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Abstract: 

 

Background - Dilated cardiomyopathy (DCM) is a genetically heterogeneous cardiac disease 

characterized by progressive ventricular enlargement and reduced systolic function. Here, we 

report genetic and functional analyses implicating the RAS signaling protein, SOS1, in DCM 

pathogenesis.  

Methods - Exome sequencing was performed on 412 probands and family members from our 

DCM cohort, identifying several SOS1 variants with potential disease involvement. As several 

lines of evidence have implicated dysregulated RAS signaling in the pathogenesis of DCM, we 

assessed functional impact of each variant on activation of ERK, AKT, and JNK pathways. 

Relative expression levels were determined by western blot in HEK293T cells transfected with 

variant or wild-type human SOS1 expression constructs. 

Results - A rare SOS1 variant [c.571G>A, p.(Glu191Lys)] was found to segregate alongside an 

A-band Titin (TTN) truncating variant in a pedigree with aggressive, early onset DCM. Reduced 

disease severity in the absence of the SOS1 variant suggested its potential involvement as a 

genetic risk factor for DCM in this family. Exome sequencing identified five additional SOS1 

variants with potential disease involvement in four other families [c.1820T>C, p.(Ile607Thr); 

c.2156G>C, p.(Gly719Ala); c.2230A>G, p.(Arg744Gly); c.2728G>C, p.(Asp910His); 

c.3601C>T, p.(Arg1201Trp)]. Impacted amino acids occupied a number of functional domains 

relevant to SOS1 activity, including the N-terminal histone fold (HF), as well as the C-terminal 

RAS-exchange motif (REM), CDC25, and proline-rich (PR) tail domains. Increased pERK 

expression relative to wild-type levels was seen for all six SOS1 variants, paralleling known 

disease-relevant SOS1 signaling profiles.  

Conclusions - These data support gain of function variation in SOS1 as a contributing factor to 

isolated DCM.  
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Nonstandard Abbreviations and Acronyms:  
 
AKT  Protein kinase B 
ACMG American College of Medical Genetics 
CFCS  Cardiofaciocutaneous syndrome 
ClinGen Clinical Genome Resource 
DH  Dbl homology 
DCM  Dilated cardiomyopathy 
LVEF  Left ventricular ejection fraction 
EGF  Epidermal growth factor 
ERK  Extracellular signal-regulated kinase 
ExAC  Exome Aggregation Consortium (ExAC) 
FLNC  Filamin C 
GEF  Guanine exchange factor 
gnomAD Genome Aggregation Database 
GRB2  Growth factor receptor-bound protein 2 
HCM  Hypertrophic cardiomyopathy 
HGMD Human Gene Mutation Database 
HF  Histone-like fold 
ICD  Implantable cardioverter defibrillator 
JNK  c-Jun N-terminal kinase 
LMNA  Lamin A/C  
MAPK  Mitogen-activated protein kinase 
MIM  Mendelian Inheritance in Man 
MYH6  Myosin heavy chain 6 
NMR  Nuclear magnetic resonance 
NS  Noonan syndrome 
PDB  Protein Data Bank 
PH  Pleckstrin homology 
PPCM  Peripartum cardiomyopathy 
PR  Proline-rich 
PTPN11 Tyrosine-protein phosphatase non-receptor type 11 
REM  RAS-exchange motif 
SOS1  Son of Sevenless 
SYNE1  Nesprin-1 
TTN  Titin 
TTNtv  Titin truncating variant 
VUS  Variant of uncertain significance 
WPW  Wolff-Parkinson-White  
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Introduction 

To date, over 50 genes have been identified as causative or likely causative for dilated 

cardiomyopathy (DCM)1, 2. While identification of these genes has greatly improved our 

understanding of the genetic basis for DCM, low diagnostic yields (~37%) of clinical genetic 

testing panels3 support existence of additional undiscovered genetic causes.  

The impetus for the present study originated from identification of a rare Son of 

Sevenless 1 (SOS1) variant segregating in three severely affected individuals of a large family 

with early-onset, bilineal DCM (Figure 1A). Exome sequencing of our wider DCM cohort 

identified a further five SOS1 variants of potential pathogenic significance spanning four 

additional families (Figure 1B-E). We considered SOS1, a RAS-activating guanine exchange 

factor (GEF), to be a plausible DCM candidate as animal and human data have previously 

implicated dysregulated RAS signaling in the pathogenesis of DCM4-8.  

