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Luma is a recently discovered, evolutionarily conserved protein expressed in mammalian heart, which is associated
with the Linker of Nucleoskeleton and Cytoskeleton (LINC) complex. The LINC complex structurally integrates
the nucleus and the cytoplasm and plays a critical role in mechanotransduction across the nuclear envelope.
Mutations in several LINC components in both humans and mice result in various cardiomyopathies, implying they
play essential, non-redundant roles. A single amino acid substitution of serine 358 to leucine (S358L) in Luma is the
unequivocal cause of a distinct form of arrhythmogenic cardiomyopathy. However, the role of Luma in heart has
remained obscure. In addition, it also remains to be determined how the S358L mutation in Luma leads to
cardiomyopathy.

To determine the role of Luma in the heart, we first determined the expression pattern of Luma in mouse heart.
Luma was sporadically expressed in cardiomyocytes throughout the heart, but was highly and uniformly expressed
in cardiac fibroblasts and vascular smooth muscle cells. We also generated germline null Luma mice and discovered
that germline null mutants were viable and exhibited normal cardiac function. Luma null mice also responded nor-
mally to pressure overload induced by transverse aortic constriction. In addition, localization and expression of
other LINC complex components in both cardiac myocytes and fibroblasts was unaffected by global loss of Luma.
Furthermore, we also generated and characterized Luma S358L knock-in mice, which displayed normal cardiac func-
tion and morphology.

Our data suggest that Luma is dispensable for murine cardiac development and function and that the Luma S358L
mutation alone may not cause cardiomyopathy in mice.

Arrhythmogenic right ventricular cardiomyopathy e Inner nuclear membrane e Linker of nucleoskeleton to
cytoskeleton complex e Nuclear envelope e Outer nuclear membrane

1. Introduction

Luma (also known as TMEM43 or transmembrane protein 43) is highly
evolutionarily conserved and is expressed in mammalian heart." Luma
was first identified in a proteomics screen for nuclear envelope proteins
in neuroblastoma cells® and was subsequently shown to localize to the
inner nuclear membrane (INM) where it interacts with the Linker of
Nucleoskeleton and Cytoskeleton (LINC) complex, including LINC

complex proteins SUN2, Emerin, Lamins A/C, and B1."*® Localization
of Luma in mouse embryonic fibroblasts (MEFs) is dependent on A-type
Lamins, as Luma is mislocalized to the endoplasmic reticulum in MEFs
derived from Lamin A/C-deficient mice.! Furthermore, depletion of
Luma in Hela cells results in mislocalization of Emerin,' suggesting a
potential role for Luma in LINC complex function.

The LINC complex connects the nuclear lamina to the cytoskele-

ton,”® provides structural support to the nucleus,””™"* and plays an
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317 and mechanotransduc-

essential role in regulating gene expression
tion.>"*71>182! Many mutations in genes that encode either core compo-
nents or regulators/effectors of the LINC complex, including Emerin,
Lamins A/C, B1, and B2, Nesprins, and SUN-domain proteins, have been
identified as causing skeletal or cardiac myopathy.'®%27* Human genetic
linkage studies have revealed that a single amino acid substitution of serine
358 to leucine (S358L) in Luma is the unequivocal cause of fully penetrant
arrhythmogenic right ventricular cardiomyopathy (ARVC), characterized
by ventricular tachycardia, fibro-fatty replacement of cardiomyocytes,
heart failure, and sudden cardiac death.”**>7° It has also been reported
that mutations in Luma are associated with Emery—Dreifuss Muscular
Dystrophy (EDMD)-related myopathy.*

Although there are several in vitro studies in cultured cardiomyocytes
and non-cardiomyocytes addressing potential roles of Luma and effects
of the S358L mutation,”*"
Luma during cardiac development and function in vivo. There are also no
in vivo studies to address molecular mechanisms by which the Luma
S358L mutation leads to cardiomyopathy in animal models. To investi-
gate the in vivo role of Luma in mammalian heart, we first determined the
expression pattern of Luma in mouse heart. We found that Luma was
sporadically expressed in cardiomyocytes, but was highly and uniformly

no studies have addressed the role of

expressed in cardiac fibroblasts and vascular smooth muscle cells
(VSMCs). As Luma was expressed in most cell types in the heart, we
took a global knockout (KO) approach to study effects of Luma loss on
cardiac function. Echocardiography of Luma KO mice revealed no
defects in cardiac function up to 20 months of age, and Luma KO mice
responded normally to pressure overload induced by transverse aortic
constriction (TAC). Furthermore, hemodynamic analysis revealed that
Luma KOs had normal contractile function in response to treatment
with the beta-1 agonist dobutamine. Given these data, we hypothesized
that the S358L mutation was likely a gain-of-function mutation.
Therefore, we generated S358L knock-in (KI) mice using a CRISPR/Cas9
approach to ensure that the gene encoding the S358L mutant Luma
would be expressed under the control of the endogenous Luma locus.
Luma KI mice displayed normal cardiac function at baseline. Taken
together, our data suggest that Luma is dispensable for murine cardiac
development and function, and that the Luma S358L mutation alone may
not cause cardiomyopathy in mice.

