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Abstract

Leiomodin-2 (Lmod?2) is a striated muscle-specific actin binding protein that is implicated in
assembly of thin filaments. The necessity of Lmod2 in the adult mouse and role it plays in the
mechanics of contraction are unknown. To answer these questions, we generated cardiac-specific
conditional Lmod2 knockout mice (cKO). These mice die within a week of induction of the
knockout with severe left ventricular systolic dysfunction and little change in cardiac morphology.
Cardiac trabeculae isolated from cKO mice have a significant decrease in maximum force
production and a blunting of myofilament length-dependent activation. Thin filaments are non-
uniform and substantially reduced in length in cKO hearts, affecting the functional overlap of the
thick and thin filaments. Remarkably, we also found that Lmod2 levels are directly linked to thin
filament length and cardiac function /n vivo, with a low amount (<20%) of Lmod2 necessary to
maintain cardiac function. Thus, Lmod2 plays an essential role in maintaining proper cardiac thin
filament length in adult mice, which in turn is necessary for proper generation of contractile force.
Dysregulation of thin filament length in the absence of Lmod2 contributes to heart failure.
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Introduction

At the core of muscle contraction is the orderly arrangement of myosin-containing thick and
actin-containing thin filaments. To maintain proper force production the lengths of the
filaments need to be strictly regulated. Congruent with this requirement, mutations within
either the proteins of the thin filament, or those that regulate thin filament length greatly
impact muscle force production and can lead to disease [1, 2].

Thin filament length is determined by a combination of proteins that control actin
polymerization and stability of the filament, though the entirety of proteins involved and
how they function together is not fully understood. Central among them are the
tropomodulins (Tmods), with Tmod1 representing the predominate isoform in the heart [3].
Tmods use two actin- and two tropomyosin-binding sites to effectively cap and limit actin
dynamics at the pointed end of the thin filament [4-7].

Proteins that are closely related to the Tmods, named the leiomodins (Lmods), have also
been implicated in regulating actin filaments in muscle. The major cardiac isoform is Lmod2
[3]. Likely owing to: 1) the lack of a second TM-binding site, 2) a modified second actin-
biding site and/or 3) the addition of a C-terminal extension with a third actin binding site
within Lmod2, Lmod2 and Tmod1 have divergent biochemical functions [8, 9]. Lmod2 is a
potent nucleator of actin polymerization /n vitro, whereas Tmod1 is only able to nucleate at
high concentrations [10, 11]. In neonatal cardiomyocytes in culture, overexpression of
Lmod2 increases pointed end actin dynamics leading to elongation of the thin filament [12,
13]. Consistent with this function, Lmod2 null mice have abnormally short thin filaments
[12]. These mice present with dilated cardiomyopathy and die 2—3 weeks after birth [12].

It is currently unclear how Lmod2’s biochemical function reconciles with its observed
cellular function. Since the global constitutive knockout mice die before the heart is fully
developed it is unknown whether Lmod2 is necessary for cardiac function in the adult.
Furthermore, little is known regarding the consequences of the loss of Lmod2 on contractile
activity. To address these questions, we generated an inducible heart-specific Lmoad2
knockout mouse (Lmod2 cKO). Lmod?2 cKO mice die within a week of Lmod2 deletion
with severe systolic dysfunction. Our data reveal that these mice have abnormally short, non-
uniform thin filaments, resulting in decreased contractile force generation and a reduction in
myofilament length-dependent activation, setting into motion a rapid cascade of cellular
responses that exacerbates heart dysfunction. We found that a dose-response relationship
exists between Lmod2 levels and both thin filament length and cardiac function, with a
surprisingly low amount (<20%) of Lmod2 required to maintain cardiac function. Our data
also suggest that shorter thin filaments cannot account for the entire contractile force deficit
the cKO mice display.

Methods

2.1. Generation of Lmod2 conditional KO mice

All animal procedures were approved by the Institutional Care and Use Committee at the
University of Arizona. Lmod2 cKO mice were generated through gene targeting in 129/S6-
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strain embryonic stem cells. Homologous ends for recombination were obtained from the
same strain. The gene targeting scheme placed a polyA-deficient pmC1lneo gene flanked by
flippase recombinase target (FRT) sequences within the first intron. LoxP sites were placed
5’ of the 15t exon and 3’ of the neo gene (Fig. S1). Targeted ES cells were injected into
blastocysts from a C57BL/6J mouse. Floxed Lmod2 mice were then crossed with C57BL/6J
mice containing the cardiac-specific alpha myosin heavy chain promoter (Myh6) driving a
tamoxifen inducible Cre recombinase (B6.FVB(129)-AlcfTg(Myh6-cre/Esr1*)1imk/j The
Jackson Laboratory) [14]. Effective knockout of the Lmod2 gene was achieved by the
injection of 30 mg/kg of tamoxifen on three consecutive days.

