber
bundle sections (Vector Laboratories Inc.). All cryosections were
permeabilized with 0.2% Triton X-100 for 30 min at room tempera-
ture and incubated in blocking solution [2% bovine serum albumin
(BSA) and 1% normal donkey serum in PBS] for 1 hour at room
temperature. Primary mouse monoclonal anti-a-actinin (1:200; EA-53,
Sigma-Aldrich) antibody was applied for 1.5 hours at room tem-
perature, and then washed with 1x PBS three times every 10 min.
Secondary Alexa Fluor 350-conjugated goat anti-mouse immuno-
globulin G (IgG) (1:200 in IX PBS; A-11045, Thermo Fisher Scien-
tific) antibody and Texas Red-conjugated phalloidin was used to
stain filamentous actin (1X according to the manufacturer’s instruc-
tions, Thermo Fisher Scientific). Secondary antibodies and phalloi-
din were applied for 1.5 hours at room temperature, and then washed
with 1x PBS three times every 10 min. Sections were then rinsed in
water and mounted onto microscope slides with Aqua Poly/Mount
(Polysciences Inc.). Images were taken using a Deltavision RT system
(Applied Precision) with a 100X NA 1.3 objective and a charge-
coupled device (CCD) camera (CoolSNAP HQ; Photometrics). Im-
ages were deconvolved using SoftWoRx software and TFLs were
measured using the Image] plugin DDecon (24).
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For GFP-Lmod2 detection, 4-pm cryosections of unfixed,
stretched, and embedded EDL- and soleus-skinned fiber bundles
were collected on Superfrost Plus microscope slides (Thermo Fisher
Scientific). Slides were stored at —20°C immediately after sectioning
and processed the following day. A hydrophobic barrier pen was used
to encircle the sections (Vector Laboratories, Inc.). Sections were per-
meabilized with 0.2% Triton X-100 for 30 min at room temperature
and incubated with 100 nM recombinant GFP-Lmod2 overnight at
4°C. The following day, sections were fixed in 4% paraformaldehyde
in 1x PBS for 2 hours at 4°C, and then washed three times for 10 min
with 1x PBS. Primary mouse monoclonal anti-GFP (1:200; B-2, Santa
Cruz Biotechnology) antibody was applied for 2 hours at room tem-
perature, then washed three times for 10 min with 1x PBS. Secondary
Alexa Fluor Plus 488-conjugated goat anti-mouse IgG (1:200 in 1X
PBS; A32723, Thermo Fisher Scientific) antibody and Texas Red-
conjugated phalloidin were used to stain filamentous actin (1X ac-
cording to the manufacturers instructions, T7471, Thermo Fisher
Scientific). Secondary antibodies and phalloidin were applied for
2 hours at room temperature, and then washed three times for 10 min
with 1X PBS. Sections were then rinsed in water and mounted with
Aqua Poly/Mount (Polysciences Inc.). Images were taken using a Del-
tavision RT system (Applied Precision) with a 100X NA 1.3 objective
and a CCD camera (CoolSNAP HQ; Photometrics). Images were de-
convolved using Soft WoRx software.

For fiber size and fiber type analysis, the embedded EDL and so-
leus muscles were cut in the mid-belly using a razor blade, and one-
half of the muscle was embedded in a cryomold with the belly facing
upwards. Ten-micrometer serial sections were collected on treated
microscope slides (Thermo Fisher Scientific) (12-550-15). Slides were
stored dry at —20°C immediately after sectioning and processed the
following day. A hydrophobic barrier pen was used to encircle the sec-
tions (Vector Laboratories Inc.) (H-4000) and allowed to dry for
5 min. Sections were permeabilized with 0.2% Triton X-100 for
30 min at room temperature and blocked with blocking solution (2%
BSA and 1% normal donkey serum in PBS) for 1 hour at 4°C. Primary
antibodies were then applied, and sections were incubated overnight
at 4°C. The following primary antibodies were used: MHC I [3.5 mg/
ml; BA-F8 IgG2b, Developmental Studies Hybridoma Bank (DSHB)],
MHCIIB (9 mg/ml; BF-F3 IgM, DSHB), MHC IIA (3.5 mg/ml; SC-71
IgG1, DSHB), MHC IIX exclusion (3.5 mg/ml; BE-35 IgG1, DSHB),
pan-myosin (9 mg/ml; A4-1025 IgG2a, DSHB), and rabbit polyclonal
laminin (1:400; L9393, Sigma-Aldrich). Following primary antibody
incubation, sections were washed twice with 1x PBS for 30 min and
secondary antibodies were applied for 2 hours at room temperature.
The following secondary antibodies were used: mouse polyclonal Al-
exa Fluor 350 (1:160; IgG2b A-21140, Thermo Fisher Scientific),
mouse polyclonal Alexa Fluor 488 (1:160; IgM A-21042, Thermo
Fisher Scientific), mouse polyclonal Alexa Fluor 488 (1:160; IgG1 A-
21121, Thermo Fisher Scientific), mouse polyclonal Alexa Fluor 350
(1:160; IgG2a A-21130, Thermo Fisher Scientific), and rabbit poly-
clonal Alexa Fluor 658 (1:160; A10042, Invitrogen). Sections were
washed twice with 1x PBS for 30 min, rinsed with water, and mounted
by placing a drop of Aqua Poly/Mount (Polysciences Inc.) on top of
the sections and covering them with a coverslip. Samples were al-
lowed to dry for 24 hours before imaging. Images were captured using
a Nikon Eclipse Ti microscope with a 10X NA 0.30 objective, and a
digital complementary metal-oxide semiconductor camera (ORCA-
flash4.0; Hamamatsu Photonics, Shizuoka Prefecture, Japan). Images
were stitched 2 X 2 fields with 15% overlap to create a composite full
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view of the muscle cross sections. Muscle cross sections were analyzed
using the semi-automatic muscle analysis using segmentation of his-
tology (SMASH) software, a MATLAB application (R2021b).

