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CELL BIOLOGY

Nebulin and Lmod2 are critical for specifying
thin-filament length in skeletal muscle

Balazs Kiss'#, Jochen Gohlke', Paola Tonino', Zaynab Hourani’, Justin Kolb', Joshua Strom',
Olga Alekhina', John E. Smith IlI', Coen Ottenheijm’, Carol Gregorio', Henk Granzier

Regulating the thin-filament length in muscle is crucial for controlling the number of myosin motors that gener-
ate power. The giant protein nebulin forms a long slender filament that associates along the length of the thin
filament in skeletal muscle with functions that remain largely obscure. Here nebulin’s role in thin-filament length
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regulation was investigated by targeting entire super-repeats in the Neb gene; nebulin was either shortened or
lengthened by 115 nm. Its effect on thin-filament length was studied using high-resolution structural and func-
tional techniques. Results revealed that thin-filament length is strictly regulated by the length of nebulin in fast
muscles. Nebulin’s control is less tight in slow muscle types where a distal nebulin-free thin-filament segment
exists, the length of which was found to be regulated by leiomodin-2 (Lmod2). We propose that strict length con-
trol by nebulin promotes high-speed shortening and that dual-regulation by nebulin/Lmod2 enhances contrac-

tion efficiency.

INTRODUCTION

The thin filament is an essential component of the sarcomere (con-
tractile unit of muscle) where it anchors in the Z-disk (barbed-end),
extends toward the middle of the sarcomere (pointed-end), and over-
laps with myosin-containing thick filaments. How thin-filament
length (TFL) is controlled needs to be well understood as TFL dys-
regulation is known to occur in various myopathies (1-3). In skele-
tal muscle, the thin filament comprises filamentous actin (F-actin),
regulatory proteins (4), capping proteins (2) and, importantly,
nebulin (5). Nebulin is a giant molecule that forms a long slender
filament that coextends with F-actin, from its barbed-end to close to
its pointed-end (6). An early ground-breaking study revealed a positive
correlation between the TFL and the length of nebulin (7), giving
rise to the proposal that nebulin is a “molecular ruler.” This hypoth-
esis is consistent with the structure of nebulin that contains small
actin-binding motifs clustered into seven-motif-containing super-
repeats (25 in the mouse, S1 to S25), each of which is likely to span
an F-actin helical repeat unit (8, 9).

Although the ruler hypothesis is attractive, subsequent studies
proposed that instead of nebulin, pointed-end interacting proteins
regulate TFL with complex roles played by tropomodulin isoforms
(Tmod1 and Tmod2) that shorten and leiomodin isoforms (Lmod2
and Lmod3) that lengthen the thin filament [for a review, see (2)].
Lmod?2 has recently been shown to lengthen the thin filament in car-
diac muscle, where nebulin is absent, and it is thought that in skeletal
muscle, Lmod3 plays a similar role (10-14).

To critically study the role of nebulin in TFL regulation, we created
two mouse models: one with nebulin super-repeats S9, S10, and S11
deleted (Neb™**'") and another in which these super-repeats are
duplicated (NebP"P*!), producing a smaller and a super-sized
nebulin, respectively. These genetic models are ideal for critically
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examining the role of nebulin in TFL regulation in skeletal muscle.
The lengths of nebulin and the thin filament were studied in various
peripheral and diaphragm muscles using super-resolution structured
illumination microscopy (SR-SIM), immunoelectron microscopy
(IEM), transcriptomics, and biophysical techniques. Pointed-end
binding proteins (Lmod2/3 and Tmod1/4) were also studied to deter-
mine their possible role in antagonizing or augmenting nebulin-based
changes in TFL. Results revealed that nebulin functions as a molecu-
lar ruler for thin filaments in fast-contracting muscle and that in slow
muscles nebulin’s ruler function is augmented at the thin-filament
pointed-end by Lmod2. This study provides unexpected insights in
TFL regulation in skeletal muscle and, as discussed in detail below,
has clinical implications for both skeletal and cardiac muscle diseases.

RESULTS

Successful creation of mouse models expressing shortened
and lengthened nebulin

The two models that were created, one in which super-repeats S9 to
11 are deleted, the Neb***"!! model, and the other in which super-
repeats 9 to 11 are duplicated, the Neb®"P**"'! model, are explained
in Fig. 1A with technical details in Materials and Methods. For each
model, offspring of Het x Het breeder pairs were born at Mendelian
ratios (fig. S1A) and had normal body weights (fig. S1B). Furthermore,
skeletal muscles of Hom Neb”**'* and Hom NebP"P**~!! mice exhib-
ited identical weights and myosin isoform expression patterns when
compared to wild-type (WT) littermates (fig. S1, C to E). Protein gels
showed that nebulin in Neb***'" mice had increased mobility and in
NebP"%"!! mice reduced mobility, as expected, and that total nebulin
protein levels were not different from WT levels (Fi% 1B). Crossing
Neb®¥ 7! and NebP"P**~!! mice resulted in Neb*¥-T/PuS911 mjce,
referred to as compound-Het mice, which were also viable and de-
veloped normally (fig. S2). Their muscles expressed two nebulin
isoforms, with a combined expression level similar to that of WT litter-
mates (Fig. 1C). IEM on extensor digitorum longus (EDL) muscles
from Hom Neb*®™" and Hom Neb”***~!! mice labeled with an anti-
body to nebulin’s N terminus showed that both mutant nebulins
assemble normally into the sarcomere with no obvious changes in
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Fig. 1. Basic characterization of mouse models expressing shortened and lengthened nebulin, the Neb*5®"'", and Neb®“P5*"" models. (A) Schematic of skeletal
muscle sarcomere. Nebulin’s C terminus is anchored in the Z-disk, and its N terminus is near the thin-filament pointed-end (capped by Tmod and interacting with leiomodin
Lmod). Nebulin super-repeats 9 to 11 and the antibody against its N-terminal modules are highlighted. In the Neb®**"" and NebP“P**~"" nebulin models, S9 to 11 have
been deleted and duplicated, respectively. (B) Nebulin expression in EDL, diaphragm, and soleus muscles of Hom mice, normalized to myosin heavy chain (MHC). Nebulin
expression is not altered in the gene targeted mice. (C) Nebulin expression in EDL muscle of WT, Hom Neb®¥™"", Hom NebP“P**""" and a compound heterozygous cross
of these models (referred to as compound-Het). Dotted line: location of WT nebulin. Total nebulin expression in the compound-Het EDL muscle is the same as in WT
muscle. (D) I[EM with the nebulin N-terminal antibody resulted in clear labeling (arrows) that revealed the sarcomeric incorporation of shorter and longer nebulin, com-
pared to WT, in Hom Neb?**"'" and Hom NebP"P*-"" EDL, respectively. (E) Analyzed nebulin length results. (F) Results of Het Neb®**~'" EDL labeled by the nebulin
N-terminal antibody. A doublet is detected in the sarcomere with 116-nm separation. Scale bars, 500 nm. [Graphs, means + SEM; (B) and (E), comparisons based on anal-
ysis of variance (ANOVA); NS, nonsignificant. ****P < 0.0001 in comparison versus WT; ####P < 0.0001 in comparison versus Neb?9-1, (C), comparison based on unpaired
two-tailed t test.].

the overall sarcomere structure (Fig. 1D). The distance between
nebulin’s N terminus and the middle of the Z-disk was clearly re-
duced in Neb*¥""! mice and increased in Neb"P**~!! mice compared
with WT (Fig. 1E). IEM performed on Het Neb™** ! EDL sarcomeres
showed that they contained two nebulin populations with a 116-nm
distance between their N termini (Fig. 1F). Overall, it can be con-
cluded that we successfully created two contrasting mouse models
with shortened or lengthened nebulin molecules and that insertion
or deletion of nebulin super-repeats was well tolerated as no changes
in body weight, muscle weight, fiber-type, and overall sarcomere
structure were observed. These new models are unique tools to di-
rectly study the role of nebulin in TFL regulation.

Kiss et al., Sci. Adv. 2020; 6 : eabc1992 11 November 2020

Transcript analysis revealed nebulin exon usage and Lmod2
gene expression changes

To establish whether deletion or addition of S9 to 11 had unintended
consequences (e.g., aberrant RNA splicing) an RNA sequencing
(RNA-seq) study was performed using the EDL, soleus, and dia-
phragm muscles, selected because of their distinct functions. The ex-
pression levels of each of the 166 Neb exons in WT, Neb*¥"!!, and
NebP"P1 mice, calculated as percent spliced in (PSI), are shown
in Fig. 2 and table S1 with P values for differences in fig. S3A. In WT
mice, the three muscle types had identical and fully expressed exons
in nebulin’s N terminus (Fig. 2, pink). The 25 super-repeat contain-
ing region (exons 14 to 139) was fully expressed in all muscle types
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Fig. 2. Nebulin exon expression in WT, Hom Neb**°""", and Hom Neb®“P**-"" mice, shown as PSI. (A) Expression analysis in soleus (Sol), EDL, and diaphragm (Dia)
muscle in WT (top), Neb?%-1 (middle), and NebPupso-11 (bottom) mice. Indicated are the various regions of the gene, corresponding to nebulin’s N terminus (pink),
super-repeat region (gray), and Z-disk region (yellow). Shown are also the targeted exons 53 to 64 that were deleted in the Neb®**'! (middle) and duplicated in the
NebPUP%-"" model (bottom). Because the added exons 53 to 64 cannot be distinguished from the native exons, the normalized read density of exons 53 to 64 were deter-
mined (bottom, right scale), revealing a higher read density for exons 53 to 64. Note that in the gene-targeted mice, there are minimal adaptations in PSI outside the

targeted region. (B) Top: Difference in PSI for Hom Neb®*°~"" and Hom NebPuP**-"
the mean of 12 mice. For additional details, see fig. S3, A to D, and table S1.).