2.2. Genotyping

Genomic DNA was isolated as previously described [12]. PCR was performed with primers
to intron 2 of Lmod?2. One set of primers (F: 5’- TCCAATGACCACAAATCCAA; R: 5’-
CCGGAGATCAGTCTCCTGAA) amplifies a 505-base pair product in the WT allele and a
2050-base pair product in the floxed allele and a second set of primers (F: 5’-
CCAGAGTGTGGGTTTGAAGG; R: 5’-CTGGCACTCTGTCGATACCC), amplifies a 405-
base pair product only in the floxed allele. PCR conditions were as follows: 95°C for 2 min,
[95°C for 30 sec, 61°C for 30 sec, 72°C for 40 sec] repeat 35x, 72°C for 5 min.

2.3. Solutions

The compositions of all solutions were reported previously for trabeculae [15] and single
cells [16]. Activating and relaxing solutions were mixed to obtain activating solutions
containing between 0.64 and 46.8 pM [Ca?*] (pCa 6.2—4.3).

2.4. Tissue Collection

2.5.

Mice were administered 100 units of heparin via intraperitoneal injection and, after 5
minutes, anesthetized with isoflurane and sacrificed by cervical dislocation. The heart was
then excised, transferred to a dissection dish and perfused retrograde with a modified Krebs-
Henseleit solution, containing 118.5 mM NaCl, 5 mM KCI, 2 mM NaH,POy, 1.2 mM
MgSO,, 10 mM glucose, and 26.4 mM NaHCOs3, as well as an additional 10 mM KCI to
inhibit spontaneous contractions. This solution, when aerated at room temperature with a
95% O, /5% CO, mixture had a pH of 7.4. Only single, isolated, unbranched trabeculae
located along the exterior wall of the RV or LV were removed. The muscles were placed into
a dish containing skinning solution which is comprised of a standard relaxing solution with
1% (v/v) Triton X-100 [15]. The intraventricular septum (for single cell experiments), atria,
RV free wall and LV free wall were also removed and quickly frozen in liquid nitrogen for
later use.

Force/Calcium Relationship

For single fiber mechanics, muscles were incubated in skinning solution for 3-5 hours at
4°C then transferred to fresh relaxing solution. Trabeculae 1-2 mm long, 50300 um wide,
and 50-250 pm thick were attached to aluminum T-clips and mounted on hooks between a
silicon strain gauge (model AE801, SenSonor, Horten Norway) and a servomotor (Aurora
Scientific model 322; ~0.4ms 99% step response). Prior to activation with calcium,
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sarcomere length was set to either 1.95 £ 0.03 pm or 2.25 + 0.03 pm using the first order
diffraction band from a He-Ne laser [17]. If the final maximal calcium activation in the run
generated <90% of the force of the initial full activation, the data were discarded. All
experiments were performed at 15°C.

Single cell experiments were performed on an inverted microscope stage using an Aurora
Scientific 803B permeabilized myocyte apparatus with some slight modifications; a 406A
force transducer was used to obtain a wider range of minimum and maximum forces.
Permeabilized single cells were acquired by homogenizing ~1/3 of the frozen
interventricular septum in skinning solution. The cells were gently pelleted by centrifugation
for 3 min at 23 x g. This pellet was then washed, and centrifugation repeated three times
with relaxing solution to remove any remaining detergent.

Force-[Ca2*] relationships were fit individually to a modified Hill equation as previously
described [15]:

Fo = [Ca *(ECs" +[ca®*]") (1)

rel —

where Fyg = force as a fraction of maximum force at saturating [Ca2*] (Fmax), ECsp =
[CaZ*] where the Fyg is half of Fray, and n = Hill Coefficient.

Immunoblots

For total lysate, a portion of LV free wall tissue was homogenized as previously described
[12]. For fractionation experiments, LV tissue was minced in cold ringer buffer (150 mM
NaCl, 2 mM KCI, 2 mM MgCl,, 10 mM KH,PO4, 1 mM EGTA, 0.1% glucose, pH 7.0),
then homogenized for ~30 sec at speed 3 with an Ultra-Turrax T8 homogenizer (IKA Works,
Inc) in cold rigor buffer (100 mM KCI, 2 mM MgCl,, 10 mM KH,PO4, 1 mM EDTA, pH
7.0) plus 1% Triton X-100 and protease inhibitors. Samples were then centrifuged at 3000 x
g for 5 min at 4°C and the pellet washed 4x with rigor buffer (1x with Triton X-100 and 3x
without). The pellet was then resuspended in lysis buffer (150 mM NacCl, 1.5 mM MgCl,, 1
mM EGTA, 10 mM sodium pyrophosphate, 10 mM sodium fluoride, 0.1 mM sodium
deoxycholate, 1% Triton X-100, 1% SDS, 10% (vol/vol) glycerol, 25 mM Hepes, pH 7.4,
plus protease inhibitors), and sonicated. Total protein concentrations were normalized, lysate
resolved on 8 or 12% SDS gels and transferred to nitrocellulose as previously described
[12]. Following transfer, the membrane was blocked with 5% (wt/vol) nonfat dried
milk/TBS for 1 h at room temperature and then incubated with primary antibodies in 1%
BSA (wt/vol)/TBST overnight at 4° C. Primary antibodies included rabbit polyclonal anti-
leiomodin 2 (0.1 pg/mL) (E13; Santa Cruz Biotechnology), rabbit polyclonal anti-CARP1
(Ankrd1) (1:200) (Myomedix) and mouse monoclonal anti-FHL1 (0.5 ug/mL) (ab76912;
Abcam). The membranes were then washed 5x5 min in TBST and incubated with
fluorescently labelled anti-rabbit 1gG (1:40,000) or anti-mouse 1gG (1:40,000) (Jackson
ImmunoResearch) diluted in 5% milk/TBST for 1 h at room temperature. Blots were imaged
and analyzed using a LICOR Odyssey CLx imaging system (LI-COR).
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2.7. Phosphoprotein stain

