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Abstract (305 words):
Background

Rare heterozygous loss-of-function (LoF) variants in SVIL, encoding the Z-disk and
costameric protein supervillin, have recently been identified as a cause of hypertrophic
cardiomyopathy (HCM). Although supervillin is implicated in actin-dependent
mechanotransduction, the mechanisms linking SVIL deficiency to cardiomyopathy
remain poorly understood. Homozygous LoF cause a novel skeletal Myofibrillar
Myopathy-10 (MFM-10) while heterozygous LoF cause HCM without skeletal myopathy.
In this study we use a human model system to disentangle the LoF pathomechanism of

the scaffolding protein supervillin in cardiomyocytes and its clinical implications.
Methods

Using CRISPR/Cas-9 we engineered a representative pathogenic LoF variant Q255X
into an isogenic induced pluripotent stem cell (iPSC) line creating the heterozygous
SVIL®**" and homozygous SVIL?*X/Q%55X ca|| fines. These lines were differentiated
into iIPSC-derived cardiomyocytes (iPSC-CMs) and cellular phenotypes were assessed
using bulk RNA-sequencing, LC-MS proteomics, electrophysiological and calcium
handling analyses, contractility measurements, sarcomere organization analysis,

Seahorse metabolic flux assay, and pharmacological intervention with mavacamten.
Results

The Q255X variant resulted in SVIL haploinsufficiency at both RNA and protein levels
with no evidence of a truncated protein. Compared with isogenic controls, SVIL??>>**
IPSC-CMs demonstrated action potential shortening, calcium transient elongation,
sarcomeric disorganization and hypertrophy, and impaired mitochondrial respiration.

| Q255X+

Multi-omic analyses of SVI IPSC-CMs showed a profile of cellular stress and

inflammation, hypertrophic and pro-fibrotic signalling, and a pseudohypoxic state driven
by decreased respiration and a HIF-induced glycolytic shift. These abnormalities were

| Q255X/Q255X

not present in SVI cardiomyocytes, consistent with a relatively limited cardiac

phenotype reported in homozygous variant carriers. Mavacamten improved sarcomeric
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disorganization and hypertrophy in SVIL?®** cells but did not rescue energetic

compromise.
Conclusions

Pathogenic heterozygous SVIL LoF produces a distinct cellular phenotype
characterized by impaired mechanotransduction, mitochondrial dysfunction, and
maladaptive metabolic remodelling that promotes hypertrophic and pro-fibrotic
signalling. These findings define a mechanistic basis for SVIL-associated
cardiomyopathy and identify metabolic dysfunction as a potential therapeutic target

beyond sarcomere-directed therapy.
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Clinical Perspective

What Is New?

SVIL haploinsufficiency causes HCM through a mechanism distinct from
canonical sarcomeric disease, characterized by impaired mechanotransduction,
mitochondrial dysfunction, and pseudohypoxia-driven metabolic remodeling.
Heterozygous SVIL loss of function produces a substantially more severe
cardiomyocyte phenotype than homozygous loss of function, providing a
mechanistic explanation for the predominance of cardiac disease in
heterozygous variant carriers.

Mavacamten improves sarcomeric organization but does not restore impaired
mitochondrial respiration, demonstrating that energetic dysfunction persists

despite sarcomere-directed therapy.

What Are the Clinical Implications?

Our findings give functional evidence to support SVIL as a clinically relevant
HCM disease gene and its inclusion in clinical genetic testing panels.

These findings establish SVIL-associated cardiomyopathy as a mechanistically
distinct form of HCM and offer insight into the pathomechanism of Z-disk and
costameric HCM

The persistence of mitochondrial dysfunction despite myosin inhibition suggests
that drugs targeting mitochondrial bioenergetics may be a therapeutic strategy in

patients with SVIL-associated cardiomyopathy.
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Non-standard Abbreviations and Acronyms

HCM:
HCMsarc+:
HCMsarc-:
LoF:
GWAS:
MFM:
GTEXx:
HDR:
DEG:
DEP:
LC/MS:
AV:
GSEA:
SSGSEA:
ORA:
GO-BP:
IHM:
SRX:
DRX:
OXPHOS:
MAPK:
SERCA:

Hypertrophic Cardiomyopathy
Sarcomeric HCM
Non-Sarcomeric HCM
Loss of Function
Genome Wide Association Study
Myofibrillar Myopathy
Genotype-Tissue Expression
Homology-Directed Repair
Differentially Expressed Gene
Differentially Expressed Protein
Liquid Chromatography — Mass Spectrometry
Adenovirus
Gene Set Enrichment Analysis
Single sample GSEA
Over-representation Analysis
Gene Ontology — Biological Process
Interacting Heads Motif
Super Relaxed State
Disordered Relaxed State
Oxidative Phosphorylation
Mitogen-Activated Protein Kinase

Sarcoplasmic/endoplasmic reticulum calcium-ATPase
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118 Introduction:

119 HCM is a complex genetic disease with both monogenic and polygenic drivers. Rare
120 pathogenic variants in eight core sarcomeric genes cause most monogenic disease
121  accounting for ~35% of cases (HCMsarc+), and common variant contribution across
122  non-sarcomeric genes cause polygenic disease (HCMsarc-). However, a subset of non-
123  core sarcomeric HCM genes underlie both monogenic and polygenic disease’?. Such
124  genes are usually involved in sarcomere regulation, (e.g. FHOD3? ALPK3%), calcium
125 signalling or cellular stress response (e.g. PLN, CRYAB), or are Z-disc/costamere
126  related genes (e.g. CSRP3, FHL1, FLNC, ACTN2, MYOZ2)>®.

127 Recently, a meta-analysis of genome wide association studies (GWAS) with rare variant
128 association identified SVIL (encoding the multi-domain, actin-binding Z-disc protein
129  supervillin) as a novel HCM disease gene, with rare truncating variants in heterozygous
130 patients conferring a 10.5-fold increased risk of HCM?. Located on the reverse strand of
131 chromosome 10, SVIL has multiple protein-coding transcripts of which the most
132  expressed in the heart is the skeletal and cardiac muscle-specific SVIL-201 (Ensembl,
133 release 114') encoding a ~250kDa protein (also called Archvillin®), followed by the
134 smooth muscle and non-muscle-specific SVIL-203 (~200kDa). Bulk tissue gene
135 expression for SVIL (GTEx Portal version 10°) shows the highest levels of SVIL
136 expression in skeletal muscle, followed by smooth muscle (across a range of organs)
137 and cardiac muscle (Supplemental Figure 1). Supervillin binds to filamentous (F)-actin,
138 localises to the Z-disc and nucleus and co-localises with dystrophin and nebulin at the
139 costamere, functioning as an additional linkage required for efficient lateral force
140 transduction between actin filaments and the sarcolemma®*°. Further roles of supervillin

1213 cell

141 in myocytes include myofibrillogenesis™, and in non-myocytes, cytokinesis
142  adhesion, spreading®®, motility’®, and survival'’. A previous study using machine
143 learning identified SVIL as a candidate gene affecting LV diameter, with morpholino
144  knockdown producing cardiac oedema in zebrafish'®. In humans, SVIL LoF is
145  associated with a smaller descending aorta diameter'® and homozygous LoF observed
146 in four patients displayed a novel skeletal myopathy termed Myofibrillar Myopathy-10

147  (MFM-10) with mild cardiac features®®. The SVIL locus also reached GWAS significance
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148 for non-ischaemic cardiomyopathy independent of HCM in a recent study, with
149 functional study using si-RNA knockdown demonstrating murine cardiomyocyte
150  hypertrophy, apoptosis and impaired viability?*.

151 Little is known about the mechanism by which SVIL LoF precipitates HCM. The
152  previously described unifying mechanism of pathological hypertrophy in HCM is one of
153 hypercontractility and diastolic insufficiency driving inefficient energy usage, leading to
154 energy depletion and calcium dysregulation and converging on downstream
155  hypertrophic signalling pathways?. This model fits to the more recent and classical
156 pathomechanisms discovered that account for typical sarcomeric hypercontractile HCM

24,25

157 phenotypes caused by missense MHY7% or truncating MYBPC3 variants**?°, and

158 somewhat accounts for thin filament HCM variants that drive HCM via destabilisation of

159  calcium regulation directly®®2®

. However, further mechanistic insight is required to
160 explain how partial loss of a Z-disk and costameric actin interacting protein such as
161  supervillin drives HCM disease processes that are not evident in full loss of function

162  (LoF).

163 Here we use iPSC-CMs in combination with CRISPR/Cas-9 to model SVIL?%*** and
164  SVILNRZ8X patient variants in the dish. In doing so we demonstrate for the first time
165 the consequences of heterozygous and homozygous SVIL LoF at the RNA, protein, and
166 cell function levels, with bulk transcriptomic and proteomic data suggesting SVIL
167 cardiomyopathy to be associated with heterozygous variant carriers. Thus, we propose
168 a novel mechanism of pathological cardiac hypertrophy in line with the energy depletion
169 hypothesis that is unique and specific to heterozygous SVIL LoF and establish the
170  mechanistic framework for therapeutic interventions.

171
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172 Methods:

173  Generation of isogenic iPSC-CM SVIL truncation model

174  The LoF SVIL variant (p.GIn255X) carried by two cousins with HCM described in Tadros
175 et. al? was engineered into the HPSIO114i-kolf 2 (KOLF2) iPSC line using
176 CRISPR/Cas-9 with homology directed repair (HDR) as previously described®,
177  generating the isogenic wild-type (WT) SVIL**, SVIL9®*¥* and SVILO#5¥0% |ines
178 (See Supplemental Methods). iPSCs were differentiated into cardiomyocytes (CMs) as

30,31
d

179  previously describe (See Supplemental Methods).

