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Abstract

Cardiomyopathies, diseases of the heart muscle, are a leading cause of heart failure. An increasing
proportion of cardiomyopathies have been associated with specific genetic changes, such as
mutations in FLNC, the gene that codes for filamin C. Altogether, more than 300 variants of FLNC have
been identified in patients, including a number of single point mutations. However, the role of a
significant number of these mutations remains unknown. Here, we conducted a comprehensive
analysis, starting from clinical data that led to identification of new pathogenic and non-pathogenic
FLNC variants. We selected some of these variants for further characterization that included studies
of in vivo effects on the morphology of neonatal cardiomyocytes to establish links to phenotype, and
the in vitro thermal stability and structure determination to understand biophysical factors impacting
function. We used these findings to compile vast datasets of pathogenic and non-pathogenic variant
structures and developed a machine-learning-based neural network (AMIVA-F) to predict the impact
of single point mutations. AMIVA-F outperformed most commonly used predictors both in disease
related as well as neutral variants, approaching ~80% accuracy. Taken together, our study documents
additional FLNC variants, their biophysical and structural properties, and their link to the disease
phenotype. Furthermore, we developed a state-of-the-art web-based server AMIVA-F that can be
used for accurate predictions regarding the effect of single point mutations in human filamin C, with
broad implications for basic and clinical research.
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Introduction

Heart failure remains a major global health concern that affects millions of people worldwide, leading
the Global Burden of Diseases study to define it as a global epidemic in 2017 (1). Among others,
cardiomyopathies, diseases of the heart muscle that affect mechanical and/or electrical function of
the heart, represent one of the leading causes of heart failure (2). Approximately 20% to 40% of
nonischemic cardiomyopathies are caused by detectable genetic changes identified in over 70
different genes associated with heart muscle development and function (3). One of the genes that is
frequently found mutated in patients with familial cardiomyopathies is FLNC, a gene that codes for
filamin C (FInC) (4). For example, mutations in FLNC have recently been associated with hypertrophic
cardiomyopathies (HCM), restrictive cardiomyopathies (RCM), arrhythmogenic cardiomyopathy
(ACM) and dilated cardiomyopathy (DCM) (4-9). Thus far, more than 300 FLNC variants have been
described in the literature (4), although not every variant is pathogenic. Therefore, the increasing
number of FLNC variants potentially associated with cardio- and other types of myopathies highlights
the need for developing bioinformatic tools for assessing their pathogenicity.

To be accurate and effective, these bioinformatic tools need to integrate the accumulated knowledge
about the in vivo function and the in vitro properties of FInC. Functionally, FInC is a member of filamin
family of proteins that serve to connect components of the actin cytoskeleton to sarcolemma, and the
only filamin found in cardiac muscles. FInC localizes to sarcolemma, myotendinous junctions,
intercalated discs and Z-discs, and functions at the boundaries between adjacent sarcomeres, which
are the basic contractile unit of the muscle (10). To achieve this function, FInC interacts with a plethora
of other proteins, either Z-disc components (e.g. myotilin, calsarcins, myopodin, LDB3/ZASP, Xin),
signalling molecules or sarcolemma associated proteins (e.g. integrin R1, sarcoglycan delta (reviewed
in (11)). Furthermore, FInC is recruited to sarcomeric lesions together with
aciculin/phosphoglucomutase-5 to accomplish its role in myofibril stabilization and early myofibril
repair processes (12-14). Structurally, filamins, including FInC, are composed of an N-terminal actin-
binding domain (ABD), followed by 24 immunoglobulin (Ig)-like domains (Ig1-1g24) (10,15). Filamin Ig-
like domains are organized via intricate inter-domain interactions (16-20) that are the basis of the
force-/mechano-sensing and ligand binding, with dynamic interactions between Ig domains of the C-
terminal region, in the playing a mechanosensing function (Figure 1B) (21,22). In addition, contrary to
non-muscle filamins (FInA and FInB), FInC contains a unique feature, an 82-amino acid insertion in 1g20
(insertion region, IR), with a recently proposed role in modifying the fine molecular details of
mechanosensing or/and acting as an interaction hub for Z-disc proteins (11). Many reported FLNC
variants are single point mutations distributed across all Ig-like domains; thus, making predictions
regarding how they affect structure and function of FInC, as well as predicting the extent of their
pathogenicity, has been challenging.
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Figure 1. Domain structure and mechanosensing mechanism of filamin. (A) Domain structure of FInC dimer.
ABD is depicted in red, Ig-domains in blue, domain 20 hosting the insertion region of 82 aa in green. Inter-and
intra-molecular domain pairing is schematically presented. Hinge-1 is spliced out during myogenesis (10,15).
(B) Proposed mechanism of mechanosensing and ligand binding regulation (16,22,23). Under unstrained
conditions B-strand A of 1g20 covers the ligand-binding site present in domain Ig21. Mechanical force will lead
to domain pair opening, exposing therefore the cryptic binding site in Ig21 to interactions with binding
partners (16,22,23).

98 Here, we present a comprehensive study that encompasses clinical data, which led to identification of

99 new FLNC variants, and cell-based studies, biophysical and structural analysis of both known and novel
100  FInC mutants. These studies extended our understanding of the functional and structural effect of FInC
101 mutations. We combined the new insights with the information available in the literature, to design a
102 machine learning algorithm AMIVA-F that can be used as a bioinformatics tool for predicting the
103  pathogenicity of FInC missense variants. We confirmed that AMIVA-F outperforms currently available
104  tools. Furthermore, analysis of available information on pathogenic mutants combined with structural
105  dataallowed usto draw conclusions about the relationship between amino acid conservation amongst
106  human FInC Ig domains and pathogenicity.

107

108 Results

109  Patient clinical data, demographics and family histories

110  We report data on eight patients, six of whom carry a pathogenic FLNC variant, and two who carry a
111  neutral variant. Overall, the cohort included both men (2 of 8) and women (6 of 8), all except one of
112 European origin (one woman in this cohort is of Afro-Caribbean origin). In this cohort, all patients who
113 bore pathogenic variants exhibited features of various cardiomyopathies (see below for details). No
114  clinical skeletal myopathy was noticed in these patients. Below we describe each patient, their
115  demographic information, and provide summaries of associated clinical data and family histories. The
116  patient information is organized by the location of their point mutation, from N to C-terminus of FInC.

117 Patient #1 is a female proband, who received a diagnosis of dilated cardiomyopathy (DCM) at 23 years
118  of age. She had an implantable cardioverter-defibrillator (ICD) at 23 (appropriate shocks for ventricular
119 fibrillation), left ventricular ejection fraction (EF) 22% at presentation and had heart transplantation
120  (Htx) four years later. Patient #1 family history includes an affected brother who died suddenly with
121  arrhythmogenic right ventricular cardiomyopathy (ARVC) described in the postmortem, a maternal
122 side first cousin with dilated cardiomyopathy (DCM), known to carry the same variant and with an ICD
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123 in situ, and affected mother and maternal aunt, both dying suddenly at 36 and 43 years of age,
124  respectively. In both cases, the results of the post-mortem described left-dominant ARVC. We showed
125  that Patient #1 is the carrier of variant ¢.245T.G that results in p.Met82Lys point mutation. This point
126 mutation is located within the ABD of FInC. Currently, this mutation is classified as “uncertain
127  significance” by the American college of Medical Genetics and Genomics (ACMG).

128  Patient #2 is a white male proband, with a diagnosis of restrictive cardiomyopathy (RCM) established
129 at 40 years of age with moderate left ventricular (LV) systolic dysfunction, and presence of atrial
130 tachyarrhythmias. He is in permanent atrial fibrillation (AF). His echocardiogram showed mild
131  concentric left ventricular hypertrophy (LVH), left ventricular ejection function (LVEF) of 40-45% and
132 a markedly enlarged left atrium. Cardiac magnetic resonance (CMR) showed concentric remodelling
133  with a LV maximal wall thickness (MWT) of 13 mm with widespread fibrosis or late gadolinium
134  enhancement (LGE) both in the mid-wall in the septum and sub-epicardially in the basal anterior and
135  mid lateral walls. He has had a primary prevention subcutaneous ICD implanted and a decompensated
136 heart failure (HF) admission during follow-up. He has two children with a diagnosis of RCM and known
137  to carry the same variant, and both have primary prevention ICDs. We determined that Patient #2
138 carries FLNC variant c.4871C.T, resulting in p.Serl624Leu point mutation. This point mutation is
139 located within immunoglobulin domain 14 (Ig14). Currently, this mutation is classified as “conflicting
140 interpretation of pathogenicity” by ACMG.

141 Patient #3 is a white female, with a diagnosis of hypertrophic cardiomyopathy (HCM). Her brother had
142 a diagnosis of HCM/RCM, with HTx, her mother had HCM and died after HTx, and her mother’s cousin
143 had HCM and also died after HTx. There is no family history of sudden cardiac death (SCD). She was
144  first evaluated when admitted at 43 years of age with symptoms of dyspnoea, presyncope and
145  palpitations. Initial echocardiogram revealed asymmetric septal hypertrophy with a MWT of 17 mm
146  and a dilated left atrium. CMR demonstrated a LVEF of 61% and the presence of limited late
147  gadolinium enhancement in the inferior wall and mid-septum. She remained symptomaticin New York
148 Heart Association (NYHA) class Il dyspnoea and in persistent AF over follow-up and had ablation for
149  this at 54 years of age. There was no evidence of nonsustained ventricular tachycardia (NSVT) or
150  sustained VT throughout follow-up, and no evidence of peripheral myopathy, including normal
151 creatine kinase. We discovered that Patient #3 carried the same variant as Patient #2.