20 pg of LV free wall lysate, prepared as outlined above, was resolved on 4-20% SDS gels
and stained for total phosphoprotein with Pro-Q Diamond stain according to the
manufacturer’s instructions (ThermoFisher). PeppermintStick phosphoprotein molecular
weight standard was used to determine protein sizes and as positive/negative controls for
correct image adjustment (ThermoFisher). Total protein was determined by staining with
Coomassie blue. Gels were imaged using UV transillumination on a G-Box Chemi-XR5
chemiluminescent imaging system (Syngene). Specific gel bands were quantified using
ImageJ (NIH).

2.8. Immunofluorescence microscopy

A section of LV free wall was stretched (to effectively resolve thin filament pointed ends),
fixed overnight in 4% paraformaldehyde/PBS, extensively washed in PBS, embedded in
Tissue-Tek O.C.T. compound (Sakura Finetek) and immediately frozen in 2-methlybutane
cooled by liquid N». Five um cryosections were cut and mounted onto gelatin-coated
coverslips. Cryosections were permeabilized in 0.2% Triton X-100/PBS for 20 min at room
temperature, blocked with 2% BSA plus 1% normal donkey serum/PBS for 1 hour at room
temp, and incubated overnight at 4°C with mouse monoclonal anti-a-actinin antibodies
(1:200) (EA-53, Sigma). Sections were then washed with PBS for 20 min and incubated
with Alexa Fluor 488-conjugated goat antimouse 1gG (1:1,000) (ThermoFisher)/PBS for 1.5
h. Texas-Red-conjugated phalloidin (1:50) was used to stain F-actin (ThermoFisher).
Sections were washed with PBS for 20 min then mounted onto slides with Aqua Poly/Mount
(Polysciences Inc.). Images were captured using a Deltavision RT system (Applied
Precision) with a 100x NA 1.3 objective, and a charge-coupled device camera (CoolSNAP
HQ; Photometrics). Images were deconvolved using SoftWoRx software and processed
using Photoshop CS (Adobe).

2.9. Analysis of Thin Filament Architecture

Thin filament and sarcomere lengths were measured using the DDecon plugin for Image J
[18, 19]. The “focus” output of the DDecon plugin was used to determine the uniformity of
thin filament distribution (the smaller the value, the more uniform the distribution of thin
filament ends). Thin filament arrays that had a focus value within one standard deviation of
the mean focus of the control mice (Lmod2""*;MCM*/~) were included in the mean length
measurements.

2.10. Reverse transcription PCR (RT-PCR)

RNA was extracted from LV tissue and cDNA generated as previously described [12].
Expression levels were determined by PCR with GoTagq DNA Polymerase (Promega) on a
C100 Touch Thermal Cycler (Biorad). The number of cycles that avoid saturation and allow
semi-quantitative comparison of template amounts were determined for each set of primers.
Each sample was normalized to ornithine decarboxylase (ODC) and the mean expression of
Lmod2"*:MCM*/~ set to 1. Primers sequences were obtained from gPrimerDepot (NIH)
and tested to ensure efficiencies of amplification are nearly equal. Primers included ANF (F:
5-GGGGGTAGGATTGACAGGAT and R: 5-AGGGCTTAGGATCTTTTGCG; 130-base
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pair product), BNP (F: 5’-ACAAGATAGACCGGATCGGA and R:
5’ACCCAGGCAGAGTCAGAAAC; 110-base pair product) and SERCAZ2a (F:
5’AATATGAGCCTGAAATGGGC and R: 5’-TCAGCAGGAACTTTGTCACC; 124-hase
pair product).

Echocardiography

Anesthetized mice were placed in dorsal recumbence on a heated (37°C) platform for
echocardiography (echo). After attaining a target heart rate of 550 + 50 bpm, transthoracic
echo images were obtained with a Vevo 2100 High Resolution Imaging System (Visual-
Sonics) using a model MS-550D transducer array. Images were collected and stored as a
digital cine loop for off-line calculations. Standard imaging planes and functional
calculations were obtained according to American Society of Echocardiography guidelines.
M-mode images at the level of the papillary muscles were used to determine LV wall
thicknesses, chamber dimensions and ejection fraction.

2.12. Statistics

All statistical analyses were performed in Prism 7 (Graphpad Software Inc.). Two groups
were compared using Student’s t-tests (Figs. 3, 6B). Multiple groups were compared using
two-way ANOVAs (Figs. 1, 2, 4, 5, S2, S3, S4) with Tukey’s post-hoc test. Lines were fit to
the data in Figs. 2D, 6C and 7 using linear regression analysis. Correlations in Fig 7. were
considered significant if the slopes of the linear regression fits were significantly non-zero. P
< 0.5 was considered significant. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

3. Results

3.1.

