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A novel αB-crystallin R123W variant drives hypertrophic cardiomyopathy by promoting maladaptive calcium-dependent signal transduction
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Hypertrophic cardiomyopathy (HCM) is the most common inherited cardiovascular disorder affecting 1 in 500 people in the general population. Characterized by asymmetric left ventricular hypertrophy, cardiomyocyte disarray and cardiac fibrosis, HCM is a highly complex disease with heterogenous clinical presentation, onset and complication. While mutations in sarcomere genes can account for a substantial proportion of familial cases of HCM, 40%–50% of HCM patients do not carry such sarcomere variants and the causal mutations for their diseases remain elusive. Recently, we identified a novel variant of the alpha-crystallin B chain (CRYABR123W) in a pair of monozygotic twins who developed concordant HCM phenotypes that manifested over a nearly identical time course. Yet, how CRYABR123W promotes the HCM phenotype remains unclear. Here, we generated mice carrying the CryabR123W knock-in allele and demonstrated that hearts from these animals exhibit increased maximal elastance at young age but reduced diastolic function with aging. Upon transverse aortic constriction, mice carrying the CryabR123W allele developed pathogenic left ventricular hypertrophy with substantial cardiac fibrosis and progressively decreased ejection fraction. Crossing of mice with a Mybpc3 frame-shift model of HCM did not potentiate pathological hypertrophy in compound heterozygotes, indicating that the pathological mechanisms in the CryabR123W model are independent of the sarcomere. In contrast to another well-characterized CRYAB variant (R120G) which induced Desmin aggregation, no evidence of protein aggregation was observed in hearts expressing CRYABR123W despite its potent effect on driving cellular hypertrophy. Mechanistically, we uncovered an unexpected protein-protein interaction between CRYAB and calcineurin. Whereas CRYAB suppresses maladaptive calcium signaling in response to pressure-overload, the R123W mutation abolished this effect and instead drove pathologic NFAT activation. Thus, our data establish the CryabR123W allele as a novel genetic model of HCM and unveiled additional sarcomere-independent mechanisms of cardiac pathological hypertrophy.
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Introduction

Hypertrophic cardiomyopathy (HCM), characterized by myocyte hypertrophy resulting in the thickening of the ventricular wall, decreased ventricular volume and diastolic dysfunction, has been recognized as the most common inherited cardiovascular disease, affecting 1 in every 500 young individuals (1). Inheritance is archetypally considered autosomal dominant with high penetrance in 50%–60% of patients (2, 3). The relatively high concordance has enabled multiple genome wide association studies to identify causal genetic mutations that underly HCM pathogenesis in large and unrelated cardiomyopathy families (4–8). Among the chromosomal loci that have been linked to HCM, the majority of mutations occur in genes encoding cardiac sarcomere proteins (8), including β-myosin heavy chain, cardiac myosin binding protein C and cardiac troponin T, which have well described roles in cardiomyocyte excitation-contraction coupling (9). While extensive studies have been conducted to elucidate the molecular mechanisms by which sarcomere protein variants cause HCM, less than 30% of patients with established diagnosis of HCM carry sarcomere gene mutations classified as or presumed to be pathogenic (10). In fact, isolated and sporadic HCM cases in which the proband does not carry any known HCM mutations may account for up to 40% of all HCM cases (11). Thus, the sarcomere-centric paradigm of HCM pathogenesis does not fully encapsulate the pathogenic mechanisms of HCM and many causal mutations for HCM still remain elusive (12).