Immunoblotting

A frozen piece of either LV free wall, soleus, or EDL was thawed on ice
in a microcentrifuge tube containing 200 mg of stainless steel beads
(0.9- to 2.0-mm diameter blend; Next Advance Inc.) and 300 pl of ly-
sis buffer [150 mM NaCl, 1.5 mM MgCI2, 1 mM EGTA, 10 mM so-
dium pyrophosphate, 10 mM sodium fluoride, 0.1 mM sodium
deoxycholate, 1% Triton X-100, 1% SDS, 10% (v/v) glycerol, 25 mM
Hepes (pH 7.4), plus Halt protease inhibitor cocktail (Thermo Scien-
tific)]. The tissue was homogenized by placing the microcentrifuge
tube in a Bullet Blender (BBX24, Next Advance Inc) at speed 10 for
4 min at 4°C. The tubes were then centrifuged for 15 min at 16,000g at
4°C. The same protocol was used for the patient sample except the
solubilization buffer used contained 4% SDS and 62.5 mM Tris-HCI
(pH 6.8). To determine lysate protein concentration a bicinchoninic
acid (BCA) assay was performed (Thermo Scientific) and normalized
protein samples were prepared in 1X Laemmli buffer and denatured
at 100°C for 10 min. The skinned EDL fiber bundles were thawed,
prepared in 25 pl of 1X Laemmli buffer, and denatured at 100°C
for 10 min followed by vortexing for 30 s. Samples were resolved on
a 10% SDS-PAGE. The volume of EDL fiber bundle lysate loaded was
10 pl. The amount of lysate loaded was 30 pg for the human patient
and control samples, as well as mouse LV, and 10 pg (to probe for
Tmod4, Lmod3, and skeletal muscle actin) or 50 pg (to probe for
Lmod2 and GFP) for mouse skeletal muscle. Gels were transferred
overnight to a polyvinylidene difluoride membrane (MilliporeSigma
Immobilon-FL 0.45 pm; IPFL00010, Thermo Fisher Scientific) and
total protein stained with Ponceau S to control for sample/transfer
differences. The membrane was blocked with 5% nonfat dried milk in
1x tris-buffered saline with Tween 20 (TBST) for 1 hour at room
temperature, rinsed with 1x TBST, and incubated with primary anti-
bodies in 1% BSA/1x TBST overnight at 4°C. Primary antibodies in-
cluded rabbit polyclonal anti-leiomodin 2 (0.1 pg/ml; E13, Santa
Cruz Biotechnology), mouse monoclonal anti-GFP (0.2 pg/ml; Santa
Cruz Biotechnology), rabbit polyclonal anti-leiomodin 3 (1:1000;
14948-1-AP, Proteintech), mouse monoclonal anti-actin alpha skele-
tal (1 pug /ml; E3B, Exalpha Biologicals), and rabbit polyclonal anti-
Tmod4 (1:1000; X527-X528, rabbit polyclonal; no. 8629, BioGenes).
The membrane was washed three times for 10 min with 1x TBST and
incubated with secondary antibodies in 5% nonfat dried milk in 1x
TBST for 2 hours. Secondary antibodies used included Alexa Fluor
680 AffiniPure Donkey Anti-Rabbit IgG and Alexa Fluor 790 Affini-
Pure Donkey Anti-Mouse IgG (1:40,000; Jackson ImmunoResearch
Laboratories Inc). Blots were imaged using the Odyssey CLx imaging
system and analyzed using Image Studio Lite software (LI-COR
Biosciences).