Lmod2 cKO mice die with compromised systolic function

In order to study the function of Lmodz2 in hearts of adult mice, we generated a mouse with
the first exon of Lmod2flanked by loxP sequences (LmodZ'f) (Fig. S1). These mice were
then crossed with MerCreMer mice, which have a tamoxifen inducible cre recombinase
whose expression is driven by the cardiac-specific alpha myosin heavy chain promoter
(LmodZXf:MCM*7). LmodZVf:MCM*/~ mice injected with tamoxifen will be referred to
as L mod2 cKOs. Tamoxifen administration in the MerCreMer mice results in a well-
documented transient cardiomyopathy [20]. Therefore, we made sure to use the minimal
tamoxifen dose that results in loss of Lmod2 and included MerCreMer positive mice with
wild type alleles of Lmod2as a control (Lmod2"*;MCM*/-).

Lmoad2cKO mice begin to die within one week of the initial tamoxifen injection. At 5-7
days following the first injection, transthoracic M-mode echocardiography at the level of the
papillary muscle revealed a large decrease in systolic performance (Fig. 1A) and very little
change in cardiac morphology. There is a slight decrease in diastolic LV wall thickness in
the Lmod2 cKO mice when compared to vehicle treated mice (Fig. 1C, D; note, the change
in wall thickness is only significant for the anterior wall). LV enddiastolic internal diameter
is not significantly different (p=0.09) (Fig, 1B). However, the eccentricity index, the ratio of
chamber diameter to wall thickness in diastole, is marginally increased (Fig, 1E), consistent
with cardiac dilation. LV internal diameter is increased and wall thickness decreased in
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systole, consistent with a loss of contractility (Fig. S2A-C). Heart rates were not
significantly different between groups (Fig. S2D). Thus, loss of Lmod2 in the adult results in
rapid cardiac failure with a remarkably small change in cardiac morphology. The change in
cardiac morphology appears to be mostly driven by tamoxifen treatment, since it is only
significant when the cKO is compared to vehicle-treated (and not tamoxifen-treated) control
mice and is subtle enough that it was not noted during dissection, even in mice near death.
Immunoblot analysis revealed the cKO mice have no detectable levels of Lmod2, while the
LmodXT:MCM*~ mice injected with vehicle alone express only 15 + 5% of wild-type
Lmod2 levels (+SD; n=18; p<0.0001, Student’s t test) (Fig. 1F). This could be due to
disruption of transcriptional regulation by the introduced loxP or neomycin sequences.
Interestingly, these mice do not present with any detectable cardiac phenotype (see above).

To learn more about the state of the cKO hearts, we probed for various wellstudied markers
of stress associated with cardiomyopathies. Immunoblot analysis revealed that the protein
levels of cardiac-specific ankyrin repeat protein (CARPL1), which is a stress marker often
upregulated in hypertrophic and dilated cardiomyopathies as well as four-and-a-half LIM
domains 1 (FHL1), which is also thought to sense biomechanical stress (e.g., [21, 22]), are
significantly increased in the hearts of cKO mice compared to control mice (Fig. S3A).
These results suggest that the hearts of the cKO mice are subjected to significant levels of
strain. RT-PCR analysis revealed a significant change in the gene expression of molecular
markers of heart failure in both the wild type and LmodZVf mice injected with tamoxifen
(Fig. S3B). Thus, the control mice show no overt cardiac disease phenotype even though
signatures of tamoxifeninduced cardiomyopathy are present.

3.2. Lmod2 cKO mice have remarkably short and broad distribution of thin filament

lengths

We next analyzed thin filament structure via deconvolution microcopy. Thin cryosections of
stretched-LV free wall were stained with fluorescently-labeled phalloidin, which marks F-
actin, and an antibody to «-actinin, which labels the Z-discs (Fig. 2A). The spatial
organization of thin filaments were then measured using the Distributed Deconvolution
(DDecon) plugin for ImageJ, which provides sub-diffraction limit resolution [18, 19].
Lmoad2cKO mice have a significantly larger mean focus value, reflecting a decrease in the
uniformity of thin filaments within each sarcomere (Fig. 2B). Uniform (example 1) and non-
uniform (example 2) thin filament arrays are illustrated in Fig 2A. This result is surprising
since it is the first time non-uniform thin filaments have been reported when either Lmod2 or
Tmod1 levels are altered. Mean thin filament length is significantly reduced (by ~20%) in
the hearts of Lmod2cKO mice (Fig. 2C). It has previously been shown that thin filament
length varies with sarcomere length, although the underlying cause of this phenomenon is
unknown [23]. Therefore, in order to confirm that the observed reduction in thin filament
length is not due to a difference in sarcomere length, we plotted thin filament vs. sarcomere
lengths (Fig. 2D). Indeed, thin filament length is reduced in cKO hearts (by ~10-12% when
calculated using the results of linear regression shown in Fig. 2D).