Befitting critical roles for mitogen-activated protein kinase (MAPK) signaling pathways 

in cardiac development, remodeling, and disease9, SOS1 variants underlie a number of 

cardiovascular genetic disorders, including Noonan syndrome (NS, Mendelian Inheritance in 

Man (MIM): 610733), and cardiofaciocutaneous syndrome (CFCS, MIM: 115150). Myocardial 

involvement is a well-recognized component and while hypertrophic cardiomyopathy (HCM) is 

more common, DCM has also been reported, including in one patient carrying a p.(Met269Thr) 

SOS1 variant10. Supporting involvement of SOS1 in non-syndromic disease, targeted sequencing 

of RAS signaling genes have identified a number of SOS1 variants with possible pathogenic 

potential in patients with isolated cardiomyopathy11-13.  

Clinically-relevant SOS1 variants typically promote increased GEF activity and 

hyperactivation of downstream RAS effectors14, 15. This proclivity towards gain of function 
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effect is directly related to the structure of the SOS1 protein, which natively exists in an auto-

inhibited state governed by complex interplay between six distinct functional domains (Figure 

2)16-19. Pathogenic variants disrupt these interactions, promoting sustained RAS activation20. 

Three N-terminal domains - a histone-like fold (HF) domain, a Dbl homology (DH) domain, and 

a pleckstrin homology (PH) domain - comprise an auto-inhibitory unit that orients to prevent 

RAS binding when SOS1 is not associated with the plasma membrane17, 18 (Figure 2A). 

Membrane association is primarily driven through direct interaction of the proline-rich (PR) tail 

with Growth factor receptor-bound protein 2 (GRB2)21 while secondary associations are 

provided by the HF16, 18, and PH22 domains (Figure 2B). Two additional domains: a RAS-

exchange motif (REM) and a CDC25 domain, collectively comprise the C-terminal SOS1 

catalytic core. The latter domain serves as the site of GDP/GTP exchange and the former as a 

non-substrate RAS binding site23. When SOS1 is unbound, the DH-PH regulatory unit blocks 

access of RAS to the REM binding site16, 19 (Figure 2A). Alleviation of auto-inhibition on 

membrane association frees the REM to bind to RAS, initiating conformational changes that 

promote binding of a second RAS molecule at the adjacent CDC25 catalytic site (Figure 2B). 

These structural rearrangements create a positive feedback loop whereby activated RAS from the 

CDC25 domain can rebind the REM, facilitating further RAS recruitment and activation23. The 

complexity of these intramolecular interactions provides ample opportunity for genetic 

disruption and forms the molecular basis for SOS1-related disease.  

A simplified overview of RAS signaling pathway components, including SOS1, is shown 

in Figure 2C alongside known associated disease phenotypes. In this context, we describe 

genetic and functional analyses of six SOS1 variants identified in our DCM cohort. Our results 

provide preliminary evidence for involvement of gain of function SOS1 variants in isolated DCM 
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and support consideration of DCM in the phenotypic spectrum of SOS1-associated genetic 

disease. 

 

Methods 

Complete study methods are provided in the Supplemental Materials. The sequencing and 

analytical data are available to other researchers upon request for confirmation and/or replication 

of our analysis. Informed consent was obtained from all study participants following Institutional 

Review Board approval by the Oregon Health & Science University, the University of Miami, or 

the Ohio State University.   

 

Results 

Exome sequencing of 412 total individuals from our DCM cohort, including 281 probands and 

131 of their affected family members, identified six heterozygous missense SOS1 variants of 

possible pathogenicity segregating in five families of non-Hispanic, European ancestry (Figure 1, 

Table 1). 

All six SOS1 variants were considered to be variants of uncertain significance (VUSs) 

using refined guidelines for DCM variant interpretation24. The five families included 1 simplex 

and 4 multiplex (i.e., affected members spanning multiple generations) families. DNA was 

unavailable in some individuals who were reported to be affected. In 2 families (Pedigrees A and 

E), exome sequencing identified additional rare variants in at least one other known DCM gene. 