2. Methods
2.1 Study approval

All animal procedures were approved by the UCSD Animal Care and
Use Committee and were in full compliance with the guidelines for the
care and use of laboratory animals from the National Institutes of
Health. UCSD has an Animal Welfare Assurance (A3033-01) on file with
the Office of Laboratory Animal Welfare and is fully accredited by
AAALAC International.

For isolation of adult hearts, mice were sacrificed by cervical disloca-
tion following anaesthesia by intraperitoneal injection of a mixture of
ketamine (100 mg/kg) and xylazine (5 mg/kg), while the depth of anaes-
thesia was monitored by toe pinch. For isolation of neonatal cardiomyo-
cytes, neonatal mice were sacrificed by decapitation.

2.2 Generation of Luma global KO and
S358L Kl mice

Embryonic stem cells containing the TMEM43™12EVCOMMIWE 3 firt

construct were obtained from the IMPC Consortium, injected into

blastocysts, and implanted in pseudo-pregnant female mice as previously
described (see Supplementary material online, Figure S3A).*> Chimeric
Luma floxed (Luma”*) mice were crossed with Sox2-Cre deleter mice

- mice.

to obtain Luma

Luma K| mice were generated by using a CRISPR/Cas9 approach.*
Briefly, CRISPR RNA (crRNA), trans-activating crRNA, Cas9 protein
were injected along with the donor oligonucleotide into C57/B6] mouse
zygotes, which were designed to replace TCC (Serine) with TTA
(Leucine) (see Supplementary material online, Figure S4A-D). Genotyping
by polymerase chain reaction (PCR) analyses confirmed the presence of
the mutant allele (see Supplementary material online, Figure $4C). Two
founder heterozygous Kl mice were crossed for three generations into
C57/Bé6) to dilute any potential off-target effects.

2.3 Echocardiography, hemodynamics,
and TAC

Mice were anesthetized with 0.5% isoflurane and underwent echocar-
diography using

VisualSonics, SonoSite FUJIFILM, Vevo 2100 ultrasound system
with a linear transducer 32-55MHz as described previously.*o*#*
Measurements of heart rate, left ventricular internal dimensions at end
of diastole and systole (LVIDd, LVIDs, respectively), end-diastolic inter-
ventricular septal thickness (IVSd), and LV posterior wall thickness
(LVPWAd) were determined from the LV M-mode tracing. Percentage
fractional shortening (%FS) was used as an indicator of systolic cardiac
function. For hemodynamics, 10-week-old adult mice were anesthetized
using 100 mg/kg ketamine and 10 mg/kg xylazine and subjected to hemo-
dynamic measurements as described previously.*® N = 8 mice were used
for each genotype. For TAC, 10-week-old male mice weighing 20-28 g
were anaesthetized with ketamine/xylazine and aortas banded with a
27.5 gauge (for <25 g mice) or 27 gauge (for mice >25 g) needle as previ-
ously described.*

2.4 Immunofluorescence

Hearts from Collagen1a1-GFP, Tbx18-H2B-GFP, and HCN4-tdTomato
expressing mice were perfusion fixed with 4% Paraformaldehyde (PFA)
or ice-cold acetone, respectively, and dehydrated using sucrose gra-
dients followed by embedding in a sucrose/optical cutting temperature
(OCT) mix as previously described.*® All other hearts were isolated and
rinsed in phosphate buffered saline (PBS), immersed in cold isopentane,
and embedded in OCT on dry ice. Unfixed sections (10 um) were cut
and fixed in acetone at -20°C for 5min. After permeabilization with
washing buffer (PBS with 0.2% TX-100) sections were incubated with
the indicated antibodies (see Supplementary material online, Table ST)
overnight in blocking buffer (PBS with 2% normal donkey serum, 3%
bovine serum albumin) in a humidified chamber at 4 °C. Sections were
rinsed in wash buffer and incubated at room temperature with the indi-
cated fluorescently conjugated secondary antibodies and DAPI (1:500)
diluted in blocking buffer for 1h. Slides were rinsed in wash buffer and
mounted in mounting buffer (Dako, Santa Clara, CA). Sections were
imaged as described previously.*’~* Briefly, using an oil-immersed x 100
objective, with 1.35 numerical aperture, on an inverted microscope con-
trolled by a DeltaVision system (Applied Precision, Issaquah, WA).