Supporting the presence of shorter thin filaments, immunoblot analysis of the LV revealed a
significant decrease in thin filament components cardiac actin and cardiac troponin | (cTnl)
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in the knockout hearts (Fig. 3). Myosin binding protein C (MyBP-C), which is associated
with the thick filament, and a-actinin, an integral Z-disc component, were unchanged (Fig.
3), indicating that only thin filaments are altered. A decrease in thin filament components
could also result from a reduction in the total number of thin filaments. We reasoned that the
amount of cytoskeletal bound Tmod1 would give a good approximation of the number of
thin filaments present since Tmod1 interacts with only the pointed end of the thin filament
and has a stoichiometry of 1-2 per thin filament [4, 24]. As was observed in total lysate, thin
filament proteins were decreased in the insoluble fraction of LV lysate from the cKO mice,
while Tmod1 and thick filament/Z-disc components were not significantly changed (Fig. 3).
These results indicate that there are shorter, not fewer, thin filaments in the Lmoad2 cKO
hearts.

Lmod2 cKO mice have a reduced calcium activated force response

To examine the impact loss of Lmod2 has on myofibrillar force output and response to
calcium we performed single fiber mechanics on chemically skinned fibers. Loss of Lmod2
significantly reduces force at sarcomere lengths of 1.95 and 2.25 um (Fig. 4A-D, Table S1).
Furthermore, the change in maximally activated force AFmax) between these two sarcomere
lengths is significantly lower in the Lmod2 cKO mice, indicating a blunting in myofilament
length dependent activation (Fig. 4E). Interestingly, ECsg, a measure of the responsiveness
of the thin filament to calcium, is not significantly altered at the short sarcomere length, but
is significantly decreased when sarcomere length is extended to 2.25 microns in the cKO
mice (Fig. 4A, B insets). This indicates an increase in calcium sensitivity at the longer
sarcomere length in the cKO mice.

This enhancement of the ECsg of calcium activation could be indicative of an alteration in
phosphorylation levels of myofilament proteins and/or titin [25—-29]. However, total
phosphorylation of several myofilament proteins, including Tnl, and myosin light chain 2
(MLC2), is not altered following loss of Lmod2 (Fig. 5). Phosphorylation of cardiac
troponin T (cTnT) is significantly reduced in the cKO mice, but only when compared to
LmodZVfl:MCM*/~ vehicle-treated mice. Total phosphorylation of MyBP-C is increased,
which could indicate a compensatory attempt to alter contractility. Consistent with the total
phosphorylation results, phosphorylation of cTnl at a well-described protein kinase A site
(Ser23/24) is unchanged in the cKO (Fig S4).

To determine if the force deficit observed in the trabeculae is predominantly due to a defect
in cell-to-cell force transmission or myofilament force generation, we generated force/Ca2*
curves using single cells isolated from intraventricular septums of mice used in the fiber
experiments. Since the results of the fiber mechanics were identical in all three control
groups (see above), we focused on the vehicle-treated £mod2**;MCM*/~ mice as a control
in the single cell experiments. The control cells produce significantly more force than the
cKO cells (Fig. 6A, B, Table S1). Thus, the deficit in force production occurs at the
myofilament level. Unlike the trabeculae, the knockout cells have roughly the same response
to calcium as the control cells (i.e., no shift in ECgg). This indicates that the shift in calcium
sensitivity upon Lmod2 knockout only occurs at the level of the fiber. To better understand
the functional overlap of thin and thick filaments in cKO hearts we set out to determine force
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production at long sarcomere lengths (i.e., analyze the descending limb of the length-tension
curve). Starting at a sarcomere length of 2.25 + 0.03 um, control and cKO cells were
stretched and maximally activated until active force was no longer generated. We found that,
on average, control cells produce no force at a sarcomere length of 3.62 um, while cKO cells
produce no force at 3.38 um (Fig. 6C). This result corresponds to ~12% decrease in thin
filament length. The cKO cells also have a significantly altered descending limb slope
(p<0.0001), which suggests that force is depressed independent of a decrease in thin
filament length.

Lmod2 levels are directly linked to thin filament length and cardiac function in vivo

We next set out to determine if thin filament length is linked to the amount of Lmod?2
present, cardiac function and contractile force generation. In order to vary Lmod2 levels, we
injected the £LmodZVM:MCM*/~ mice with 10, 15 or 20 mg/kg of tamoxifen on 3
consecutive days and compared these mice to those with a complete loss of Lmod2 (30
mg/kg) and mice injected with vehicle alone (0 mg/kg). Note, the vehicle injected mice have
reduced levels of Lmod2 but no change in thin filament lengths or cardiac function (Figs. 1,
2, 4). We found a significant negative correlation between the amount of tamoxifen injected
and Lmod2 levels (p = 0.0059), thin filament length (p = 0.0059), systolic performance (EF)
(p = 0.021) and maximum calcium activated force production (p = 0.013) (Fig. 7A).
Furthermore, there is a positive correlation between thin filament length and both systolic
performance (EF) (p < 0.0001) and maximum calcium activated force production (p =
0.0013) (Fig. 7B). These results indicate that a dose response relationship exists between
Lmod2 and thin filament length, as well as cardiac function, /n vive.