No clinical features consistent with syndromic RASopathies were identified in Families B to E 

(Table 2). However, presentation of a photograph of Family A (Individuals A.4, A.5, A.6, A.7, 

A.8) to a research conference of the Department of Molecular and Medical Genetics at the 



7 

Oregon Health & Science University elicited spontaneous comments from three medical 

geneticists that individuals A.7 and A.8, both teenagers at the time the photograph was taken, 

had facial features consistent with NS. 

Pedigree A 

A paternally inherited p.(Glu191Lys) variant in SOS1 predicted to impact the HF domain was 

identified in a large family with severe, early-onset DCM and arrhythmia (Pedigree A). The 

SOS1 variant co-segregated with a truncating A-band TTNtv [p.(Val30827Serfs*22)], present in 

three of the most severely affected family members: (A.4), who died of heart failure at 57 years, 

and two of his sons (A.7, A.8), both of whom required transplantation at an early age (30 years 

and 14 years, respectively). An additional son (A.6) with a borderline low left ventricular 

ejection fraction (LVEF) of 48% but no other indications of DCM carried only the TTNtv, 

suggesting that this variant was unlikely to explain the totality of disease in affected family 

members. An additional maternally inherited truncating FLNC variant [p.(Val1643ThrfsTer26)] 

was identified in both A.7 and A.8, which also likely contributed to their DCM phenotype even 

though the remainder of the FLNC carriers in the maternal pedigree had less overt disease. 

Greatest disease severity - DCM requiring transplantation, implantable cardioverter defibrillator 

(ICD)-placement, or resulting in DCM-related death - was observed in individuals carrying all 

three variants.  

Pedigree B 

Two C-terminal SOS1 variants - p.(Ile607Thr), affecting the REM domain, and p.(Asp910His), 

impacting the CDC25 domain - were inherited in cis in a family with DCM and conduction 

system disease (Pedigree B). Both variants were carried by the proband (B.4), her severely 

affected son (B.6), who also had a history of Wolff-Parkinson-White (WPW) syndrome, and her 
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clinically unaffected and possibly non-penetrant daughter (B.7). One additional family member 

with advanced DCM, arrhythmia, and a history of Doxorubicin treatment was identified (B.3); 

however, she did not carry either SOS1 variant. Because of her medical history, we are unable to 

rule out drug-induced cardiotoxicity as the cause of her DCM.  

Pedigree C 

A p.(Gly719Ala) variant predicted to affect the REM catalytic domain was identified in a female 

proband (C.4) with peripartum cardiomyopathy (PPCM), diagnosed at 25 years (Pedigree C). 

She underwent mitral valve replacement at 37 years following increasing severity of symptoms 

associated with mitral regurgitation and congestive heart failure. The proband’s father (C.1) died 

at 70 years from heart failure associated with DCM. DNA and medical records were unavailable 

for the proband’s sister (C.6), who reportedly died at 42 years from sudden cardiac death, as well 

as for her sister’s son (C.7), who was reported to have severe (LVEF~20%) early onset DCM 

diagnosed at 25 years. Echocardiographic records confirmed a diagnosis of DCM in the 

proband’s other affected sister at 39 years (C.3), but again DNA was unavailable.  

Pedigree D 

A p.(Arg744Gly) variant predicted to affect the REM domain was identified in a proband (D.5) 

with severe (Grade IV) DCM (Pedigree D). Family history was significant only for a paternal 

grandmother with reported heart failure at an early age. No additional family members were 

available for testing. 

Pedigree E 

A p.(Arg1201Trp) variant predicted to affect the PR tail domain was identified in two sisters 

with DCM and arrhythmia (Pedigree E). The proband (E.4) and her sister (E.6) both carried the 
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SOS1 variant as well as a p.(Glu1926Asn) variant in MYH6. Absence of single variant carriers 

precluded analysis of individual variant impact.     

Functional Studies of SOS1 Variants. 

To determine the effect of each variant on RAS signaling pathways, wild-type and variant SOS1 

constructs were expressed in HEK293T cells. Extracellular signal-regulated kinase (ERK), 

Protein kinase B (AKT), and c-Jun N-terminal kinase (JNK) activations were then determined by 

western blotting. Phosphorylated ERK (pERK) signals were undetectable in serum-starved cells, 

but increased following 15 min stimulation with epidermal growth factor (EGF) (Figure 3). 