2.5 Western blotting

Ventricles were lysed in 50 ul/mg tissue as described previously.*®
Briefly, frozen heart tissue and lysis buffer was pulverized into a fine pow-
der using a pestle and mortar, followed by sonication to shear DNA.
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Lysates were centrifuged at 13900¢ at 4°C for 15 min, supernatants
aspirated and loaded onto 4-12% NuPage Bis/Tris gels for separation
before transfer onto a nitrocellulose membrane (Bio-Rad, Hercules,
CA) at 4°C at a constant voltage of 55V in transfer buffer (25 mM tris,
190 mM glycine, 20% methanol, pH 8.3). After blocking for 1-2 h in tris-
buffered saline containing 0.1% Tween 20 and 5% non-fat dry milk, mem-
branes were incubated overnight at 4 °C with the indicated primary anti-
body (see Supplementary material online, Table S7) in blocking buffer.
Blots were washed and incubated with horseradish peroxidase-
conjugated secondary antibody for 1h at room temperature.
Immunoreactive protein bands were visualized using enhanced chemilu-
minescence reagent (Thermo, Carlsbad, CA).

2.6 Primary cell isolations

Neonatal cardiomyocytes were isolated from postnatal day one to two
pups using a combination of trypsin and collagenase type Il enzymes as
described previously.50 Briefly, hearts were isolated, rinsed in PBS, and
incubated overnight with trypsin at 4°C. The next day hearts were
digested with warm trypsin followed by two collagenase type Il treat-
ments. Cells were then pre-plated to remove fibroblasts and other cell
types, and the floating cardiomyocytes aspirated, counted, and seeded
onto Laminin-coated glass-bottomed MatTek dishes. Fibroblasts were
trypsinized, counted, and plated on MatTek dishes.

2.7 Scratch wound assays

Isolated fibroblasts were counted and seeded onto 35 mm plastic dishes.
A sterile scratch was made using a P200 tip, detached cells were rinsed
with medium, and phase-contrast images were recorded every 3 h using
an Olympus Analogue Video Camera System mounted on a Nikon TMS
microscope. Image analysis was performed by tracing the edge of the
wound using Image | and the remaining wound was calculated using
Microsoft Excel.

2.8 Histology

Hearts were isolated from age- and sex-matched littermates and washed
in PBS before being fixed overnight in formalin. Hearts were subsequently
dehydrated in 70% ethanol and embedded in paraffin and cut into 10 pm
sections. Sections were stained using Masson’s Trichrome, mounted and
imaged using a Hamamatsu NanoZoomer 2.0HT Slide Scanning System
(Hamamatsu, Bridgewater, NJ) as described previously.”"

2.9 Real-time PCR

Total RNA was extracted from mouse hearts using Trizol reagent
according to manufacturer’'s recommendations (Life Technologies,
Carlsbad, CA). Complementary DNA was synthesized using MMLV
Reverse Transcriptase (Bio-Rad). Primers for RT-PCR are listed in
Supplementary material online, Table S2. RT-PCR reactions were per-
formed using Sso-Fast EvaGreen Real Time PCR (Bio-Rad) master mix in
96-well low-profile PCR plates in the CFX96 Bio-Rad Thermocycler.

2.10 Human tissues

Human specimens were obtained from the Sydney Heart Bank at the
University of Sydney and signed patient consent was obtained for all
samples in this tissue bank. Human Research Ethics Committee approval
was obtained by St Vincent’s Hospital (#H03/118) and by the University
of Sydney Human Research Ethics Committee (#12146, #159401) and
conforms to the principles in the Declaration of Helsinki. Human tissue
was used in accordance with the ethical guidelines of King’s College

London (College Research Ethics Committee 04/05—74; REC reference
12/EM/0106), under current UK law. Samples from the left ventricular
free walls of patients from non-failing donor hearts, which were cardio-
pleged, but not required for heart transplantation, were provided by the
Australian Red Cross Blood Transfusion Service. Typically, these hearts
were not transplanted because of tissue incompatibility.