(Fig. 2, gray area) with the following exceptions. Exon 131, which
encodes a domain homologous to human tight junction protein ZO-1
(15), was not expressed in any of the muscle types. Furthermore, exon
127 was spliced out and exon 128 included in EDL and diaphragm
muscles, whereas both exons were equally expressed in soleus muscle.
These results are consistent with earlier quantitative polymerase chain
reaction (qQPCR) studies (16). Last, exons 67 to 70 were submaximally
expressed: 67 + 1%, 67 + 1%, and 68 + 1% in diaphragm, EDL, and
soleus, respectively. Exons 67 to 70 encode seven simple repeats (table
S1), equivalent to one super-repeat. Overall, exon expression analysis
in the super-repeat region of WT muscles supports the notion that a
relatively small fraction of transcripts contains 24 super-repeats and
that most of the nebulin transcripts contain 25 super-repeats.

Kiss et al., Sci. Adv. 2020; 6 : eabc1992 11 November 2020

exons. Bottom: P values for Neb®>®"" - NepPUP>%-1" pg) comparison (Shown values are

In contrast to the super-repeat region, large differences in exon
expression in WT mice were found in the Z-disk exons 152 to 160, with
high PSI values in soleus muscle (average 88 + 7%), low values in EDL
(23 + 17%) and intermediate PSI values in diaphragm (69 + 21%).
(Fig. 3 and figs. S3, B and C). It is known that the Z-disk thickness
varies in different muscle types (17), in the mouse the Z-disk thick-
ness is ~50 nm in EDL and ~100 nm in soleus muscle (18, 19). Thus,
nebulin exon inclusion in the Z-disk positively correlates with Z-disk
thickness.

In the S9 to 11 deletion and duplication models, exon expression
in the N terminus and the Z-disk region of nebulin showed no differ-
ences from WT mice (Figs. 2 and 3 and table S1). In the super-repeat
region, exons 53 to 64 were, as expected, absent in the Neb®%~!! model
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Fig. 3. PSl of Z-disk exons (Neb exons 140 to 166) in soleus and EDL muscle. (A) PSI values in WT (circles), Neb?%%- (diamond), and NebPurss-11 (squares) genotypes.
(B) P values for PSI difference between soleus and EDL in WT (circles), Neb®®™"" (diamond), and NebP"***'" (squares) genotypes. Exons 152 to 160 expression varies

greatly between soleus and EDL muscles, but genotype has little effect.

(Fig. 2). In Neb“"P**"! mice exons 53 to 64 were duplicated and con-
sidering that in WT mice these exons were expressed at 100% and
that the PSI per definition cannot exceed 100%, exons 53 to 64 in
the Neb®"***~!! mice also show as 100% expressed (Fig. 2A, bottom
panel). As an alternative to PSI, the read density of exons was deter-
mined. This established that exons 53 to 64 are at elevated read den-
sity in the Neb®"P**"!! mice (Fig. 2A, bottom panel, bottom three traces,
right y axis), consistent with their duplication.

The exon expression levels outside the targeted region of the
NebP"P$~!! and Neb™**~'! mice were similar to those in WT mice,
with minor exceptions in exons 65 to 78 (fig. S3D). Exon skipping
events were analyzed using splice junction reads (see Materials and
Methods and table S2). Most frequent was skipping of exons 66 to
71, followed by exons 65 to 78 and exons 69 to 78 (fig. S3D). Exons
67 to 70, which were included in ~70% of transcripts in WT mice,
were present at a slightly lower percentage in both Neb***~*! and
NebPUS 1 mice (~60% PSI). Furthermore, exons 71 to 77, which
were maximally expressed in WT, were skipped in 10 to 15% of tran-
scripts in both Neb®*"'" and Neb”"P**!! mice (fig. $3D). Note that
exons were always skipped in intervals of seven nebulin simple re-
peats, which form one super-repeat unit (seven actin-binding sim-
ple repeats, one of which contains a tropomyosin-binding sequence).
Thus, expression analysis in the super-repeat region of the Neb gene
indicates modest reductions in expression levels of a small number
of super-repeats. However, the differences in PSI values (APSI) of
NebP"P*~ 1 and Neb*¥"!! compared to WT mice were small, and
APSI between Neb”*P*~!! and Neb**!! mice was zero, except for
the targeted region (Fig. 2B). Consequently, when studying structural
and functional differences between Neb”"P**!! and Neb™**~!! mice,
the direct comparison between these two contrasting genotypes will
be most powerful as they differ in six super-repeats with negligible
differences in exons elsewhere.

The expression levels of all genes are shown in table S3 (tabs 1
to 10). Differentially regulated pathways were studied with a Gene
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Ontology term analysis, and results are summarized in table S3
(tabs 11 to 19). Overall, only small differences in gene expression
levels were found. A comparison between Neb”"?**~!! mice and
Neb®¥"! of multiple differential genes that are involved in anchor-
ing thin filaments in the Z-disk and stabilizing thin filaments is shown
in table S3 (tab 20); a comparison of transcript levels for thin-filament
pointed-end interacting proteins in Neb”""**'! and Neb"*"! mice is
shown in fig. $4 (A to C). Lmod2 stands out as its expression level was
very high, particularly in soleus muscle. A two-way analysis of variance
(ANOVA) (with muscle type and genotype as factors) shows that
Lmod2 expression was significantly dependent on both genotype and
muscle type, with a significantly reduced Lmod2 level in NebPup$-11
mice compared to Neb®* ™! mice (fig. $4D, see also below).

Nebulin length and TFL vary coordinately in EDL muscle
Nebulin length, TFL, and A-band width were measured with SR-SIM
on sections of stretched EDL muscle (Fig. 4A), a muscle specialized
for fast contractions fueled by glycolysis. A-band width, measured
with the Ti102 antibody against A/I junctional titin epitopes (20), was
close to 1.60 um in all three genotypes (fig. S5A). Nebulin length was
determined from the location of nebulin’s N terminus to the middle
of the Z-disk with measurements obtained across a broad sarcomere
length (SL) range. Nebulin length and other thin filament-related
epitope distances have been reported to depend on SL (21), and this
was confirmed in the present study (Fig. 4B, see also the caption of
fig. S5). Most TFL changes took place at relatively short SLs with small
changes at SLs beyond ~2.5 pm. In this study, we report average
values in the 2.6- to 3.0-um SL range. The obtained nebulin length in
WT EDL was 1028 nm, the N terminus of nebulin localized 107 nm
proximal or 121 nm distal from nebulin’s WT N terminus in Hom
Neb™¥ ™! or NebP"$~!! EDL, respectively (Fig. 4, B and C).

TFL measured with a Tmod1 antibody (to mark the actin-filament
pointed-end) or with fluorescently labeled phalloidin that labels
F-actin gave similar results (Fig. 4B). In all three genotypes, the thin
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Fig. 4. Nebulin length, thin-filament length, and force-sarcomere length relation in EDL muscle. (A) Examples SR-5IM images on skinned Neb®****~'" Hom EDL muscle.
Left: merged, middle: individual channels; red: N terminus of nebulin, orange: Tmod1, green: phalloidin, blue: A-band (Ti102 antibody). Right: Neb-N and Tmod1 epitope
distance together with TFL were measured on intensity plot profiles across the Z-disk. (The Ti102 epitope distance was measured across the A-band.). (B) SL dependence
of the TFL and nebulin epitope to mid-Z-disk distance. The numbers represent the mean results averaged in the 2.6- to 3.0-um SL range. (C) Nebulin length (average + SEM).
The shown length difference at the top is compared to WT. (D) Left: F-SL relationship for Hom Neb®%*""" and NebP“*>*-"" EDL muscle fibers. The descending limbs of these
relationships are offsetalong the SL axis. (D) Right: Specific force at optimal SL; SLse: SL at half-maximal active force. (E) SL dependence of the short and long nebulin
isoforms and proximal and distal Tmod epitopes (see also fig. S7A) in EDL muscle of compound Het Neb?59-11/Dupse-11, (F) Results in the 2.6- to 3.0-um SL range [gray in
(E)]. [Graphs: means + SEM. (C) ANOVA. ****P < 0.0001 in comparison versus WT. (D, right) and (F): unpaired two-tailed t test. ***P < 0.001; ****P < 0.0001; ns, not significant)]

filaments protruded ~50 nm beyond nebulin (Fig. 4B). Thin fila-
ments of the Hom Neb***™"! were shortened by ~109 nm compared
to WT and lengthened by ~105 nm in the Hom Neb”""**~'! EDL
(Fig. 4B), and, thus, TFL appears to follow nebulin length. The cor-
relation between nebulin length and TFL can be assessed from the
slope of the TFL-nebulin length relationship, with a theoretical slope
of 1.0 indicating that nebulin fully dictates TFL. The experimentally

Kiss et al., Sci. Adv. 2020; 6 : eabc1992 11 November 2020

determined slopes were 0.94 and 0.93 for the phalloidin-based and
Tmod-based TFL, respectively (a side-by-side comparison with other
muscle types is given below). These slopes were not significantly dif-
ferent from 1.0, revealing nebulin’s important role in TFL specifica-
tion in EDL muscle.