Relative to wild-type SOS1 transfections, estimated fold changes in median pERK expression 

following 15 min EGF stimulation ranged between 1.5 and 2.1 for all six variants (p < 0.04). As 

expected, comparable increases were observed for both NS-associated variants used as positive 

controls for ERK activation [p.(Met269Arg) and p.(Glu846Lys)]15, 26 (p ≤ 0.01), but not for the 

suspected benign p.(Leu791Ile) variant (p = 0.36). In contrast, 95% confidence intervals 

supported lack of impact of identified SOS1 variants on pAKT (Figure S1) and pJNK (Figure 

S2) signaling. A <0.5 fold reduction in pJNK activation observed for the p.(Asp910His) variant 

was considered to be most likely related to reduced SOS1 expression observed in these samples 

(Figure S2). 

Structural Analyses of SOS1 Variants 

We next mapped each variant to crystal structures of native and RAS-bound SOS1 [Protein Data 

Bank (PDB) IDs: 3KSY, 1NVV] and modeled impact on higher level protein structure. Five of 

the SOS1 variants map to C-terminal domains, including three [p.(Ile607Thr), p.(Gly719Ala), 

p.(Arg744Gly)] in the REM, one in the CDC25 [p.(Asp910His)], and one in the PR tail 
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[p.(Arg1201Trp)] (Figure 4, Figure 5A). One variant [p.(Glu191Lys)] mapped to the N-terminal 

HF.  

The p.(Glu191Lys) variant present in Family A was predicted to impact an unstructured 

loop bridging the HF and DH domain (Figure 5B). Modeling of the wild-type protein suggests 

the presence of an intermittent electrostatic association between Glu191 and Lys420 (Figure 5B). 

This interaction is ablated in p.(Glu191Lys) models. As SOS1 autoinhibition depends on proper 

orientation of the DH-PH unit relative to the C-terminal catalytic core19, Glu191 may natively act 

to provide stability to SOS1 through its association with the PH domain. Introduction of the 

oppositely charged Lys residue may destabilize the wild-type interaction, shifting the loop away 

from the PH domain and inducing opening of the allosteric RAS binding site.  

Molecular models support distinct structural mechanisms for the REM variants identified 

in Family B. Asp910 directly associates with Arg41 of the RAS Switch 1 region (Figure 5F)28 

and borders amino acids important for interactions with Switch 229. While exact mechanisms 

underlying observed gain of function effects are not known, both positive28, 30 and negative31 

impacts on nucleotide exchange rates have been described for RAS Switch 1 variants, 

highlighting the functional complexity of RAS-SOS1 interactions in this region. Structural 

modeling of p.(Ile607Thr) supported a hydrogen bond rearrangement between the region 

surrounding Ile607 and the neighboring CDC25 helical hairpin (Figure 5C). Specifically, the 

addition of an –OH group was found to promote interactions between both Arg576-Thr607 and 

Lys953-Thr607. This linking has the effect of repositioning the CDC25 helical hairpin slightly 

closer to the REM domain. As this area constitutes the primary interface between the REM and 

CDC2528, and acts as a hinge point for paired rotations of the REM and CDC25 following RAS 
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binding23, 32, this altered hydrogen bond network may promote exposure of the previously 

occluded catalytic site32.  

The REM variants detected in Family C [p.(Gly719Ala)] and D [p.(Arg744Gly)] are 

predicted to occupy adjacent helices bridging the catalytic and allosteric RAS binding domains. 

Based on this positioning, neither variant was expected to directly interact with the DH domain 

or with bound RAS. Nevertheless, nuclear magnetic resonance (NMR) studies have suggested 

involvement of nearby Met714 in dynamic conformational changes following RAS binding27 

(Figure 5D). A functional role for residues of this helix is further supported by elevated ERK 

signaling and nucleotide exchange rates33 for p.(Tyr702His), a NS-associated variant located at 

the REM-CDC25 interface. As Arg744 is similarly positioned, it is plausible that p.(Arg744Gly) 

may also impact SOS1 function by disrupting allosteric communication between the REM and 

CDC25. While no further structural insights were gained from molecular modeling of 

p.(Gly719Ala), p.(Arg744Gly) consistently demonstrated a localized unwinding of the helix 

about 1 turn earlier than in wild-type models (Figure 5E), suggesting local dynamics of this 

region may play a role in RAS signaling.  