2.11 Statistics

Data are presented as mean * standard error of the mean unless indi-
cated otherwise. We used two-tailed Student’s t-test or two-way analy-
sis of variance (ANOVA), with Sadik’s post-hoc test for comparisons
among groups as indicated. Analysis was performed using Microsoft
Excel or Graphpad Prism software. P-values of <0.05 were considered
significant.

3. Results

3.1 Luma is expressed in most cell types,
predominantly in fibroblasts and coronary

vSMCs in mouse and human myocardium
Luma messenger RNA and protein are expressed in human hearts.
We first confirmed expression of Luma in mouse hearts, as well as skeletal

2,33

muscle, and a number of other tissues by western blot analysis (see
Supplementary material online, Figure STA). Although widely expressed,
Luma was abundantly expressed in heart (see Supplementary material
online, Figure STA). To investigate Luma subcellular localization and
expression within various cell types of the heart, we next performed
immunofluorescence microscopy utilizing a panel of antibodies and vari-
ous green fluorescent protein (GFP) and tdTomato indicator mouse lines
(Figure 1A-G). Although Luma was localized to the nuclear envelope in
71% of cardiomyocytes (Obscurin-H2B-GFP,**>3 Figure 1A), it was
expressed in all cardiac fibroblasts of all four chambers of heart [platelet-
derived growth factor receptor alpha (PDGFRa), Figure 1B and
Collagen1a1-GFP,*>*® Figure 1C and see Supplementary material online,
Figure S1B]. Immunofluorescence analysis of Luma in vSMCs [alpha
smooth muscle actin (¢SMA), Figure 1D], endothelial cells (ECs; CD31,
Figure 1E), and pericytes (Tbx18-H2B-GFP,>* Figure 1F) revealed high
expression in VSMCs, whereas Luma was rarely observed in ECs and only
in some pericytes. Because mutations in Luma lead to fatal arrhythmias in
humans,>>* we predicted that Luma might be enriched in regions of the
heart responsible for cardiac conduction. To test this hypothesis, we used
the HCN4CreERT2-tdTomato indicator line to mark the cardiac conduc-
tion system.>® However, Luma was not observed in the sinoatrial node,
atrioventricular node, or Purkinje fibres (Figure 1G and data not shown).

Consistent with the expression pattern of Luma in mouse myocar-
dium, immunofluorescence staining of human myocardium obtained
from the left ventricle of non-failing adults revealed that, as in mouse
heart, Luma concentrated at the nuclear envelope and was predomi-
nantly found in vSMCs and cardiac interstitial cells (see Supplementary
material online, Figure S2).

3.2 Luma KO mice are viable and have

normal cardiac function and morphology

To investigate the in vivo role of Luma in cardiac function, we generated
Luma KO mice by crossing targeted mice containing Luma floxed alleles
with global deleter Sox2-cre mice®' (see Supplementary material online,
Figure S3A and B). Luma KO mice were born at expected Mendelian
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Figure | Lumais expressed in most cell types in the heart. Adult hearts from WT and various cell-type-specific indicator mouse lines were fixed and ana-
lysed under immunofluorescence microscopy utilizing a panel of antibodies and various indicator mouse lines for various cell-type-specific markers (labelled
as magenta/red). (A) Obscurin-H2B-GFP (red) expressing mice were used to mark cardiomyocyte nuclei. Note that Luma was expressed in myocytes (white
arrowheads). Inset, high magnification view of a cardiomyocyte nucleus expressing Luma. (B) PDGFRa to mark fibroblasts (red) and alpha-actinin (magenta).
Inset, high-magnification fibroblast nucleus in white box. (C) Collagen1a1-GFP (red, fibroblast marker). Note that Luma was expressed in all fibroblasts (yel-
low arrowheads) and some cardiomyocytes (white arrowheads). (D) aSMA was used to mark smooth muscle cells (magenta) and phalloidin for actin (red).
Note that Luma was also expressed in smooth muscle cells (white arrows). (E) CD31 was used to mark ECs (magenta). Note that Luma was found in some
ECs (white arrow). (F) Tbx18-H2B-GFP expressing hearts were used as a pericyte marker. Note that Luma was found in some pericytes (white arrows).
(G) HCN4-tdTomato was used as a conduction system marker and the sinoatrial node (SAN) region was imaged. Note that Luma was not found in these

cells (yellow arrows). DNA is stained with DAPI (blue).