180 Immunofluorescence analyses of isogenic iPSC-CMs

181 Replated iIPSC-CMs were fixed in 4% paraformaldehyde, permeabilised and stained
182  using anti-SVIL (Sigma-Aldrich, HPA020138-25UL), anti-ACTN2 (Sigma-Aldrich, EA53),
183 or rhodamine phalloidin (Invitrogen™, R415) (Supplemental Table 1). Mouse and pig
184 LV tissue were used as positive controls and pig liver tissue was used as negative
185 control (Supplemental Figure 2). For mitochondrial visualisation and nuclear studies,
186 fixed cells were stained with the mitochondrial marker ATP5A (Abcam, Ab14748), anti-
187 sarcomeric alpha actinin (Abcam, ab68167), and Hoechst 33342 (ThermoFisher,
188 R37605). Imaging was done at 63x using a Leica SP5 confocal microscope. Analysis
189 was performed in Fiji (Image J, NIH; version 1.54p) by applying automated thresholding
190 and segmentation and measurements done using built-in analysis tools.

191 Functional analyses: action potential, calcium transients, contractility, and sarcomere

192  organization

193 Replated iPSC-CMs were used for live-cell imaging between D30-33 (See
194  Supplemental Methods). The FluoVolt™ Membrane Potential Kit ((ThermoFisher
195 Scientific, F10488) was used for membrane action potential (AP) measurements. For
196 calcium transients and 2D contractility, iPSC-CMs were transduced using replication
197 deficient adenoviral constructs (AV) encoding RGECO (a red fluorescent calcium
198 indicator) and a-actinin-GFP fusion protein as previously reported?’. Acute drug
199 treatment was performed using 1 yM mavacamten in dimethyl sulfoxide (DMSO) for 1
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200 hour. A single video is defined as a technical replicate and an IPSC-CM differentiation
201 batch is defined as a biological replicate. AP videos were analysed using AP Track (a
202 modified version of Caltrack?’), calcium using CalTrack?’, contractility using
203  SarcTrack®, and sarcomere organisation using Sarcomere Analysis Multitool (SarcAsM,
204  version 0.2.0)*. Engineered heart tissues (EHTs) were cast as previously described®

205  with modifications (See Supplemental Methods) and analysed using BeatProfiler®,
206 DRX and SRX analysis using MANT-ATP

207 The MANT ATP (fluorescent ATP analogue) assay was used to investigate the super-
208 relaxed (SRX) and disordered-relaxed (DRX) state of myosin per published protocol**.
209 Briefly, non-replated beating sheets of iPSC-CMs cultured in 6-well plates to D30-33
210 were dissected into flow chambers, skinned, and maintained in glycerinating solution.
211 Rigor buffer, MANT-ATP (ThermoFisher Scientific, M12417) and chase (non-
212 fluorescent) ATP solutions were used for fluorescence-decay imaging obtained using

213 above-mentioned Nikon/Photometrics setup.
214  Seahorse mitochondrial metabolism flux analysis

215 Cellular mitochondrial oxygen consumption rate (OCR) was assessed using Seahorse
216 XF Mito Stress Test kit (Agilent, 103015-100) on the Seahorse XF Pro Analyzer per
217  Agilent user guide. Passaged iPSC-CMs at D17 were seeded at 3000 cells/well density
218 onto XFe96/XF Pro Cell Culture microplates and cultured until D25. 24-hour drug
219 treatments using 1 UM mavacamten were performed as previously described®® (See
220 Supplemental Methods).

221 RNA studies

222 Replated iPSC-CMs cultured to D30-33 were processed for RNA extraction and gPCR
223 was performed using TagMan™ probes for SVIL and B-tubulin as control (See
224  Supplemental Method). Extracted RNA samples were sent for IncRNA and mRNA
225 sequencing with Novogene (Cambridge, UK). FASTQ files were aligned to the human
226 reference genome GRCh38 (Ensembl release 113) and transcript quantification

227 performed using Salmon. All analyses including differential gene expression and

10
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228  functional enrichment were performed in R (version 4.5.1)* (Supplemental Figure 3,
229 See Supplemental Methods). All genes mapped to the Y chromosome were excluded

230 from analysis due to the KOLF2 material transfer agreement.
231 Protein studies

232 Batch-stored iPSC-CMs protein pellets were processed for Western blotting using the
233 NuPAGE™ 3 to 8% Tris-Acetate Mini Protein Gel (Invitrogen™, EA03755B0OX) and
234  nitrocellulose dry membrane transfer using the iBlot™ system (Invitrogen™, IB301001)
235 and probed with anti-SVIL or B-tubulin control (See Supplemental Methods). Cell
236 pellets were sent for bulk proteomics analysis by the Berlin Institute of Health (BIH)
237 Proteomics core unit. Downstream analyses including differential protein expression
238 and functional enrichment analyses were performed in R (version 4.5.1)%
239 (Supplemental Figure 4, See Supplemental Methods).

240  Statistical analyses

241  Statistical analyses were performed using GraphPad Prism (version 11) and R (version
242  4.5.1). Where indicated after normality testing, parametric testing was conducted using
243 one-way analysis of variance (ANOVA) followed by Dunnett or Tukey multiple
244  comparisons test. Non-parametric analyses were performed using the Kruskal-Wallis
245  test with Dunn’s post hoc test for multiple comparisons. P<0.05 was determined to be
246  statistically significant. For RNA-seq and proteomic analyses, Benjamini-Hochberg
247  correction was applied for multiple comparisons, with a false discovery rate (FDR)-
248 adjusted p-value (padj) <0.05 and absolute log2 fold change >1 defined as statistically
249  significant differentially expressed genes (DEGs) and proteins (DEPS).

250
251

252 Results:

253 SVIL LoF variants cause haploinsufficiency of supervillin in iPSC derived

254 cardiomyocytes. A patient specific LoF variant Glu255Ter (Q255X) located in exon 6 of

11
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255  SVIL was identified as a HCM risk variant from a previous rare variant study? (Figure
256 1A). This LoF variant affects the major isoforms of SVIL including SVIL-201 (Figure 1B)
257 and shows expression in the heart and muscle in GTEX® (Supplemental Figure 1).
258  Supervillin is a known actin interacting protein and immunofluorescence (IF) confirmed
259 colocalization of supervillin with the sarcomeric Z-disk and nucleus with no visual
260 localization across the sarcomeric actin band outside of the discrete area of the Z-disk
261 (Figure 1C and D). Having established the expression and localization of supervillin in
262 iIPSC-CMs we used CRIPSR/Cas-9 with a HDR strategy to create the isogenic
263  heterozygous SVIL®**** and homozygous SVIL??*>¥2%5% yariant lines mimicking LoF
264 variants observed in patients (Figure 1E). Screening for chromosomal abnormalities
265 and pluripotency confirmed the stability of these cell lines (Supplemental Figure 5).
266 Prediction of off-target edits was performed and the top 5 predicted off-targets were
267 sequenced showing no off-target editing (Supplemental Table 2 & Supplemental
268 Figure 6). These cell lines were differentiated into iPSC-CMs (Supplemental Figure 7).
269 RT-gPCR analysis of iPSC-CMs from SVIL®®** (mean+SEM: 0.477+0.067, p=5.6x10"

270  ©) and SVILY%R%X (9 259+0.038, p=6x10"°) variant lines showed a sequential allele
271 specific reduction in RNA abundance compared to WT (0.921+0.062) (Figure 1F),
272 which translated into protein level haploinsufficiency assessed by western blotting
273 (WT=1.1#0.13; SVIL®®**"=0.3+0.1, p=4x10°; SVIL¥>¥Q55X -0 008+0.002, p=1x10)
274  (Figure 1G and Supplemental Figure 8). IF images taken on WT, SVIL°®*** and
275  SVILSXRSX yarjant iPSC-CMs showed a qualitative dose-dependent reduction in
276  supervillin localization in the sarcomere of the iPSC-CMs (Figure 1H). Additionally bulk
277 RNA sequencing of iPSC-CMs showed a dose-dependent reduction in SVIL RNA
278 (predominantly SVIL-201 but also seen across other transcripts) with differential
279 transcript usage (DTU) analysis confirming SVIL-201 as the predominant transcript in
280 iPSC-CMs with no evidence of isoform switching occurring alongside LoF variant
281 inheritance (Supplemental Figure 3C and 9).