The final SOS1 variant, p.(Arg1201Trp), found in Family E, was predicted to impact a 

highly conserved residue positioned between the second and third of four GRB2 consensus 

binding motifs within the PR tail. This region adopts a disordered random-coil confirmation in 

solution34 and cannot be accurately modeled using all-atom simulations. Nevertheless, multiple 

genetic and functional studies support roles for the PR tail in negatively regulating SOS1 

activity35, 36.  Thus, the gain of function effect of the Arg1201Trp mutant, while structurally 

unexplained, is consistent with known functions of the SOS1 C-terminal domain.  
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Discussion 

Exome sequencing completed on 412 individuals with isolated DCM, including 281 probands 

and 131 of their affected relatives, identified six SOS1 coding variants spanning five families. 

Detected variants were tested for impact on RAS signaling pathways and were found to result in 

gain of function effects on ERK signaling with minimal impact on AKT and JNK pathways. 

Activations were of comparable magnitude to those obtained using two NS-associated variants 

with previously recognized pathogenicity and functional impact (Table S1). These results extend 

previous studies4-6 to strengthen the general evidence that dysregulated ERK activation plays a 

role in pathogenesis of DCM.  

This study is one of only a few others11-13 to directly assess SOS1 genetic variation in the 

context of non-syndromic cardiomyopathy. To date, all reported DCM-associated SOS1 variants, 

including those reported in this study, have been classified as VUSs (Table S2). Interestingly, 

several previously reported variants impacted residues located close to functionally significant 

residues identified in our cohort. In our study, five of six detected SOS1 variants affected C-

terminal residues: three in the REM domain [p.(Ile607Thr), p.(Gly719Ala), p.(Arg744Gly), one 

in the CDC25 domain [p.(Asp910His)], and one in the PR tail [p.(Arg1201Trp)]. While the 

limited number of identified variants precludes definitive genotype-phenotype determinations, 

only 18 of the 60 SOS1 missense/nonsense variants currently documented in the Human Gene 

Mutation Database (HGMD), most of which are NS-associated, localize to C-terminal domains.  

A role for activated ERK signaling in development of DCM has previously been 

established by studies of both failing human hearts and mutant mice models4-6. A number of 

these animal models impact genes encoding nuclear envelope proteins with known importance to 

human DCM, including LMNA (lamin A/C) and SYNE1 (nesprin-1). While the exact mechanisms 
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underlying ERK activation are uncertain, it has been hypothesized that RAS signaling may be 

disrupted through effects on nuclear envelope organization and transport rather than through 

direct influence on upstream signaling components6. Evidence supporting an alternative, but not 

necessarily mutually exclusive, mechanism suggests that hyperactivated pERK can act to alter 

sarcomeric organization through increased phosphorylation and activation of the actin 

depolymerization factor, cofillin-137. Whether similar disruption of sarcomere actin dynamics are 

seen with other ERK activating DCM models outside of LMNA remains an untested but 

important question. 

While no consistent changes were seen in AKT and JNK signaling in this study, 

components of each of these pathways have been reported to be upregulated in dilated human 

hearts38, 39. This broader signaling complexity is further suggested by results from functional 

models of RAF18, which implicate AKT activation in development of early onset DCM, and 

from Tyrosine-protein phosphatase non-receptor type 11 (Ptpn11) mouse models, which develop 

myocardial thinning evocative of DCM in a setting of reduced ERK and elevated AKT40, 41. 

Because DCM is only infrequently seen in NS42-44, its occurrence in Ptpn11 mouse models is 

intriguing. Affected animals develop DCM at 6-8 weeks without any evidence of the cardiac 

hypertrophy commonly seen in NS. It would be logical to hypothesize that because loss of 

Ptpn11 function results in DCM, gain of function variants might be associated with HCM in a 

manner analogous to knock-in models of NS-associated Sos145 and Raf146 variants. However, at 

least some Ptpn11 knock-in mice models exhibit myocardial thinning evocative of DCM40, 41, 47.   