ratios with 48 out of an expected 50 pups (from 202 pups total)
observed from Luma heterozygous null crosses (see Supplementary
material online, Figure S3C). Western blotting and immunofluorescence
analyses confirmed loss of Luma expression in KO mice (see
Supplementary material online, Figure S3D—F). Given this result, we next
evaluated cardiac function of Luma KO and wild type (WT) mice over
the course of 20months by echocardiography (Figure 2A-E). Cardiac
function of Luma KO mice was comparable to WT littermates (32% vs.
35% FS), as were LVIDd (both 3.9mm) and LVIDs (2.6 vs. 2.5mm),
LVPWd (0.79 vs. 0.72mm), and IVSd (0.83 vs. 0.81mm) at 88 weeks
(Figure 2A—E). We observed no changes in any of these parameters, irre-
spective of their gender. We also observed no change in expression lev-
els of the foetal gene program (ANP, BNP, Myhé, Myh7) and pro-fibrotic
markers (Collagen 1a1 and 3af) by quantitative RT—PCR analysis (Figure

2F). Complementary to the echocardiography and gene expression anal-
yses, hematoxylin and eosin staining revealed no evidence of morpholog-
ical defects (Figure 2G). There were also no changes in heart weight to
body weight and heart weight to tibia length ratios of Luma KO mice
when compared to WT littermates (Figure 2H).

3.3 Localization of most LINC complex
proteins and nuclear Lamins is unaffected
in Luma KO cardiomyocytes and
fibroblasts

Since ablation of other LINC complex proteins has been shown to affect

18,48

LINC complex integrity, we hypothesized that known interaction

partners of Luma may be compensating for loss of Luma in Luma KO
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Figure 2 Luma KO mice display no overt defects in cardiac function and morphology. Echocardiographic measurements of (A) FS, (B) LVIDd, (C) LVIDs,
(D) LVPW(d, and (E) IVSd over the course of 88 weeks in WT (n=13; 7 females, 6 males) and Luma KO mice (n = 14; 5 females, 9 males). (F) Quantitative
real-time PCR analysis of foetal genes, ANP, BNP, Myh6é, Myh7, and pro-fibrotic markers, Collagen 1a1 and 3a1, in WT and Luma KO mouse hearts at
88 weeks (n=7-9 per genotype). (G) Macroscopic cross-sectional views of hematoxylin and eosin stained hearts isolated from WT and Luma KO mice at
88 weeks. Scale bar: 1 mm. (H) HW/BW and HW/TL of WT vs. Luma KO mice at 88 weeks (n=9-12 per genotype). P> 0.05 according to two-way

ANOVA with Sidak’s post-hoc test (A—F, H).

mice. Western blot analysis revealed that levels of Lamins A/C, B1,
SUN2, and Emerin were unchanged in Luma KO vs. WT mice at
88 weeks (Figure 3A; see Supplementary material online, Figure S3G).
Given that Luma binds to LINC complex-associated proteins Lamin A/C,
B1, Emerin, and SUN2,"* and knockdown of Luma in Hela cells led to
mislocalization of Emerin,’ we isolated both cardiomyocytes and cardiac
fibroblasts from WT and Luma KO neonatal hearts and performed
immunostaining for various LINC complex and LINC complex-
associated components. As expected, Luma localized to the nuclear
envelope in cardiomyocytes (Figures 1A and 3B) and fibroblasts (Figure
1B). Localization of Lamins A/C, B1, Emerin, SUN1, and SUN2 were
unchanged between WT and Luma KO in both cell types, where they
localized to the nuclear envelope (Figure 3C and D). Isolation and staining
of adult cardiomyocytes from WT and Luma KO mice showed similar
localization of the LINC components (data not shown). Because Luma
was expressed at high levels in fibroblasts, and the LINC complex has

been implicated in cell migration,>®*’

we hypothesized that Luma KO
fibroblasts might display migration defects. To test this, we performed
scratch-wound assays, but observed that Luma KO fibroblasts were able

to migrate at the same rate as WT fibroblasts (Figure 3E).