282  Supervillin LoF variants drive disturbances in cellular electrophysiology, calcium
283 handling and myosin head conformations. To understand the impact of SVIL LoF on
284  iPSC-CM cellular function WT, SVIL®?*** and SVIL??**°%>X |ines were differentiated

12
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285 and stained with FluoVolt, transduced with RGECO-AV, or alpha-actinin-GFP-AV to
286 measure cellular action potentials, calcium transients, and contractility (Figure 2A).
287 iPSC-CMs were stained with FluoVolt showing localized cell membrane signal (Figure
288 2B) which displayed characteristic action potential waveforms (Figure 2C). The
289 normalised and averaged action potential waveforms were acquired for SVIL®**** and
290  SVILO®XBX ipgC.CMs (Figure 2D). Action potential (AP) duration was unaffected
291 between genotype groups: WT (mean+SEM: 354.5+5.40 ms), SVIL®***** (336.6+7.64
292 ms, p=0.11) and SVIL?***¥%X |ine (340.3+6.65 ms, p=0.22) (Figure 2E). Time for
293 transient to reach peak (AP To,) was significantly reduced across both SVIL°%%¥*
294  (28.64+0.62 ms, p=3.1x107) and SVIL®?*>*¥Q?% (28 03+0.35 ms, p=9.3x10") variant
295 lines when compared to WT (32.55+0.86 ms) (Figure 2F). Time of 50% transient decay
296 (AP Tsoor) Was shorter in SVIL®%** (139.5+4.32 ms, p=3.3x107), and SV|LQ255X/Q255X

297 (102.4+#3.57 ms, p=1.2x10") when compared to WT (163.2+3.50 ms) iPSC-CMs
298 (Figure 2G). Calcium transient analysis was performed using RGECO-AV transduction
299 of iIPSC-CMs in combination with automated CalTrack analysis (Figure 2H-M). iPSC-
300 CMs were able to be transduced robustly and uniformly with the RGECO-AV construct
301 (Figure 2H). Fluorescent imaging allowed the capture of reproducible calcium transient
302 waveforms under 1.5 Hz pacing (Figure 2lI). Normalized and averaged calcium
303 transients show waveform shapes across WT, SVIL?®%** and SVIL9%Q2%5X yariant
304 lines (Figure 2J). Calcium duration accounts for the length of the entire calcium
305 transient which was longer in SVIL%?**¥* (503.9+1.678 ms, p=0.017) compared to WT
306 (496.6+1.92 ms) and unaffected in SVIL®?*¥%5X ipSC-CMs (494.7+2.29 ms, p=0.73)
307 (Figure 2K). The time for the calcium transient to reach its peak (Calcium Ton) was
308 longer in SVIL®®** ys WT (113.941.22 ms vs 107.7+1.05 ms, p=9.1x107), and
309 unaffected in SVIL9®*?%X (106.9+0.97 ms, p=0.83) (Figure 2L). The fit for the
310 calcium transient decay (Tau) was longer in both SVIL?%**** (283.1+5.09 ms, p=1.6x10"
311 ), and SVIL®®®R#X (9371 1+4.61 ms, p=0.0092) variant lines compared to WT
312 (212.5+4.23 ms) (Figure 2M).

313 Next, 2D contractility was assessed using the alpha-actinin GFP-AV in combination with

314 SarcTrack (Figure 2N). Individual sarcomere tracking showed a robust contractile

13


https://doi.org/10.64898/2026.07.01.735949
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.64898/2026.07.01.735949; this version posted July 24, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under a CC-BY 4.0 International license.

315 waveform that could be automatedly detected using the SarcTrack algorithmic
316 identification of alpha-actinin GFP labelled sarcomeres (Figure 20). Average
317 contractility traces show the sarcomere length of contracting sarcomeres across WT,
318  SVIL®®™¥* and SVILO®XQ2X |ines (Figure 2P). Fractional sarcomere shortening was
319 measured from peak systole and peak diastole which remained unchanged between
320 genotype groups: SVIL?®* (5.06+0.23 %, p=0.76) and SVIL?**¥°%5% (4 6+0.13 %,
321 p=0.35) compared to WT (4.89+0.19%). (Figure 2Q). Contraction velocity calculated
322 from the peak sarcomere shortening as a function of time showed an increased
323 contraction velocity in SVIL®®®Y@25X ipgC.CMs (0.59+0.02 pm/s, p=0.04) when
324 compared to WT (0.52+0.02 um/s) (Figure 2R). Relaxation velocity measured as the
325 percentage of sarcomeric relaxation per unit time remained unchanged between
326 genotype groups (Figure 2S). To confirm this result in a more physiologically relevant
327 loaded tissue system we used EHTs formed from WT, SVIL®?®* and SV|LQ255%/Q2%5X
328 IPSC-CMs which had no measurable changes in contractile function (Supplemental
329 Figure 11).

330 The Mant-ATP chase assay (Figure 2T) was used to understand if SVIL LoF variants
331 impacted myosin biochemical states (Figure 2U-V). Averaged fluorescence decay
332  curves show that SVIL?%*** exhibits on average a faster decay when compared to WT
333  and SVILY®RZX (Eigyre 2U). This translates into a significantly reduced assumed
334  proportion of super relaxed myosin (SRX) in SVIL?®*** ys WT (68.3+1.7 % vs 75.8+1.9
335 %, p=0.0073), which is not altered in SVIL?***¥Q?%5X ipSC.CMs (71.3+1.3 %, p=0.16)
336 (Figure 2V).

337 SVILY®* causes sarcomere level hypertrophy, disorganization, and cellular
338 stress triggering fibrotic signalling pathways alongside altered nuclear
339 morphology. To understand if SVIL LoF alters contractile machinery structure, we
340 employed alpha-actinin GFP AV to label sarcomeres and myofibrils (Figure 3A) in
341 combination with SarcAsM analysis for assessing contractile morphology (Figure 3B-
342 K). A custom version of SarcAsM used a TIFF frame of a relaxed iPSC-CM from each
343 movie stack (Figure 3B) to extract sarcomere domains (Figure 3C), myofibril lines

344  (Figure 3D), and myofibril lengths (Figure 3E). The mean transverse length of each Z-
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345 disk was measured showing increased lengths in SVIL®®** (2.283+0.06 pm,
346 p=1.2x10") and SVIL@?®¥23X (2 225+0.03 um, p=8.1x10°) when compared to WT
347  (1.91+0.04 pm), inferring wider sarcomeres (Figure 3F). Acute treatment using 1 pM
348 mavacamten for 1 hour (Figure 3L) showed rescue of transverse Z-disk length in
349  SVIL®®S¥* (A distance 1.02+0.03 pm, p=0.94) and partial rescue in SVILS235¥/Q255X (A
350 distance 1.08+0.02 pm, p=0.016) when compared to WT (Figure 3M). Z-disk
351 operational order parameter (OOP) was used to measure sarcomere order where 1
352 defines fully aligned sarcomeres and O defines randomly ordered sarcomeres,
353  SVILOZXR25X (0 506+0.016, p=0.0051) showed a reduced OOP when compared to WT
354 (0.577+0.016) (Figure 3G). Z-disk straightness measurements showed that both
355  SVIL®®¥* (0.793+0.003, p=4.4x10®) and SVIL>*Q?5% (0.794+0.002, p=2.0x107)
356 had altered Z-disk alignment — a hallmark of sarcomeric disarray — with mavacamten
357 rescue in SVIL®**** (A1.001+0.004, p=0.99) and partial rescue in SV|L2>%X/Q255X
358 (A0.9908+0.002, p=0.002) (Figure 3N). Relaxed sarcomere length (SL) was measured
359 for all groups and showed a reduced SL for SVIL®?**** (1.787+0.009 um, p=0.0094) and
360  SVIL@XNR2BX (1 73140.005 pm, p=2.3%x10"%) compared to WT (1.814+0.005 pum), with
361 mavacamten increasing SL for both SVIL®**** (1.992+0.158 pm, p=8x10"°) and
362  SVILOZOXNQ25X (1 862+0.004 um, p=2.5x10®) (Figure 3! and Supplemental Figure
363 12). Myofibril length was found to be longer in both SVIL®®** (21.60+0.61 pm,
364 p=3.4x10") and SVIL®®¥SX (21 85+0.36 pm, p=2.0x10°) compared to WT
365 (19.09+0.37 um) providing a signal of sarcomeric hypertrophy (Figure 3J). Mavacamten

366 treatment rescued myofibril length in both SVIL®?**** (A1.004+0.02, p=0.999) and
367  SVILOXQ25X (A0.957+0.02, p=0.39) (Figure 30). We next assessed the average

368 number of sarcomeres per myofibril finding that both SVIL®?**** (12.08+0.33, p=5.7x10"
369 °) and SVIL®XQ25X (12 64+0.21, p=4.0x10") had a greater number of sarcomeres

370 per myofibril compared to WT (10.54+0.20 (Figure 3K). Taken together these results
371 insinuate a degree of myofibril disorganisation and hypertrophy across both SVIL%2%5*
372 and SVIL®*XQ%X e further investigated nuclear morphology of SVIL iPSC-CMs
373 given supervillin’s role as cytoskeletal actin interactor and found smaller nuclei area in

374  SVIL®®¥* (82.1+1.33 pm?, p=1x10"*) and SVILO?¥25X (84 24+0.93 pm?, p=1x10"%)
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375 compared to WT (112.1+1.6 pm?) iPSC-CMs (Supplemental Figure 13). Circularity as
376 defined by 40 x (area/perimeter’) was also decreased in SVIL®**** (0.818+0.004,
377  p=1x10") and SVILO%>V@2%5% (9 815+0.003, p=1x10"*) when compared to WT iPSC-
378 CM nuclei (0.873£0.002) (Supplemental Figure 13).

L9255 variants

379 Alongside sarcomere level effects of SVIL LoF we found that SVI
380 showed a variety of DEGs consistent with RNA signatures of pro-fibrosis, hypertrophy,
381 inflammatory signalling, and structural remodelling (Figure 3P). Except for NPPA and
382 ACTAL, these DEGs were not conserved in SVIL%%¥Q2%5% yariant iPSC-CMs (Figure
383 3P). Analysis focusing on long non-coding RNAs (IncRNAs) found four shared and
384 upregulated DEGs between the mutant cell lines, of which IncRNA-H19 is implicated in
385 cardiac fibrosis and hypertrophy*® (Supplemental Figure 10). Furthermore, delta
386 sSSGSEA analysis of Reactome pathway related proteins showed that SVIL®**** and
387  SVILOP®XBX ipgC.CMs showed divergent signatures of signalling involving fibrosis
388 and mechanotransduction, hypertrophy, ROS pathways, cell death, and interferon
389 based inflammatory signalling (Figure 3Q). Taken together, this showed RNA and
390 protein level evidence for HCM signatures in SVIL®®** that are not present in
391  SVILOXQZ5X This was further reinforced by over-representation analysis (ORA) of
392 GO-BP terms associated with HCM specifically, where there was an enrichment of
393 disease specific terms only in SVIL??**** (Supplemental Figure 14). We also assessed

394  concordance between all RNA and protein level changes (Supplemental Figure 15).