152 Patient #4 is a white male proband, with a diagnosis of RCM. He presented at 18 years-old with
153  symptoms of NYHA class Il dyspnoea, chest pain, and palpitations. His initial echocardiogram
154  demonstrated normal wall thickness, mildly dilated left atrium, good systolic function, LVEF 75%.
155 Doppler was consistent with restrictive physiology. CMR showed preserved biventricular function and
156  noevidence of LGE. He had one HF admission at 24 years of age and recurrent readmissions due to AF
157 and developed significant pulmonary hypertension that responded favourably to oral magnesium
158 treatment of 1g/day. Since 2012, he has remained ambulatory in NYHA class IlI/IV heart failure. NSVT
159  was identified on Holter at last evaluation and repeated CMR demonstrated significant left atrial
160  dilatation, heterogeneous midwall LGE, in basal and middle septal segments and anterior wall. He had
161  no peripheral myopathy, including normal levels of serum creatine kinase. He was considered for HTX
162 referral. He is a carrier of FLNC variant c.5026G>A, yielding p.Gly1676Arg mutation within Ig15. This
163  variant was identified in ten relatives, all of them with an RCM phenotype of different degrees, with
164  atrial arrhythmias (four in AF). Of these, three cousins died, two of severe heart failure at the age of
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165 61 years and 63 years and another cousin of stroke at age of 56 years. There was no sudden death in
166  the family. Currently, this mutation is classified as “uncertain significance” by the ACMG.

167 Patient #5 is a white female proband, with an initial diagnosis of HCM that later progressed to RCM.
168  She was first seen aged 27, with NYHA class Il and a previous transitory ischaemic attack. She had
169 persistent AF at baseline. She was admitted due to HF for the first time aged 38 and her functional
170  class evolved to class IV during follow-up. She had a HTx aged 50. Patient #5 was discovered to carry
171 FLNC variant ¢.6053G.C, resulting in p.Arg2018Pro point mutation located within Ig18. Twelve relatives
172 are known to carry the same variant, nine of them clinically affected, including two who had HTx, one
173  who died of HF and one ICD carrier for secondary prevention. Currently, this mutation is not classified
174 by ACMG.

175 Patient #6 is a white female, with a high ventricular ectopic burden and family history of
176  arrhythmogenic right ventricular cardiomyopathy. Her son died aged 26 with ARVC described on PM.
177 Her paternal grandfather had SCD aged 54. Her paternal second cousin was diagnosed with ARVC and
178 had an ICD implanted after a presentation with VT. Her baseline Holter identified 456 ventricular
179 ectopics (VEs)/24 hours. She had a normal echocardiogram and almost normal CMR in her late 60s,
180  with only minor basal lateral fibrosis on CMR. Most recent Holter monitoring has demonstrated
181 increased ventricular ectopy (819 VEs/24 hour, 9% burden). She does not fulfil criteria for an overt
182  cardiomyopathy phenotype at 72. Patient #6 carries FLNC variant c.6173A>G, that causes
183 p.GIn2058Arg mutation in 1g19. Currently, this mutation is classified as “uncertain significance” by the
184  ACMG.

185 Patient #7 is a white female with a family history of SCD during sleep in her son, who died aged 36 and
186  was diagnosed with ARVC post-mortem, including a description of LV subtle fibrofatty infiltration. Her
187 echocardiogram showed mild LVH with MWT of 12 mm and grade 1 diastolic dysfunction but was
188 otherwise normal. Her CMR demonstrated normal biventricular size and function, but with a subtle
189 streak of sub-epicardial LGE in the basal to mid inferior wall. SAECG was negative for late potentials
190 and Holter monitoring did not detect any arrhythmia. Patient #7 is a carrier of FLNC variant c.6779A>G,
191  resulting in p.Lys2260Arg point mutation within 1g20. This patient has a subtle cardiomyopathy
192 phenotype aged 79. Currently, this mutation is classified as “conflicting interpretation of
193  pathogenicity” by ACMG.

194  Patient #8 is an Afro-Caribbean female, diagnosed with RCM. She had a family history of RCM in her
195 father, who died aged 55 and, in her sister, who had a HTx aged 22 years and subsequently died. She
196  also had two other sisters with RCM. There was no FH of SCD. She was first evaluated at 36 and was
197  symptomatic with NYHA class Il dyspnoea and decompensated HF. She was noted to be in atrial
198  tachycardia and had AF ablation at 38. She had multiple HF admissions and no NSVT or sustained VT.
199 Patient #8 was shown to carry FLNC variant c.6892C>T, resulting in p.Pro2298Leu point mutation
200  within Ig20. Currently, this mutation is not classified by ACMG.

201  Collectively, the analysis of clinical data allowed us to identify 8 new FLNC variants associated with
202 disease phenotypes of varying severity. Structurally, the resulting point mutations were distributed
203 across the entire protein, thus providing a good representation of FLNC variants previously reported
204  inthe literature.
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205 Impact of mutations p.Met82Arg, p.Ser1624Leu and p.Gly1676Arg in cellular context

206  To investigate the effects of selected variants on myofibril morphology in a cellular context, we
207  transfected GFP-FInC bearing specific mutations into neonatal cardiomyocytes and analysed them by
208  fluorescence confocal microscopy. We chose to focus on p.Met82Lys, p.Ser1624Leu and p.Gly1676Arg
209  as these three mutations cover several human disease phenotypes, and map to different domains of
210 FInC, the ABD, and two Ig-domains (lgl4, Igl15), respectively. These three constructs showed
211  distinctive cellular phenotypes when compared to wild-type FInC (Figure 2). Wild-type FInC localized
212 predominantly to the Z-disc of transfected cells, where it colocalized with Z-disc titin (Figure 2).
213 Furthermore, we observed that actin cytoskeletal structures also contain filamin and titin in a non-
214  striated pattern at the cell periphery and that some cells showed a faint overlay of the FInC construct
215 around the sarcomere centre, at or above the M-band.

216 In contrast, cells transfected with the mutant variants displayed a range of abnormalities. The
217  p.Met82Lys variant showed cytoplasmic aggregates in many cells leading to the disappearance of
218  striated titin and its localization to the FInC-containing aggregates (arrowheads in Figure 2), suggesting
219 a dominant effect on sarcomere structure. On the other hand, cardiomyocytes transfected with the
220  FInCvariant p.Ser1624Leu showed a subtler phenotype without strong disruption of sarcomeres. The
221  variant localised to Z-discs but also to long “Z-disc streams” of aberrantly organised sarcomeric
222 structures (arrows in Figure 2). Lastly, the cellular effect of the p.Gly1676Arg variant was again distinct.
223  Cardiomyocytes expressing this variant showed a marked reduction of the striated (sarcomeric) actin
224  cytoskeleton, with extensive areas of non-striated actin cytoskeleton dominating the periphery of the
225 cells (asterisks in Figure 2). Quantification of the images indicated that the ratio of striated versus non-
226  striated actin cytoskeleton decreased from 0.8 for wild-type transfected cells to 0.48 for the
227  p.Glyl676Arg variant. This observation could indicate a dominant effect on the maturation or
228 maintenance of sarcomeric structures by this variant. Taken together, the cell-based analysis
229 illustrates that each of the disease-associated FLNC variants affects appearance of cardiomyocytes in
230  different ways, causing a wide range of effects and perturbations when compared to the wild-type
231 cells.

232
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FLNC-WT Overlay

Figure 2. In cell validation of selected variants reported in this study. Neonatal rat cardiomyocytes were
transfected with GFP-tagged FInC constructs to visualise integration into sarcomeres or other structures.
Top row: wild-type filamin-C (FInC-WT) localises to Z-discs where it overlaps with the titin-Z-disc epitope T12.
Towards the cell periphery, non-striated myofibrils, presumed precursors of myofibrils, contain both titin
and FInC in an irregular localisation. Second row: the ABD mutant p.Met82Lys (labeled M82K) forms
pronounced aggregates (arrowheads) and in some cases leads to the disappearance of sarcomeres, as
evidenced by co-localising with Z-disc titin in aggregates. Third row: the mutation p.Ser1624Leu (labeled
$1624L) in Igl14 leads to sarcomere disarray and the pronounced formation of Z-disc streaming (arrows).
Bottom row: the mutation p.Gly1676Arg (labeled G1676R) in Ig15 leads to reduction of the cross-striated
cardiomyocyte area with extensive non-striated areas of cytoskeleton containing titin and FInC in a stress-
fibre like structures (asterisks). Titin T12 red, GFP-FInC green. Scale bar: 10 um.