IEM with the nebulin N-terminal antibody was also used to estab-
lish the nebulin length by measuring the distance between the middle
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of the Z-disk and the antibody epitope in immuno-labeled sarcomeres;
TFL was measured between the middle of the Z-disk and the H-zone
on unlabeled micrographs (Fig. 5, A and B). Nebulin and thin fila-
ments were 237 and 240 nm shorter, respectively, in Neb***!! com-
pared to Neb”"P**"!! (Fig. 5, C and D). Also, these data support that
in EDL muscle, TFL closely follows the length of nebulin.

To determine how the altered TFLs affect muscle function, the
descending limb of the force-SL (F-SL) relation was measured. Studies
were performed on skinned EDL fiber bundles that were stretched
to a given SL and then activated by a maximal level of activating cal-
cium. Once force had reached a maximal level, the muscle was relaxed
again, and the protocol was repeated at a different SL. The mea-
sured forces were divided by the maximal force at the optimal SL
and normalized F-SL curves were thus obtained. Results revealed a
440-nm displacement of the descending limb in Neb***"!! relative
to NebPups-11 (Fig. 4D) or 220 nm per half sarcomere. This value is
in agreement with the measured difference in TFL [228 nm (Tmod),
214 nm (phalloidin), and 240 nm (EM)]. At a§iven length on the
descending limb of the F-SL relation the Neb™*'! muscle fibers
generated much lower forces than Neb"P**"!! fibers.

We also studied the EDL muscle in compound-Het mice
(Neb89-11/PupS9-11y mjce obtained by breeding Neb***™!! and
NebP"%1! mice. The two nebulin isoforms were incorporated into
the sarcomeres as indicated by the two N-terminal nebulin epitopes
per half sarcomere (fig. S6A). The average length of the two isoforms

1000

A/

1000 1500 2000

Distance from left Z-disk (nm)

500 1000 1500 2000 2500 0 500
Distance from left Z-disk (nm)

(short, 916 nm; long, 1147 nm; Fig. 4, E and F) is in agreement with the
Hom Neb*¥™! and the Hom Neb”"***~! data (compare with Fig. 4C);
their length difference was 231 nm, corresponding to 38.5 nm per
super-repeat. Tmod1 was also localized at two different positions,
962 and 1195 nm from the Z-disk (Fig. 4, E and F). The difference in
the positions of the Tmod epitopes suggests the simultaneous pres-
ence of two thin-filament populations with 233-nm difference in
length. We also used transmission electron microscopy (TEM) to
study the sarcomeric ultrastructure of the compound-Het EDL. Two
H-zones could be discerned per half sarcomere (fig. S6C), support-
ing the presence of two distinct thin-filament populations of differ-
ent length.

TFL adjustments beyond the reach of nebulin

To assess whether the EDL findings can be generalized, we studied
diaphragm and soleus muscles, important muscle types specialized
for long-lasting contractile activity fueled by oxidative phosphoryl-
ation. Nebulin length in diaphragm muscle is similar to that of the
EDL in all three genotypes (Fig. 6, A and B). However, unlike in EDL,
thin filaments in WT diaphragm protrude far beyond the N terminus
of nebulin (Fig. 6C): There is a nebulin-free distal thin-filament seg-
ment in WT diaphragm that is 134 nm (Tmod4-based) or 142 nm
(phalloidin-based). TFL was reduced by 72 nm in Hom Neb®* ! and
increased by 45 nm in Hom Neb”"?*~!! diaphragm. Compared to
the EDL, the TFL change was attenuated in the diaphragm of the
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Fig. 5. Nebulin length and TFL measured by TEM and IEM on EDL muscle. (A) Top: Example TEM micrographs of skinned muscles from WT and Hom Nel
mice. Bottom: TFL was measured using densitometry and determining the distance between the middle of the Z-disk and the H-zone. (B) Top: Example

Hom NebPuPs%-11
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IEM micrographs using an N-terminal nebulin antibody. Bottom: Nebulin length was determined using densitometry and determining the distance between the middle

of the Z-disk and the nebulin N-terminal epitope in WT, Hom Neb®%°"!

,and Hom Ne

pPUPS11 skinned fiber bundles. (C) SL dependence of length of nebulin and

TFL. (D) Mean TFL and nebulin length in the 2.6- to 3.0-um SL range. The dashed horizontal lines correspond to the average TFL of each genotype. (measurements were
corrected for shrinkage; see Materials and Methods for additional). No significant differences between TFL and nebulin length were found (one-way ANOVA with Sidak

multiple testing correction).
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Fig. 6. Thin-filament and nebulin lengths in diaphragm (DIA) muscle. (A) Example images showing the same area of a Hom Neb®“P**~" diaphragm muscle. Top: Ti102
(A-band, blue), phalloidin (green), and nebulin N-terminal antibody (red); bottom: Ti102 (A-band, blue), phalloidin (green), and Tmod4 (orange). White arrowheads mark
the N terminus of nebulin. Scale bars, 2 um, Z, Z-disk. (B) Nebulin length (average + SEM in SL 2.6- to 3.0-um range). The numbers show the difference compared to WT.
(C) SL dependence of the TFL distance or nebulin N terminus to middle of Z-disk. The numbers represent the mean epitope distance in nanometers, averaged in the
2.6- to 3.0-um SL range (gray background). (D) TFLs in diaphragm undergoing unilateral diaphragm denervation (UDD). In this model, the right diaphragm is denervated
and as a result is passively stretched by ~25%. The left diaphragm remains innervated and continues to actively shorten. Left: Example SR-SIM images of diaphragm
muscle sections. Red arrowheads mark the N terminus of nebulin. Scale bars, 2 um. Middle and right: SL dependence of the thin-filament and nebulin length in the inner-
vated side (middle) and denervated side (right) of the diaphragm. The numbers represent the mean values in nanometers, averaged in the 2.6- to 3.0-um SL range
(gray background). The proximal nebulin-containing thin-filament segment is largely unchanged (as reflected by the similar nebulin epitope distances), but the distal
nebulin-free segment is longer in the denervated side (Tmod4 and phalloidin distances increased by ~150 nm) [(B) Graph is means + SEM. ANOVA. ****P < 0.0001 in
comparison versus WT].

genetically targeted animals as indicated by the reduced slope of the
TFL-nebulin length relationship (0.48).

On the basis of a recent diaphragm study that revealed a reduced
TFL in a mouse model with a shortened sarcomere-length working
range (22), we hypothesized that the nebulin-free segment of the
thin filament allows for length adjustments in response to changes
in SL. This hypothesis was tested by using a surgery model in which
the SL operating range of the diaphragm muscle is abruptly increased.
In this model, the phrenic nerve that innervates the right side of the
diaphragm is transected (unilateral diaphragm denervation, UDD),
causing the denervated hemi-diaphragm to passively lengthen by
~25% with each breath, whereas the innervated contralateral side
continues to contract (23). Thirty hours after surgery, the nebulin
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lengths were similar in the innervated and denervated sides, but thin
filaments of the denervated diaphragm had increased in length, as
shown by both the Tmod4 and phalloidin results (Fig. 6D). Thus, it
appears that the nebulin-free segment of the thin filament adjusts
TFL in response to changes in SL.

Next, we studied soleus muscle as an example of a slow periph-
eral muscle. Nebulin length in the genetically targeted homozygous
animals was generally in accordance with the deletion or insertion
of three super-repeats (Fig. 7, A to C). However, in all genotypes,
the N terminus of nebulin was consistently ~40 nm further from the
Z-disk in the soleus muscle compared to EDL muscle (e.g., in WT
1070 nm in soleus and in EDL 1028 nm). This is likely due to the
high incorporation level of Z-disk exons in soleus muscle, the only
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emphasizing the proximal nebulin-containing and distal nebulin-free segment of the thin filament. (B) Nebulin length (average + SEM). (C) SL dependence of the TFL and
nebulin epitope distances. The numbers represent the mean epitope distance in nanometers, averaged in the 2.6- to 3.0-um SL range (gray background). The numbers
show the difference compared to WT. (D) TFL versus nebulin length. The distal thin-filament segment (nebulin free) varies in size in the different muscle types. It is large
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SEM bars are merged into the actual data points. (E) Relation between distal thin-filament segment (nebulin-free) and proximal thin-filament segment (nebulin-containing).
[(B) Graph is means + SEM. ANOVA. ****P < 0.0001 in comparison versus WT].

area within the nebulin transcript where major PSI differences are  contained the longest distal thin-filament segment (nebulin free), the
found (see above). EDL contained the smallest distal segment, and the diaphragm was
The WT soleus featured a ~170-nm nebulin-free distal thin-filament  intermediate. Plotting the length of the distal segment against that
segment, resulting in a total TFL of ~1235 nm (Fig. 7C, left panel).  of the proximal segment (nebulin containing) revealed an inverse
Total TFL was shortened by ~40 nm in Neb®*™! and increased by  relationship (Fig. 7E). Thus, the distal nebulin-free thin-filament
~50 nm in Hom Neb”"**"!! (Fig. 7C, middle and right panels). These ~ segment varies in length in the different genotypes and, further-
values reveal a more pronounced attenuation in the expected change = more, partially compensates for the length change of the nebulin-
in TFL based on nebulin length alone and as compared to the findingin ~ containing segment.
the diaphragm. This is reflected by a further reduction in the slope
of the TFL-nebulin length relationship compared to the diaphragm  Regulating the nebulin-free distal thin-filament segment
(from 0.48 in the diaphragm to 0.39 for Phall and 0.35 for Tmod).  in diaphragm and soleus muscle
The dependence of TFL on the length of nebulin is shown in Fig. 7D,  To gain insights into how the length of the nebulin-free distal thin-
for soleus (left), diaphragm (middle), and EDL (right). The soleus  filament segment might be controlled, the earlier described transcript
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studies on thin-filament pointed-end interacting proteins were ex-
tended with Western blot studies (Fig. 8A, left and bottom). Lmod2
expression levels were significantly higher (P < 0.0001) in soleus than
EDL muscle with expression in the diaphragm at an intermediate level.
Lmod3 expression also varied with muscle type similar to Lmod2,
although the differences were not as pronounced as for Lmod2. Tmod1
and Tmod4 levels varied with muscle type as well, and both were
modestly higher in soleus than in EDL or diaphragm.