395 SVIL heterozygous and homozygous LoF variants exhibit divergent energy
396 metabolism traits. We used gene set enrichment analysis (GSEA) of Hallmark
397 pathways performed on LC/MS proteomic data of SVIL?**¥* and SVIL@?>°*/Q2%5% jpgC.
398 CMs as an unbiased top-down approach to investigate energy metabolism. This
399 showed contrasting Hallmark pathway responses (namely oxidative phosphorylation
400 (OXPHOS), fatty acid metabolism, interferon alpha and gamma response, epithelial
401 mesenchymal transition (EMT), adipogenesis and coagulation pathways) across
402  heterozygous and homozygous variant iPSC-CMs (Figure 1l). Hallmark GSEA analysis
403 in SVIL®®** identified significant positive enrichment of hypoxia (NES=2.01,

404 FDR=4.76x107), glycolysis (NES=1.48, FDR=0.0089), TNFa signalling via NFKB
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405 (NES=1.79, FDR=2.54x10"), interferon alpha (NES=1.99, FDR=5.18x10™), interferon
406 gamma (NES=1.89, FDR=2.03x10), complement (NES=1.68, FDR=0.0023), EMT
407 (NES=2.32, FDR=3.74x107), coagulation (NES=1.92, FDR=3.26x10%), MTORC1
408 (NES=1.68, FDR=4.23x10%) and PI3K/AKT/MTOR (NES=2.12, FDR=2.01x10")
409 pathways. By contrast, these alterations were not significant or were negatively
410 enriched in SVIL®%¥Q¥5X ipgC.CMs (Figure 11). Notably, OXPHOS showed the
411 strongest negative enrichment in SVIL?®*** (NES= -3.17, FDR=1.3x10"°) contrasted
412 by a strong positive enrichment in SVIL®?**¥°%%X ipsC.CMs (NES=3.09, FDR=1.32x10"
413 ),

414  To further investigate the mechanism behind the divergent metabolic phenotype seen in
415 GSEA Hallmark Pathways between the mutant cell lines, we stained iIPSC-CMs to
416 visualise mitochondria. This qualitatively showed a decrease in mitochondria in
417  SVIL®®* ipSC-CMs compared to WT and SVIL®#%¥%5X ipsC-CMs (Figure 4A-C).
418 We further used Seahorse flux analysis to assay IPSC-CM OCR (Figure 4D).
419  Normalized OCR is shown for WT, SVIL®**** and SVIL°*¥?5X ipgC-CMs using the
420 Seahorse assay (Figure 4E). Basal respiration was decreased in SVIL®®*** iPSC-CMs
421  (25.33+3.74 pmol/min) when compared to WT (51.27+5.77 pmol/min, p=0.048) and
422  SVILOPPNRSX ipgC.CMs (65.6+3.03 pmol/min, p=2x10“) and unaffected between
423  SVILO®RBX gand WT iPSC-CMs (p=0.36) (Figure 4F). Maximal respiration was
424  decreased in SVIL°%%* (66.37+12.07 pmol/min) when compared to WT (221.5+21.43
425  pmol/min, p=0.004) and SVIL®****% ipgC-CMs (173.8+11.96 pmol/min, p=0.02) and
426 unaffected between SVIL®?**Q%X gnd WT iPSC-CMs (p=0.73) (Figure 4G). ATP-

427 linked respiration decreased in SVIL®**** (22.0+3.41 pmol/min) when compared to
428  SVILOPPNR2BX ipgC.CMs (58.97+2.7 pmol/min, p=1x10“) but there was no change
429 between SVIL®®*** and WT iPSC-CMs (39.0+4.1 pmol/min, p=0.17) (Figure 4H).
430 Proton leak was decreased in SVIL®?**** (3.33+0.44 pmol/min) when compared to WT
431  (12.27+2.49 pmol/min, p=0.0002) and SVIL??**¥°%X ipgC.CMs (6.63+0.5 pmol/min,
432 p=0.036) (Figure 4l). Spare capacity was decreased in SVIL®**** (41.04+8.69

433  pmol/min) when compared to WT iPSC-CMs (170.3+17.07 pmol/min, p=1x10) which
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434 was not significant when compared to SVIL°%®XQ%%X ipSC.CMs (108.2+10.95
435  pmol/min, p=0.065) (Figure 4J). Mavacamten treatment for 24 hours at 1 uM did not
436 rescue OCR and other flux analysis parameters in SVIL®****"* (Supplemental Figure
437 16). RNAseq DEGs showed a consistent profile of energetic dysregulation and GO-BP
438 showed hypoxia and ECM related pathways in SVIL??®*** that were not evident in
439  SVILO®BX ipgC.CMs (Figure 5K Supplemental Figure 17). Particularly, the RNAs
440 involved in the hypoxic inducible factor (HIF) mediated hypoxia related metabolic switch
441  were upregulated in SVIL®®** (Figure 4K), consistent with a profile of pseudohypoxia
442  in SVIL®®>* jpSC-CMs. Moreover, delta ssGSEA analysis using Reactome pathway
443  related proteins showed divergence in mitochondrial metabolism (including tricarboxylic
444 acid cycle (TCA) and OXPHOS) and fatty acid metabolism pathways between
445  SVIL®* gnd SVILO®VRZSXipsC.CMs (Figure 4L).

446
447
448
449
450
451
452
453
454
455
456

457
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458 Discussion

459 Using a patient specific human iPSC-CM disease model of supervillin cardiomyopathy,
460 we demonstrated for the first time a novel disease mechanism driven by variants in a
461 non-canonical actin-interacting Z-disk and costameric scaffolding gene (Figure 5). The
462  key findings are: SVIL truncating variants cause HCM via haploinsufficiency; SVIL LoF
463 heterozygosity is more deleterious than homozygosity in cardiomyocytes; sarcomeric
464 disorganization and mitochondrial dysfunction drive disease via impaired
465 mechanotransduction and cellular respiration, respectively; pseudohypoxia is a key
466 disease mechanism that drives metabolic remodelling; and mavacamten rescues

467  sarcomeric disorganization but not mitochondrial dysfunction.

468 We established that the patient specific Q255X variant in SVIL caused an allelic dose-
469 dependent RNA decrease in iPSC-CMs consistent with nonsense mediated decay and
470 protein level haploinsufficiency as validated by RT-gPCR (Figure 1F), western blotting
471  (Figure 1G), and corroborated by multi-omics analysis (Supplemental Figure 3C and
472  4C). Importantly, we did not find evidence of a truncated supervillin protein in our LC/MS
473 analysis. This is unigue in that most variants that drive HCM are missense and
474  dominant negative except for those in MYBPC3* and ALPK3* and missense variants
475  in Z-disk genes such as FLNC commonly cause HCM whereas truncating LoF variants
476 cause dilated cardiomyopathy (DCM)°. For this reason, gene therapies that focus on

477  SVIL cardiomyopathy upregulation are attractive.

478  Supervillin haploinsufficiency is further unique in that heterozygous variant carrying
479 iIPSC-CMs displayed features consistent with HCM whereas homozygous variant iPSC-

220 and more

480 CMs did not. This is consistent with the limited existing clinical literature
481 insight into phenotypes of homozygous carriers would be illuminating; however, this is
482 limited by their rarity. Four homozygous SVIL LoF patients reported in Hedberg-Oldfors
483 et. al.?° displayed with the novel skeletal MFM-10 with mild cardiac features consistent
484  with Z-disk related myopathies®. Interestingly, current (unpublished) clinical evidence
485 does not suggest features of skeletal myopathy in heterozygous variant carriers. One
486 could postulate that the predominant skeletal myopathy in homozygous carriers could

487 be because supervillin is a direct nebulin interactor in skeletal muscles, where nebulin
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488 variants are a major driver of Nemaline myopathy®’. Existing literature describes
489 supervillin as a key actin interactor that is important in myofibrillogenesis, the nuclear
490 lamina, and the costamere, and that the loss of this protein within the myocyte may

491 interfere with contractile function or ability to translocate force®!%!

. Interestingly, our
492 mutant iPSC-CMs showed an allelic dose-dependent decrease in sarcomere length
493  suggesting a hypercontracted basal state with supervillin loss (Figure 2P and 3lI). This
494  could be explained by supervillin acting as an additional linkage between the actin
495 filaments and the sarcolemma at costameres as proposed by Oh et. al.®, of which LoF
496 would result in impaired tethering of the sarcomeres to the sarcolemma and thus

497 impaired intra- and intercellular mechanotransduction.