233
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234  Impact of pathogenic variants on structural integrity of FInC

235 In order to assess whether the pathogenicity is rooted in the altered stability of the domains, we
236 performed thermal stability and structural analyses. We selected eight variants, four of which are
237  reported in the literature (p.lle2160Phe (1g20), p.Trp2164Cys (lg20), p.Pro2298Ser (Ig20),
238 p.Serl624Leu (lgl14)), and five of which have been described in the section Patient clinical data,
239  demographics and family histories (p.Met82Lys (ABD), p.Ser1624Leu (lg14), p.Gly1676Arg, (Ig15),
240  p.GIn2058Arg (Ig19) and p.Lys2260Arg (1g20)) (Table S1). All the constructs yielded sufficient amounts
241  of purified protein for biophysical stability characterization, except the ABD p.Met82Lys mutant.
242 Met82Lys ABD did not express in E. coli, suggesting that this point mutation causes significant
243  destabilization of the protein fold. This effect is supported by analysis of the ABD structure that shows
244  that Met82 side-chain is embedded within a hydrophobic environment. Thus, Met-to-Lys substitution
245  is expected to cause severe steric clashes and repulsion, leading to destabilization and potential
246 unfolding of the domain (Figure 3A). Impaired folding of the ABD may negatively impact its solubility
247  and interactions with actin filaments (F-actin), and thus lead to misslocalization of the protein, which
248  is in agreement with our cell-based observations (Figure 2). As mentioned, we were able to express
249 otherlgl4-lg15 and Ig19-1g21 constructs bearing single point mutations and used differential scanning
250  calorimetry (DSC) to analyze their thermal stability (Table S1).

251  The thermal unfolding of 1g14-15 in the range 20 - 110°C showed a single transition with melting
252  temperature (Tm) of 77°C (Figure 3B). The single unfolding transition showed a ratio between Van't
253 Hoff and calorimetric enthalpy of 1.9, with 2.0 being expected for two equivalent domains unfolding
254 in a single transition, thereby supporting the single entity unfolding event. The crystal structure of
255 Ig14-15 explains and corroborates the coupled unfolding as it shows presence of extensive
256 interdomain interactions and the formation of a hydrogen-bond stabilized interface, resulting in a
257  single structural and folding entity (Figures 3B and 3C). The thermal stability of constructs Ig14-1551624
258  and|g14-15%167¢R hearing mutations p.Ser1624Leu and p.Gly1676Arg found in patients with RCM (24),
259 and this study), were examined under the same experimental conditions. The p.Ser1624Leu mutation

260 s located in Ig14 (Figure 3C, left inset), and maps to a highly conserved and functionally important

261 PXSP motif, which is present in nearly all I|g domains of human FInC and was shown to be highly
262  phosphorylated in vivo in several FInC I|g domains (25,26). Like the wild-type, 1g14-155%624 displayed a
263 single transition upon unfolding (Figure 3B), and a ratio between Van't Hoff and calorimetric enthalpy
264  of 1.85, in agreement with both domains unfolding in a coupled manner. In terms of fold stability Ig14-
265 1551824 displayed T, of 64.9°C, suggesting a destabilizing effect of the mutation. Comparative
266  structural analysis showed that while the overall structure and the interaction interface between Ig14
267  and Igl15 appear similar, the hydrogen bond that Ser1624 side chain -OH is involved in is lost upon
268  mutation resulting in destabilization of the interdomain interface and the decrease in T, (Figure 3C,
269 left inset). This may also explain the cellular phenotype we observed, whereby destabilization of Ig14-
270  1g15 interface, together with the removal of the phosphorylation site leads to the pronounced
271  formation of Z-disc streaming in cardiomyocytes (Figure 2). The second mutation in this region, the
272 p.Gly1676Arg, led to complete decoupling of the thermal unfolding of the two domains, as we
273  observed two unfolding transitions, with Tms for 1Ig14 and 1g15 of 71.2°C and 53.8°C, respectively. The
274  X-ray crystal structure of the 1g14-155%78R construct showed that the introduction of a larger and
275  positively charged residue considerably perturbs the interface structure between Igl4 and Ig15, as the
276 number of interdomain interactions mediated by water molecules increased (Figure 3C; Figure S4).
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277 Based on these results, we conclude that the molecular basis of the pathogenicity of both
278  p.Serl624Leu and p.Glyl676Arg resides in their effect on decreasing the fold stability and/or
279 association strength and communication between the two domains. This is further supported by our
280  cell-based studies where we observed reduction of the cross-striated cardiomyocyte area,
281 accompanied by the formation of extensive non-striated regions of the cytoskeleton in
282 cardiomyocytes transfected with these variants (Figure 2).

283 We also performed analysis of thermal stability of variants where mutations are located within 1g19-
284  1g20 region. In addition to pathogenic mutations (p.lle2160Phe, p.Trp2164Cys and p.Pro2298Ser),
285  these constructs allowed us to examine two non-pathogenic ones (p.Lys2260Arg and p.GIn2058Arg).
286  We used Ig19-1g21 construct and observed presence of three overlapping transitions, at 60.9°C,
287 75.2°C and 84.8°C for the wild-type construct (Figure 4A). These were assighed to Ig21, 1g20, and 1g19,
288  respectively, by comparison with the thermograms of individual domains (Figure S2). Two mutations
289 (p.GIn2058Arg, 1g19 and p.Lys2260Arg, 1g20) displayed no impact on fold integrity of 1g19-21
290  constructs, in agreement with patient data as well as biophysical predictions given the relatively
291 conservative nature of the two mutations. On the other hand, three pathogenic mutations
292  (p.lle2160Phe, p.Trp2164Cys, and p.Pro2298Ser, 1g20) resulted in increased stability of 1Ig20 (Table S1).

293
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Figure 3. Structural and thermal stability analysis of selected mutations in ABD, and Ig14-15 domain. (A)
ABD of human FInC is shown in ribbon diagram, with CH1 and CH2 colored in dark and light red. Inset shows
the model of p.Met82Lys mutant generated by Duet (27), with positively charged Lys side-chain clashing with
the hydrophobic cluster formed by residues of h3 and h4. (B) Thermograms of 1g14 wild-type, Ig15wt, 1g14-
15 wt, 1g14-1561676R |g14-1551624L (C) Crystal structure of 1g14-15. Left inset: superposition of PXSP loops of
1g14-1551624L (blue) and Ig14-15 wild-type, showing the crucial hydrogen bond between Ser1624 to lle1614,
which is lost upon mutation to lle, with concomitant distortion of the loop to accommodate for a bigger,
hydrophobic residue at this position. Right inset: the details of hydrogen-bonding network between Ig14 and
1g15 domains, with hydrogen bonds highlighted with dashed lines, solvent molecules are shown as light blue
spheres, the position of the Gly1676, mutated into Arg is labelled.
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295 Mutation p.lle2160Phe, associated with RCM (24), closely precedes the IR in 1g20 (aa 2162-2243)
296  (Figure 4B, Figure S3), and leads to stabilization of 1g20 compared to the wild-type by 7°C, while the
297 other domains are not affected. The stabilization of the mutant Ig20 is due to aromatic stacking
298 interactions with other aromatic residues that Phe2160 can establish (Figure 4B). A close by variant

299 p.Trp2164Cys, associated with HCM (H. Watkins, personal communication), is particularly interesting
300 since it maps to the beginning of the IR which is considered to lack a unique and well-defined 3D
301  structure. The mutation leads to an increase in the melting temperature of 1g20 by 7°C, suggesting a
302 local structuring rearrangement, as inferred from the relative increase in enthalpy change upon
303 unfolding of 1g20 compared to I1g19 and Ig21 (Figure 4A). In the case of p.lle2160Phe and
304 p.Trp2164Cys, we hypothesise that increased relative enthalpy of unfolding, suggestive of an
305 increased structuring of the surrounding of the mutation, can negatively impact interactions with
306  binding partners, where structural plasticity of a disordered region is required, leading to RCM (24)
307 or HCM (H. Watkins, personal communication), respectively.

308  Additionally, p.Pro2298Ser mutation, associated with RCM (this study and (28)) maps to Ig21 (Figure
309  4B), and shares an important similarity with p.Ser1624Leu in 1g14: both mutations are part of the
310  highly conserved PXSP motif (23). Similar to the p.Ser1624Leu, the p.Pro 2298Ser mutation also
311  influences the stability of neighbouring domains (Figure 4B), possibly through inter-domain contacts
312  that have been reported previously (18,19,29) Ruskamo, 2012 #133}. The observed increased Tn, (7°C)
313  could be attributed to the replacement of Pro with Ser, which can form additional hydrogen bonds,
314 both with the side-chain and the main-chain groups. The mutation p.Pro2298Ser affects the first
315  proline residue in the conserved PXSP motif, which was shown to be involved in the regulation of
316  mechanosensing in FInA 1g20 through cis-trans isomerisation of the second proline of the motif (23).
317 Substitution of proline with a multivalent hydrogen-bond acceptor and donor residue, serine, could
318  therefore disturb the finely tuned cis-trans isomerisation balance involved in mechanosensing
319  regulation.

320 Takentogether, our biophysical and structural data provide a basis for molecular understanding of the
321 effect point mutations have. We observed that some pathogenic mutations destabilize while others
322  stabilize the FInC variants. At the same time, p.GIn2058Arg and p.Lys2260Arg mutations have no effect
323  on stability, suggesting that either destabilization or stabilization of FInC can have a negative impact
324  onits ability to function properly, resulting in pathogenesis.