4. Discussion

We previously generated a constitutive L/moad2knockout mouse which displays cardiac
remodeling as early as postnatal day 6 and dies 2—3 weeks after birth at a point in which the
heart is still developing (e.g., in the midst of a shift in expression from fetal to adult isoforms
of many myofilament proteins and continued cardiac hypertrophy)[12]. In this study we set
out to determine the role Lmod2 plays in the adult heart, and how thin filament length
regulation contributes to contractility and cardiac function in the adult mouse. Adult mice
are more amenable to studying fiber mechanics and results obtained are not confounded by
ongoing developmental processes.

Heart-specific loss of Lmod2 in the adult mouse results in a very rapid loss of systolic
performance and death (in less than a week), with nearly no change in cardiac morphology.
Thus, we were able to analyze the acute effects of loss of Lmod2 on thin filament length,
force production and cardiac function as the cKO heart does not have much time to alter
isoforms or remodel.

The rapid disease development in the Lmod2 cKO mice parallels the constitutive knockout
model. In the constitutive knockout mice, cardiac function looks to be normal throughout
embryonic development and the first week after birth, then rapidly declines in the following
week. We hypothesized that this is a failure of the Lmod2 deficient heart to respond to
increased afterload due to increased vascular resistance after the animals are born [12].
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Preload also increases as venous return rises upon increases in respiration and skeletal
muscle use as the mice become more mobile. Under normal conditions an increase in
preload results in an increase in cardiac output (the FrankStarling law of the heart) due to
myofilament length-dependent activation (for review see: [30, 31]). However, the Lmod2
cKO mice display a reduction in length-dependent activation (i.e., smaller increase in force
output as sarcomere length increases) compared with control mice. Consequently, hearts
which lack Lmod2 may be unable to meet the hemodynamic demands of an active mouse.
Indeed, upregulation of CARP1 and FHL1 in the cKO point to a heart under biomechanical
stress. This could explain the nearly immediate cardiac failure in the adult cKO mice, while
the constitutive KO mice die as their activity increases within the first few weeks after birth.

Shorter thin filaments contribute to loss of contractile force in the cKO mice. Based on
sliding filament theory, abnormally short thin filaments are predicted to result in a deficit of
force production at long sarcomere lengths due to reduced thin-thick filament overlap. A
uniform decrease in thin filament length of 10-12% should result in a leftward shift of the
SL-tension curve with maximum tension developed at a SL of ~2.0 um (vs. ~2.3 within the
first few weeks after birth. Shorter thin filaments contribute to loss of contractile force in the
cKO m in the WT) [32, 33]. Indeed the ckO mice display a leftward shifted descending limb
on the SL-tension curve, confirming that thin filaments are shorter. However, the descending
limb also has an altered slope, indicating that loss of force is only partly explained by
uniformly shorter thin filaments. Although significant, there is only a moderate correlation
between thin filament length and maximum calcium activated force production, which also
suggests other factor(s) play a role in the loss of contractile force in the cKO. We were also
surprised to observe a slight increase in force as SL increases (from 1.95 to 2.25 pm) in the
cKO trabeculae. At a SL of 2.25 um the cKO trabeculae would be predicted to be on the
descending limb of the SL-tension curve, which would result in less force than is produced
at a SL of 1.95 um. In these experiments, sarcomere length is set prior to activation with
calcium (diastolic). However, it is well documented that diastolic sarcomere length is not
maintained during activation of contraction, even though overall muscle length is held
isometric. This is the result of internal shortening of sarcomeres due to inherent compliance
in the preparation [34-36]. Since we are unable to control for this shortening, the cKO
trabeculae activated at a SL of 2.25 um will reach steady-state tension at an unknown,
shorter SL, and, accordingly, a different position on the descending limb of the lengthtension
curve. Concurrently, trabeculae activated at a SL of 1.95 um would move down the
ascending limb of the SL-tension curve producing less force than expected. Together, this
could explain the apparent lack of a decrease in force at a SL of 2.25 um in the cKO.

Thin filament non-uniformity could contribute to a decrease in force as an optimal
sarcomere length may not exist (i.e., a sarcomere length in which there is no interference due
to filaments crossing the H-zone at the same time all of the myosin heads are engaged).
Additionally, it is hypothesized that the interaction of MyBP-C with actin aids in the
activation of the thin filament [37, 38]. The distribution of MyBP-C is weighted more
heavily towards the M-line on the thick filament. Thus, thin filaments that are shorter than
“normal” could interact less with MyBP-C along the C-zone, resulting in a depression of
force production.
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It is unclear what causes the non-uniformity of thin filament lengths. One possibility is that
the action of myosin interacting with actin causes small breaks in the thin filament that over
time act to reduce the length of the filament, in a nonhomogenous matter, leading to a
reduction in force output. Lmod2 could help repair the thin filaments, maintaining their
mature, uniform lengths. Alternatively, non-uniformity could arise secondarily to the loss of
thin filament length regulation and decrease in contractile force output. Shorter, non-uniform
thin filament lengths have been reported following the loss of the giant actin-binding protein
nebulin in the skeletal muscle of mice and in humans [39, 40]. The non-uniformity in the
nebulin knockout mice has been proposed to result from muscle use over time since thin
filaments were uniformly shorter when measured right after birth [41, 42].