498 Further, partial and complete loss of this important scaffolding protein is evidenced by
499 the increased sarcomeric disorganisation and smaller nuclei in mutant iPSC-CMs which
500 directly implicate an impaired process of mechanotransduction. This bidirectional
501 mechanotransduction occurs predominantly at costameres and focal adhesions (and
502 internally via Z-disks) which also act as mechanosensors that activate downward stress
503 and hypertrophic signalling pathways®. We hypothesize that in SVIL LoF, partial loss as
504 seen in SVIL®®** is more disruptive than complete loss, as abnormal and mixed
505 complexes at these mechanotransducers alter stoichiometric balance which is more
506 deleterious than complete absence. It is possible that heterozygous SVIL truncation
507 preserves enough protein to misassemble the force-transmission complexes altering
508 signalling thresholds and triggers a downstream stress and hypertrophic signalling
509 response, whereas homozygous SVIL LoF behaves as a compensated LoF state. Our
510 multi-omics findings add weight to the dysregulated mechanotransduction hypothesis in
511 SVIL®®¥* as we observe increased fibrosis, hypertrophic signalling pathways
512 (MTORC1, PI3K/AKT/MTOR and MAPK/Rho), and inflammatory response in SVIL9%%**
513 that are absent in SVIL?®*Q?XipgC.CMs (Figures 1I, 3P and 3Q). This finding was
514 mirrored when we interrogated HCM linked GO-BP terms across SVIL?**** and
515  SVILSXRBXipgc.CMs, where SVIL?*** showed a variety of key HCM pathways as
516 enriched that were not present in SVIL®?*%¥?2%5% ipgC-CMs (Supplemental Figure 14).
517 Interestingly, the InNcRNA-H19 is upregulated in pathological cardiac hypertrophy®® and
518 we found evidence of this in both SVIL?**** and SVIL®?**¥%X ipgC-CMs, with the
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519 homozygous state displaying a greater log2-fold change (Supplemental Figure 10).
520 LncRNA-H19 is a negative regulator of cardiac hypertrophy via the calcium/calmodulin-
521 dependent protein kinase 116 and NFAT pathways and has complex roles in fibrosis,
522 angiogenesis and inflammatory response®. Taken together, this suggests a degree of
523 compensation in both mutant cell lines and lends support to the compensated
524  homozygous LoF state hypothesis.

525 In contrast to variants in core sarcomeric genes which cause HCM through inefficient
526  sarcomeric ATP utilization resulting in increased energy demand and leading to cellular
527  energy depletion®, SVIL?**** directly perturbs mitochondrial function showing reduced
528 OCR and ETC respiratory capacity that was not evident in SVIL??>*¥?*XipgC.CMs as
529 validated by our IF staining, Seahorse, and multi-omics findings. It is possible that

530 supervillin functions like the intermediate filament desmin, another mechanotransducing
531 Z-disk and costameric protein that produces desminopathies (another type of

532  myofibrillar myopathy with cardiac features) in deficient states. Desmin deficiency is well
533  known for causing mitochondrial dysfunction in striated muscle via various mechanisms
534  such as mitochondrial mislocalization®, and desmin KO mice hearts showed decreased
535 mitochondrial numbers, ultrastructural defects and severely impaired OXPHOS and fatty
536  acid metabolism®’. Since desmin is not a predicted supervillin interactor on StringDB nor
537 a DEG or DEP in our omics data and together with upregulated mitophagy genes BNIP3
538 and BNIP3L in SVIL®®** suggesting increased mitochondrial turnover, we hypothesize
539 that there could be a similar mechanism for mitochondrial dysfunction in SVIL

540 cardiomyopathy.

541

542  We further substantiated the energetic findings by exploring the DEGs associated with
543 metabolic pathways and found increased expression of pyruvate dehydrogenase
544  kinases (PDKs) and genes related to glucose metabolism and transport, as well as
545 decreased expression of genes involved in the mitochondrial electron transport chain
546 (ETC) in SVIL?®***ipSC-CMs (Figure 4K). PDK1 phosphorylates and inhibits pyruvate
547 dehydrogenase (PDH) which prevents pyruvate conversion into acetyl-CoA, and lactate
548 dehydrogenase A (LDHA) catalyses conversion of pyruvate to lactate, which together
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549 divert pyruvate away from the TCA cycle and towards lactate production*'. Along with
550 other increased canonical HIF-signalling targets such as VEGFA, SERPINE1, and
551 NDUFAA4L2, the likely mechanism is a HIF-mediated glycolytic switch due to a
552 pseudohypoxic cellular state in SVIL®**** iPSC-CMs that is not present in
553  SVILX2BX ipgC.CMs. This is corroborated with transcriptomic ORA using GO-BP
554  which displays a strong theme of cellular response to hypoxia in SVIL?®** iPSC-CMs
555 (Supplemental Figure 17). Proteomic delta sSGSEA analysis of Reactome pathways
556 further substantiates this showing negatively enriched pathways relating to fatty acid
557 metabolism, pyruvate metabolism, PDH complex, TCA cycle, mitochondrial complexes,
LQ255X/+

558 aerobic respiration and electron transport in SVI
559  enriched in SVIL®?%XR255XipSC.CMs (Figure 4L).

iIPSC-CMs that are opposite and

560 Moreover, we believe that the decreased SRX in SVIL°®**** is secondary and not a
561 primary disease driver. Unlike classical hypercontractile sarcomeric HCM variants that
562 destabilize the myosin mesa and the IHM***, the reduced SRX and increased DRX
563  proportions in SVIL®*>*™* were not linked to increased contractility or increased cellular
564 energetics. We hypothesize that myosin may be affected as a secondary compensatory
565 effect to maintain contractility that occurs alongside the impaired mechanotransduction
566 in the supervillin haploinsufficiency state. The secondary increase in DRX in SVIL9%%%*
567 further drives increased energy demand in an already energy depleted cardiomyocyte.
568 Thus, this pseudohypoxic cellular state results in supply/demand mismatch in
569 subcellular compartments such as the SERCA2 pump? resulting in prolonged calcium
570 transients as seen in SVIL¥**** iPSC-CMs (Figure 2J-M), which translates clinically to
571 diastolic dysfunction. This leads to hypertrophic signalling by the calcium-calmodulin-
572 dependent protein kinase (CaMK) and MAPK pathways evidenced by our multi-omics
573 findings.

574 Lastly, we found that the allosteric myosin inhibitor mavacamten rescued sarcomeric
575 disarray and reduced fractional shortening in both mutant lines (Figure 3M-O,
576 Supplemental Figure 12) but 24-hour treatment did not rescue the mitochondrial
577  dysfunction in SVIL®®*** iPSC-CMs as it has done previously in classical sarcomeric
578 HCM? (Supplemental Figure 16). Mavacamten is known to reduce hypercontractility in
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579 thick filament HCM by increasing the SRX ratio®?* and rescues calcium hypersensitivity
580 and dysregulation in thin filament HCM?®. However, given that SVIL cardiomyopathy
581 belongs to the group of Z-disk/costameric HCM, mavacamten usage in this group is not
582 directly targeted at the pathomechanism of disease. Since the increased DRX in
583  SVIL®*®**ipSC-CMs is potentially compensatory, reversal of this could create an acute
584  systolic insufficiency. However, it will be important to know if mitochondrial dysfunction
585 in SVIL haploinsufficiency can be rescued using chronic mavacamten treatment through
586 its positive effects on sarcomeric organization. Therapies targeting mitochondrial
587 bioenergetics may represent a novel therapeutic strategy for SVIL-associated

588 cardiomyopathy alongside other existing modalities.
589 Conclusions

590 We demonstrate in a human iPSC-CM patient model the mechanisms that drive HCM in
591 SVIL LoF variants validating previously published rare variant association findings. We
592 propose a novel pathomechanism of haploinsufficiency in a scaffolding protein that
593 alters mechanotransduction and cellular energetics triggering hypertrophic and pro-
594  fibrotic signalling cascades driving a HCM phenotype. We establish a mechanistic

595 framework of SVIL-associated HCM confirming its importance as a HCM gene.

596

23


https://doi.org/10.64898/2026.07.01.735949
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.64898/2026.07.01.735949; this version posted July 24, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under a CC-BY 4.0 International license.

597 Acknowledgments:

598 This work was supported by a Wellcome Sir Henry Dale Fellowship (222567/Z/21/Z)
599 and a BHF CRE Award (RE/24/130024) to C.N.T. The Oppenheimer Memorial Trust
600 Graduate Scholarship and the Keith Murray Graduate Scholarship of Lincoln College
601 supported Y.J.L. This work was also supported by the British Heart Foundation’s Big
602 Beat Challenge award to CureHeart H.W. (award reference no. BBC/F/21/220106) and
603  Oxford CRE3 (RE/18/3/34214).  The BHF Research  Grant  Award
604 (FS/4yPhD/F/21/34157) supported IB. The RDM Scholars Programme supported
605 S.TM.J. N.B. is participant in the BIH Charité Clinician Scientist Program funded by the
606 Charité — Universitatsmedizin Berlin and the Berlin Institute of Health at Charité. J.S.W.
607 was supported by Medical Research Council (UK), Sir Jules Thorn Charitable Trust
608 [21JTA], British Heart Foundation [RE/24/130023; BBC/F/21/220106], and the NIHR
609 Imperial Biomedical Research Centre. BR was supported by Oxford NIHR Biomedical
610 Research Centre and funded by a Wellcome Career Development Award fellowship
611 (302210/z/23/zZ). BR also acknowledges support from the Oxford British Heart
612 Foundation Centre of Research Excellence.

613 The views expressed in this work are those of the authors and not necessarily those of
614 the funders.——

615 For the purpose of open access, the authors have applied a Creative Commons
616  Attribution (CC BY) licence to any Author Accepted Manuscript version arising.

617

618 Disclosures

619 H.W. is a founder of Cora Biosciences, and a Scientific Advisory Board member of
620 CardiaTec, who are not involved in this work. A.J.S. acts as a Consultant for CORA
621 Biosciences but does not personally benefit from any compensation. JSW has received
622 research support from Bristol Myers Squibb, has acted as a paid advisor to Health
623 Lumen, Tenaya Therapeutics, Solid Biosciences, and Genomics England, and is a
624 founder with equity in Saturnus Bio.

24


https://doi.org/10.64898/2026.07.01.735949
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.64898/2026.07.01.735949; this version posted July 24, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under a CC-BY 4.0 International license.