Decades ago, a genetic linkage study identified a novel variant of the alpha-crystallin B chain (CRYAB) as a cause of HCM in a French family with myopathy in multiple organs (13). CRYAB is a member of the small heat shock binding protein (sHSBP) family and serves as a molecular chaperone with a wide spectrum of biological functions in cardiomyocytes, ranging from modulating calcium signaling (14), preventing protein aggregation (15–17), regulating autophagy (18, 19), to maintaining cellular survival (20). Intriguingly, under physiologic conditions, CRYAB in fact spontaneously organize into dimers and oligomers with little chaperone activity (21, 22). Stress signals such as elevated temperature disrupt the oligomeric complex, thereby exposing the unstructured N- and C-terminal domain, which provide the necessary chaperone function (23, 24). It thus appears that maintenance of CRYAB dimer/oligomer state under physiologic conditions may be essential in preventing inappropriate interaction with other proteins. Stabilization of CRYAB dimers is critically dependent on salt-bridges formed by arginine at position 120 and aspartic acid at position 109 on respective dimerization partners (21, 22) with non-synonymous mutations of R120 and D109 causally linked to various familial cardiomyopathies (25). In particular, substitution of R120 for glycine (hereon designated as CRYABR120G) was identified as a causal mutation in Desmin related myopathy characterized by intracellular accumulation of spheroid inclusion bodies consisted of Desmin (26). Consistently, CRYABR120G expression was sufficient to induce Desmin aggregation in murine cardiomyocytes and mice over-expressing CRYABR120G specifically in cardiomyocytes developed spontaneous cardiac dysfunction and succumbed to disease at 32 weeks of age (27). Cryoelectron microscopy revealed abnormal quaternary structure of CRYABR120G with an apparent molecular weight more than doubled compared to wild-type CRYAB, suggesting R120G mutation disrupts proper oligomerization of CRYAB (28). Another variant of CRYAB where D109 was mutated to glycine (hereon designated as CRYABD109G) has been linked to familial restrictive cardiopathy (29), with a presumed mechanism of dimer/oligomer destabilization considering the critical ionic interaction between D109 and R120. Collectively, these seminal works identified CRYAB as a potential hotspot for cardiomyopathy-inducing gene mutations. Recently, we reported a case of monozygotic twins who developed concordant HCM phenotypes that manifested over a nearly identical time course (30). Among the non-synonymous variants of HCM-associated genes, we identified yet another variant of CRYAB (OMIM 123590) where the arginine at amino acid 123 was substituted for tryptophan (hereon designated as CRYABR123W). While previously classified as a variant of unknown significance, the high concordance of diease manifestation by the pair of monozygotic twins strongly implies a causal role of CRYABR123W in HCM pathogenesis.

In this study, we demonstrated that CRYABR123W readily promoted cellular hypertrophy in vitro and mice carrying the CryabR123W allele spontaneously developed diastolic dysfunction with aging. Although hearts from these animals did not undergo hypertrophy at steady-state, pressure-overload by transaortic constriction (TAC) markedly induced cardiac hypertrophy and parenchymal fibrosis, associated with progressive systolic dysfunction. Mechanistically, CRYAB binds to calcineurin in co-immunoprecipitation assays, and such interaction may be critical for CRYAB-dependent suppression of maladaptive calcium signaling in response to pressure-overload. Intriguingly, the R123W mutation abolished such cardioprotective effects and instead converted CRYAB into an activator of pathologic calcium signaling.



Results


CRYABR123W enhances contractility early but impairs diastolic function with aging

To test whether the CRYABR123W variant is sufficient to drive cardiomyocyte hypertrophy, H9c2 cells derived from rat cardiomyofibroblasts were engineered to express human wild-type CRYAB (hCRYABWT) or the R123W variant (hCRYABR123W) via lentiviral transduction (Figure 1A). Consistently, ectopic expression of hCRYABR123W variant but not hCRYABWT resulted in substantial cellular hypertrophy (Figures 1B,C). To evaluate whether CRYABR123W drives HCM pathogenesis in vivo, we generated knock-in mice carrying the CryabR123W mutation using CRISPR/Cas9-mediated homology directed repair (Figures 1D–F). While no cardiomyocyte or cardiac hypertrophy was observed in heterozygous or homozygous mice at steady-state (Figures 2A–C), Emax was already increased in CryabR123W/R123W mice and to a lesser extent in CryabR123W/+ counterparts at eight weeks of age (Figure 2D). Intriguingly, enhanced Emax was no longer observed in aged mice carrying the CryabR123W allele (Figure 2E). Rather, CryabR123W/R123W mice showed an increased E/E′ (Figure 2F), indicating diastolic dysfunction which is commonly seen in almost all HCM patients (31). Together, these data established CRYABR123W as a potential disease-causing variant in human HCM with its pathogenic function likely conserved between human and rodents.
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FIGURE 1
Generation of the CryabR123W knock-in allele. (A) Transduction of H9c2 cells with lentiviruses expressing the indicated constructs. (B) Immunofluorescence microscopic images showing CRYAB expression in H9c2 cardiomyofibroblasts transduced with empty, human wild-type CRYAB (hCRYABWT)- or R123W variant (hCRYABR123W)-expressing lentivirus. Data are representative of two independent experiments. (C) Cross-section areas of H9c2 cells transduced with indicated lentiviruses. Data are pooled from two independent experiments. (D) A schematic diagram showing the generation of the CryabR123W knock-in allele via CRISPR/Cas9-mediated homology directed repair. The trinucleotides in red denote the protospacer adjacent motif (PAM). The asterisk indicates the cleavage site by the Cas9 nuclease. The underlined trinucleotides encode the target amino acid and the desired missense mutation. (E) A screening strategy to identify targeted founders. PCR products of targeted allele differed from germ line configuration by a loss of HpaI (H) restriction enzyme site, denoted by the red vertical line. (F) Restriction fragment length polymorphisms analysis of germline and targeted animals. PCR fragments spanning the exon of interest before and after HpaI digestion were analyzed by agarose gel electrophoresis. Data are mean ± s.d. Kruskal-Wallis test (C). ***P < 0.001; ****P < 0.0001.
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FIGURE 2
CRYABR123W-expressing mice spontaneously developed diastolic dysfunction. (A) Cross section areas of cardiomyocytes from Cryab+/+, CryabR123W/+ and CryabR123W/R123W mice between 8- to 12- weeks of age. Data are pooled from two independent experiments. (B) Normalized heart weight by body weight in Cryab+/+, CryabR123W/+ or CryabR123W/R123W mice at 8- to 12-weeks of age. Data are pooled from two independent experiments. (C) Left ventricular posterior wall thickness measured by echocardiogram in mice of indicated genotypes at 8- to 12-weeks of age. Data are pooled from two independent experiments. (D,E) Left ventricular maximal elastance (Emax) of hearts from Cryab+/+, CryabR123W/+ or CryabR123W/R123W mice at 8- to 10-weeks (D) or 50- to 52-weeks (E) of age derived from volume-pressure loop data during the pre-load reduction stage. Data are pooled from three independent experiments. (F) E/E′ of hearts from indicated genotypes at 25- to 30-weeks of age derived from transmural inflow Doppler indexes. Data are pooled from two independent experiments. (G) Longitudinal analysis of left ventricular ejection fraction of Cryab+/+, CryabR123W/+ and CryabR123W/R123W hearts. Data are pooled from two independent experiments. Data are mean ± s.d. Kruskal-Wallis test (A–F). Two-way ANOVA test (G). *P < 0.05; n.s., not significant.