MHC gels

EDL and soleus samples prepared for immunoblotting were also used
for MHC isoform distribution analysis. Five micrograms of protein
was run on 8% polyacrylamide gels using 16 cm X 18 cm plates and
0.75-mm spacers (Hoefer Inc). A mix of 50/50 tibialis cranialis and
soleus muscle was run as a control to establish the identity of the
MHC bands since the mix of these two muscle types contains all the
MHC isoforms. Gels were run for 26.5 hours at 15°C at a constant
voltage of 276 V and stained with Coomassie R250 for 1 hour. The gels
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were destained, scanned using an Odyssey CLx imaging system, and
analyzed using Image].

Electron microscopy

Soleus and EDL muscles were dissected from 3- to 5-month-old mice
and cut into 2- to 3-mm cubes. Muscle cubes were then fixed over-
night using a 2.5% glutaraldehyde in 0.1 M (pH 7.4) Pipes solution.
Samples were washed with 1x PBS and processed at the University
of Arizona transmission electron microscopy (TEM) core. Fixed
EDL and soleus samples were then postfixed/stained in 1% osmium
tetroxide in 0.1 M Pipes for 1 hour on ice and 2% uranyl acetate for
1 hour on ice. The tissue was then dehydrated using increasing con-
centrations of ethanol and embedded using Spurr Low Viscosity Em-
bedding Kit (Sigma-Aldrich). Sixty-nanometer sections were cut onto
uncoated copper mesh grids and stained with a 2% lead acetate solu-
tion. Samples were analyzed using a Technai G2 Spirit BioTWIN elec-
tron microscope and images were collected using a 4 X 4 digital
camera (Optronics).

Skeletal fiber mechanics (force/calcium relationship) and
recombinant mouse Lmod2 rescue
Isolated fiber mechanics were performed as described in (16). Briefly,
demembranated EDL and soleus fibers (350 pm X 150 pm) from
Lmod2 WT (injected with cTnT-GFP) and Lmod2 KO mice (injected
with ¢TnT-GFP-Lmod2) were exposed to various levels of free calci-
um to derive a tension/calcium relationship at a starting SL of 2.0 pm.
SL was not maintained during activation. These experiments were
then repeated using fibers that had been incubated overnight with
10 nM Lmod2. The resulting curves were fit individually to a modified
Hill equation as previously described (25)

F

ol = [Ca+2]n/(EC50n + [Ca+2]n)

where F,q is the force as a fraction of maximum force at saturat-
ing [Ca2+] (Fmax), EC50 = [Ca2™] where the Fy is half of Fy,x, and
n is the Hill coefficient.

Protein purification

GFP mouse Lmod2 PTYB3 and codon-optimized mouse Lmod2
pTXB1 constructs were transformed into Rosetta 2 (DE3) pLysS
competent cells (EMD Millipore) and grown to optical density (OD)
of 0.7 in Luria broth media at 37°C. Protein expression was induced
with 1 mM Isopropyl-B-Dp-1-thiogalactopyranoside for 4 hours at
37°C, 250 rpm. Cells were pelleted at 5500g, 4°C for 15 min, and
frozen at —20°C until processing. Pellets were resuspended in B-per
bacterial protein extraction reagent (Thermo Fisher Scientific) con-
taining 1x Halt protease inhibitor cocktail (Thermo Fisher Scientific)
and deoxyribonuclease I (5 U/ml), and incubated 15 min at room
temperature followed by 15 min on ice. Cells were sonicated on ice
for 20 s 10 times, with 20-s pauses in between. The cell extract was
then clarified by centrifugation at 11,500 revolutions per minute
(RPM) for 30 min (Sorvall RC-5B, F15S-8x50C rotor) and separated
from the pellet. The supernatant was loaded into a column containing
5 to 10 ml of chitin resin (New England BioLabs) after equilibration
with column buffer + Tween 20 [50 mM tris buffer (pH 8.5), 500 mM
NaCl, 1 mM EDTA, and 0.2% Tween 20]. The column was washed
with 20 bead volumes of column buffer + Tween 20 and 20 bead
volumes of column buffer (minus Tween 20). The protein was cleaved
from the column for 48 hours using 50 (for GFP mouse Lmod2) or
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100 mM (for codon-optimized mouse Lmod2) dithiothreitol in col-
umn buffer and 1x Halt protease inhibitor cocktail (Thermo Fisher
Scientific) and eluted with column buffer. The protein was dialyzed
into storage buffer [150 mM KCl, 2 mM MgCl,, and 50 mM tris
(pH 7.5)] and run through a second chitin column equilibrated with
storage buffer to remove any remaining uncleaved protein. Protein
concentration was determined using Pierce BCA Protein Assay Kit
(Thermo Fisher Scientific).

Statistics

All statistical analyses were performed using Prism software (Graph-
Pad). All statistical analyses were done using an unpaired ¢ test or
two-way analysis of variance (ANOVA). All values are shown as
means + SD or means =+ SEM; P < 0.05 was considered significant.

Supplementary Materials
This PDF file includes:

Figs. S1to S6

Tables S1.and S2
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