625 References

626 1. Watkins H. Time to think differently about sarcomere-negative hypertrophic

627 cardiomyopathy. Circulation. 2021;143:2415-2417.

628 2. Tadros R, Zheng SL, Grace C, Jorda P, Francis C, West DM, Jurgens SJ,
629 Thomson KL, Harper AR, Ormondroyd E. Large-scale genome-wide association
630 analyses identify novel genetic loci and mechanisms in hypertrophic
631 cardiomyopathy. Nature genetics. 2025:1-9.

632 3. Ochoa JP, Sabater-Molina M, Garcia-Pinilla JM, Mogensen J, Restrepo-Cordoba
633 A, Palomino-Doza J, Villacorta E, Martinez-Moreno M, Ramos-Maqueda J, Zorio
634 E. Formin homology 2 domain containing 3 (FHOD3) is a genetic basis for
635 hypertrophic cardiomyopathy. Journal of the American College of Cardiology.
636 2018;72:2457-2467.

637 4. Lopes LR, Garcia-Hernandez S, Lorenzini M, Futema M, Chumakova O,
638 Zateyshchikov D, Isidoro-Garcia M, Villacorta E, Escobar-Lopez L, Garcia-Pavia
639 P. Alpha-protein kinase 3 (ALPK3) truncating variants are a cause of autosomal
640 dominant hypertrophic cardiomyopathy. European heart journal. 2021;42:3063—
641 3073.

642 5. Walsh R, Thomson KL, Ware JS, Funke BH, Woodley J, McGuire KJ, Mazzarotto
643 F, Blair E, Seller A, Taylor JC. Reassessment of Mendelian gene pathogenicity
644 using 7,855 cardiomyopathy cases and 60,706 reference samples. Genetics in
645 Medicine. 2017;19:192-203.

646 6. Wadmore K, Azad AJ, Gehmlich K. The role of Z-disc proteins in myopathy and
647 cardiomyopathy. International Journal of Molecular Sciences. 2021;22:3058.

648 7. Dyer SC, Austine-Orimoloye O, Azov AG, Barba M, Barnes |, Barrera-Enriquez
649 VP, Becker A, Bennett R, Beracochea M, Berry A. Ensembl 2025. Nucleic acids
650 research. 2025;53:D948-D957.

651 8. Oh SW, Pope RK, Smith KP, Crowley JL, Nebl T, Lawrence JB, Luna EJ.
652 Archvillin, a muscle-specific isoform of supervillin, is an early expressed
653 component of the costameric membrane skeleton. Journal of cell science.
654 2003;116:2261-2275.

655 9. Lonsdale J, Thomas J, Salvatore M, Phillips R, Lo E, Shad S, Hasz R, Walters G,
656 Garcia F, Young N. The genotype-tissue expression (GTEXx) project. Nature
657 genetics. 2013;45:580-585.

658 10. Lee M-A, Joo YM, Lee YM, Kim HS, Kim J-H, Choi J-K, Ahn S-J, Min B-I, Kim C-
659 R. Archvillin anchors in the Z-line of skeletal muscle via the nebulin C-terminus.
660 Biochemical and biophysical research communications. 2008;374:320-324.

661 11. Kim HS, Choi J-H, Choi J-K, Joo YM, Ahn S-J, Min B-l, Kim C-R. Knockdown of
662 archvillin by siRNA inhibits myofibril assembly in cultured skeletal myoblast. J
663 Exp Biomed Sci. 2007;13:251-261.

664 12. Smith TC, Fang Z, Luna EJ. Novel interactors and a role for supervillin in early
665 cytokinesis. Cytoskeleton. 2010;67:346—-364.

666 13. Smith TC, Fridy PC, Li Y, Basil S, Arjun S, Friesen RM, Leszyk J, Chait BT, Rout
667 MP, Luna EJ. Supervillin binding to myosin Il and synergism with anillin are
668 required for cytokinesis. Molecular Biology of the Cell. 2013;24:3603—-3619.

25


https://doi.org/10.64898/2026.07.01.735949
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.64898/2026.07.01.735949; this version posted July 24, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under a CC-BY 4.0 International license.

669 14. Takizawa N, Smith TC, Nebl T, Crowley JL, Palmieri SJ, Lifshitz LM, Ehrhardt AG,

670 Hoffman LM, Beckerle MC, Luna EJ. Supervillin modulation of focal adhesions
671 involving TRIP6/ZRP-1. The Journal of cell biology. 2006;174:447—-458.

672 15. Takizawa N, lkebe R, lkebe M, Luna EJ. Supervillin slows cell spreading by
673 facilitating myosin Il activation at the cell periphery. Journal of cell science.
674 2007;120:3792-3803.

675 16. Fang Z, Takizawa N, Wilson KA, Smith TC, Delprato A, Davidson MW, Lambright
676 DG, Luna EJ. The membrane-associated protein, supervillin, accelerates
677 F-actin-dependent rapid integrin recycling and cell motility. Traffic. 2010;11:782—
678 799.

679 17. Fang Z, Luna EJ. Supervillin-mediated suppression of p53 protein enhances cell
680 survival. Journal of Biological Chemistry. 2013;288:7918-7929.

681 18. Deo RC, Musso G, Tasan M, Tang P, Poon A, Yuan C, Felix JF, Vasan RS,
682 Beroukhim R, De Marco T. Prioritizing causal disease genes using unbiased
683 genomic features. Genome biology. 2014;15:1-19.

684 19. Pirruccello JP, Chaffin MD, Chou EL, Fleming SJ, Lin H, Nekoui M, Khurshid S,
685 Friedman SF, Bick AG, Arduini A. Deep learning enables genetic analysis of the
686 human thoracic aorta. Nature genetics. 2022;54:40-51.

687 20. Hedberg-Oldfors C, Meyer R, Nolte K, Abdul Rahim Y, Lindberg C, Karason K,
688 Thuestad 1J, Visuttijai K, Geijer M, Begemann M. Loss of supervillin causes
689 myopathy with myofibrillar disorganization and autophagic vacuoles. Brain.
690 2020;143:2406-2420.

691 21. HanY, HongY, Gao Y, Lu J, Chen B, Zhang L, Yan X, Sun Y, Zhang L, Liu J.
692 Genome-wide analysis identifies susceptibility loci for heart failure and
693 nonischemic cardiomyopathy subtype in the East Asian populations. PL0S
694 genetics. 2025;21:€1011897.

695 22. Ashrafian H, Redwood C, Blair E, Watkins H. Hypertrophic cardiomyopathy: a
696 paradigm for myocardial energy depletion. Trends in Genetics. 2003;19:263—-268.
697 23. Toepfer CN, Garfinkel AC, Venturini G, Wakimoto H, Repetti G, Alamo L, Sharma
698 A, Agarwal R, Ewoldt JF, Cloonan P. Myosin sequestration regulates sarcomere
699 function, cardiomyocyte energetics, and metabolism, informing the pathogenesis
700 of hypertrophic cardiomyopathy. Circulation. 2020;141:828-842.

701 24. Toepfer CN, Wakimoto H, Garfinkel AC, McDonough B, Liao D, Jiang J, Tai AC,
702 Gorham JM, Lunde 1G, Lun M. Hypertrophic cardiomyopathy mutations in
703 MYBPC3 dysregulate myosin. Science translational medicine. 2019;11:eaat1199.
704 25. Toepfer CN, Sharma A, Cicconet M, Garfinkel AC, Micke M, Neyazi M, Willcox
705 JA, Agarwal R, Schmid M, Rao J. SarcTrack: an adaptable software tool for
706 efficient large-scale analysis of sarcomere function in hiPSC-cardiomyocytes.
707 Circulation research. 2019;124:1172-1183.

708 26. Margara F, Psaras Y, Wang Z, Schmid M, Doste R, Garfinkel A, Repetti G,
709 Seidman J, Seidman C, Rodriguez B. Mechanism based therapies enable
710 personalised treatment of hypertrophic cardiomyopathy, Sci. Rep. 12 (1)(2022)
711 22501. In.

712 27. Psaras Y, Margara F, Cicconet M, Sparrow AJ, Repetti GG, Schmid M, Steeples
713 V, Wilcox JA, Bueno-Orovio A, Redwood CS. CalTrack: high-throughput

26


https://doi.org/10.64898/2026.07.01.735949
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.64898/2026.07.01.735949; this version posted July 24, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under a CC-BY 4.0 International license.

714 automated calcium transient analysis in cardiomyocytes. Circulation research.
715 2021;129:326-341.

716 28. Sparrow AJ, Watkins H, Daniels MJ, Redwood C, Robinson P. Mavacamten
717 rescues increased myofilament calcium sensitivity and dysregulation of Ca2+ flux
718 caused by thin filament hypertrophic cardiomyopathy mutations. American
719 Journal of Physiology-Heart and Circulatory Physiology. 2020;318:H715-H722.
720 29. Yang L, Yang JL, Byrne S, Pan J, Church GM. CRISPR/Cas9-directed genome
721 editing of cultured cells. Current protocols in molecular biology. 2014;107:31.31.
722 31-31.31. 17.

723 30. Cumberland MJ, Euchner J, Azad AJ, Vo NT, Kirchhof P, Holmes AP, Denning C,
724 Gehmlich K. Generation of a human iPSC-derived cardiomyocyte/fibroblast
725 engineered heart tissue model. F1000Research. 2024;12:1224.

726 31. de Villiers C, Ormondroyd E, Thomson K, Ormerod JO, Sarwar R, Waring A,
727 Bagnall RD, Sparrow A, Steeples V, Blair E. Hypertrophic cardiomyopathy
728 caused by Filamin-C (FLNC) variants has restrictive and extracardiac features
729 and a distinctive ECG. Heart Rhythm. 2026.