Lmod2 functions biochemically as a potent nucleator /n vitro and is required to maintain
mature thin filament lengths in cells and /n vivo [10, 12]. Consistent with these functions,
the cKO mice have a significant decrease in the levels of thin filament proteins, whereas
thick filament and Z-disc components are unchanged. This could be due not only to shorter
but also fewer thin filaments, since Lmod2 has been hypothesized to be involved in the
turnover of thin filaments [43]. In an attempt to distinguish between these possibilities, we
tested whether there are fewer thin filaments in the cKO by measuring the levels of Tmod1.
We reasoned that since Tmod1 only interacts with the pointed end of the thin filament [4,
24], the amount of cytoskeletonassociated (i.e., assembled) Tmod1 should be an accurate
measure of the number of thin filaments present in sarcomeres. This assumes that Lmod?2
does not regulate a population of thin filaments distinct from those capped by Tmod1. We
found no significant change in the levels of assembled Tmodl in the left ventricle of the
Lmod2 cKO mice, suggesting little change in thin filament number. We therefore conclude
that, Lmod2 functions to maintain the length of existing thin filaments, not in thin filament
turnover (at least over the span of a week).

It is intriguing that a nearly 85% reduction in Lmod2 protein leads to no observable
phenotype, but a further reduction in Lmod2 levels displays a remarkable dose response
relationship with respect to both thin filament length and cardiac function. Corroborating
this observation, the £moad?2 constitutive heterozygous mice (which express ~50% of wild
type Lmod2 levels) do not present with cardiac abnormalities ([12], data not shown). We
also previously found that expression of GFPLmod2 at ~40% of endogenous Lmod?2 levels
in the heart via adeno-associated virus is able to rescue the constitutive Lmod2 knockout
mice [12]. Although the stoichiometry of Lmod2 and the thin filament is unknown, these
results suggest a surprisingly minute amount of Lmod2 has a large effect on thin filament
assembly and cardiac function.

Lmod2 may affect contractility independent of thin filament length regulation. Previous
studies have shown that Lmod2 can directly bind to the side of the actin filament in cells [13,
44] and inhibit myosin ATPase activity /n7 vitro [45]. The latter result predicts that loss of
Lmod2 would relieve the myosin ATPase inhibition, thereby increasing force output, which
is opposite of the decrease in force we observed in the single trabeculae and isolated
cardiomyocytes of the cKO mice. Since the Lmoad2 cKO mice display shorter, non-uniform
thin filaments, which likely reduces force, it is difficult to determine whether the removal of
Lmod2 has any positive affect on force output. The LmodZVfl:MCM*/~ mice injected with
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vehicle alone, which express only ~15% of endogenous Lmod2 levels but have no detectable
changes in thin filament structure, provide a model to test the effect of reduction of Lmod2
on contractility. Single trabeculae isolated from these mice do not have a significant change
in mean maximum calcium-activated force. Although we could not detect an increase in
force upon a reduction in Lmod2, further study is warranted to determine if Lmod2
influences myosin ATPase /n vivo.

It is unclear what causes an increase in sensitivity to calcium in the Lmod2 cKO trabeculae
at a sarcomere length of 2.25 pm. If an alteration in phosphorylation of thin filament
regulatory components brought about the change in sensitivity, then we would expect to see
a similar change in single cell experiments, which shows no difference in calcium
sensitivity. One possibility is that the shift in ECgq of calcium activation observed in the
trabeculae is due to a heterogeneous mixture of cells within the cardiac tissue. We observed
a greater variation in single-cell forces in the cKO compared to the control, with some cells
producing nearly normal levels of force while others producing very little force. Since
cardiomyocytes function in series within the fiber, low force producing cells could
effectively cap the maximal force production of the fiber, while higher force producing cells
could contribute relatively more force at submaximal calcium levels. We hypothesize that
the combination of high and low force producing cells produces a shift in the ECsq of
calcium activation that is only observed in the trabeculae. The increased variation of single-
cell forces in the cKO could result from variation in the efficiency of tamoxifen to induce
recombination [e.g.,46].

In conclusion, loss of Lmod2 in adult mice results in a rapid loss of contractile force and
cardiac failure. Our results indicate that Lmod?2 functions to maintain thin filament length
and uniformity, which contributes to proper contractile force generation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. Loss of actin-binding protein Lmod2 in adult mice results in rapid cardiac
failure.
. Cardiomyocytes without Lmod2 have a severe reduction in contractile force.
. Shorter, non-uniform actin-thin filaments contribute to loss of contractile
force.