CRYABR123W drives maladaptive cardiac remodeling upon pressure-overload

While the monozygotic twins carrying the heterozygous CRYABR123W mutation developed clinically significant HCM at a young age, no histologic or echocardiographic evidence of significant HCM was observed throughout the lifespan of mice harboring the CryabR123W allele at steady state (Figure 2G and data not shown). Notably, only a few genetic mouse models of HCM to date exhibited spontaneous cardiac hypertrophy and almost all were driven by mutated sarcomere genes expressed from a transgene rather than the endogenous loci (32–35). Knock-in mice for a truncated form of Mybpc3, one of the most commonly mutated disease-causing genes of HCM, in fact did not develop spontaneous cardiac hypertrophy. Rather, the hypertrophic phenotype was only evident upon pressure-overload by TAC (36). Indeed, both CryabR123W/+ and CryabR123W/R123W mice underwent marked cardiac hypertrophy after TAC compared to wild-type controls (Figures 3A,B). Of note, the hypertrophic phenotype appears to be circumferential as often observed in models of pressure overload (Figures 3A,C). Asymmetric hypertrophy, which preferentially affects the interventricular septum in HCM patients is rarely reproduced in mouse models of HCM and was expectedly not observed in the CryabR123W model (Figure 3D). Microscopically, cardiomyocytes from mice carrying the CryabR123W allele underwent greater extent of cellular hypertrophy compared to wild-type counterparts (Figure 3E). Furthermore, hearts from CryabR123W/+ and CryabR123W/R123W mice demonstrated larger areas of parenchymal fibrosis compared to control animals (Figures 3F,G). Thus, the CryabR123W mouse model recapitulated key features of human HCM.
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FIGURE 3
CRYABR123W drives maladaptive cardiac remodeling in response to pressure overload. (A) Hematoxylin/Eosin-stained cross-section of mid-papillary regions from Cryab+/+, CryabR123W/+ or CryabR123W/R123W hearts five weeks after TAC. Data are representative of three independent experiments. (B) Normalized heart weight by body weight in mice of indicated genotypes five weeks after TAC. Data are pooled from three independent experiments. (C,D) Statistical analysis of left ventricular posterior wall thickness and interventricular septum thickness measured by echocardiogram in mice of indicated genotypes five weeks after TAC. Data are pooled from three independent experiments. (E) Cross section areas of cardiomyocytes from mice of indicated genotypes five weeks after TAC. Data are pooled from three independent experiments. (F,G) Masson trichome stained histological sections and percentage of fibrotic areas in hearts from indicated genotypes five weeks after TAC. Data are representative (F) and pooled (G) from three independent experiments. (H) Statistical analysis of left ventricular ejection fraction of Cryab+/+, CryabR123W/+ and CryabR123W/R123W hearts one week prior to and weekly after TAC. Data are pooled from three independent experiments. (I) Left ventricular ejection fraction of Mybpc3Trunc/+, CryabR123W/+ and CryabR123W/+Mybpc3Trunc/+ hearts at indicated time prior to or after TAC. Data are pooled from three independent experiments. Data are mean ± s.d. Kruskal-Wallis test (B–E,G). Two-way ANOVA test (H,I). *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; n.s., not significant.