3.4 Luma KO mice exhibit normal
hypertrophic response to pressure
overload

Lamin A/C heterozygous null mice display an attenuated hypertrophic
response following pressure overload by TAC.*® Given that Luma inter-
acts with Lamin A/C, and that LINC complex components have been
shown to play both structural and mechanotransduction roles,’®" we
hypothesized that Luma KO mice may also display an attenuated hypertro-
phic response to pressure overload. To test this hypothesis, we performed
TAC on 10-week-old mice followed by serial echocardiography
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Figure 3 LINC complex protein levels and localizations are unaffected in Luma KO mice. (A) Western blot analysis of Lamins A/C (A/C), B1 (B1), SUN1,
SUNZ2, Emerin, and Luma in WT and Luma KO hearts. Ponceau stain serves as loading control. Arrowheads show the predicted molecular weight (MW) of
the indicated proteins. MW is denoted in kDa (n = 4 per genotype). (B) Immunofluorescence analysis of Luma (green) in WT and Luma KO neonatal cardio-
myocytes. Cardiomyocytes were stained with alpha actinin (red) and DAPI (blue). Note that Luma localizes predominantly to the nuclear envelope, and this
signal is absent in Luma KO cells. (C, D) Immunofluorescence analysis of (C) neonatal cardiomyocytes and (D) fibroblasts isolated from WT and Luma KO
hearts. Cells were fixed and stained for nuclear lamina proteins Lamin A/C (A/C), Lamin B1 (B1); nuclear envelope protein Emerin (Emd); and LINC compo-
nents SUN1 and SUN2. Cardiomyocytes were stained with alpha actinin (red); fibroblasts were stained with phalloidin (red) and DAPI (blue). Note that all
proteins remained localized to the nuclear envelope in WT and KO cells. Scale bar: 5 um. (B-D) n = 3040 cells per genotype from three independent isola-
tions. (E) Scratch wound assay of WT and Luma KO neonatal fibroblasts. Note that Luma KO cells were able to migrate at normal rates compared to WT
cells (n = 3 biological replicates, n = 6-9 scratches/replicate). P > 0.05 according to the Student’s t-test.
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Figure 4 Luma KO mice exhibit normal hypertrophic response to pressure overload. Echocardiographic measurements of (A) FS, (B) LVIDd, (C) LVIDs,
(D) LVPW(d, and (E) IVSd) at baseline (0) and 1, 2, and 4 weeks post-TAC surgery in WT and Luma KO mice. Note that as expected, cardiac function signifi-
cantly deceased after TAC and chamber dimensions and wall thicknesses increased. However, there were no significant changes observed between WT
and Luma KO mice. (n =20 males per genotype). (F) Kaplan—Meier survival analysis showed no significant change in survival between WT and Luma KO
mice post-TAC. (G) Western blot analysis of Lamins A/C (A/C), B1 (B1), Emerin, SUN2, and Luma in WT and Luma KO mice 2 weeks post-TAC and

SHAM surgeries. Ponceau stain serves as a loading control (n

=4-5 per genotype). Arrowheads show the predicted MW of the indicated proteins. MWV is

denoted in kDa. P> 0.05 according to two-way ANOVA with Sidak’s post-hoc test (A—E). P= 0.87, Mantel-Cox y test (F).

measurements at 1 and 2 weeks, post-TAC. As expected, when compared
to SHAM-operated animals, WT mice subjected to TAC underwent
remodelling, as evidenced by a progressive decrease in cardiac function,
and increasing dimensions of the left ventricular chambers and wall thick-
ness (Figure 4A-E). However, there were no significant differences in any
of these parameters between Luma KO and WT littermates (P> 0.05,
two-way ANOVA), suggesting that Luma KO hearts exhibit a normal
hypertrophic response to pressure overload. At 4 weeks post-TAC, both
WT and Luma KO mice progressed to heart failure, with comparable FS
(mean values 19.5% and 21.3%, respectively); chamber sizes, LVIDd (4.1
and 3.8 mm, respectively), LVIDs (3.4 and 3.1 mm, respectively); wall thick-
nesses, LVPWd (1.0 and 1.1 mm, respectively), IVSd (both 1.0 mm); with
no significant differences observed (P> 0.05, two-way ANOVA) (Figure
4A-E). Furthermore, Kaplan—Meier survival analysis found no significant

difference between Luma KO and WT littermates post-TAC (median sur-
vivals of 52 and 62 days, respectively, P= 0.87, Mantel-Cox % test) (Figure
4F). Western blot analysis detected no difference in expression levels of
binding partners of Luma (Figure 4G; see Supplementary material online,
Figure S3H).

3.5 Contractile function of Luma KO mice
is unaffected in response to beta-
adrenergic stimulation

Given that Luma KO mice showed normal cardiac function at 88 weeks
of age and had similar hypertrophic response and heart failure progres-
sion as their control littermates following TAC, we next investigated
cardiac contractile function following beta-adrenergic stimulation.
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Figure 5 Contractile function of Luma KO mice is unaffected following beta-adrenergic stimulation. Invasive hemodynamics measurements of (A) heart
rate, (B) peak pressure, (C) maximum rate of pressure change in the left ventricle (dP/dT), (D) minimum rate of (dP/dT), (E) exponential tau (index of LV
relaxation), and (F) end-diastolic pressure in WT and Luma KO mice in response to increasing levels of beta-adrenergic agonist dobutamine (n = 8 males per

genotype). P> 0.05 according to the Student’s t-test (A—F).