These models underscore the fact that we do not yet have a complete picture as to how abnormal 

ERK signaling acts to promote particular myopathic responses. Recent studies from the 

Molkentin group48, 49 have supported a role for increased ERK signaling in concentric 



14 

hypertrophy and decreased ERK signaling in eccentric hypertrophy, while others46, 50 describe 

pathological eccentric hypertrophy in the context of ERK hyperactivation. One possible 

explanation for such discrepancies has been raised: ERK activation in other cell types apart from 

cardiomyocytes is likely to play in a role in shaping the final hypertrophic response. Cardiac 

fibroblasts, for example, are relevant for cardiomyocyte hypertrophy51 and Raf1L613V knock-in 

mice, which express the mutant allele in both cell types, develop an eccentric cardiomyopathy 

characterized by ERK hyperactivation and correctable by postnatal inhibition46, 50. Alongside 

other emerging studies52, 53, these data suggest that myocyte-focused views of hypertrophy may 

be too narrow to adequately explain disease mechanisms underlying RASopathies and their 

associated cardiomyopathies. 

Limitations 

Because many study participants were recruited from cardiovascular rather than general genetics 

clinics, subtle findings suggestive of underlying RASopathies may have been missed during 

evaluation. While it remains a formal possibility that the MYH6 p.(Gly1826Asn) variant detected 

in Family E may be disease-relevant, a definitive role for MYH6 in DCM has yet to be 

established and previous reports have considered this variant to be of unlikely or uncertain 

pathogenic significance54, 55. Current American College of Medical Genetics (ACMG) / Clinical 

Genome Resource (ClinGen) criteria for variant adjudication focus heavily on single-gene 

Mendelian paradigms25 and variant classifications will continue to be refined as standards evolve 

to incorporate a more nuanced understanding of complex disease patterns. It is important to note 

that ERK activations reported in this study reflect results obtained from a single in vitro system. 

Additional testing using patient samples or other cell or animal based functional assays will be 

required before activated ERK signaling can be definitively established as a pathogenic 
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mechanism in these families. Because the identities of precise ERK targets relevant to DCM 

remain uncertain, these studies will be of great help in determining how aberrant activation of 

ERK signaling in the heart may differ from pathologic activation in other cell or organ systems.   

Conclusions 

Our results provide evidence supporting gain of function SOS1 genetic variation as a 

contributing factor to isolated DCM. Whether the majority of DCM-associated SOS1 variants are 

sufficient to cause DCM in isolation or more commonly act as genetic modifiers alongside other 

causative variants remains to be determined. Nevertheless, observed signaling profiles in this 

study paralleled those previously described for other pathogenic SOS1 variants. While 

preliminary, these data reflect a well-recognized but poorly understood role for ERK signaling in 

DCM. By what cellular mechanisms might signaling changes imparted by SOS1 variants 

promote development of DCM? What are the identities of any relevant downstream signaling 

targets and how might these differ from those involved in other forms of SOS1-related 

RASopathy? As clinical and animal-based trials of pathway-specific MAPK inhibitors have 

already demonstrated therapeutic potential for treatment of DCM, these questions raise intriguing 

possibilities for precision-medicine approaches to patient care. Large-scale, family-based DCM 

studies are underway56 and will be invaluable in driving novel gene discovery. 
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Table 1. Summary of genetic findings. 
 

 
*The maximum non-founder minor allele frequency (MAF) and associated population for each variant is reported. A MAF of 0 implies absence of the variant 
from Exome Aggregation Consortium (ExAC) / Genome Aggregation Database (gnomAD) and sufficient coverage of the genomic position. Reported gnomAD 
results include both exomes (E) and genomes (G) when available. AFR, African; NFE, non-Finnish European; SAS, South Asian 
†Variants were adjudicated using the DCM Consortium and DCM Precision Medicine approach to DCM variant interpretation24, refined from current American 
College of Medical Genetics (ACMG) / ClinGen guidelines25  

Pedigree Gene Chr Transcript 

Genomic 
Position 
GRCh37 

(hg19) 

Nucleotide 
Change 

Amino Acid 
Change 

Max ExAC 
MAF* 

Max 
gnomAD 

MAF* 
dbSNP Variant 

Classification† 

A 

SOS1 2 NM_005633.3 39281904 c.571G>A p.(Glu191Lys) 0 0.0001147 
(AFR)(G) rs886041241 VUS 