J Mol Cell Cardiol. Author manuscript; available in PMC 2019 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pappas et al. Page 17

A EF B LviD;d C LVAW;d D LVPW;d
H VEH[] TAM
807 — i 51 1.5 . 1.59
60- l ity 4- T *X¥
1.0 1.0
° 31 T
- T | 0.5- 0.5-

O . 0' O . O' T T
Lmod2+/+ Lmod2fl/fl Lmod2+/+ Lmod2fl/fl
MCM+/- MCM+/- MCM+/- MCM+/-

0' T T
Lmod2+/+ Lmod2fl/fl
MCM+/-  MCM+/-

0" T T
Lmod2+/+ Lmod2fl/fl
MCM+/-  MCM+/-

E Eccentricity F

4- o Lmod2*/*:mcM*-  Lmod2/fl.mom-
5 o TAM: — - 4+ 4+ - -+ %
=y Lmod2

[a) .

51- B-Tubulin = - —— . — ——_—

Lmod2+/+ Lmod2f/f
MCM+-  MCM+/-

Figure 1. Knockout of Lmod2 results in impaired left ventricle systolic performance.
(A-E) Echocardiography analysis of vehicle (black bars) or tamoxifen (white bars) treated

mice. (A) Ejection fraction; (B) Left ventricle internal dimension in diastole; (C) Left
ventricle anterior wall thickness in diastole; (D) Left ventricle posterior wall thickness in
diastole; and (E) Eccentricity index, which equals the left ventricle internal dimension in
diastole divided by the sum of the anterior and posterior wall thicknesses. All values
represent means = SD; n = 8-12. (F) Immunoblot of LV lysate from mice 7 days after the
first injection of vehicle (=) or tamoxifen (+). Lysate was probed with antibodies to Lmod2
and p-tubulin.
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Figure 2. Cardiac thin filament length is reduced in the Lmod2 cKO mice.
(A) Representative images of immunofluorescence staining of LV free wall in vehicle and

tamoxifen treated LmodZfl;:MCM™*/~ mice. F-actin is in green and a-actinin, which marks
the Z-disc, is in red in the merged images. The locations of thin filament barbed
(arrowheads) and pointed (arrows) ends are indicated. Scale bar = 2 um. Examples of
uniform (1) and non-uniform (2) thin filaments upon tamoxifen treatment are shown. (B)
Mean focus values, which represents the uniformity of thin filament lengths within each
sarcomere (the smaller the number the more uniform the filament lengths). (C) Thin
filament length in LV free wall of vehicle (black bars) and tamoxifen (white bars) treated
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mice. All values are means = SD; n = 8-12. (D) Thin filament length plotted against
sarcomere length for LmodZVf:MCM*/~ mice treated with vehicle (black circles) or
tamoxifen (grey circles). The slopes of the two linear regression lines are significantly non-
zero (p < 0.0001) and not significantly different from each other. The y-intercept of the
TAM-treated linear regression line is significantly lower (p < 0.0001) than the control,
indicating thin filaments are shorter when sarcomere length is taken into account.
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Figure 3. The levels of thin filament components are significantly reduced in the LV of Lmod2
cKO mice.
Immunoblot analysis of LV proteins in whole cell lysate (top panel) or insoluble fraction

(bottom panel) of LmodZVf:MCM*/~ mice treated with vehicle (black bars) or tamoxifen
(white bars). (Left) Single representative blots; (Right) Mean relative protein levels
following normalization to total protein via Ponceau S staining. Error bars indicate the SD, n

5-8.
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Figure 4. Loss of Lmod2 reduces calcium-activated force and alters calcium sensitivity in cardiac
trabeculae.

Force-Ca2* relationship of cardiac trabeculae at short (1.95 um-A) and long (2.25 pm-B)
sarcomere lengths. The insets are graphs of the mean ECsg of calcium activation. Maximum
calcium-activated force at sarcomere lengths 1.95 pm (C) and 2.25 um (D). (E) Change in
maximum force as sarcomere length increases. All values are means + SEM; n = 5-6.
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Figure 5. Total phosphorylation of thin filament regulatory proteins is not significantly changed
(A) Representative gel of LV lysate stained for total phosphoprotein content. (B)

Corresponding Coomassie blue stain for total protein. (C) Mean phosphoprotein levels
normalized to total protein for mice treated with vehicle (black bars) or tamoxifen (white
bars). Error bars indicate the SD, n = 5-6.
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Figure 6. Calcium activated contractile force is reduced in cardiomyocytes isolated from Lmod2

cKO mice.

(A) Force-Ca?* relationship of cardiac cells at a sarcomere length of 2.25 pm. The inset is a
graph of mean ECsq of calcium activation. (B) Mean force at maximum calcium activation
at 2.25 um. Error bars indicate + SEM; n = 27-35 cells from 5-6 animals. (C) Maximum
calcium-activated force at various sarcomere lengths. n = 15 cells from 5 WT animals and

27 cells from 6 cKO animals.
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Figure 7. Thin filament length and cardiac function negatively correlate with tamoxifen dose;
cardiac function positively correlates with thin filament length.

(A) Relative Lmod2 levels, thin filament (TF) length, ejection fraction (EF) and maximal
activated force (FMax) plotted against the dose of tamoxifen (TAM) injected. 0 mg/kg are
mice injected with vehicle alone. Data were fit using linear regression. All values are means
+ SD; n = 3-13 animals. (B) Ejection fraction (EF) and maximal calcium activated force
(FMax) plotted against thin filament length. n = 3-13 animals.
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