Considering that Tmods are likely to play a role in keeping thin
filaments short (2), the observed muscle-type dependence of Tmod
expression (i.e., higher Tmod expression in muscle types that have a
longer distal segment) is inconsistent with a dominant role for Tmod
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Fig. 8. Expression levels of thin-filament proteins Lmod2, Lmod3, Tmod1,
and Tmod4. (A) Analysis in EDL, soleus, and diaphragm muscle of WT, Hom
NebD”pSQ’”, and Hom Neb®°"" mice. Left: Example Western blots and bottom:
expression levels [normalized to glyceraldehyde-3-phosphate dehydrogenase
(GAPDH)]. The expression level of Lmod2 is very low in EDL muscle, ~50-fold higher
in soleus and intermediate in diaphragm. In addition, Lmod2 expression is lower in
NebP"P%*~"" than in Neb®>"" mice. (B) Expression levels of Lmod2/3 and Tmod1/4 in
soleus muscle in the three genotypes plotted against the length of the distal
thin-filament segment (nebulin-free). The slopes of the regression lines are signifi-
cant for Lmod2 and Tmod4). (C) Expression analysis in left and right sided diaphragm
muscle of sham-operated mice and UDD mice where the left side continues to con-
tract but the right side is denervated for 30 hours. Lmod2 is ~three-fold up-regulated
in the denervated side (P < 0.0001). [(A) regular two-way ANOVA with multiple
comparison testing using Tukey: *P < 0.05 and ****P < 0.0001. (B) linear regression
analysis. (C) One-way ANOVA with multiple comparison testing with Tukey correc-
tion. ¥***P < 0.0001 in comparison to left side, left. Graphs show means + SEM). a.u.,
arbitrary units.
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in regulating the length of the distal thin-filament segment. Instead,
Lmod might perform this function (2, 24). Lmod2 expression analyzed
in a two-way ANOVA revealed in the soleus muscle a genotype ef-
fect with a multiple comparison indicating a si§niﬁcant (P <0.0001)
reduction in Lmod2 expression in the Neb”"P>*"!! compared to the
Neb® 1! (Fig. 8A, bottom left). The expression levels of Lmod2/3
and Tmod1/4 in soleus muscle were also plotted against the length
of the nebulin-free distal thin-filament segment, which revealed the
strongest correlation for Lmod2, i.e., as Lmod2 expression increased,
the nebulin-free distal segment lengthened (Fig. 8B).

The unilaterally denervated diaphragm where the nebulin-free
distal thin-filament segment has increased in length (introduced above)
was also studied. Results show that in the denervated side, Lmod2 was
~3-fold up-regulated with no significant changes in the other proteins
(Fig. 8C). Thus, although Lmod2 has been assumed hitherto to reg-
ulate TFL in only cardiac muscle where nebulin is absent (2, 12, 24),
our findings suggest that Lmod2 could also play a role in skeletal mus-
cle by regulating the length of the distal thin-filament segment.

To test the hypothesis that Lmod2 is involved in TFL regulation
in skeletal muscle by regulating the length of a distal nebulin-free
segment, a conditional Lmod2 knockout (KO) mouse model was used
in which the start site containing exon 1 was floxed (12). The soleus
muscles of adult cLmod2 KO mice were intramuscularly injected with
a Cre—adeno-associated virus (AAV9) (see Materials and Methods for
details) to trigger KO of Lmod2 expression in this muscle specifically.
Three weeks later, the Lmod2 protein level was reduced by ~95% with-
out affecting Lmod3, Tmod1, and Tmod4 protein levels (Fig. 9A).
The length of the nebulin-free segment, both when measured with
Tmod4 and phalloidin, was found to be greatly reduced in the absence
of Lmod2 (Fig. 9B).

As an additional test for whether the correlation between Lmod2
expression and the length of the distal thin-filament segment is caus-
ative, the UDD method was used on cLmod2 KO mice. As shown
above, the denervated hemi-diaphragm of WT mice up-regulates
Lmod2 and increases the length of the distal thin-filament segment
(Figs. 6D and 8C); if there is a causal relationship, then the denervated
hemi-diaphragm of cLmod2 KO mice is predicted to not increase
TFL. Protein studies showed that the Lmod2 expression level in the
denervated diaphragm of cLmod2 KO mice was reduced >95% (as
expected) with no effects on Lmod3 and Tmod 4 expression, a modest
increase in Tmod1 expression in denervated cLmod2 KO diaphragm,
and no Tmod1 expression difference in cLmod2 KO compared to
WT denervated diaphragm (Fig. 10A). In contrast to the denervated
diaphragm in WT mice, the distal thin-filament segment was short
in the denervated cLmod2 KO diaphragm (Fig. 10, B and C). These
in vivo data support that in skeletal muscle Lmod2 plays an essential
role in regulating the length of the nebulin-free distal thin-filament
segment.

DISCUSSION

To critically investigate the role of nebulin in TFL regulation, two
mouse models were created that produce shortened or lengthened
nebulin molecules. Both models are viable and incorporate the length
variants of nebulin normally in their sarcomeres. Our results resolve
why there is compelling data in the literature for and against the mo-
lecular ruler hypothesis of TFL regulation. We found that in some
muscle types, nebulin functions as a molecular ruler and that in others
nebulin is part of a dual nebulin/Lmod2 length-regulation mechanism.
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Fig. 9. Effect of deleting Lmod2 on TFL in soleus muscle. Conditional Lmod2 KO
mice were injected with an adeno-associated virus (AAV)-Cre virus, and 3 weeks
later, the soleus muscles were harvested. Muscles were analyzed for protein ex-
pression and TFL measurement. (A) Example Western blots (left) and expression
levels (right, values normalized to GAPDH and the mean value in control mice) in
soleus muscle reveal a ~95% reduction in Lmod2 levels in soleus muscle of AAV-
Cre-treated Lmod2 conditonal KO (cKO) mice, without affecting Lmod2, Tmod1,
and Tmod4 expression levels. (B) Left: Length of nebulin and lengths of thin fila-
ments in soleus muscle, based on Tmod4 and phalloidin localization, as a function
of SL. In the 2600- to 3000-nm SL range, the nebulin length and TFL are ~1100 nm.
(B) Right: Comparison between WT (same data as in Fig. 7C) and Lmod2 cKO soleus
treated with AAV-Cre shows a highly significant reduction in TFL in Lmod2 cKO
soleus muscle both when measured with Tmod4 antibody and phalloidin [analyzed
with one-way ANOVA with multiple testing (Sidak) correction; *P < 0.05; ****P < 0.0001.
Graphs are means + SEM).

Below, we discuss these findings and focus on the functional advan-
tage of using the strict nebulin mechanism in muscle types that re-
quire speed and the dual nebulin/Lmod2 mechanism in muscles
specialized for contractile activity that is long lasting. We also dis-
cuss the clinical implications of our findings.

Exon usage in the three studied skeletal muscle types revealed that
most exons in the 25 super-repeat region of the Neb gene were max-
imally expressed, suggesting limited differential splicing. An excep-
tion is exons 65 to 78 that were expressed at 60 to 90% of maximal
(Fig. 2A). Analyzing splice junctions revealed that always an integer
number of super-repeats was spliced out (fig. S3D), indicating that
the exclusion of full super-repeats is tolerated but not partial super-
repeats. This conclusion is consistent with previous work on a model
that deletes exon 55 (Neb“™>> mouse) (25), replicating a founder mu-
tation that causes nemaline myopathy (26). Mice die soon after birth
and express extremely low levels of nebulin protein (25), which has
been explained by the partial deletion of a super-repeat that causes
a mismatch between nebulin and other thin-filament proteins that are
regularly spaced along the thin filament, increasing the sensitivity
of nebulin to proteolysis (25). The Neb®*!! model survives into
adulthood while producing normal nebulin protein levels, despite
that exon 55 is among the deleted exons. Thus, the deletion of an
integer number of nebulin super-repeats is tolerated, likely because it
maintains the phase between the shortened nebulin and the actin fila-
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Fig. 10. Effect of deleting Lmod2 on TFL in denervated diaphragm muscle.
Conditional Lmod2 KO mice were injected with an AAV-Cre virus; 3 weeks later,
UDD surgery was performed; and 30 hours later, the innervated and denervated
hemi-diaphragms were collected. UDD was also performed on WT mice. The inner-
vated (Inn.) and denervated (Den.) hemi-diaphragms were both analyzed for pro-
tein expression; the denervated muscles were also used for nebulin length and TFL
measurements. (A) Example Western blots (left) and expression levels (right, values
normalized to GAPDH and the mean value in control mice) reveal a >95% reduc-
tion in Lmod2 levels in both innervated and denervated diaphragm muscles of
AAV-Cre-treated Lmod2 cKO mice, without affecting Lmod3 and Tmod4 expres-
sion levels. Tmod1 was slightly increased in the denervated diaphragm of the
cLmod2 KO mice compared to the innervated side but was not different when
compared to WT mice. (B) Length of nebulin and length of thin filaments, based on
Tmod4 and phalloidin localization, as a function of SL. The shown values are
mean values in the 2600- to 3000-nm SL range. In WT denervated diaphragm (left),
the thin-filament pointed-end extends far beyond nebulin and in cLmod2 KO de-
nervated muscle (right), this is not the case. (C) Comparison between WT and
Lmod2 cKO denervated diaphragm. Lmod2 deficiency results in much shorter thin
filaments (~12%) in denervated diaphragm (analyzed with one-way ANOVA with mul-
tiple testing (Sidak) correction; *P < 0.05 and ****P < 0.0001. Graphs are means + SEM).

ment. These insights are important for treating nemaline myopathy
caused by mutations in Neb exons because they suggest that only exon
skipping of entire super-repeats is a suitable therapeutic approach.