Systolic dysfunction has been reported in a small proportion of patients with HCM and is associated with poor prognosis (37, 38). Intriguingly, CryabR123W mice progressively developed systolic dysfunction after TAC (Figure 3H). In fact, the decline in ejection fraction was markedly more severe compared to that caused by two truncation variants of MYBPC3, identified by others (36) and our lab (Supplementary Figure S1 and Figure 3I). Importantly, systolic function was not further impaired in CryabR123W/+Mybpc3Trunc/+ mice compared to CryabR123W/+ counterparts (Figure 3I), together suggesting that CRYAB may promote HCM through sarcomere-independent mechanisms. Notably, while Cryab-deficient mice also exhibited pathologic cardiac hypertrophy with systolic dysfunction upon pressure overload (14), such phenotype was not seen in Cryabnull/+ mice but readily evident in CryabR123W/+ animals, indicating that CRYABR123W represents a pathologic rather than loss-of-function variant. These data thus demonstrated that the CRYABR123W variant actively promotes maladaptive cardiac remodeling in response to pressure-overload.



CRYABR123W and CRYABR120G drive cardiomyopathy through distinct mechanisms

Another pathogenic CRYAB variant with substitution of amino acid arginine 120 for glycine (CRYABR120G) has been linked to familial Desmin myopathy, characterized by intrasarcoplasmic accumulation of Desmin aggregates (13). However, distinct from CryabR123W mice which developed cardiac hypertrophy upon pressure-overload, mice expressing the CRYABR120G variant predominantly succumbed to spontaneously developed dilated cardiomyopathy at young age (27). Despite these disparate phenotypes, the close proximity of the two mutated amino acids nevertheless raises the possibility that CRYABR123W may also induce Desmin aggregation. Intriguingly, overexpression of hCRYABR123W did not result in perinuclear aggregation of Desmin, which was otherwise robustly induced by hCRYABR120G (Figure 4A) (39). In fact, unlike CRYABR120G-expressing hearts (27), no protein aggregates were detected in heart tissues from CryabR123W/+ or CryabR123W/R123W mice (Figure 4B). Additionally, while CRYABR120G has been shown to disrupt mitochondrial membrane potential (40, 41) such a defect was not observed in hCRYABR123W-expressing cardiomyocytes (Figure 4C). Thus, CRYABR123W and CRYABR120G∫ drive cardiomyopathy through distinct mechanisms.
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FIGURE 4
CRYABR123W does not induce protein aggregation. (A) Immunofluorescence microscopic images showing CRYAB and DESMIN expression in hCRYABWT-, hCRYABR120G-, and hCRYABR123W-expressing H9c2 cells. Data are representative of two independent experiments. (B) Electron microscopy images of heart sections from Cryab+/+, CryabR123W/+ or CryabR123W/R123W mice at six- to eight-weeks of age. (C) Statistical analysis of mitochondria aggregates to monomer ratio in hCRYABWT- and hCRYABR123W-expressing H9c2 cells treated with DMSO or an electron transport chain uncoupler FCCP. Data are pooled from two independent experiments. Data are mean ± s.d. Mann-Whitney test (C). n.s., not significant.




CRYAB interacts with calcineurin

Myriad molecular mechanisms have been implicated in HCM pathogenesis (42). In particular, enhanced calcium-dependent signaling was consistently observed in myectomized heart tissues from HCM patients regardless of whether sarcomere mutations are present (43, 44). Similarly, an increase in calcium-dependent signaling was also observed in TAC-induced pathologic cardiac hypertrophy in mice (45). Interestingly, Cryab expression was induced by pressure overload and its upregulation appears to be a cardio-protective adaptation that mitigates an otherwise pathologic hyperactivation of calcium signaling and the ensuing cellular hypertrophy (14). These findings thus ascribe CRYAB an anti-hypertrophy role in part through curbing maladaptive calcium-dependent signaling. Mechanistically, CRYAB inhibited nuclear translocation of the transcription factor NFAT (45). As one of the most abundantly expressed chaperone proteins in cardiomyocytes (46), CRYAB has been shown to interact with a wide variety of proteins (47). Yet, besides reported interactions with components of cytoskeleton (48) and effectors of apoptosis (49), whether CRYAB interacts with mediators of the calcium-dependent signaling cascade remains unclear. To this end, we performed a targeted survey of the CRYAB protein interactome focusing on key regulators of the calcium-dependent signaling cascade. Interestingly, immunoprecipitation of CRYAB revealed a robust interaction with calcineurin, but not calmodulin or NFAT (Figure 5A and data not shown). Reciprocally, CRYAB was also detected in a calcineurin-containing protein complex (Figure 5B). Thus, these findings suggest that CRYAB may dampen pathologic calcium-dependent signaling via modulation of calcineurin activity.
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FIGURE 5
CRYABR123W promotes pathologic calcium-dependent signaling transduction. (A) Immunoblot analysis of anti-CRYAB immunoprecipitates (IP) and total cell lysate (input) from H9c2 cardiomyofibroblasts with an anti-Calcineurin (CaN) antibody and a peroxidase-conjugated anti-mouse IgG light chain-specific secondary antibody. Data is representative of three independent experiments. (B) Anti-CaN IP and input from H9c2 cardiomyofibroblasts were analyzed by immunoblot assay using an anti-CRYAB antibody and a peroxidase-conjugated anti-mouse IgG Fc-specific secondary antibody. Data are representative of two independent experiments. (C) Statistical analysis of NFAT-luciferase activity in empty, hCRYABWT- or hCRYABR123W-expressing H9c2 cells one day after co-transfection with a NFAT-inducible firefly luciferase expression plasmid and a constitutive expression plasmid encoding renilla luciferase. The relative luciferase unit is calculated as a ratio between firefly and renilla luciferase activity. Data are pooled from three independent experiments. (D) Normalized firefly luciferase activity by heart weight in steady state six- to eight-week-old Cryab+/+, CryabR123W/+ or CryabR123W/R123W mice carrying a transgene in which firefly luciferase expression is under the control of myosin heavy chain promoter and tandem NFAT enhancer elements. Data are pooled from three independent experiments. Data are mean ± s.d. Kruskal-Wallis test (C,D). *P < 0.05; **P < 0.01; n.s., not significant.