325
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Figure 4. Structural and thermal stability analysis of selected mutations in 1g19-21 domains. (A)
Thermograms of wild-type 1g19-21 and its mutants; (B) Cartoon diagram of 1g19-21 structural model
generated by threading approach as encoded in I-tasser (30,31), with domain color code as in A. Positions of
mutated residues p.GIn2058Arg, p.lle2160Phe, p.Pro2298Ser, p.Lys2260Arg, p.Trp2164Cys are depicted as
stick models. A detailed view of the mutations generated with Duet (27) are shown in the insets.
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327 Pathogenic variant mapping and grouping in a representative Ig domain

328  Finally, we examined whether the location of pathogenic mutations matches with biophysical and
329  structural expectations. To address this, we overlayed structures of all 24 Ig domains (either
330 experimental or predicted) with the structure of Ig5, which was selected as the reference since it
331  shows the lowest average RMSD with other Ig domains (RMSD = 0.64 A - 2.467 A, with an average
332  value of 1.15 A). The pathogenic mutation sites were mapped on the structure-based sequence
333  alignment derived from the above superpositions. We observed that mutations were not randomly
334  distributed, but clustered in a few regions (Figure 5A), and that the frequently mutated sites are
335 conserved in FInC Ig domains (Figure 5B). This is in good agreement with widely accepted view that
336  residues critical for folding and/or function display higher levels of conservation within a domain
337  family (such as Ig family analyzed here), and that mutations at these sites are more likely to be
338  detrimental.

A B

12345617829

15 N

Figure 5. Frequency of pathogenic mutations and amino acid conservation in human FInC Ig domains
mapped on the representative structure of Ig5. (A) Frequency of pathogenic mutations. Positions that do not
host pathogenic mutations are shown in blue and with a narrow ribbon. Positions that host five (or plus)
pathogenic mutations are shown in a red and thick ribbon. Residues with intermediate numbers of pathogenic
mutations are represented according to the color code shown in the bar shown below; (B) Degree of
conservation of residues in human FInC Ig domains. The conservation score, determined by ConSurf (32) is
mapped according to the bar shown below, with blue and narrow ribbon corresponding to low, and red and
large ribbon corresponding to high conservation. PXSP motif is labeled in both panels; (C) PXSP loop and
surrounding hydrophobic cluster, colored according to the mutational frequency as shown in A. Inset: The
crucial hydrogen-bond between the serine side-chain oxygen and Leu main-chain nitrogen residing on the
adjacent B-strand is shown. A highly conserved hydrophobic residue colored in red (either valine or isoleucine
in all Ig domains) forms another hydrogen main-chain main-chain hydrogen bond with Leu, further stabilising
the structure. Carbonyl oxygens omitted with the exception of the relevant hydrogen bond engaging one for
clarity.

14 of 35


https://www.dropbox.com/home/Filamin-C-MutAnalysis_manuscript/Figures/Main/Figure_7%20(MHSmap%20%2B%20MHSPconserv%20%2B%20PXSPF%20loop%20surrounding)
https://www.dropbox.com/home/Filamin-C-MutAnalysis_manuscript/Figures/Main/Figure_7%20(MHSmap%20%2B%20MHSPconserv%20%2B%20PXSPF%20loop%20surrounding)
https://www.dropbox.com/home/Filamin-C-MutAnalysis_manuscript/Figures/Main/Figure_7%20(MHSmap%20%2B%20MHSPconserv%20%2B%20PXSPF%20loop%20surrounding)
https://doi.org/10.1101/2023.08.05.552086
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.08.05.552086; this version posted August 6, 2023. 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 aCC-BY-ND 4.0 International license.

339 Development of predictive bioinformatics tool AMIVA-F: the training set

340  Since a growing number of FLNC variants are associated with (cardio)myopathies, we were motivated
341  to develop a prediction tool that uses machine learning (Analysis of Missense Variants in human
342 Filamin C, AMIVA-F) to predict variants’ pathogenicity. To develop such predictive bioinformatic tool,
343 we first selected a training set of variants associated with HCM, DCM, RCM, myofibrillar and distal
344 myopathy, and several others. A total of over 250 unique variants were retrieved from the
345  international peer-reviewed literature. Variants that lacked a clear description of the associated
346 phenotype or clinical information were not included in the collection. Furthermore, we only collected
347 single point missense variants, excluding frameshift or truncating variants, resulting in a total of 108
348  disease related variants (Figure 6). Each variant in the disease-related dataset was associate with
349 pathogenicity in at least one peer reviewed publication (Table S3). Out of 108 variants we chose, 65
350 variants are associated with HCM, eight with RCM, five with myofibrillar myopathies, five with distal
351 myopathies, four with ACM, three with DCM, two with IBM, two with congenital heart disease, two
352  with left ventricular non-compaction, and 12 with other disease phenotypes.

353 For the selection of a negative or neutral mutation set, we gathered single point missense variants
354 found in the Genome Aggregation Database (gnomAD; https://gnomad.broadinstitute.org). This

355 vyielded a collection of 1500 missense variants, which were analyzed and selected according to the
356  following criteria: (i) they were found at higher frequency, as recent study suggested that loss of
357  function and disease related mutations tend to be found at extremely low frequencies compared to
358  neutral ones (33); and (ii) the presence of individuals having homozygous alleles for variants was taken
359  as further evidence of a variant being neutral. We selected variants with high allele frequency (> 10
360 2), and high allele counts based on these criteria. By comparison, variants found in the gnomAD
361  associated with pathogenicity were found at frequencies around 10, a difference of up to three
362  orders of magnitude. We discarded variants that showed less than 10 allele counts as these variants
363 might be rare but harmless. In total, these stringent criteria selections led to a reduction from 1500 to
364 65 variants and constituted the neutral dataset. The average allele count in the neutral variant dataset
365  was 504, and some selected variants also showed homozygous alleles.

366 In summary, our two datasets, consisting of 108 disease-related variants (Figure 2, Table S3) and 65

367 presumably neutral variants (Table S4), were merged to 173 instances and used as training sets for
368  ouralgorithm. An overview of the distribution of pathogenic variants through FInC domains is reported
369 in Figure 6, showing that they tend to cluster in the C-terminal region (Figure 1), which is a mutational
370 and protein-protein interaction hot-spot of FInC (4,8,11,34). The training set allowed us to observe
371  that mutations of arginines and methionines result in pathogenicity more frequently than expected
372 based on amino-acid composition, in particular when arginine is mutated into cysteine. Pertinent
373  details on the propensity of each amino acid type to result in pathogenic variants upon mutation are
374 reported in the Supplementary Information.

15 of 35


https://www.dropbox.com/home/Filamin-C-MutAnalysis_manuscript/Figures/Main/Figure_6%20(All%20variants%20overview)
https://www.dropbox.com/home/Filamin-C-MutAnalysis_manuscript/Text%26Tables/Table_S3
https://gnomad.broadinstitute.org/
https://www.dropbox.com/home/Filamin-C-MutAnalysis_manuscript/Figures/Main/Figure_2%20(In%20cell%20validation)
https://www.dropbox.com/home/Filamin-C-MutAnalysis_manuscript/Text%26Tables/Table_S3
https://www.dropbox.com/home/Filamin-C-MutAnalysis_manuscript/Text%26Tables/Table_S4
https://www.dropbox.com/home/Filamin-C-MutAnalysis_manuscript/Figures/Main/Figure_6%20(All%20variants%20overview)
https://www.dropbox.com/home/Filamin-C-MutAnalysis_manuscript/Figures/Main/Figure_1%20(Domain%20structure%20and%20mechanosensing)
https://doi.org/10.1101/2023.08.05.552086
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.08.05.552086; this version posted August 6, 2023. 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 aCC-BY-ND 4.0 International license.

G2345E
P2393s”

E309K 11666T" V2375|
13597 G1676R® v2375L%
N329s° D1691N° V2375F°
N329K? G947R? P1711L° G2070S”°  12359T° 12575N9'
T2991° E913K? P1709s? A2069T°  P2396T®  Y2563C”
N290K? G7245° T891M? L1690F7  11882v°  R2045Q°  A2344T"  G2594A°
P275L° vesaL® P863s? T1681M°  H1936P7  G2039R® R2318W°  P2505L°
v X en eca Roon don L wa X o R acn RuiorRansovi R urs R ocs RoisRaiokava ot ov 8 pl) K vab foi v X vl
V123A? v3arsL® ve28M? s7921° P1031L%  S1194L% R1352H°  A1539T?  N1843s® T1963M° R2133C° R2410C°  A2648S"
H140Q° R4411? D648Y*’ 181777 P963R?  A1208v®  E1408D° T1599A7  G1760S°  S1985L° R2133H°  Q2417P°
M145v? v8oam? Y1216N°  G1424v®  G1546S° R1999Q7 R2140Q°  A2430V°
R183C? A1183L° s1624L” G2011E® G2151S?  R2495H7
M222v°" P1236S° c1639Y” R2018H% W2164C” T2419M°
M82kK* v1198G7 R1567Q¢ R2018P° R2197W?
F106L? A1186V"Y A1551T P2298s?
T160K°® R1241C G2299s?
A193T' P2301L%
m251T" P2301A°
H2315N°
P2298L%°
12160F”
a..HCM e..ACM i..CM b
b..RCM f..DM j..ALS R2167C.
c..MFM g..PM k..Arrythmia 52270",_.
d.DCM  h.NCCM I.IBM Sazios

R2180C*

Figure 6. Overview of FLNC variants. Variants in the FLNC gene that have been previously or in this study
reported in individuals with myopathy or cardiomyopathy, mapped to the corresponding FInC domain.
Variants are annotated at protein level. Abbreviations: HCM (hypertrophic cardiomyopathy), RCM (restrictive
cardiomyopathy), MFM (myofibrillar myopathy), DCM (dilated cardiomyopathy), ACM (arrhythmogenic
cardiomyopathy), DM (distal myopathy), PM (peripheral myopathy), NCCM (non-compaction
cardiomyopathy), CM (cardiomyopathy), ALS (amyotrophic lateral sclerosis), IBM (inclusion body myositis).
Mutants experimentally characterized in this work are underlined.