Ten-week-old mice were treated with increasing amounts of dobut-
amine and subjected to hemodynamic analyses. Results demonstrated
that Luma KO mice responded similarly to WT littermates, with no
impairment of contractile function in response to beta-adrenergic stimu-
lation (Figure 5A—F). Taken together, Luma KO mice displayed no overt
cardiac defects, responded normally to pressure overload, and had nor-
mal contractile function.

3.6 Luma S358L KI mice have normal
cardiac function

Given that no changes in cardiac function were observed following global
loss of Luma, we reasoned that the S358L mutation in Luma that causes
ARVC in humans might be a gain-of-function mutation. To test whether
the Luma S358L mutation is a gain-of-function mutation, we generated
Kl mice using a CRISPR/Cas9 approach (see Supplementary material
online, Figure S4A-D). Two founder heterozygous mutant mice were
crossed for three generations into a C57B6é) background to dilute poten-
tial off-target effects. Heterozygous mutants were then interbred to
produce homozygous S358L mutants. From 154 pups analysed, 72
homozygous (expected 77) and 35 heterozygous (expected 38.5)
mutants were present at weaning, suggesting that homozygous null
mutants were present at expected Mendelian ratios (x> test, P=0.28)
(see Supplementary material online, Figure S4E).

After generating S358L mice, we performed echocardiography over
the course of 12months on the S358L mutants. Surprisingly, we
observed no changes between S358L heterozygous, homozygous, and
WT littermates in cardiac function (FS, 41%, 40%, 37%, respectively);
LVIDd (3.0, 3.1, and 3.1 mm, respectively); LVIDs (1.8, 1.8, and 2.0 mm,
respectively); LVPWd (0.79, 0.79, and 0.72 mm, respectively); IVSd (0.85,
0.83, and 0.79 mm, respectively) at 1 year of age (Figure 6A—E). Next, we
checked expression levels of foetal genes (ANP, BNP, Myhé, Myh7) and
pro-fibrotic genes (Collagen-1a1, Collagen-3a1) in 2- to 3-month-old

mice. Consistent with our echocardiographic analysis, we observed no
changes in these factors, which suggested an absence of remodelling in
mutants (Figure 6F). The indices of hypertrophy (heart weight to body
weight ratio, HW : BW and heart weight to tibia length ratio, HW : TL)
were unchanged between WT and S358L mutant mice (Figure 6G).
Consistent with the lack of an ARVC-like phenotype, we observed no
incidences of sudden death or premature lethality of S358L mutant mice
compared to their WT littermates.

3.7 Luma S358L mutant localizes normally
to the nuclear envelope in Luma S358L
mutant myocardium and levels of LINC
proteins are unchanged in Luma S358L
mutant cardiac tissue

The mutant S358L Luma protein has been reported to have an altered
subcellular localization in HL1 cells, where it localizes to microfilaments
and structures resembling phagosomes.®® However, the subcellular
localization of the Luma S358L mutant in heart has not been investigated
when expressed under the control of the endogenous Luma locus. We
found that the mutant S358L Luma protein localized to the nuclear enve-
lope as was observed for WT Luma (Figure é6H). Previously, it was
reported that Luma staining in human myocardium was reduced in
patients with $358L mutations,>> however we found that Luma levels
were similar in WT and both S358L heterozygous and homozygous
mice (Figure 6i). In vivo analysis of S358L mutant mouse hearts suggested
cardiac function was normal and that Luma localization was unaffected.
Next we checked the levels of binding partners of Luma to investigate
any potential alterations in expression levels of these proteins. As with
Luma KO mice, levels of Lamins A/C, B1, Emerin, and SUN2 were
unchanged in S358L mutant mice when compared to those in WT litter-
mates (Figure 6)).
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Figure 6 Luma S358L Kl mice display no overt defects in cardiac function and morphology. Echocardiographic measurements of (A) FS, (B) LVIDd, (C)
LVIDs, (D) LVPW(d, and (E) IVSd over the course of 12 months in WT (n= 11; 9 females, 2 males), Luma S358L heterozygous (HET) mice (n = 6; 3 females,
3 males), Luma S358L homozygous (HOM) (n=9; 5 females, 4 males). (F) Quantitative real-time PCR analysis of foetal genes, ANP, BNP, Myhé, Myh7, and
pro-fibrotic markers, Collagen 1a1 and 3a1, in WT and Luma S358L homozygous mouse hearts at 2-3 months (n = 3—6 per genotype). (G) HW/BW and
HWITL ratios of WT vs. Luma KO mice at 47 weeks (n =10 per genotype). (H) Immunofluorescence analysis of adult hearts isolated from WT and S358L
homozygous mice. Sections were stained with antibodies raised against Luma (green), alpha actinin (red), and DAPI (blue). Note that Luma S358L has a simi-
lar localization to WT Luma. (I) Western blot analysis of Lamins A/C (A/C), B1 (B1), Emerin, SUN2, and Luma in WT and Luma S358L Kl hearts.
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) serves as a loading control. Arrowheads show the predicted MW of the indicated proteins. MW is
indicated in kDa (n = 3 per genotype). P> 0.05 according to two-way ANOVA with Sidak’s post-hoc test (A-G).