CRYABR123W enhances calcium-dependent signaling

To investigate whether the R123W mutation alters CRYAB's ability to suppress calcium-dependent signal transduction, control, hCRYABWT- or hCRYABR123W-expressing H9c2 cardiomyofibroblasts were transfected with a NFAT-luciferase reporter plasmid in which firefly luciferase expression is under the control of a myosin heavy chain promoter and tandem calcium-responsive enhancer elements (45). Strikingly, the hCRYABR123W variant readily induced calcium-dependent signaling even in the absence of hypertrophic stimuli (Figure 5C), indicating that the R123W mutation in fact converted CRYAB from a suppressor to maladaptive activator of calcium-dependent signaling. To test whether CRYABR123W also promotes calcium-dependent signaling in vivo, we crossed CryabR123W mice to a NFAT-luciferase reporter line in which transgenic firefly luciferase expression is driven by a myosin heavy chain promoter and NFAT enhancer elements (45). Consistent with published results (45), NFAT-luciferase activity in control hearts from adult mice remained minimally detected at steady state. In contrast, hearts from CryabR123W/R123W mice exhibited enhanced NFAT-luciferase activity (Figure 5D). Of note, hyperactivation of calcium-dependent signaling was only observed in homozygous animals and in cardiomyofibroblast lines overexpressing CRYABR123W, suggesting that the ability of CRYABR123W to promote calcium signaling may be copy-number dependent. This dose dependency may also account for the weaker manifestation of hemodynamic changes at steady-state seen in CryabR123W/+ mice compared to CryabR123W/R123W littermates (Figures 2D,F). Mechanistically, whether CRYABR123W promotes nuclear localization of NFAT by hyperactivating calcineurin remains to be tested. Nevertheless, these data demonstrated that CRYABR123W drives pathologic calcium-dependent signaling, which is normally suppressed by wild-type CRYAB in response to pressure overload.




Discussion

In this study, we generated a novel HCM mouse model carrying the CryabR123W allele identified in monozygotic twins who developed concordant HCM. Mice expressing the CRYABR123W variant manifest many pathologic features of HCM: early enhanced systolic function that spontaneously degenerates into diastolic dysfunction and marked cardiac fibrosis triggered by maladaptive hypertrophy. Subsequent mechanistic studies unexpectedly uncovered calcineurin as a protein interactor of CRYAB and demonstrated that the R123W variant in fact enhances NFAT signal transduction, which is otherwise physiologically suppressed by wild-type CRYAB in response to pressure overload. Intriguingly, spontaneous HCM phenotypes were not observed in mice carrying the CryabR123W allele, regardless of zygosity. This is in stark contrast to the concordant clinical manifestation of HCM in the pair of monozygotic twins heterozygous for the CRYABR123W allele. As the initial genetic study focused on non-synonymous variants of known HCM-associated genes (30), it is conceivable that other extremely rare variants may principally drive HCM pathogenesis, with CRYABR123W serving a facilitative role. Alternatively, the discrepancy in HCM phenotypes may arise from intrinsic physiologic differences between mouse and human hearts, considering that many mouse genetic models of HCM in fact do not exhibit spontaneous HCM phenotypes.