375

376  Defining the attributes for AMIVA-F analysis

377  AMIVA-F tool is based on the hypothesis that pathogenic variants modify protein function in a complex
378  way by impacting the fold stability and integrity as well as by influencing interaction interfaces or
379 phosphorylation sites. To characterize the impact of variants at a biophysical and structural level, we
380 first prepared a collection of 3D structures for all of wild-type FInC domains that included 6
381  experimental structures covering 8 Ig domains, and 15 3D computational models covering the ABD
382  and 16 Ig domains (Figure S1, Table S5).

383 In order to fully characterize a variant, we defined 11 different attributes (see Materials and Methods
384  for details). These attributes were derived through analysis of 3D structures by using scripts included
385 inthe AMIVA-F package. Several attributes are related to the solvent accessibility of the residues: the
386  absolute solvent accessible surface areas of both wild-type and mutant residues, and the discretized
387 solvent accessibilities, grouped into the three categories (inaccessible, partially accessible, and
388  accessible, as defined by Worth et al., (2011) (35), and detailed in Materials and Methods). Other
389 attributes are related to residue properties, like the change in hydrophobicity upon mutation,
390 according to the scale defined by Kyte et al. (1982) (36), the spatial aggregation propensity score (SAP-
391 score) (37), the change in the number of non-hydrogen atoms upon mutation, and the secondary
392  structure of the residue that is mutated. Furthermore, we included attributes that do not depend just
393  on residue properties: the side-chain orientation of the mutated residue - this is ignored for Gly and

16 of 35


https://www.dropbox.com/home/Filamin-C-MutAnalysis_manuscript/Figures/Main/Figure_6%20(All%20variants%20overview)
https://www.dropbox.com/home/Filamin-C-MutAnalysis_manuscript/Figures/Supplementary/Figure_S1%20(Structures%20%2B%20Topologies)
https://www.dropbox.com/home/Filamin-C-MutAnalysis_manuscript/Text%26Tables/Table_S5
https://doi.org/10.1101/2023.08.05.552086
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.08.05.552086; this version posted August 6, 2023. 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 aCC-BY-ND 4.0 International license.

394 Pro residues - and a composite variable, taking into account known binding partners, side-chain
395 clashes introduced upon mutation as well as potential disruption of phosphorylation sites.

396

397 Benchmarking and validating AMIVA-F

398  Predictions were made with a multilayer perceptron neural network, by using WEKA (38), an open-
399  source workbench that allows the use of several machine learning techniques. In order to benchmark
400 the performance of AMIVA-F, we used ZeroR algorithm (38) that predicts the most common instance
401 in a dataset and therefore defines a baseline accuracy. In general, baseline accuracy is solely
402 dependent on the underlying dataset, and it is algorithm independent. For our dataset, ZeroR
403  determined 62.4% as baseline accuracy.

404  Given the relatively low number of instances (173 variants), particular precautions had to be taken to
405  trainthe network because, upon regular cross-validation, there is a probability to bin outliers together
406  and artificially increase bias. For larger datasets, this concern becomes less relevant given that binning
407 large datasets results in a lower contribution of potential outliers to the binned averages. In
408  comparison, in smaller datasets, a few outliers could considerably skew the average. To counteract
409  that, we sampled by using 10-fold stratified cross-validation to ensure equal incorporation of all data
410  while also preventing disproportionate bias through random sampling, which could happen in regular
411 unstratified cross-validation. Table 1. Overall, sensitivity and accuracy are close to or slightly over 0.8
412  as well as the area under the ROC curve (AUC) and the F-statistics; specificity, though slightly lower, is
413 still in a comfortable range close to 0.7 (see Materials and Methods for details).

414

Table 1

Summary of the quality of the predictions of AMIVA-F.

Sensitivity 0.858
(TP@ /(TP + FN®)))

Specificity 0.689
(TN / (TN + FP{d))

Accuracy 0.786
(TP+TN)/(TP+TN+FP+FN)

Precision 0.795
(TP /(TP + FP))

F-measure 0.788
TP /(TP + % *(FP + FN))

ROC-Area under the curve (AUC)® 0.818

mcc? 0.560
(TP*TN)(PF*FN)/[(TN+FN)(TN+FP)(TP+FN)(TP+FP)] 2
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415 (@ TP = true positives: number of pathogenic variants that are predicted to be pathogenic.

416 () FN = false negatives: number of pathogenic mutations that are predicted to be non-pathogenic.
417 (© TN = true negatives: number of non-pathogenic mutations that are predicted to be non-pathogenic.
418 (d FP = false positives: number of non-pathogenic mutations that are predicted to be pathogenic.

419 ) The area under the curve is defined in Witten IH, Frank E (2005). Data Mining: Practical Machine Learning
420 Tools and Techniques, 2nd edition. Morgan Kaufmann, San Francisco.

421 ) Matthews correlation coefficient (39), where +1 represents perfect prediction, 0 random guess, -1 indicates
422 total disagreement between prediction vs observed.
423

424  To validate the AMIVA-F performance further, we used 8 variants classified to be likely pathogenic
425  according to criteria of ACMG and Fokkema et al (2011) (40) as external test cases. Their exclusion
426  from the training sets was justified by the absence of concrete information about the specific disease
427  underlying those variants, even though the probability of the variant to be disease causing is sufficient
428  to warrant clinical actions (41). As shown in Table 2, six predictions were correct (75%), in line with
429 the cross-validation of AMIVA-F and this reinforces the cross-validation estimations, despite the small
430  dimension of the external test set (8 variants).

431
Table 2.
Pathogenicity prediction of eight "likely pathogenic" classified variants which were absent from
the training set.
AMIVA-F

Domain c-Notation p-Notation Classification prediction

ABD €.368T>C Vall23Met Likely pathogenic | pathogenic

ABD €.643G>A Val215Met Likely pathogenic | pathogenic

ABD c.t54A>C Thr252Pro Likely pathogenic | pathogenic

lg3 c.1546C>A Pro516Thr Likely pathogenic | non-pathogenic

Ig5 €.2084G>C Arg695Pro Likely pathogenic | pathogenic

Igb €.2311G>A Gly771Ser Likely pathogenic | pathogenic

Igl14 c.4706C>T Alal569Val Likely pathogenic | non-pathogenic

Ig22 c.7409C>A Pro2470His Likely pathogenic | pathogenic
432
433  Additionally, we examined whether predictions are biased by the frequency of occurrence of the
434  variants in the GhomAD database. This was an important point to check because our non-pathogenic
435  variant learning set was assembled based on the premise that non-pathogenic variants exhibit high
436  occurrence frequency (33,42). Furthermore, all variants that we included in the pathogenic variant
437  learning are infrequent variants, although their frequency was not part of selection criteria. For this
438 purpose, 16 rare variants (<10 allele frequency), with no reported pathogenicity, were selected and
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439 used as test cases. Nine of them were predicted to be pathogenic and seven to be non-pathogenic
440  (Table S6). While there is no experimental or observational proof that these predictions are correct,
441  they indicate that the algorithm is not simply classifying based on rarity. In other words, this indicates
442  that predictions made with AMIVA-F are independent of the variant frequency within the population.
443 Pathogenic variants identified by AMIVA-F match well with biophysical and structural expectations
444 regarding their effects. Collectively, our benchmarking and validation indicate that AMIVA-F
445  performance is adequate to make accurate and actionable predictions.

416 Discussion

447 Many patients suffering from cardiomyopathies carry mutations in the FLNC gene. Therefore, early
448  identification of disease-associated mutations in this gene is becoming particularly important from a
449 clinical perspective. However, research has shown that not all FLNC mutations are pathogenic, and
450 some cardiomyopathies are caused by other factors, highlighting the need for methods that can
451  predict pathogenicity of FLNC mutations. In this context, knowledge-based machine learning
452 algorithms may represent a powerful strategy for rapid FLNC variant classification. Here, we address
453  this need by combining clinical information with cellular, molecular and biophysical data to develop
454  computational tool for automatic identification of pathogenic FInC variants. The unique strength of
455 our approach is the seamless integration of patient data, which resulted in description of eight FLNC
456 variants, and cell-based, biophysical and structural analysis, which characterized the effect of several
457  variants with varied disease severity (from neutral to highly pathogenic). These data, together with
458  comprehensive information gathered from the literature, yielded the machine-learning algorithm
459  AMIVA-F that predicts pathogenicity of FInC variants with actionable accuracy.