The difference between the nebulin lengths of the Hom Neb”**~!
and Hom Neb”""*"'! was in all three muscle types ~230 nm. This
value is in good agreement with the 231-nm length difference (38.5 nm
per super-repeat) found between the long and short nebulin isoforms
expressed in the compound-Het Neb**-11/Pups-11 gp, (Fig. 4E) and
the 116-nm difference (38.7 nm per super-repeat) in the Het Neb*¥!!
EDL (Fig. 1F). On the basis of the sequence analysis and protein bind-
ing studies, nebulin has been proposed to interact with both actin and
tropomyosin by following the thin-filament helix with each of its
super-repeats spanning 38.5 nm, similar to tropomyosin/troponin
periodicity (5, 6, 8, 27). Thus, the findings of the present work support
a model in which a nebulin super-repeat spans 38.5 nm, and each
simple repeat spans 1/7 of this distance, or 5.5 nm (corresponding to
the size of an actin monomer).
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The measured length of nebulin in WT mice was 1035 nm in EDL
(mean of SR-SIM and IEM-based values) and 1070 nm in soleus
(SR-SIM). These values are substantially longer (by ~100 to 200 nm)
than the nebulin lengths published by others for the mouse EDL and
soleus muscles (28, 29) (all studies measured the distance from the
middle of the Z-disk to nebulin’s N terminus, using the same anti-
body as used here). Are the long nebulin lengths that we obtained
compatible with the nebulin exon composition revealed by RNA-seq?
The typical nebulin transcript was found to contain 208 simple re-
peats in soleus muscle and 199 in EDL muscle, resulting in a predicted
total length of 1144 nm (208 x 5.5) and 1094 nm (199 x 5.5), respec-
tively. These values are longer than the measured 1070 nm (soleus)
and 1035 nm (EDL). The used nebulin length measurement meth-
od, however, does not precisely mark the ends of the molecule. The
N-terminal nebulin antibody is a polyclonal against domains M1-M3,
and the measured antibody position likely reflects the middle of M1-
M3, i.e., 8 nm short of nebulin’s N terminus. In addition, measure-
ments assume that nebulin’s C terminus is at the middle of the Z-disk,
while in reality, nebulin is likely to penetrate the Z-disk (30, 31). This
will underestimate the measured length of nebulin by half of the Z-disk
thickness, i.e., 50 nm in soleus and 25 nm in EDL (18, 19). Hence, the
corrected measured nebulin length is 1128 nm for soleus (1070 + 8 + 50)
and 1078 nm for EDL (1035 + 8 + 25). These values are within 16 nm
of those predicted based on transcript analysis, validating the results
of the present study. The short nebulin lengths that were published
earlier (28, 29) might be due to various factors that include genetic
strain and/or age of the mice studied (28). It is also possible that the
previous work on mouse muscles studied sarcomeres that were rela-
tively short. Nebulin and TFLs have to be measured at long SLs where
the thin filaments have been pulled away from the M-band and where
the TFL and the nebulin length are independent of SL. Doing so re-
veals that nebulin is ~1078 nm in EDL and ~1128 nm in soleus muscle.

In EDL muscles, TFL followed nebulin length with identical re-
sults when TFL was measured with Tmod antibodies or phalloidin
(Fig. 4B) or TEM (Fig. 5D). The direct comparison between the prox-
imal and distal Tmod epitopes in the compound-Het EDL revealed a
233-nm distance, matching the length difference between the short
and long nebulin (Fig. 4F). These findings support that nebulin is a
TFL ruler in EDL muscle.

Admittedly, in the EDL muscles of all three genotypes, thin fila-
ments extend ~50 nm beyond nebulin (Fig. 4B). It is possible that
this represents a ~50-nm nebulin-free segment that does not respond
to shortening/lengthening of nebulin. An alternative explanation is
as follows. There are 72 residues N-terminal from M1 that can span
as much as ~17 nm (see Materials and Methods). In addition, the
N-terminal nebulin antibody can bind anywhere within its M1-M3
antigen sequence, the real N terminus of nebulin might be as much
as ~33 nm (~17 + 3 x 5.5) distal from the position of the antibody
epitope. This is still shorter than the observed ~50-nm distance toward
the thin-filament pointed-end (as measured with the Tmod antibody)
and suggests a short nebulin-free distal thin-filament segment in EDL
muscle of at least ~20 nm. Since this occurs equally in all three geno-
types, we propose that this reflects the precise structural arrangement
by which nebulin, tropomyosin, and Tmod interact at the thin-filament
pointed-end to terminate the thin filament.

In a previous study, the number of nebulin super-repeats was
altered by reducing endogenous nebulin from chicken myotubes
(nebulin in chicken contains 23 super-repeats) and then expressing a
mini-nebulin that contained nebulin’s N terminus, four super-repeats
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(i.e., 19 less than normal), and the C terminus (32). The obtained re-
sult was different from the present study in that TFL did not follow
the length of nebulin. Expressing mini-nebulin shortened actin fila-
ments by 240 nm, much less than the expected 732 nm (19 x 38.5 nm).
A standout difference from the present study is the much larger re-
duction in the number of super-repeats (19 versus 3), and as stated by
Pappas et al. (32), it is possible that due to the extreme short length
of mini-nebulin, the normal role of nebulin in regulating actin fila-
ment length is rendered ineffective by the large amount of G-actin
present in the myotubes. Other differences between the studies are
that Pappas et al. expressed a human mini-nebulin with tags on both
ends (hemagglutinin and green fluorescent protein) and used chicken
cultured myotubes from which endogenous nebulin was transiently
knocked down using small interfering RNA. In the present study, a
mouse model was used in which the endogenous nebulin gene is per-
manently altered, no tags are used, and the muscles develop and func-
tion normally in vivo. Thus, the model systems are very different, and
this is likely to contribute to the differing result.

Our data support that in fast muscle of the mouse, nebulin functions
asa TFL ruler. How might nebulin accomplish this? Depolymerization
studies and FRAP (fluorescence recovery after photobleaching) assays
have shown that nebulin stabilizes F-actin and enhances the binding
of tropomyosin along the thin filament and of Tmod to the thin-filament
pointed-end (32). This is consistent with nebulin’s actin and tropo-
myosin binding sites that are present in each super-repeat (5, 6, 27, 33).
Thus, it stands to reason that the length of the thin filament varies with
the number of super-repeats.

TFL in mouse diaphragm and soleus, however, did not strictly fol-
low the nebulin length, which manifested as a proximal thin-filament
segment that contains nebulin and a ~100 to 250-nm distal segment
that is nebulin-free (Fig. 6D). These data support earlier work where
this distal segment was first reported (14, 34). Here, we show for the
first time that the length of the distal nebulin-free segment responds
to the length of nebulin as it is increased in Neb*%*-1! and decreased
in NebPuP$-11 mice (Fig. 6E), resulting in an attenuated TFL change in
response to the altered nebulin length. The diminished role of nebulin
in setting total TFL is reflected in the slope of the TFL-nebulin
length relation thatis ~0.5 for diaphragm and ~0.4 for soleus (Fig. 4D).