Cryab is expressed across various tissues with highest expression in lens, skeletal and cardiac muscles. While a germ-line CryabR123W knock-in allele best approximates the genetic configuration in HCM patients, whether the CRYABR123W variant exerts pathogenic effects principally in a cardiomyocyte-intrinsic manner cannot be easily discerned. Recent single cell RNA-sequencing studies unveiled global alteration in cell-cell communication networks in HCM patients (50–52), even in those where pathogenic drivers are considered to be cardiomyocyte-restricted proteins (unpublished data). Thus, future single cell transcriptomic analysis of CryabR123W hearts may allow identification of key cellular players implicated in this new mouse model of HCM. Conditional expression of the CRYABR123W variant in those cell types may further help elucidate the contribution of non-cardiomyocyte cellular constituents to HCM development.

Prior studies have demonstrated the critical role of CRYAB in suppressing pathologic calcium signaling induced by pressure-overload (14). Our data further suggest that such function may be mediated via protein-protein interaction between CRYAB and Calcineurin. Unexpectedly, this cardioprotective effect is transformed into a pathogenic one with a single amino acid substitution, R123W. How CRYAB and the R123W variant modulate calcineurin activity, if at all, remains unclear. A recent structural study uncovered that both R120 and R123 are located in the β7–8 sheets of the crystallin domain (53). However, whereas R120 maintains solubility of CRYAB via forming salt bridges with D109 of the dimerization partner (53), R123 does not appear to participate in such activity. It is thus perhaps not surprising that the R123W variant did not induce protein aggregation compared to its R120G counterpart. Besides providing dimerization/oligomerization interface with other crystallin-domain-containing proteins (54–56), the crystallin domain also appears to regulate the chaperone activity of the unstructured N- or C-terminal tails. A recent report demonstrated that the R120G mutation in fact alters structural dynamics of the N-terminal domain, thereby prematurely activating its chaperone function (24). Whether R123W mutation also impacts dimerization and/or alters functions of the flexible N- or C-terminal domain remains to be determined.

In addition to modulating the calcineurin-NFAT axis, CRYAB has been implicated in a variety of pathologic processes associated with cardiomyopathies, including autophagy (18, 19), apoptosis (20) and redox balance (41, 57). While a large array of proteins have been demonstrated as CRYAB-interactors (58, 59), a complete inventory of CRYAB interaction partners in cardiac tissues has not been done. Notably, an unbiased characterization of the protein interactome of HSBP2, another family member of the crystallin-domain containing proteins, in heart tissues uncovered many previously unknown mitochondrial binding partners involved in ATP generation and redox balance (60). Thus, future profiling of protein interaction clienteles of CRYAB and CRYABR123W, coupled with comparison of proteomics and phosphoproteomics studies between the two genotypes at steady-state and in response to pressure-overload may provide a comprehensive understanding of their functions in HCM pathogenesis.

Lastly, owing to its ability to bind multiple pro-inflammatory serum proteins from patients with various autoimmune diseases (58), the therapeutic potential of CRYAB as an anti-inflammatory agent has been extensively explored. Unexpected, administration of purified CRYAB was sufficient to mitigate inflammation in several mouse models with minimal toxicity (61–63). Conceivably, identification of a minimal calcineurin-interacting domain may thus allow development of novel therapeutic peptide for HCM patients with evidence of increased calcium signaling. This work thus supports the novel concept that precision targeting of intracellular signaling in HCM may be therapeutically important and add to the disease-specific pharmacologic armamentarium beyond myosin inhibitors.



Methods


Mice

Myh6/NFAT-luc [FVB-Tg(Myh6/NFAT-luc)1Jmol/J] reporter mice were purchased from Jackson Laboratories. The CryabR123W and Mybc3Trunc mice were generated at the Maine Health Institute for Research Mouse Genome Modification Core Facility https://mhir.org/?page_id=233. The CryabR123W allele was generated via homology directed repair using the CRISPR/Cas9 system. Briefly, a guide RNA (GATCCACATCGGCTGGGATCCGG), single-stranded oligodeoxynucleotides (ssODN) donor template containing the CGG to TGG mutation, and mRNA encoding Cas9 were co-injected into the cytoplasm/pronucleus of single cell embryos. Chimeric founders were first screened for Cas9-mediated genomic targeting by PCR using the primer pair: Cryab-F1-GGGGCCTTTCACCACTAGACT and Cryab-R1-TTGAGCACCTTCCGGTATGAG, followed by restriction fragment length polymorphisms analysis using HpaI. PCR fragments from targeted founders were then subject to Sanger sequencing to confirm the desired CGG to TGG mutation. Generation of the Mybpc3Y838X allele was attempted by co-injection of a guide RNA (TGCGTAGACTCGCATCTCATAGG), ssODN donor template containing the TAT to TAA mutation, and mRNA encoding Cas9 into cytoplasm/pronucleus of single cell embryos. Founders were screened by PCR using the following primer pair: Mybpc3-F1-GGTAATCCGGGTCTAGATAGCTT and Mybpc3-R2-CAGCCTGAGCTTCTTCGTGTGTA, followed by restriction fragment length polymorphisms analysis using AflII. Subsequent Sanger sequencing of all targeted founders revealed indels rather than the desired substitution, resulting in a translation termination further downstream of the expected Y838 position. The allele carrying a 10 bp deletion is heron designated as Mybpc3Trunc. Founders with germ-line transmission were maintained on a C57BL/6 background. All mice were handled in accordance with US National Institutes of Health standards, and all procedures were approved by the Tufts University Institutional Animal Care and Use Committee.