FLNC 7 NM_001458.4 12848902
8 

c.4926_4927 
insACGTCACA p.(Val1643Thrfs*26) 0 0.000009182 

(NFE)(E) Not found LP 

TTN 2 NM_001267550.2 17941387
4 c.92478dupA p.(Val30827Serfs*22) 0 0 Not found LP 

B SOS1 

2 NM_005633.3 39249749 c.1820T>C p.(Ile607Thr) 0.00003006 
(NFE) 

0.00002654 
(NFE)(E) rs758699499 VUS 

2 NM_005633.3 39233616 c.2728G>C p.(Asp910His) 0.00006061 
(SAS) 

0.00009806 
(SAS)(E) rs369277679 VUS 

C SOS1 2 NM_005633.3 39240612 c.2156G>C p.(Gly719Ala) 0.0005556 
(NFE) 

0.0003426 
(NFE)(E+G) rs200794965 VUS 

D SOS1 2 NM_005633.3 39239427 c.2230A>G p.(Arg744Gly) 0 0 Not found VUS 

E 

SOS1 2 NM_005633.3 39213366 c.3601C>T p.(Arg1201Trp) 0.00006058 
(SAS) 

0.00003266 
(SAS)(E) rs752395541 VUS 

MYH6 14 NM_002471.3 23853739 c.5476_5477 
delGGinsAA p.(Gly1826Asn) 0 0 rs878854502 VUS 
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Table 2. Clinical characteristics of study participants. 
 

Individual DCM 
Age of 
Onset 

(y) 

Age at 
Echo 
(y) 

Height 
(cm) LVIDD Z-score LVEF ICD Hrt. 

Tx. Arrhyth. 

Vital Status 
(Age in y, or age at 

death or heart 
transplant) 

Comments / Additional 
Features 

Pedigree A 

A.1 n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a Deceased 
(d.88, unk.) 

No medical records, 
diabetes (reported), HTN 

(reported) 

A.2 Yes n/a n/a n/a n/a n/a n/a n/a n/a n/a Deceased 
(d. 58, HF) 

No medical records, 
reported affected 

A.3 Yes 33 77 160 65 5.601031 52.5 No No Yes Alive (61)  

A.4 Yes 44 72 175 62 3.036178 25 No No Yes Deceased 
(d.57, DCM, HF) 

Degenerative arthritis, 
gout, migraines, 
cholecystectomy 

A.5 No n/a n/a 174 55 2.315058 60 No No No Alive (64)  
A.6 No n/a n/a 181.61 54 0.709736 47.5 No No Yes Alive (42) HTN 
A.7 Yes 22 22 183 63.5 3.011836 20 Yes Yes Yes Heart transplant (31) Cardiorenal syndrome 

A.8 Yes 14 14 165.1 75 6.30143 n/a Yes Yes No Deceased (d. 22), Heart 
transplant (14)  

Pedigree B 

B.1 n/a n/a n/a n/a n/a n/a n/a n/a No No Deceased 
(d.74, HF) HTN (reported) 

B.2 n/a n/a n/a n/a n/a n/a n/a No No No 
Deceased 

(d.>89y, aortic 
dissection) 

Alzheimer’s, HTN, 
cardiomegaly, coronary 

artery calcifications 

B.3 Yes 56 66 170.2 66 5.358739 17 Yes No No Alive (76) Hx doxorubicin, 
diabetes, hyperthyroid 

B.4 Yes 61 63 162.6 57 3.406839 25 Yes No Yes Alive (75) 
Asthma, hx 2mm 

circumflex coronary 
aneurysm 

B.5 n/a n/a n/a n/a n/a n/a n/a No No No Deceased (d. 79, unk.)  
B.6 Yes 45 45 175.26 71 5.002545 42.5 Yes No No Alive (54) WPW, diabetes 

B.7 No n/a n/a n/a n/a n/a n/a No No No Alive (53) HTN, migraines, 
hysterectomy 
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Pedigree C 

C.1 Yes 69 69 n/a 78 n/a n/a No No Yes Deceased 
(d.70, HF)  

C.2 No n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a No Medical Records 
C.3 Yes 35 45 175.26 59 3.364278 40 No No No Alive (57) HTN, hypothyroid 