460 In terms of our patient data, this study investigated the following clinical phenotypes: (i) the most
461  severe phenotype DCM/ARVC with heart failure resulting in HTX at 3rd decade of life (patient #1); (ii)
462  two female patients (patient #6 and #7) with mild cardiac abnormalities who did not develop CM
463 phenotype until the 8th decade of life, and had a history of SD in the family due to ARVC diagnosed
464 PM; and (iii) RCM/HCM phenotype, also overlapping in the families with dominant atrial
465  tachyarrhythmias and HF presentation, no sustained VT, no sudden death in the family, and without
466 peripheral myopathy (patients #2 - #5, #8). In addition to differences in clinical phenotypes, we
467  showed that patients in our cohort also exhibited differences in FLNC variants. The most sever
468 phenotype (patient #1) was the carrier of variant ¢.245T.G that results in p.Met82Lys point mutation
469 located within the ABD of FInC, which is likely related to protein aggregate toxicity, similarly to
470  myofibillar myopathy or HCM (43) (5). Thus, this is in general agreement with a recognized role of
471 FLNC variants that cause misfolding in the mechanism of CMs (3). Of the other patients in our cohort,
472  mutations found in three patients (p.Ser1624Leu in Igl4 (Patients #2 and #3); and p.Lys2260Arg in
473 Ig20 (Patient #7)) were classified as “conflicting interpretation of pathogenicity” by ACMG.
474  Additionally, two mutations (p.Gly1676Arg in Ig15 (Patient #4) and p.GIn2058Arg in Ig19 (Patient #6))
475 are classified as being of “uncertain significance” by ACMG, whereas two mutations (p.Arg2018Pro in
476  1g18 (Patient #5) and p.Pro2298Leu in 1g20 (Patient #8) are not currently classified by ACMG. The lack
477  of classification or uncertainty and conflicting interpretation of pathogenicity all contribute to current
478  difficulties in CM patient stratification and treatment.
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479 Our results are of special interest and significance given that majority of best characterized disease-
480 associated FLNC variants are truncations, or changes with ABD and ROD 1 and ROD 2 domains (6,44-
481  46). Only three missense FLNC variants have been classified as likely pathogenic: p.Phel06Leu in the
482  setting of compound heterozygozity, p.Alal23Met, and p.Gly2070Ser, the remaining were classified
483  as variant of uncertain significance (VUS) (4). This emphasises the requirement for a more refined
484  categorization of the FLNC missense variants. Overall, although the majority of the presented variants
485  are VUS according to ACMG, we provided a compelling clinical, genetic and experimental evidence of
486 the involvement of 6 of 8 missense FLNC variants in CM, with the final classification of gene variants
487  based on the bioinformatics tool AMIVA-F and familial cosegregation studies.

488  Our systematic analysis of the effects of point mutations on stability, structure and function of FInC
489  vyielded several important insights. As noted before, pathogenic point mutations are distributed across
490 the entire FInC protein - across its ABD as well as the 24 Ig domains. Therefore, we selected to conduct
491  an in-depth characterization of point mutations distributed across different domains. In our hands,
492  the construct featuring a point mutation within the ABD (Met82Lys) was not stable enough to be
493 recombinantly expressed. This mutation also caused a profound phenotype in our cell-based assays,
494  where we observed formation of cytoplasmic FInC-containing aggregates that sequestered titin,
495 leading to disappearance of striated myofibrils. Two pathogenic mutations were analyzed,
496  p.Serl624Leu and p.Gly1676Arg, which we studied in the context of the 1g14-15 construct, decreased
497  thermal stability and disrupted its structure. Additionally, both p.Ser1624Leu and p.Gly1676Arg also
498 had a profound phenotypic effect in cells, in further agreement with severity of the disease
499  documented in patients. Therefore, point mutations that destabilize FInC have a negative impact on
500 its function, possibly by disrupting its proper folding necessary for establishing correct interactions
501  with numerous functionally relevant binding partners. This is in agreement with commonly accepted
502  view that mutations that destabilize protein structure are detrimental to their function, as well as our
503 results obtained using variants (p.GIn2058Arg in 1g19 and p.Lys2260Arg in 1g20) that exhibited no
504  effect on thermal stability or structure, suggesting that they might be non-pathogenic. Unexpectedly,
505 pathogenic mutations (p.lle2160Phe and p.Pro2298Ser studied in the context of 1g19-1g21 construct),
506  had the opposite effect on thermal stability. These mutants were more stable than the wild-type, and
507 yet were associated with severe disease phenotypes. This suggests that stabilizing changes in FInC
508  structure can also have a negative impact on its ability to engage relevant binding partners, thus
509 interfering with its function. Overall, our results indicate that the relationship between variant
510 pathogenicity and thermal stability of the human FInC domains is rather complex and can be
511  unexpected. However, two conclusions are clearly supported by our data: (i) pathogenicity is
512 associated with perturbations of fold stability; and (ii) pathogenicity can be associated with inter-
513  domain interactions, suggesting that biophysical pathogenicity-stability studies need to be conducted
514 not with single but multi-domain constructs. Furthermore, when we overlaid structures (solved or
515 calculated) of all Ig domains in FInC and mapped distribution of pathogenic mutations in our dataset,
516  we observed that these cluster within specific structural elements, most notably between the loop
517 hosting the PXSP motif and the N-terminal side of the Ig domain (Figure 5A). These regions are highly
518 conserved among human FInC Ig domains (Figure 5B, Figure S3), suggesting that structural
519  conservation combined with sequence conservation might be a stronger indicator of functional
520 relevance, and, by extension, predictor of pathogenicity.

521 Driven by our interest to understand molecular basis of pathogenic mutations, we examined the
522  interactions of PXSP motif and noted a presence of phenylalanine following the PXSP motif. This
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523 residue forms CH-Tt electron interactions that can stabilize the uncommon Pro cis conformation (47)
524 (Figure 5C, inlet), and contacts additional regions including a highly conserved lle/Val residue that

525 precedes the motif and is a pathogenic hotspot (Figure 5C). Given the importance of the phenylalanine
526 residue in orchestrating both the PXSP motif and the stability of the Ig domain, we propose extending
527  the motif to PXSPF. Further evidence for the critical role of the PXSPF motif and specifically of the
528  serine residue comes from a phosphoproteomics study (26), which revealed this site is phosphorylated
529  in several Ig domains of FInC. Our data corroborate its importance, as mutation of this serine is one
530 among several pathogenic mutations in the PXSPF motif. Based on its high conservation, we
531 hypothesize that mutations of the PXSPF motif in other domains will likely be pathogenic as well.
532  Additionally, we also note the presence of pathogenic mutations with a unique 82 amino acid insertion
533  specific to FInC (when compared to other family members).

534  We used what we learned from our studies and combined it with literature information to develop a
535 pathogenicity prediction machine-learning algorithm AMIVA-F based on a multilayer perceptron
536  neural network. Its performance, estimated by 10-fold stratified cross-validation and using an external
537  test set, is remarkable as AMIVA-F outperforms other predictive tools, such as Polyphen2 (48), SIFT
538  (49) and Provean (50), used in clinical diagnostics designed to predict changes in protein stability (28).
539 AMIVA-F increases the accuracy to 78.6% against 73.4%, 64.2%, and 65.9% for Polyphen2, SIFT, and
540 Provean, respectively (Table S7). However, Polyphen2, SIFT, and Provean are applicable to all types of
541  proteins, while AMIVA-F was specifically designed to analyze variants in FInC. This suggests that using
542 protein-specific knowledge, such as structural, biochemical, and biophysical attributes, improves
543  prediction accuracy, and may therefore represent an important approach going forward. If structural
544  data and suitably large learning sets are available, similar machine learning techniques can be tailored
545 to analyze missense variants of any given system.

546

sa7 Materials and methods

548 Patient data

549  The patients described in the paper were recruited to a multicenter, observational, longitudinal cohort
550  study of patients with FInC recruited from 19 European cardiomyopathy units between 1990 and 2018.
551  The study conforms to the principles of the Helsinki declaration. The authors from each participating
552 center guarantee the integrity of data from their institution and have approval for anonymised patient
553 data collation and analysis from local ethics committee/internal review board. All participating
554  patients consented to genetic testing. Detailed methods on the genetic testing and clinical assessment
555  were published recently (45).

556
557  Cell biophysics

558  Neonatal rat cardiomyocytes were prepared by standard methods from 3-day old pubs, plated on
559 collagen-coated dishes and transfected one day after plating with pEGFP constructs containing wild-
560 type or mutant filamin-C, tagged at the N-terminus with GFP, as described (gift of D. First, Bonn.
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561 (13,51). After two days, cells were fixed with 4% paraformaldehyde on ice for 5 minutes, processed
562  for immunostaining with the T12 anti-titin monoclonal antibody (52) and imaged on a Zeiss LSM510
563 Meta confocal microscope using a 63X oil immersion objective.