How is the length of the distal thin-filament segment that is
nebulin-free controlled? Various mechanisms have been proposed
by others that include pointed-end dynamics involving Tmod, bare-
zone associated proteins that act as targeting signals for Tmod1 and
that halt thin filament elongation once the thin-filament pointed-
end reaches the bare zone, and altered actin filament properties that
originate from the nebulin-containing segment of the thin filament
and that propagate toward the pointed-end [for reviews, see (14, 35)].
Our present work suggests a novel explanation that is based on the
positive and causal relation between Lmod2 levels and the length of
the distal nebulin-free segment. Important evidence for this conclu-
sion comes from the experiments with the cLmod2 KO model that
revealed that knockdown of Lmod2 greatly shortened the distal seg-
ment in soleus muscle and abolished the increase in the length of the
distal thin-filament segment in denervated diagram muscle (Figs. 9
and 10). Lmod2 has been shown to play a role in TFL regulation in
cardiac muscle but was assumed unimportant in skeletal muscle
(2, 12, 24). This assumption is likely due to the earlier focus on fast-
twitch skeletal muscle where Lmod2 expression is very low (which
we confirmed), and, therefore, an important Lmod2 function seemed
unlikely. However, our studies convincingly show that Lmod2 is
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highly expressed in soleus and diaphragm muscle and, importantly,
that Lmod2 plays a dominant role in regulating the nebulin-free
distal thin filament in skeletal muscle. Lmod2 might exert these ef-
fects through antagonizing the capping function of Tmod1 (11, 36)
or by binding to the side of the thin filament (37) and stabilizing the
distal segment (analogous to nebulin). We envision that when Lmod2
expression is increased, Lmod?2 effectively competes with Tmod1 and
dislodges it from the pointed-end, promoting elongation of the thin
filament with Lmod2 stabilizing the nebulin-free thin-filament seg-
ment that is formed. As the nebulin-free segment grows, the pool of
free Lmod2 falls and when a sufficiently low level is reached, Tmod1
will be able to cap the pointed-end again. How Lmod2 expression is
regulated and how changes in the SL range in the denervated hemi-
diaphragm lead to altered Lmod2 expression is an important topic
for future research. Considering the Lmod2 up-regulation in the
denervated diaphragm (Fig. 8C), the underlying mechanism in not
dependent on calcium or crossbridge interaction. In summary, the
present work supports that the length of the nebulin-free distal thin-
filament segment in skeletal muscle is regulated by Lmod2.

Is the dual length-regulating system (nebulin/Lmod2) function-
ally advantageous? Due to the enormous size of nebulin and its many
complex functions involving multiple protein interactions, includ-
ing some deep inside the Z-disk (31, 38), the replacement of nebulin
molecules is expected to be a complex and slow process. Thus, rap-
idly adjusting TFL, if the need arises, through exchanging nebulin
size-variants is likely to be inefficient and slow. In contrast, Lmod2
is a small, dynamic, and much less complex molecule that is expected
to be able to respond quickly if TFL adjustments are needed. Evi-
dence for this was obtained in the UDD model in which the SL was
abruptly increased in the denervated-half of the diaphragm and Lmod2
protein was up-regulated within 30 hours, resulting in elongation of
the thin-filament distal segment. In this model, myosin interaction
with the nebulin-free segment of the thin filament is not mandatory.
Thus, the nebulin/Lmod2 dual-regulatory system allows for rapid
TFL adjustment.

The prominence of the dual length-regulation system in soleus
and diaphragm might relate to their long-lasting contractions (soleus
muscle is an anti-gravity postural muscle that can contract for many
hours and the diaphragm contracts with each breath, for life) and
therefore they need to be as efficient as possible. By having a prom-
inent distal thin-filament segment, muscles can develop maximal force
in long sarcomeres and this improves the efficiency of force gener-
ation (fewer sarcomeres per unit length of muscle are required). Fur-
thermore, if Lmod2 can rapidly adjust the TFL to changes in SL, then
force levels and the efficiency of contraction can be maintained at the
desired optimum. In fast contracting muscle (e.g., EDL), on the other
hand, nebulin functions as a molecular ruler that controls thin fila-
ments at a defined and relatively short length. This makes the optimal
SL for force production relatively short, the number of sarcomeres per
unit length of muscle relatively high, and consequently the shortening
speed of whole muscle (the sum of all sarcomeres in series) will be high.

The Lmod?2 findings of the present work should be further inves-
tigated in future studies, for example, by experimentally increasing
Lmod?2 protein in the soleus muscle and establishing whether up-
regulating Lmod2 is a potential therapeutic approach for treating dis-
eases in which skeletal muscle thin filaments are reduced in length.
A prime example of a disease with reduced TFL is nebulin-based
nemaline myopathy (1, 18, 39); up-regulating Lmod2 is predicted to
lengthen thin filaments and improve force production in these pa-
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tients. Our work is also relevant for dilated cardiomyopathy patients
with mutations in Lmod2 (3), as cardiac-specific treatments [e.g., heart
transplantation (3)] would still leave patients vulnerable to developing
skeletal muscle myopathies, a topic that also requires future studies.

In summary, experiments with unique and powerful mouse
models showed that nebulin functions as a molecular ruler in fast-
contracting muscle, thereby ensuring well-defined thin filaments of
a uniform and relatively short length and promoting a high speed of
shortening. In muscles specialized for long-lasting or frequent con-
tractions, nebulin’s ruler function is augmented by Lmod2 that makes
thin filaments long and tunable (without requiring nebulin’s replace-
ment), promoting efficiency of contraction. In skeletal muscle, TFL
regulation follows function.

MATERIALS AND METHODS

Study design

Overview

To study the role of nebulin in thin-filament length regulation and
test the hypothesis that nebulin is a TFL ruler, mouse models were
created that express shortened or lengthened nebulin molecules. To
establish whether the gene targeting experiments have unintended
consequences, exon-level transcript studies, protein expression studies,
and general characterization studies were conducted. The mouse
models were then used to study whether and how TFL is altered.
Nebulin length and TFL were measured in three muscle types (two dis-
tinct peripheral muscles, EDL and soleus, and diaphragm muscle)
using SR-SIM and IEM. Since TFL affects the descending limb of the
F- SL relation (40), with a predicted shift along the SL axis by twice
the TFL, functional studies were also performed. Since results estab-
lished a nebulin-free distal thin-filament segment in diaphragm and
soleus muscle, we tested whether this distal segment responds to al-
tering the physiological SL range. For this, a UDD model was used.
Pointed-end binding proteins were also studied, and because ob-
tained results suggested that Lmod2 might play a role in TFL regu-
lation in slow muscle types, an Lmod2 conditional KO was used in
which Lmod2 was deleted in soleus muscle of adult mice and its ef-
fect on TFL was studied. The number of animals needed for the vari-
ous experiments was calculated wherever possible based on power
calculations, with the significance level set at P < 0.01, and assuming
variance similar to that of our previous studies. The method for cal-
culating the number of required mice is according to Glantz and
Slinker: Primer of applied regression and ANOVA, McGraw-Hill
Inc., 2002. The obtained result was not altered during the course of
the experiments, no rules for stopping data collection in advance
were defined, and all obtained data were included in the study. All
data represent independent experiments (i.e., no technical replicates),
and the number of mice and independent samples is reported below
for each figure. Sample randomization and blinding of the investi-
gator were applied, and investigators were unaware of the genotype
of the animals during any stage of data collection. The results were
obtained over a period of ~3 years, from multiple different litters per
genotype as defined in Results section. The details of the methods
that were used and the statistical analyses are described below.

Generation of mouse models

For the Neb***"!! mice, a targeting vector was designed that deleted
exons 53 to 64 [(15,326 base pair (bp) deletion: chr2:52,250,795-
52,266,120], encoding three super repeats. The Osdd vector (providing
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TK for negative selection) was used, and homology arms (4 kb left
and 3.5 kb right) allowed the replacement of the deleted sequence
with a FRT (flippase recognition target)—flanked neo®-positive selec-
tion cassette. For generating the Neb”***" ! mice, a targeting vector
was designed using the Osdd vector with a 3.4 kb left-arm and 3.5 kb
right-arm of homology. This vector replaces 1347 bp (chr2:52,250,794-
52,252,140) including exon 64 with a 2.8-kb synthetic complemen-
tary DNA (cDNA) fragment with exon 64 + exons 53 to 64 (and flanking
intronic sequence) followed by a neo™-positive selection cassette. Linear-
ized targeting vectors were electroporated into 12956/SvEvTac cells;
five G418-resistant ES cell clones (confirmed to have correctly inte-
grated into the Neb gene) were injected into blastocysts, transferred
into host mothers, and produced chimeras. Mice were crossed to
FlpO [B6.Cg-Tg(Pgkl-flpo)10Sykr/], no. 11065 the Jackson labora-
tory] to remove the neo® cassette. Mice with the neo® cassette removed
were backcrossed C57BL/6] (no. 664, the Jackson laboratory) to
select FIpO-negative offspring. Mice were backcrossed to C57BL/6] mice
for eight generations and used at 2.5 to 3.0 months of age. All mice
in this study were maintained in a pathogen-free barrier facility with
14-hour light/10-hour dark cycle with access to water and food
ad libitum. All animal procedures were done in accordance with the
University of Arizona Institutional Animal Care and Use Committee
and followed the U.S. National Institutes of Health (NIH) Using
Animals in Intramural Research guidelines for animal use.

RNA sequencing

EDL, soleus, and diaphragm samples were collected from 12-week-
old mice. Samples were stored in RNAlater to preserve RNA integ-
rity. Four mice were used per muscle type from WT, Neb**"', and
NebP"%7!! mice. For RNA extraction, 600 ul of prechilled buffer RLT
(RNeasy Fibrous Tissue Mini Kit, Qiagen) with 1% B-mercaptoethanol
was added to muscle tissue stored in RN Alater in a 4-ml cryovial. Tis-
sue was disrupted using a rotor-stator homogenizer for 30 s. RNA ex-
traction was performed following the manufacturer’s instructions and
quantified using a Nanodrop ND-1000 spectrophotometer (Thermo
Fisher Scientific). RNA integrity was checked on a 2100 Bioanalyzer
(Agilent), and all RNA integrity number scores were confirmed
to be >8.