730 32. Hartter D, Hauke L, Driehorst T, Long Y, Bao G, Primel3nig A, Bereéi¢ B,
731 Cyganek L, Tiburcy M, Schmidt CF. SarcAsM: Al-based multiscale analysis of
732 sarcomere organization and contractility in cardiomyocytes. bioRXxiv.
733 2025:2025.2004. 2029.650605.

734 33. Kim Y, Wang K, Lock RI, Nash TR, Fleischer S, Wang BZ, Fine BM, Vunjak-
735 Novakovic G. BeatProfiler: Multimodal in vitro analysis of cardiac function
736 enables machine learning classification of diseases and drugs. IEEE Open
737 Journal of Engineering in Medicine and Biology. 2024;5:238-249.

738 34. Jones ST, Paradine Cullup FE, Gollapudi SK, Melhedegaard EG, Steeples V,
739 Schmid M, Psaras Y, Robinson P, Pena A, Barefield DY. Assaying the myosin
740 super-relaxed state across muscle types, cells and proteins for understanding
741 muscle biology and use in drug discovery. Nature Protocols. 2025:1-31.

742 35. Team RC. R: A language and environment for statistical computing. R foundation
743 for statistical computing, Vienna, Austria. 2021.

744 36. SuW, Huo Q, Wu H, Wang L, Ding X, Liang L, Zhou L, Zhao Y, Dan J, Zhang H.
745 The function of LncRNA-H19 in cardiac hypertrophy. Cell & bioscience.
746 2021;11:153.

747  37. Li F, Buck D, De Winter J, Kolb J, Meng H, Birch C, Slater R, Escobar YN, Smith
748 Il JE, Yang L. Nebulin deficiency in adult muscle causes sarcomere defects and
749 muscle-type-dependent changes in trophicity: novel insights in nemaline
750 myopathy. Human molecular genetics. 2015;24:5219-5233.

751 38. Samarel AM. Costameres, focal adhesions, and cardiomyocyte
752 mechanotransduction. American Journal of Physiology-Heart and Circulatory
753 Physiology. 2005;289:H2291-H2301.

754 39. Agnetti G, Herrmann H, Cohen S. New roles for desmin in the maintenance of
755 muscle homeostasis. The FEBS journal. 2022;289:2755-2770.

756 40. Elsnicova B, Hornikova D, Tibenska V, Kolar D, Tlapakova T, Schmid B, Mallek
757 M, Eggers B, Schloetzer-Schrehardt U, Peeva V. Desmin knock-out
758 cardiomyopathy: a heart on the verge of metabolic crisis. International journal of
759 molecular sciences. 2022;23:12020.

27


https://doi.org/10.64898/2026.07.01.735949
http://creativecommons.org/licenses/by/4.0/

760
761
762
763
764
765
766
767
768
769

bioRxiv preprint doi: https://doi.org/10.64898/2026.07.01.735949; this version posted July 24, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

41.

42.

43.

available under a CC-BY 4.0 International license.

Kierans S, Taylor C. Regulation of glycolysis by the hypoxia-inducible factor
(HIF): implications for cellular physiology. The Journal of physiology.
2021;599:23-37.

Schmid M, Toepfer CN. Cardiac myosin super relaxation (SRX): a perspective on
fundamental biology, human disease and therapeutics. Biology open.
2021;10:bio057646.

Spudich JA. The myosin mesa and a possible unifying hypothesis for the
molecular basis of human hypertrophic cardiomyopathy. In: Portland Press Ltd.;
2015.

28


https://doi.org/10.64898/2026.07.01.735949
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.64898/2026.07.01.735949; this version posted July 24, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under a CC-BY 4.0 International license.

A C Sarcomeric SVIL D  Nuclear SVIL
300 L
55 NM_001323589.2 (SVIL-201): supervillin . E] a-sclnin
Exon 1 Exon 6 G=A 004
Stop-gained
Z-disk
B Supenvillin (Ab) a-actinin (Ab) L TH T
095425: Supervillin (SVIL-201) SWIL Re
i Q255K e atin
| 1 Supe |
S |
1o | mmu.h;m..:m‘i-_-_-.-_-zf?2 " \
: 1419 1687 aist Z-disk i ! _"
Villin Headpiaca IS| ina { ! CithEalie A ini
-l Supervillin (Ab) Actin (Phalloidin) "-“—v—v—-—u—-—-—-—-—‘ T 1 w-J|--rv1Ir (Ab) g-actinin (Ab)
= Nucleus (TOPRO)
E CcrisPRiIcCasaRNP  HDRG>A [ SVILRNA G supenviliin Protein ~ H
F (RT-qPCR) (Densitometry)
e O =
] * I[U]]I[ﬂ]]l p = 0.60x10™° 3
=4 -
l p=559x10° p=0.023 5 257 p=0.0000010
G ! % 20
G>A g . §‘ : 5+?
WT i o w45 ]
[\ iAo n e '
A AN A @ 1.04 B o
y W - SAARIED g © 1.0 =
CTGCCTGCTGEGCAGGGAGGA w o >
* i 4 -] N
SV N i A 2 0.5+ 208 "
A A\ A "f\{' VYWV \ ."U\a \ = 2 o0 -
CTGCCTGCTGCAGGGAGGA = ’ ﬁ
SVILQZSSXIQZSSX | Ao 0.0- g
.‘""t o i VAN X
CRW R L A _\._/ __’\_/ g
CTGCCTOGCTACAGGGAGGA |
Supervillin - . a
I GSEA Hallmark Pathways (Proteomics) Beta-Tubulin S S s
NES'
« @@@®@0 0000000 @eco:-c000 e P:
g 1
& o 00 @oceo-000@c-000 0c00000 ¢
v ‘.ﬁ,\x\"‘i I.;
s IEfREs PSS FEERE SE e o5 P PEEEEEEE G =
= £ [ 2 g 2 ¢ s 2 2 = £ 5 ¥ g8 5 & £ 8
$Fe 2 s i PiEsEif i3 f:gLiaE gl EEEEE
S p £ 28 <2 p3 LW E 25 ps £ gBPE 383 g @ e e s gt @2 5 lgdad
2L & 5 bz e o 2 2 5 23 2 83, 8 F £ F 2 ¥ ¥ 306G 5 g n o g
6@ g 2 05w b 0B 5= 2 382 = & sf 3 & EreLe 3?78 8 ;% @
g &£ sio<ts3 I 3risci 382331 g 5t @@=
@ §§88 ®id s 5 1é82% % EB " 5352 =
PEy 5¢ i £ F:8:8 3 . i g @:
33 2 s “§F§ S E = i £ @
E 8 I28 3 ¢ &
s £ £ 5
z © ]
£

770

771 Figure 1: SVIL LoF variants cause haploinsufficiency in iPSC-CMs with divergent Hallmark
772 pathways across heterozygous and homozygous LoF. (A) Schematic of the SVIL-201 transcript
773  showing the Q255X variant site. (B) Supervillin protein showing the interaction domains with other
774 proteins and the location of the Q255X variant. (C) Immunofluorescence images of iPSC-CMs stained for
775  Supervillin, Alpha-actinin, and Actin with fluorescence shown across sarcomeres showing the localization
776  of each protein. (D) iPSC-CMs stained for nuclei using TO-PRO and Supervillin and alpha-actinin by
777  antibody showing localization of Supervillin independent of alpha-actinin at the nucleus. (E) Schematic
778  showing the successful CRISPR/Cas-9 engineering of the Q255X variant as a heterozygous and
779 homozygous G>A substitutions by Sanger sequencing. (F) RT-gPCR for SVIL shows RNA nonsense
780 mediated decay across SVIL®®* and SVIL?***¥9*%* ipSC-CMs (n = 16 biological replicates). (G)
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781  Western blots of supervillin protein show allelic dose-dependent reduction across SVIL9?%*

and
782  SVIL®®BX ipgCc.CMs (n = 6 biological replicates). (H) Immunofluorescence showing qualitative
783  sequential loss of supervillin by antibody (green) within iPSC-CMs with SVIL??¥* and Sv|L9%50%55%
784  mutations. Alpha-actinin antibody shown in red and nuclear stain by TO-PRO (blue). (I) Gene set
785  enrichment analysis (GSEA) of LC/MS proteomics of WT, SVIL®?**** and SVILY?**%%%% ipSC-CMs (n =
786 6 biological replicates per genotype) showing Hallmark pathways with those reaching statistical