564
565  Structures and structural models of FInC Ig-domains

566  The 3D structures of 25 filamin domains that have been determined experimentally were downloaded
567  from the Protein Data Bank (53-55) (Table S5). For domains where experimental 3D structures were
568  unavailable, homology models were generated by using the Modeller package (56), based on available
569 structures of FInA or FInB templates. A total of five structures per template were generated based on
570  Modeller Automodel function, energy was minimized according to DOPE and GA341 scores and the
571 lowest energy model was used for further computations (systematically associated with a GA341 score
572  of 1.00). For I1g16 and Ig19-21, we utilized I-Tasser (30,31) models which were generated through
573  threading. In order to reinforce our Modeller and I-Tasser homology structures, we used AlphaFold2
574 (57) which showed excellent agreement. Ribbon representations of all structures can be found in

575 Figure S1.

576

577  Training variants learning sets

578 In order to distinguish between pathogenic and benign variants of FInC mutations we gathered a total
579  of 173 mutations and split them into two classes.

580  The first class consisted of disease-related mutations which were already verified experimentally and
581  were classified as "pathogenic" (Table S3).

582 For the second class of mutations, we selected missense mutations from the GnomAD database
583 according to the criteria suggested by Karczewski et al. (33), who found that pathogenic mutations
584  tend to appear with lower frequencies, compared to neutral ones. Furthermore, the presence of
585  homozygotes can give indication that a mutation is potentially benign. In detail, non-pathogenic
586  variants were selected according to the following criteria: (i) high allele count (number of cases
587  reported), (i) allele frequency >> 103 (extrapolation of frequency in the population), and/or (iii)
588 presence of homozygotes. Details on the selection of non-pathogenic variants can be found in Table
589 S4.

590 In total, this resulted in 108 pathogenic and 65 non-pathogenic variants.
591
592  Machine learning algorithm

593  We utilized WEKA (38) a workbench for machine learning tools and algorithms in order to set up our
594 machine learning algorithm.

595 In order to benchmark our algorithm, we used ZeroR, an algorithm that always predicts the most
596  common instance in a dataset and therefore defined a baseline accuracy, which is solely dependent
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597 on the underlying datasets and is algorithm independent. For our dataset, ZeroR determined a 62.4%
598  baseline accuracy.

599 Initially, we tried several algorithms, ranging from random forest type algorithms, over decision tables,
600  bayesian logic, linear regressions and many more. Ultimately, the final optimized algorithm was found
601  to be a multilayer perceptron neural network with a weighted average true positive (TP) rate of ~80%.
602  The exact metrics are shown in (Table 1). Pertinent details are shown in Table S8.

603
604  Cross-validation and prevention of overfitting

605 Due to the relatively low amount of data (173 variants), particular precautions needed to be taken.
606  This arose due to the fact that upon normal cross validation, probability would be higher to bin outliers
607  together and therefore artificially increase bias. For bigger datasets, this concern becomes less
608 relevant given that binning large datasets results in lower contribution of potential outliers to the
609 binned averages while in smaller datasets, a few outliers could skew considerably the average. In order
610 to counteract that, we utilized 10-fold stratified cross validation to ensure incorporation of all data,
611  while also preventing disproportionate bias through random sampling which could happen in normal
612 unstratified cross validation.

613
614  Attributes used to distinguish pathogenic and benign mutations

615 The 11 different parameters used to feed our algorithm are described below

616 (1) Absolute solvent accessibility in A2 of the wild-type residue, computed with Naccess (Hubbard, S
617  J.,Thornton, J] M. NACCESS, Department of Biochemistry and Molecular Biology, University College
618 London)

619 (2) Absolute solvent accessibility in A2 of the mutant residue, computed with Naccess (Hubbard, S
620  J.,Thornton, J] M. NACCESS, Department of Biochemistry and Molecular Biology, University College
621 London)

622  (3) Relative solvent accessibility of the wild-type residue, discretized into three classes according to
623  (WORTH; PREISSNER; BLUNDELL, 2011): accessible (>43% relative SASA), partially accessible (17-43%
624 relative SASA), and inaccessible (<17% relative SASA).

625 (4) Relative solvent accessibility of the mutated residue, discretized into three classes according to
626 (WORTH; PREISSNER; BLUNDELL, 2011): accessible (>43% relative SASA), partially accessible (17-43%
627 relative SASA), and inaccessible (<17% relative SASA).

628  (5) Change in numbers of non-hydrogen atoms upon mutation.

629  (6) Change in hydrophobicity upon mutation according to the scale of (KYTE; DOOLITTLE, 1982).
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630 (7) Difference between attributes 3 and 4, which are discrete variables: as a consequence this attribute
631 s discretized too and it is classified at “no change” if the attributes 3 and 4 are equal, “better” if the
632 solvent accessibility increases upon mutation, and “worse”in the opposite case.

633 (8) A composite discrete variable, taking into account known binding partners, introduces side-chain
634  clashes upon mutation as well as potential disruption of a phosphosite. Mutations were deemed to
635  clash if there was no side-chain rotamer in the Pymol library (The PyMOL Molecular Graphics System,
636  version 2.3, Schrodinger, LLC) that could have been fitted without altering the structure. Mutations
637  were considered to be related to protein phosphorylation, and as a consequence prone to engender
638  pathological consequences, if closer than 8 A from a phosphorylation site. Ca - Ca - distances were
639 used as a cutoff distance here and phosphorylation sites were taken from (REIMANN; SCHWABLE;
640  FRICKE; MUHLHAUSER et al., 2020).

641 (9) side-chain orientation of the affected amino acid. In the case of Pro/Gly this is labelled with a “?”.
642 This attribute can either assume 2 states, “towards solvent” or “towards protein core”.

643  (10) Type of secondary structure of the mutated residues - a special tag was used for mutations located
644 in the partially disordered insertion region of 1g20.

645  (11) A composite variable, combining solvent accessibility and change in hydrophobicity named SAP-
646 score (VOYNOV; CHENNAMSETTY; KAYSER; HELK et al., 2009). This parameter was shown to correlate
647  well with aggregation propensity, hence the name spatial aggregation propensity score.

648
649 Plasmids and DNA constructs

650 1g14 (residues 1534-1634), Igl5 (residues 1633-1736), lg14-15 (residues 1534-1736), Igl4-
651  15°%2%(residues 1534-1736), 1g14-155%76R (residues 1534-1736), I1g19 (residues 2033-2130), I1g21
652  (residues 2313-2406), 1g2021 (residues 2132-2406), 1g1921 (residues 2036-2406), 1g1921'160F
653  (residues 2036-2406), 1g1921W21%4C (residues 2036-2406), 1g1921P 2285 (residues 2036-2406),
654  1g1921%2058 (residues 2036-2406) and 1g1921 K226k (residues 2036-2406) of the human FLNc gene
655  (UniProt code Q14315) were cloned into p3NH-vector (58) which confers resistance to
656  chloramphenicol and kanamycin, and attaches an N-terminal Hiss tag followed by a human rhinovirus
657 3C protease cleavage site.

658
659 Protein expression

660  For protein expression, 6x 500 mL Autoinduction media (no trace metal mix added) supplemented
661  with 100 pg/mL chloramphenicol and 50 pg/mL kanamycin was inoculated with 20 mL overnight
662  culture and grown at 37°C until ODggo ~0.8 shaking at 150 rpm. Then the temperature was reduced to
663 20°C and after 12 hours the culture was centrifuged (4°C, 5000xg) and the resulting cell pellet was
664  either processed immediately or frozen in liquid nitrogen and stored at -80°C.

665
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666  Protein purification