4. Discussion

Luma is an INM protein associated with the LINC complex' and is
highly expressed in heart® (and this study). Previous human genetic
linkage studies have revealed that an autosomal-dominant S358L
mutation in Luma is the unequivocal cause of fully penetrant
ARVC.2¥37% To investigate the role of Luma in mammalian heart, we
determined the expression pattern of Luma in mouse heart, using an
antibody that had been validated by comparing western blot and
immunostaining signals in WT and Luma null hearts. We found that
Luma was sporadically expressed in cardiomyocytes, but was highly

and uniformly expressed in cardiac fibroblasts and vSMCs in both
mouse and human myocardium. We then confirmed that Luma was
selectively expressed at the nuclear envelope in cardiomyocytes and
cardiac fibroblasts. Localization and expression of other LINC com-
plex components was unaffected in Luma KO hearts and cardiac
myocytes. Furthermore, we found that Luma was expressed in the
same cell types in human myocardium. Interestingly, others have
reported that Luma localizes to the sarcolemma and intercalated disc
in human and pig hearts.>**? However, whether these antibodies rec-
ognize Luma or a protein with a similar epitope to Luma that resides
at these structures remains to be seen.
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We then generated and characterized Luma KO mice. Surprisingly,
Luma null mice were viable and displayed no defects in cardiac function,
even at 2 years of age. In addition, Luma KO mice responded normally to
pressure overload induced by TAC. Explanations as to why no cardiac
phenotype was observed in global Luma KO mice include: (i) Luma KO
mice were generated in an inbred C57B6é background, which may lack
certain genetic modifiers required to exacerbate phenotypes associated
with alterations in Luma function. Mice of a different strain may more
closely model the human phenotype. (ii) Function of Luma in humans or
mice may not be equivalent. This was shown to be the case for the
LINC-associated component Emerin. X-linked EDMD in humans, caused
by ablation or reduction of Emerin expression by a mutation that leads
to a premature stop codon, was not recapitulated in Emerin KO mice,
which displayed relatively mild phenotypes compared to X-EDMD
patients. Only when both Emerin and its interaction partner LAP1 were
ablated was a significant phenotype observed in mice. In this regard, it is
should be pointed out that there is no report to show that Luma non-
sense mutations in human result in cardiomyopathy.

Given that no changes in cardiac function were observed following
global loss of Luma, we reasoned that the S358L mutation in Luma that
causes ARVC in human might be a gain-of-function mutation. To test
whether the Luma S358L mutation is a gain-of-function mutation, we
generated and characterized Luma Kl mice. We found that Luma S358L
Kl mice had normal cardiac function, that Luma S358L mutant protein
localized normally to the nuclear envelope, and that levels of LINC pro-
teins were unchanged in Luma S358L mutant cardiac tissue. Our obser-
vation of no baseline cardiac phenotype in Luma Kl mice was quite
unexpected, given that human genetic linkage studies have unequivocally
revealed that the $358L mutation in Luma results in cardiomyopathy.>**
In addition, human and mouse orthologues of Luma share 93% identity
and the serine 358 residue and adjacent region is 100% conserved
between human and mouse.’ However, it should be pointed out that
many patients with the S358L mutation develop late-onset cardiomyop-
athy.> We only measured cardiac function of Luma Kl mice, which were
in a pure C57/B6 genetic background, at baseline conditions up to
12months of age. Future studies are needed to determine whether
Luma S358L KI mice in C67/B6 or other genetic backgrounds would
eventually develop cardiomyopathy with greater age and to determine
whether Luma S358L KI mice respond normally to cardiac stress, such as
TAC-induced pressure overload.

Supplementary material

Supplementary material is available at Cardiovascular Research online.
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