For library preparation, ribosomal RNA (rRNA) was depleted
from RNA preparations with a NEBnext rRNA depletion kit using
1 pug of total RNA as starting material. Libraries were prepared using
the NEBNext Ultra II Directional RNA Library Prep Kit for Illumina
following the manufacturer’s instructions. RNA was fragmented for
10 min at 94°C. For first strand cDNA synthesis, incubations were for
10 min at 25°C followed by 50 min at 42°C and 15 min at 70°C. For
size selection, conditions for an approximate insert size of 300 bp
were used. Size-selected libraries were enriched by PCR for 10 cycles
and purified using NEBnext sample purification beads. Library qual-
ity and insert sizes were checked using a 2100 Bioanalyzer (Agilent).
Sequencing was performed on an Illumina Hiseq2500 sequencer using
150-bp paired-end sequencing. The raw data are available (BioProject
accession PRJNA613762). Adapters and low quality reads were re-
moved with Trim Galore (www.bioinformatics.babraham.ac.uk/
projects/trimgalore/), and reads were mapped to the mouse genome
(Release M23 GRCm38.p6) using STAR (41) with default settings.
Differential genes were determined with DESeq2 (42). Genes with
Benjamini-Hochberg-adjusted P < 0.05 were considered to be dif-
ferentially expressed. To determine which genes might have an effect
on phenotypic differences observed in Nebulin deletion versus dupli-
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cation models, pathway analysis was performed using the goseq
R-package. As input for the analysis, we considered all differentially
expressed genes versus a background of all genes with an average of
two reads per library. Genes related to muscle structure and func-
tion were considered for further testing and confirmation by West-
ern blots.

For calculating inclusion percentages of all exons from nebulin
transcripts, inclusion reads (IRs) and exclusion reads (ERs) were
counted for each exon based on annotation from Kazmierski et al.
(15). IRs are reads overlapping the exon being investigated, normal-
ized by exon length. ERs are reads either upstream or downstream
that support exclusions of the read. From these factors, the follow-
ing equations were used to calculate the PSI index using the ASpli
R-package (43)

IR;, = IR,
"™ 7 length exon; + read length — 1
_ER,
ERin = Ted length — 1
IR,
Pl = 1R, +ER,, "

where i is the exon number and # is the normalized read counts.
Determination of differential exon usage was performed after adjust-
ing exon counts to gene counts by

Ei‘ X G;
j
where E};‘-k is the adjusted exon count for exon i of gene j in sample
k, Ejj is the raw exon count for exon i of gene j in sample k, G is the
mean raw count for gene j for all samples, and Gj is the raw gene
count for gene j in sample k.

Read density was calculated by dividing read counts per exon by
exon length. To confirm increased read counts of duplicated super-
repeats in Neb***™'!, read density of WT samples was subtracted
from Neb*¥™!! samples. To determine significance of differential
splicing events, one-way ANOVA tests were applied to PSI values from
individual exons of the compared groups with Benjamini-Hochberg
multiple testing correction. To check the frequency of exon skipping
events in nebulin super-repeat and Z-disk regions, reads spanning
splice junctions and skipping at least one exon were counted sepa-
rately for each skipping event. After analyzing which nebulin exons
were skipped, nebulin repeat domains coded by the skipped exons
were determined and counted. The percentage of cases where a mul-
tiple of seven domains were skipped was calculated separately for
super-repeat and Z-disk regions of nebulin.

Tissue-specific Lmod2 KO in soleus muscle

The Lmod2 conditional KO mouse model was used in which exon 1
was floxed [for details on this model, see (12)]. Targeted recombi-
nation was achieved using an AAV9 that expresses iCre in striated
muscle under the control of a tMCK promoter (AAV-tMCK-iCre-
WPRE, Vector Bioloabs no. VB5021). While under anesthesia (1 to
2% isoflurane), animals received a direct soleus intramuscular in-
jection using a 30G needle, in doses of 5.0 x 10'° vg per 5-ul volume
phosphate-buffered saline (PBS) containing 5% glycerol. Tissues were
harvested 3 weeks later for protein analysis and TFL measurements.
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Tissue collection and protein analysis

Flash-frozen extensor digitorum longus (EDL), diaphragm (DIA),
and soleus (SOL) tissues were pulverized in liquid nitrogen and then
solubilized in urea buffer [8 M urea, 2 M thiourea, 50 mM tris-HCI,
75 mM dithiothreitol with 3% SDS, and 0.03% bromophenol blue
(pH 6.8)] and 50% glycerol with protease inhibitors (0.04 mM E64,
0.16 mM leupeptin, and 0.2 mM phenylmethylsulfonyl fluoride) at 60°C
for 10 min (44). Solubilized samples were centrifuged at 13,000 RPM
for 5 min, aliquoted, flash-frozen in liquid nitrogen, and stored at —80°C.
Nebulin expression analysis was performed on solubilized samples
using a vertical SDS-agarose gel system. 1% gels were run at 15 mA
per gel for 3:20, then stained using Coomassie brilliant blue, and scanned
using a commercial scanner. The previously determined PCR-based
genotype of the animal was protein-confirmed based on the mobil-
ity of nebulin assuming an approximate WT molecule weight of 750 kDa
(45). The scanned gels were subsequently analyzed with One-D scan
(Scanalytics). The integrated optical density (IOD) of myosin heavy
chain (MHC) was determined as a function of loading volume (in a
range of five volumes). The slope of the linear relationship between
IOD and loading was obtained for each protein to quantify expres-
sion ratios. For Western Blotting, solubilized samples were run on a
10% polyacrylamide gel and transferred onto polyvinylidene diflu-
oride membranes using a semi-dry transfer unit (Trans-Blot Cell, Bio-
Rad). Blots were stained with Ponceau $ to visualize the total protein
transferred. Blocking, detection with infrared fluorophore-conjugated
secondary antibodies, and scanning followed recommendations for
Odyssey Infrared Imaging System (LI-COR Biosciences). The follow-
ing primary antibodies were used for Western Blotting: anti-nebulin
N-terminal (1:2000; rabbit polyclonal; no. 6969, Myomedix), anti-
Tmod1 (1:5000; X523-X524, rabbit polyclonal; no. 8627, BioGenes), anti-
Tmod4 (1:1000; X527-X528, rabbit polyclonal; no. 8629, BioGenes),
anti-Lmod2 (1:500; rabbit polyclonal, sc-135491, Santa Cruz
Biotechnology), and anti-Lmod3 (1:1000; rabbit polyclonal; 14948-1-AP,
Proteintech). Protein expression was normalized to glyceraldehyde-
3-phosphate dehydrogenase (GA1R, mouse monoclonal; 1:5000;
Invitrogen). MHC isoform analysis was performed as described (18).
Briefly, MHC isoform composition was visualized using 8% acrylamide
gels stained with Coomassie brilliant blue. MHC types I and IIB are
well separated on gels, but the ITA overlaps with a small amount of
IIX that exists in mouse skeletal muscle. Therefore, we refer to this
band as ITA/X.

F-SL relation

Fiber bundles from skinned EDL, SOL, and DIA tissues were dis-
sected for mechanics experiments (at least three fiber bundles per an-
imal) and mounted using aluminum T clips between a length motor
and a force transducer in an 802D Permeabilized Fiber Test Apparatus
(Aurora Scientific Inc., Aurora, ON, Canada) on a Nikon Diaphot in-
verted microscope. SL was set using a high-speed VSL camera con-
trolled by ASI 600A software (Aurora Scientific). Fiber bundles were
maintained at 10°C, and the temperature was temporarily increased
to 15°C during activation. Fibers were set in relaxing solution (pCa 8.5)
then preactivated in relaxing solution with reduced 1 mM EGTA and
activated in pCa 4.5 activating solution (40 mM BES, 10 mM CaCOs-
EGTA, 6.29 mM MgCl,, 6.12 mM Na-adenosine triphosphate, 1 mM
dithiothreitol, 45.3 mM K-propionate, 15 mM creatine phosphate, and
protease inhibitors) at SL = 2.4 um to record maximal active tension.
The resting SL was readjusted to 2.4 um after each activation-relaxation
cycle. Specific force was expressed as force per cross-sectional area
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assuming elliptical fiber cross section. Most activations had internal
SL shortening during force development and in some fiber bundles
an initial shortening phase was followed by a slow stretch phase
(most likely due to sarcomeres outside the field of view that were
stronger and that continued to shorten) that was accompanied by a
slow force creep. Force was recorded before the onset of the creep
phase. To establish the descending limb, fiber bundles were sequen-
tially activated at a range of SLs and SL was recorded both before and
during activation. The passive F-SL curves were determined on the
basis of the average of pre- and postactivation passive forces for each
SL. Internal shortening correction was applied to passive forces during
activation by using nonlinear standard curve interpolation. The pas-
sive force during activation was then subtracted from the maximal
active force, isolating the active force generating potential for each
fiber bundle at a given SL.