667 Ig21 and Ig19 cell pellets were resuspended in 100 mL lysis buffer (1x PBS, 20 mM imidazole, pH 7.4)
668  while 1g20-21, Ig19-21, I[g19-21Q2058R |g19-2112160F |g19-21K2260R |57Q.21P 22985 |g19-21W2164C cel| pellets
669  were resuspended in 100 mL lysis buffer (1 X PBS, 20 mM imidazole, 2 M urea, pH 7.4). 1g14, 1g15,
670  1g14-15, 1g14-15°1624 |g14-156576R cel| pellets were resuspended in 100 mL lysis buffer (50 mM MES,
671 150 mM NaCl, 2 M urea, pH 6.5). All lysis buffers were supplemented with 50 uL DNasel (10 mg/mL)
672  and sonicated twice for 3 min (50% Amplitude; 1s Pulse On; 1s Pulse Off). The lysate was clarified by
673 centrifugation and subsequently, the supernatant was loaded onto a 5 mL HisTrap FF crude (GE
674 Healthcare) column pre-equilibrated with lysis buffer. Constructs eluted with a step gradient using an
675 elution buffer (1 X PBS, 500 mM imidazole, pH 7.4) for Ig19 and Ig21, while 1g20-21, 1g19-21, Ig19-
676 21Q2058R ' |519-2112160F '|519-21K2260R |519-21P 22985 \yere eluted with 1 X PBS, 500 mM imidazole, 2 M
677  urea, pH 7.4.1g14, 1g15, 1g14-15, 1g14-155%624 |g14-1561676R were eluted with 50 mM MES, 500 mM
678  imidazole, 2 M urea, pH 6.5. The N-terminal His-tag of 1g14, I1g15, 1g14-15, Ig14-15°16?4 |g14-1561676R
679 Ig19 and Ig21 was cleaved by overnight incubating with human rhinovirus 3C protease with human
680 rhinovirus 3C protease and afterwards loaded again onto a 5 mL HisTrap FF crude column pre-
681 equilibrated with corresponding lysis buffer. These constructs were concentrated after pooling the
682  fractions containing pure protein. Individual fractions of purified constructs were frozen in liquid
683 nitrogen without further concentration and stored at -80°C until further use. Prior to the DSC
684  experiments, the samples were overnight inoculated with human rhinovirus 3C protease and
685  afterwards loaded again onto a 5 mL HisTrap FF crude column pre-equilibrated with corresponding
686 lysis buffer. The successfully cleaved samples were subsequently buffer exchanged using a Superdex
687 $200 5/150 GL or 10/300 increase column (GE Healthcare) connected to an Agilent HPLC 1260 Affinity
688  equipped with a fraction collector. The column was either equilibrated with 50 mM MES 150 mM NacCl
689  pH6.5forlgl4, Igl5, 1g14-15, Ig14-1561676R |g14-155%624 or 1x PBS 150 mM NaCl pH 7.4 for 1g19, 1g20-
690 211g21, 1g19-21, 1g19-2192058R 1g19-27!2160F |519-21K2260R '|519-21P 22985 gnd |g19-21W2164C constructs.

691
692  Crystallization of 1g14-15, 1g14-1551524 and 1g14-156167¢6R

693  Crystallization was performed using SWISSCI MRC three-well crystallization plates (Molecular
694 Dimensions) applying the sitting drop vapour diffusion method. Crystallization plates with
695 commercially available screens were set up using the Mosquito crystallization robot (TTP LabTech).
696  The reservoir was filled with 35 pL of precipitant solution and different ratios of protein to precipitant
697 (150:200 nL, 200:200 nL and 250:200 nL) were applied. Crystallization plates were stored in a
698  Formulatrix RI-1000 imaging device at 22°C. Crystals of Ig14-15 were obtained in SG1™ (ShotGun)
699  screen (Molecular dimensions) in well G1 (0.1 M HEPES pH 7.0, 30 % v/v Jeffamine® ED-2003). Crystals
700  of 1g14-1556%% were obtained in PACT premier™ screens (Molecular dimensions) in well A2 (0.1 M
701 SPG buffer: succinic acid, sodium phosphate monobasic monohydrate, glycine; pH 5.0, 25 % w/v PEG
702 1500) and crystals of 1g14-15%167¢R jn 0.1 M Bis-TRIS pH 6, 26.4 % w/v PEG 3350, 5% glycerol (initial
703 conditions SG1 condition F11).

704  Crystals of 1g14-15, 1g14-15516%4 were soaked with mother liquor supplemented with 20% 2-methyl-
705  2,4-pentanediol (MPD), collected with cryo-loops and flash-vitrified with liquid nitrogen. For Igl4-
706  156%7%R mother liquor supplemented with 20% of glycerol was used as cryoprotectant.
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707 Data collection and structure refinement

708  Datasets of 1Ig14-15 were collected at beamline i24 of the Diamond Light Source (UK) at 100 K using a
709  Pilatus3 6M. Crystals of 1g14-15°%624 on i04 of the Diamond Light Source at 100 K using a Pilatus 6M-F
710 and crystals of 1g14-156%76R at beamline MASSIF-1 at ESRF wusing a Pilatus3 2M
711 (http://dx.doi.org/10.1107/S1399004715011918). The dataset was processed with XDS and
712 symmetry equivalent reflections merged with XDSCONV (59). Intensities were not converted to
713 amplitudes. Initially, we used a conservative high-resolution cutoff 1.7 A (CCy2 = 67.5; 1/0(1)=1.57) for
714  1g14-15, 1.92 A (CCy/, = 86; 1/0(1)=2.1) for 1g14-155262% and 1.83 A (CCy/, = 93.9; 1/0(1)=3.81) for Ig14-
715 1561676R (60). The phase problem of Ig14-15 was solved by molecular replacement using MORDA from
716  ccp4 online (61,62). For 1g14-1551%24 and 1g14-155%7¢R we used phenix.phaser (63) taking 1g14-15 as
717  the search model. The models were further improved by iterative cycles of a manual model building
718 using COOT (64) and maximum likelihood refinement using phenix.refine (65). Phenix.refine converted
719 intensities into amplitudes using the French and Wilson algorithm (66). The final high-resolution cutoff
720  was based on performing paired refinement using PAIREF (67) and PDB_REDO webserver (68).

721 Final stages of refinement included translation-libration-screw (TLS) parameters, isotropic B-factor
722  model, automated addition of hydrogens and water molecules, optimization of X-ray/ADP weight, and
723  optimization of X-ray/stereochemistry weight for 1g14-155162% and 1g14-156%78R For Ig14-15 an
724  anisotropic B-factor model. The models were validated with MolProbity (69) and the PDB_REDO
725  webserver. The statistics on data-collection and refinement are reported in Table S2.

726  Figures were prepared with PyMOL Molecular Graphics System (Version 2.4.0, Schrédinger, LLC).
727  Atomic coordinates have been deposited in the Protein Data Bank under the accession code Ig14-15
728  (70UU), 1g14-1551624L (70UV) and Ig14-1561676R (7POE).

729
730  DSC analysis

731 Based on experimental buffer screening (not shown here), MES buffer (50 mM MES, 150 mM NaCl pH
732  6.5) was selected for 1g14-15 constructs and PBS (1x PBS, 150 mM NaCl pH 7.4) buffer for 1g19-21
733 constructs. The constructs were investigated in the temperature range of 20 to 110°C. Protein
734  concentration was determined by 280 nm absorbance. The extinction coefficients were calculated
735  from the primary amino acid sequence using Protparam (https://web.expasy.org/protparam).

736 Both buffers are DSC compatible and did not show any extensive contribution to heat capacity which
737  could distort results. We kept concentrations of wild-types and mutants around 1 mg/ml. Due to
738  ongoing aggregation during concentration, 1g19-21'216F gand 1g19-21"%2%% were measured at 0.82
739  mg/ml and 0.67 mg/ml, respectively, which still yielded interpretable thermograms. Normalized
740  values were used for comparison of different mutations in terms of changes in enthalpy upon
741  unfolding. For data analysis, a “non two state” model was employed to fit all thermograms, besides
742 Ig19, I1g14, Ig15 and Ig21, where a “two state” model was used to fit the experimental data based on
743 agreement between calculated Van't Hof and observed calorimetric enthalpy. For each experimental
744  run, the baseline approximation under the transition curve was calculated with a spline
745  approximation. Prior to each experimental construct run, we conducted at least three buffer runs to
746  counteract thermal hysteresis of the device and chose the most stable buffer run for later buffer
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747 subtraction. All experiments from this study were conducted on a MicroCal PEAQ-DSC from Malvern
748  Panalytical.

749

750 Web-server, data and code availability

751  AMIVA-F is accessible as a web server based version through http://amiva.msp.univie.ac.at/ which

752 does not require any mandatory dependencies.

753 A standalone version of AMIVA-F can be found under https://pypi.org/project/AMIVA-F/ or
754 https://github.com/nagym72/AMIVA-F.

755  The atomic coordinates of all homology models (and AlphaFold2 validation structures) are available
756  upon request or downloadable from PyPi under the project folder of AMIVA-F
757  (https://pypi.org/project/AMIVA-F/). The published package contains a training set, homology and
758  experimentally derived structures and tutorials.

759 While the web server runs without any dependencies, an in depth tutorial guiding the installation
760 process and the usage of AMIVA-F for the standalone version is included. In order to utilize the
761  standalone AMIVA-F version, a Java virtual machine (JVM) and PyMol are required (instructions on
762  installation for a step by step guidance is specified at https://pypi.org/project/AMIVA-F/).

763  Java is required in order to access WEKA, the machine learning platform, while Pymol is required to
764 compute some of the input parameters required for WEKA.

765 Inside the AMIVA-F GUI, an extensive tutorial and additional information for advanced users is
766 available. AMIVA-F is tested on Windows10, as well as in a virtual environment (Anaconda 3, from
767  python=3.6 up to 3.9), MacOSF and Linux (Ubuntu 20.04.2 LTS, Ubuntu 22.04.1) and is designed to be
768  operating system independent.

769  The crystal structures have been deposited in the Protein Data Bank and are available with these links
770  and will be released upon publication:

771 https://www.rcsb.org/structure/unreleased/70UU

772 https://www.rcsb.org/structure/unreleased/70UV

773 https://www.rcsb.org/structure/unreleased/7POE

774

775 Web resources

776  Please provide a URL and title for the website at which the novel computer program described in the
777  manuscript will be made publicly available in a Web Resources section within the manuscript.

778  Website at which AMIVA-F is publicly available:
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780 https://pypi.org/project/AMIVA-F/
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