Cell lines

H9c2 cells were purchased from ATCC (CRL-1446) and maintained on Dulbecco's Modified Eagle Medium supplemented with 10% fetal bovine serum. To generate H9c2 cell lines expressing wild-type human CRYAB (hCRYABWT), R120G (hCRYABR120G) or R123W (hCRYABR123W) variants, DNA sequences encoding the variants were inserted to pLenti-puro vector (#39481, Addgene). H9c2 cells were spin-inoculated with 3rd generation empty or hCRYAB-expressing lentivirus, packaged as previously described (64). Transduced cells were selected and maintained on 10 µg/ml puromycin.



Transverse aortic constriction (TAC) surgery

Pressure overload was produced by constricting the transverse aorta just after the first great vessel as previously described (65). Ten- to twelve-week-old Cryab+/+, CryabR123W/+ and CryabR123W/R123W mice were subject to severe (27G needle) TAC operation and recovered for five weeks.



In vivo left ventricular hemodynamic studies

In vivo left ventricular function was assessed by pressure-volume analysis (66). Briefly, 12- to 16-week-old Cryab+/+, CryabR123W/+ and CryabR123W/R123W mice were anesthetized with 2.5% isoflurance. A 1.4-French PV catheter (SPR-839; Millar Instruments) was advanced across the aortic valve into the left ventricle. The absolute volume was calibrated, and pressure-volume data was assessed at steady state and during preload reduction. Hemodynamics were recorded and analyzed with IOX software (EMKA instruments, Falls Church, VA). Investigators were blinded to genotype during performance of hemodynamic studies and analysis of data.



Echocardiography

Echocardiography and pulse wave velocity were conducted using Doppler ultrasound (Vevo 2100, VisualSonics). Mice were anesthetized with isoflurane and placed in a recumbent position with paws in contact with pad electrodes for ECG recording on a heated platform (37°C) and maintained with ∼2.0% isofluorane during the procedure to maintain heart rate of 450–550 bpm. For cardiac function, left ventricular end-diastolic and -systolic diameter as well as interventricular septum and posterior wall thickness were determined by averaging values from at least 5 cardiac cycles obtained by M-mode with the short axis view (66). Parameters for diastolic function, including E/E′ were derived from transmural inflow Doppler indexes obtained in an apical four-chamber view or the left ventricular long axis view (67). For animals subject to TAC surgery, cardiac functional parameters were assessed before TAC and weekly starting two weeks after TAC for five weeks.



Histological analysis

Whole hearts were fixed in 10% formalin, embedded in paraffin and sectioned at 5 µm thickness. Sections from mid-papillary regions of the left ventricular tissues were stained with Masson trichrome reagent for evaluation of cardiac fibrosis or hematoxylin and eosin for assessment of cardiomyocyte size as well as left ventricular wall thickness. Brightfield images were acquired using an Olympus BX40 microscope and SPOT Insight camera and software. Subsequent area measurement was performed in an ImageJ software (NIH).



Immunoprecipitation

Approximately 40 million H9c2 cells were lysed with 2 ml of non-denaturing lysis buffer (20 mM Tris-HCl pH 8.0, 137 mM NaCl, 1% Nonidet P-40, 2 mM EDTA) in the presence of a protease inhibitor cocktail (G6521, Promega) and phenylmethylsulfonyl fluoride (PMSF) at 50 µg/ml at 4°C on a rotator for 20 min, followed by centrifugation at 12,000 rpm for 10 min. A 40 µl sample of clarified lysate was taken as input. Equal amount of lysate was added to four tubes containing 20 µl of Dynabeads protein G (10003D, ThermoFisher Scientific) and lysis buffer was added to a total of 1 ml, followed by incubation with 1 µg of anti-Cryab (ab76467, Abcam) antibody, anti-calcineurin A antibody (2,614, Cell signaling), or rabbit IgG (2,729, Cell Signaling) on a rotator at 4°C for 16 h. After unbound protein was removed, protein G beads were washed three times with wash buffer (10 mM Tris-HCl pH 7.4, 1 mM EDTA, 1 mM EGTA, 150 mM NaCl, 1% Triton X-100) in the presence of protease inhibitor cocktail and PMSF at 4°C. After final wash, the protein G beads were resuspended in 20 µl of 1x Laemmli Sample Buffer and boiled for 5 min. Immunoprecipitated proteins were resolved by SDS-PAGE and analyzed by immunoblotting. The following primary antibodies were used for immunoblot assay: anti-Cryab (ab13496, Abcam) and anti-Calcineurin (55,6350, BD Biosciences). The following secondary antibodies were used: horse radish peroxidase-conjugated goat anti-mouse IgG light chain specific (115-035-174, Jackson Immunoresearch) and horse radish peroxidase-conjugated goat anti-mouse IgG Fc (A16084, ThermoFisher Scientific).