787  significance to WT circled bold (FDR-adjusted p-value <0.05).
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789 Figure 2: SVIL LoF variants alter action potential and calcium transient kinetics without affecting
790 contractility, with heterozygous LoF altering myosin SRX/DRX ratios. (A) Schematic showing the
791 three indicators and analysis pipelines used for action potentials, calcium transients, and contractility in
792 live cell fluorescent imaging. (B) Representative image from movie stack of iPSC-CMs stained using
793  Fluovolt action potential dye. (C) Extracted action potential (AP) traces from an AP imaging stack
794  covering sequential iPSC-CMs depolarisations under electrical pacing (1.5 Hz). (D) Normalized and
795  averaged AP traces for the entire dataset across WT (n = 123), SVIL?®¥* (n = 124), and SVIL9%5¢2%
796  iPSC-CMs (n = 129 technical replicates across 4 biological replicates per genotype). (E) Dot plot of AP
797  duration across WT, SVIL?®¥" and SVIL%**??*X ipSC-CMs. Bars showing mean + standard deviation.
798  (F) Dot plot of AP time to reach peak (Ton) across WT, SVIL??*** and SVIL?***¥9%* jpsC-CMs. Bars
799  showing mean + standard deviation. (G) Dot plot of AP time to reach 50% decay (Tsopo) across WT,
800  SVIL®® and SVIL¥®¥®5X ipgC-CMs. Bars showing mean + standard deviation. (H) Representative
801 image from movie stack of iPSC-CMs transduced with RGECO calcium transient indicator. (I) Extracted
802  calcium transient traces from a calcium transient image stack covering sequential calcium transients
803 elicited by electrical pacing of iPSC-CMs (1.5 Hz). (J) Normalized and averaged calcium transients for the
804  entire dataset across WT (n = 188), SVIL?***" (n = 171), and SVIL?®*¥%%* ipSC-CMs (n = 169 total
805 technical replicates, 4 biological replicates per genotype). (K) Dot plot of the calcium transient duration
806  across WT, SVILY*** and SVILY***%*** ipSC-CMs. Bars showing mean + standard deviation. (L) Dot
807  plot of the time to reach calcium transient peak (Calcium To,) across WT, SVIL®?***  and Sv|L9%5¢Q255x
808 iPSC-CMs. Bars showing mean + standard deviation. (M) Dot plot of the calcium transient decay constant
809 (tau) across WT, SVIL®***"* and SVILY**¥?%** jpSC-CMs. Bars showing mean + standard deviation. (N)
810 Representative image from movie stack of iPSC-CMs stained using transduction of alpha-actinin GFP to
811  visualise the z-disks of sarcomeres. (O) Extracted sarcomere contractile traces from a contractility image
812  stack covering sequential beats elicited by electrical pacing of iPSC-CMs (1.5 Hz). (P) Normalized and
813 averaged simulated contractility traces for the entire dataset across WT (n = 156 technical replicates
814  across 5 biological replicates), SVIL?>***

815  SVIL®®BX ipsCc.CMs (181 technical replicates across 5 biological replicates). (Q) Dot plot of
Q25X+ 4 g/ Q255IQ255X

(92 technical replicates across 4 biological replicates), and

816  sarcomere level contractility across WT, SVIL
817  standard deviation. (R) Dot plot of contraction velocity across WT, SVIL?®*%* and SvIL?%¥9%* jpgC-

iPSC-CMs. Bars showing mean +

818  CMs. Bars showing mean + standard deviation. (S) Dot plot of relaxation velocity across WT, SVIL??*¥*,
819  and SVIL¥¥%X ipsC.CMs. Bars showing mean + standard deviation. Outliers were removed using
820 the Robust regression and Outlier removal (ROUT) method with Q = 1%. (T)Schematic showing the
821  experimental set-up for the Mant-ATP chase experiment with three images of a representative decay of
822  Mant fluorescence during dark-ATP wash. (U) Averaged and normalized Mant-ATP decay curves across
823  WT (n = 17), SVIL®**"* (n = 23), and SVIL?***®?*** jpSC-CMs (n = 22). Each point indicates a mean +

824  standard error of the mean, where data is fit by a double exponential decay. (V) Calculated myosin SRX
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825 as a percentage of total myosin across WT, SVIL?®*" and SvIL®®*¥?*X ipgC-CMs. Bars showing

826  mean + standard deviation.
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828 Figure 3: SVIL LoF variants show sarcomere level hypertrophy and disorganization, stress
829  signalling and fibrosis marker genes. (A) Schematic showing the labelling of sarcomeric z-disks with
830 alpha-actinin-GFP delivered by adenovirus. (B) Raw image of a relaxed iPSC-CM with alpha-actinin-GFP
831 labelled z-disks captured by a custom SarcAsM script. (C) Sarcomere domains extracted from the raw
832 image of labelled z-disks, with different colours showing nominally different sarcomere domains identified.
833 (D) Myofibril lines marked by red lines showing the predicted strings of sarcomeres across an iPSC-CM.
834  (E) Myofibril lengths coloured according to length of each individual string of sarcomeres identified in the
835  myofibril lines. (F) Dot plot of individual transverse z-disk length calculated as the mean from each cell
836  sampled across WT (n = 156 technical replicates across 5 biological replicates), SVIL%*** (n = 92
837  technical replicates across 4 biological replicates), and SVIL®**¥?*** ipSC.CMs (n = 178 technical
838  replicates across 5 biological replicates). Bars showing mean + standard deviation for F-O. One-way
839  ANOVA performed with post-hoc Dunnett's multiple comparisons test. N numbers same for F-O. All
840 parameters are in relaxed (diastolic) state. (G) Dot plot of z band operational order parameter (OOP)
841  showing alignment of z-disks averaged in each iPSC-CM across WT, SVIL®?*** and Sv|L9%5V%5%
842 iPSC-CMs. (H) Dot plot of sarcomere level z-disk straightness averaged per iPSC-CM across WT,
843  SVIL®™ and SVILY*Y?X ipgCc-CMs. (I) Dot plot of relaxed average sarcomere length (SL) per
844  iPSC-CM across WT, SVIL®?*** and SVIL?***V??%** jpsC-CMs. (J) Dot plot of myofibril length averaged
845  per iPSC-CM across WT, SVIL?®* and SVIL?**Y®5% ipsC.CMs. (K) Dot plot showing the average
846  number of sarcomeres per myofibril per iPSC-CM across WT, SVIL?®¥* and SVIL?*%¥9%5X ipsC-CMs.
847 (L) iPSC-CMs were incubated with 1uM mavacamten or DMSO (vehicle) control for 1 hour prior to
848 imaging. (M) Dot plot of mavacamten treatment showing delta mean transverse Z disk length per iPSC-
849  CM with SVIL¥®*** + mavacamten (n = 76) and SVIL®**¥?%** + mavacamten (n = 150) compared to WT
850 iPSC-CMs. N numbers same M-O. (N) Dot plot of mavacamten treatment showing delta mean z-disk
851  straightness per iPSC-CM per genotype group compared to WT. (O) Dot plot of mavacamten treatment
852  showing delta mean myofibril length per iPSC-CM per genotype group compared to WT. (P) Lollipop plot
853  of RNA significant DEGs between the SVIL?**"* vs WT contrast (SVIL?***Y%%%% for comparison) under
854  themes of fibrosissfECM remodelling, hypertrophic/foetal gene reprogramming, MAPK/Rho signalling,
855 interleukin/inflammatory signalling, and cytoskeletal genes. Bars show mean + SEM of sample-level Log2
856 fold change relative to WT of DESeq?2 size-factor normalized counts. (Q) Lollipop plot of proteomic single
857 sample GSEA (ssGSEA) scores for Reactome pathways showing statistically significant differences
858  between SVIL®®™* and SVIL9?**Y%%*  pathways are sub-grouped into themes of cytoskeleton and
859  mechanotransduction, hypertrophic signalling, fibrosis, oxidative stress, cell death pathways, and
860 interferon signalling. Bars show mean + SEM of the delta sSGSEA scores (sample — meanyy). N = 6

861 biological replicates per genotype.
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863 Figure 4. SVIL heterozygous LoF variants alter OCR and mitochondrial metabolic pathways
864  showing a signature of pseudohypoxia. (A-C) Representative immunofluorescence images of (A) WT,
865  (B) SVIL®**"* and (C) SVIL¥®¥?%* ipgC-CMs stained with mitochondrial anti-ATP5A antibody. (D)
866  Schematic showing the plate format used to set-up for Seahorse flux analysis of WT, SVIL%*****, and
867  SVIL®®¥BX ipsc.CMs. (E) Averaged and normalized oxygen consumption rates measured across WT,
868  SVIL¥®* and SVIL®®¥%5X ipsC-CMs. N = 8 technical replicates for each genotype group (for plots
869 E-J) with trends confirmed over 2 biological replicates. Each point is plot as mean * standard deviation.
870  (F) Dot plot of basal respiration per well sampled across WT, SVIL?**"* and SVIL®®**%**** ipSC-CMs.
871 Bars showing mean * standard deviation. (G) Dot plot of maximal respiration per well sampled across
872  WT, SVIL®™ and SVIL®®*¥%5% ipgC.-CMs. Bars showing mean + standard deviation. (H) Dot plot of
873  ATP-linked respiration per well sampled across WT, SVIL®**®" and SVIL®**¥?%** ipSC.CMs. Bars
874  showing mean + standard deviation. (I) Dot plot of proton leak per well sampled across WT, SVIL®*%
875  and SVIL®®¥ ipgC.CMs. Bars showing mean + standard deviation. (J) Dot plot of spare capacity
876  per well sampled across WT, SVIL®®*** and SVIL?***V®®5* ipSC.CMs. Bars showing mean + standard
877  deviation. (K) Lollipop plot of metabolism linked RNA significant DEGs between the SVILY*** vs WT
878  contrast (SVILY*%¥9**** ys WT for comparison) grouped by pyruvate dehydrogenase kinases (PDKs),
879 oxidative phosphorylation, and HIF-mediated glycolytic switch. Bars show mean = SEM of sample-level
880 log2 fold change relative to WT of DESeq?2 size-factor normalized counts. (L) Lollipop plot of proteomic
881  single sample GSEA (ssGSEA) scores for Reactome pathways showing statistically significant differences
882  between SVIL®®™ and SVILY*¥X pathways are sub-grouped into themes of mitochondrial
883  function/metabolism, and fatty acid/lipid metabolism. Bars show mean + SEM of the delta sSGSEA

884  scores (sample — meanyr). N = 6 biological replicates per genotype.
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Figure 5: SVIL Paradigm Overview: The SVIL-201 transcript encodes supervillin in the adult human
heart. A rare variant study has discovered SVIL heterozygous loss of function variants as a novel driver of
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