Super-resolution structured illumination microscopy

Skinned EDL, SOL, and DIA myofibril bundles were stretched from
slack at different degrees (20 to 70%), fixed in 10% formalin, washed
four times with PBS for 15 min, embedded in optimal cutting tempera-
ture (OCT) compound, and immediately frozen in 2-methylbutane
precooled in liquid nitrogen. Four-micrometer-thick cryosections were
then cut and mounted onto microscope slides. Tissue sections were
permeabilized in 0.2% Triton X-100/PBS for 20 min at room tem-
perature, blocked with 2% bovine serum albumin (BSA) and 1% nor-
mal donkey serum in PBS for 1 hour at 4°C, and incubated overnight
at 4°C with primary antibodies diluted in blocking solution. The pri-
mary antibodies included: anti-nebulin N-terminal (no. 128, goat
polyclonal; 1:250; Myomedix), anti-Tmod1 (1:375; X523-X524, rabbit
polyclonal; no. 8627, BioGenes), anti-Tmod4 (1:375; X527-X528, rab-
bit polyclonal; no. 8629, BioGenes), anti-titin Ti102 [mouse monoclo-
nal; 1:100; (20)], and anti-a-actinin (A7811, mouse monoclonal;
1:1000; Sigma-Aldrich). Sections were washed twice with PBS for
30 min and incubated with secondary antibodies diluted in PBS for
3 hours at room temperature. The secondary antibodies included:
Alexa Fluor 405-conjugated donkey anti-mouse immunoglobulin
G (IgG) H + L (1:100; ab175658, Abcam), Alexa Fluor 568-conjugat-
ed donkey anti-goat IgG H + L (1:500; A-11057, Invitrogen), and
Alexa Fluor 647-conjugated donkey anti-rabbit IgG H + L (1:300;
ab150063, Abcam). Thin filaments were visualized with Alexa Fluor
488-conjugated phalloidin (1:1000; A12379; Invitrogen) applied
together with both the primary and the secondary antibodies. The
sections were then washed twice with PBS for 15 min and covered
with number 1.5H coverslips (Bioscience Tools, CSHP-No1.5-24x60)
using ProLong Diamond (Thermo Fisher Scientific Inc.). A Zeiss
ELYRA S1 SR-SIM microscope was used with ultraviolet light and
solid-state laser (405/488/561/642 nm) illumination sources, oil
immersion objectives 100x [numerical aperture (NA) = 1.46] and
a63x (NA = 1.4), and a scientific complementary metal-oxide semi-
conductor (sSCMOS) camera. Typical imaging was performed on a
49.34 um by 24.67 pm area with 1280 x 640 pixel dimensions. Typical
image stacks composed of 40 slices were acquired with 0.084-um
Z-steps, five angles and five phases per angle for each slice. Image
reconstruction and fluorescence intensity plot profile generation were
performed with ZEN 2 software (Zeiss). Plot profiles of the anti-
body-labeled images were fit with Gaussian curves to determine the
epitope peak position using Fityk 1.3.0 software. TFL was determined
from the Tmod1/4 epitope positions across the Z-disk. Nebulin
length was calculated from the N-terminal nebulin positions across
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the Z-disk. A-band width or length of the A-band titin was determined
from the Ti102 epitope positions across the A-band. Plot profiles of
phalloidin-stained images were fit with rectangular Gaussian func-
tions. The height of the rectangular Gaussian function was normal-
ized to the integral intensity of the phalloidin peak and set to 5% of
the integral intensity. Phalloidin-based TFL was defined as the half
width at half maximum of the rectangular Gaussians, and it showed
good correlation with the Tmod1/4-based TFL measurements. The
epitope distances were averaged in the SL range between 2.6 and 3.0 um
to allow comparison across the genotypes and different muscles with
varying TFL. Epitope measurements in the compound-Het mice are
less affected by the SL dependence because the two epitopes are direct-
ly comparable within a single sarcomere. Note that the N-terminal
nebulin antibody was raised against a M1-M3 peptide, and its epitope
can be anywhere in this sequence. In addition, there are 72 residues
N-terminal from MI; based on structure predictions (56% o helix,
44% B strand), their maximal length when fully extended is ~17 nm
(0.56 nm by 72 nm by 0.15 nm + 0.44 nm by 72 nm by 0.35 nm).
Thus, the epitope labeled by the N-terminal antibody could be max-
imally 3 x 5.5 + 17 = 33.5 nm from nebulin’s N terminus.

TEM and IEM

Skinned EDL from of ~8-week-old WT, Neb****1, Neb”"P**!! and
Neb*$-1/PupS9-11 ¢ mbound-Het mice (1 = 4) were stretched from
the slack length at different degrees (~20 to 60%) and processed for
TEM. Briefly, fixation of muscle tissue was performed with a mix of
3.7% paraformaldehyde, 3% glutaraldehyde, and 0.2% tannic acid
in PBS (137 mM NaCl, 2.7 mM KCI, 10 mM Na,HPOy,, and 1.8 mM
KH,PO,) (pH 7.2) for 1 hour at 4°C. Then, muscles were postfixed
in 1% OsOy in PBS for 30 min at 4°C. After this step, samples were
dehydrated in an ethanol graded series, infiltrated with propylene
oxide, and transferred to a mix of 1:1 propylene oxide:Araldite 502/
Embed 812 (Epon-812, EMS). Subsequently, samples were transferred
to a pure Araldite 502/Embed 812 resin and polymerized for 48 hours
at 60°C. Ultrathin, 50-nm longitudinal sections were obtained with
a Reichert-Jung ultramicrotome and contrasted with 1% potassium
permanganate and lead citrate.

Observations used a TECNAI Spirit G2 TEM (FEL Hillsboro, OR),
and images were acquired with a side-mounted AMT Image Capture
Engine V6.02 (4Mpix) digital camera operated at 100 kV. Digital
images (1792 x 1792 pixels) were saved and calibrated for density plot
profiles analysis with Image] 1.49v (NIH, USA) to obtain TFL mea-
surements from the middle of the Z-disk to the H-zone (um).

Ultrastructural immunolabeling of nebulin-N terminus was
performed on skinned EDL from WT, Neb®%!!, Neb?*P%-!! and
Neb?S9-1V/PupS-11 pice (3 = 9) stretched to different degrees from
the slack length as before and processed by the pre-embedding tech-
nique previously described (46). Skeletal muscle specimens were
skinned twice and washed in relaxing solution before fixation with
3.7% paraformaldehyde in PBS for 30 min at 4°C and then rinsed with
PBS and with PBS containing protease inhibitors. Blocking was per-
formed with 1% BSA in PBS containing protease inhibitors and 0.05%
Tween 20, followed by the incubation with the anti-nebulin N termi-
nus primary antibody from rabbit (0.2 mg/ml, 48 hours; Myomedix
Ltd., Germany, no. 6969). After the rinsing step with PBS contain-
ing inhibitors, muscle fiber bundles were incubated with Nanogold
(1.4 nm)-Fab’ goat anti-rabbit antibody (80 ug/ml, 12 hours; no. 2004,
Nanoprobes Inc., USA). All incubations were performed in a hu-
midity chamber at 4°C. After labeling, muscle tissues were washed in
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PBS and fixed with 3% glutaraldehyde in the same buffer and then
processed for TEM as before. Ultrathin sections of 90 nm were con-
trasted, and images were recorded and calibrated for analysis with
Image] 1.49v (NIH, USA) as explained above. Density plot profiles
of single sarcomeres were analyzed to determine the nebulin-N ter-
minus epitope distance from the middle of the Z-disk. TFL was also
measured in unlabeled sarcomeres from bundles of muscle fibers
used as control experiments by substitution of the primary or second-
ary antibodies incubation with 1% BSA in PBS solution containing
inhibitors. The TEM procedure is well known to cause shrinkage of
the muscle structure. A shrinkage correction factor was calculated by
the ratio of the in vivo thick filament length (A-bandwidth) 1.6 um
(47) and the measured A-bandwidth on our samples. This factor was
then used to obtain the nebulin N terminus epitope distance and the
TFL shrinkage-corrected values. Shrinkage was typically ~5%.

UDD surgery

Hundred-day-old male C57BL/6] mice (n =9 UDD and n = 7 sham)
and 58- to 70-day-old cLmod2 KO mice (n =10 KO UDD and n = 4
WT UDD) were anaesthetized with 1 to 3% isoflurane, and a small
incision was made in the neck area just above the clavicle. The phrenic
nerve on the right side was isolated behind the sternohyoid muscle,
and a 3- to 4-mm section was transected at the height of the supra-
clavicular nerve branch (23). Mice were closed up, allowed to recover,
and were sacrificed 30 hours after denervation for tissue harvest.

Statistical analysis

Sample randomization and blinding of the investigator was applied
in the case of the EM/IEM and SR-SIM image analysis where inves-
tigators were unaware of the genotype of the animals during the epi-
tope distance measurement on the previously generated plot profiles.
Whenever practical both male and female mice were used (no sex
differences were found in any of our studies). Statistical analysis was
performed using GraphPad Prism 6 (GraphPad Software Inc., La
Jolla, CA). Descriptive statistical results are shown as means + SD
unless stated otherwise. Differences between groups were consid-
ered to be statistically significant at a probability value of P < 0.05.
Two-tailed  test was used when comparing averages of two datasets.
Welch’s correction was applied in the case of unequal variances be-
tween the two groups. One-way ANOVA using Bonferroni post hoc
analysis was performed to assess differences between multiple groups.
To increase the statistical power of the tests equal or close to equal,
sample size was applied within independent groups. Linear regres-
sion analysis was used to fit and compare the epitope distance data of
the immunofluorescence- and IEM-based localization studies. Sym-
bols used in statistical tests and on figures: ns, P > 0.05; *P < 0.05;
**P < 0.01; ***P < 0.001; and ****(####)P < 0.0001. Statistical details for
each figure are provided in the caption with additional details in table S4.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/46/eabc1992/DC1

View/request a protocol for this paper from Bio-protocol.
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