Immunofluorescence microscopy

H9c2 cells expressing human wild-type CRYAB or CRYAB variants were plated in coverslip containing 24-well plates at a density of 104 cells per well. The following day, culture medium was removed, and cells were fixed with 4% paraformaldehyde (Electron Microscopy Sciences) at room temperature for 10 min, followed by permeabilization with 0.1% Triton X-100 in blocking buffer (1% bovine serum albumin in phosphate buffered saline) for 15 min. The following primary antibodies were used: anti-CRYAB (ab76467, Abcam) and anti-DESMIN (ab32362, Abcam). The following secondary antibodies were used: Alexa Fluor 488-conjugated goat anti-rabbit IgG (A-11008, ThermoFisher Scientific) and Alexa Fluor 594-conjugated goat anti-mouse IgG (A-11005, ThermoFisher Scientific). Cells were stained with Hoechst (H3570, ThermoFisher Scientific) before mounting. Immunofluorescent images were acquired using a Nikon A1R confocal microscope. Subsequent color balancing, overlaying, and area measurements were performed in an ImageJ software (NIH).



Electron microscopy

Samples were fixed overnight in a mixture of 1.25% formaldehyde, 2.5% glutaraldehyde, and 0.03% picric acid in 0.1 M sodium cacodylate buffer, pH 7.4. The fixed tissues were washed with 0.1M sodium cacodylate buffer and post-fixed with 1% osmium tetroxide/1.5% potassium ferrocyanide (in H2O) for 2 h. Samples were then washed in a maleate buffer and post fixed in 1% uranyl acetate in maleate buffer for 1 h. Tissues were then rinsed in ddH20 and dehydrated through a series of ethanol [50%, 70%, 95%, (2×)100%] for 15 min per solution. Dehydrated tissues were put in propylene oxide for five minutes before they were infiltrated in epon mixed 1:1 with propylene oxide overnight at 4°C. Samples were polymerized in a 60°C oven in epon resin for 48 h. They were then sectioned into 80 nm thin sections and imaged on a JEOL 1200EX Transmission Electron Microscope.



Luciferase reporter assay

To assess NFAT transcriptional activity in vitro, a mixture of 9X NFAT-alpha-MHC-Luc (51,941, Addgene) and pRL-TK (E2241, Promega) plasmids at a ratio of 3:1 was transfected into H9c2 cell lines expressing human wild-type CRYAB or CRYAB variants plated at 2000 cells per well in a 96-well plate (165,305, ThermoFisher Scientific) using Lipofectamine Transfection Reagent (18,324,012, ThermoFisher Scientific) according to the manufacturer's instruction. One day after transfection, firefly and renilla luciferase activities were assessed using the Dual-Glo Luciferase Assay System (E2920, Promega) and a plate reader (PR3100 Microplate reader, Bio-Rad). For evaluation of NFAT transcriptional activity ex vivo, whole hearts from six- to eight-week-old Cryab+/+ Myh6/NFAT-luc, CryabR123W/+ Myh6/NFAT-luc and CryabR123W/R123W Myh6/NFAT-luc were dissected into 1–2 mm pieces and lysed in 1 ml of Luciferase Cell Culture Lysis Reagent (E1531, Promega) using a dounce homogenizer, followed by centrifugation at 12,000 g for 5 min. Equal amount of clarified lysate and luciferase assay buffer (E1500, Promega) were mixed in a 96-well plate and firefly luciferase activity was immediately measured by a plate reader.



Mitochondrial membrane potential assay

Mitochondrial membrane potential in human CRYAB variants-expressing H9c2 cell lines was assessed using a JC-1 assay kit (ab113850, Abcam) according to the manufacturer's instructions.



Statistical analysis

All statistical measurements are displayed as mean ± S.D. P-values were calculated with a Mann-Whitney test for two-group comparisons, by Kruskal-Wallis test for multiple-group comparisons, or by two-way ANOVA for multi-group comparisons over a time course using Prims 8 software.
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