C.4 Yes 25 25 167.64 54 2.31695 25 Yes No Yes Alive (54) 
MVP repair, breast 

neurofibromas, 
esophagitis, anemia 

C.5 No n/a n/a n/a n/a n/a n/a n/a n/a n/a Alive (unk.) No medical records 

C.6 Yes 35 35 n/a n/a n/a n/a No No Yes Deceased (d.42, SCD) No medical records, 
reported affected 

C.7 Yes 22 22 n/a n/a n/a 20 No No Yes Alive (30) No medical records, 
reported affected 

Pedigree D 

D.1 n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a Deceased (unk.) No medical records 
D.2 n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a Deceased (unk.) No medical records 
D.3 n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a Deceased (unk.) No medical records 
D.4 n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a Alive (unk.) No medical records 
D.5 Yes 35 35 144 70 7.591059 27.5 No No No Deceased (d.49, unk.)  

Pedigree E 

E.1 n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a Deceased (d.80) No medical records 
E.2 n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a Deceased (d.80) No medical records 
E.3 n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a Alive (unk.) No medical records 
E.4 Yes 60 60 158.75 55 3.031521 25 No No Yes Alive (77)  
E.5 n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a Alive (unk.) No medical records 

E.6 Yes 47 59 172.72 70 6.170558 20 Yes No Yes Deceased (d.75, unk.) 
Cataracts, 

cholecystectomy, bladder 
suspension 

E.7 No n/a n/a 178 47.7 -1.86712 66 No No No Alive (53)  
E.8 No n/a n/a 157.48 48 0.950447 50 No No No Alive (49)  

 
Abbreviations: Arrhyth, arrhythmia; DCM, dilated cardiomyopathy; HF, heart failure; Hrt Tx, heart transplant; HTN, hypertension; Hx, history; ICD, 
implantable cardioverter defibrillator; LVEF, left ventricular ejection fraction; LVIDD, LV internal dimension in diastole; MVP, mitral valve prolapse; n/a, not 
applicable; SCD, sudden cardiac death; unk, unknown; WPW, Wolff-Parkinson-White Syndrome. 



25 

Figure Legends: 

 

Figure 1. DCM pedigrees with SOS1 variants. Affection status was categorized using an ordinal 

grading scale. 0 (no cardiovascular disease or evidence of DCM), I (either left ventricular 

enlargement, LVE, without systolic function or systolic dysfunction without LVE), II 

(asymptomatic DCM), III (symptomatic DCM with or without medical therapy), IV (DCM 

requiring advanced interventions or resulting in DCM-related death). In all pedigrees, squares 

represent males, circles females. Diagonal lines indicate deceased individuals. Presence (+) or 

absence (-) of identified rare variants are indicated. Individuals for whom exome sequencing was 

completed are marked with an “E”.  

 

Figure 2. SOS1 activity is governed by complex interactions between six distinct functional 

domains. (A) SOS1 activity is natively suppressed by a primary auto-inhibitory unit comprised 

of the N-terminal histone-like fold (HF), Dbl homology (DH) domain, and pleckstrin homology 

(PH) domains and by secondary mechanisms facilitated by the proline-rich (PR) tail. This closed 

conformation blocks access of RAS to dual binding sites in the SOS1 catalytic core, comprised 

of the RAS-exchange motif (REM) and CDC25 domain. (B) Growth factor binding facilitates 

activation of receptor tyrosine kinases (RTKs) and recruitment of SOS1 to the membrane via 

direct interaction of the PR tail with GRB2, itself bound to phosphorylated tyrosine residues on 

the activated RTKs. Secondary membrane associations are further provided by the HF and PH 

domains via phosphatidylinositol 4,5-bisphosphate (PIP2) and phosphatidic acid (PA). 

Alleviation of repression by these interactions permit RAS binding to a distal binding site in the 

REM, initiating additional allosteric changes that recruit a second RAS molecule to the adjacent 
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CDC25 catalytic site. Following GDP/GTP exchange, SOS1 remains strongly associated with 

the membrane, facilitating recruitment and activation of additional RAS molecules. (C) 

Simplified overview of RAS signaling pathways and associated disease phenotypes. Solid arrows 

represent individual steps in the ERK signaling cascade. Hatched arrows represent steps in 

alternate RAS-mediated AKT and JNK signaling pathways. Disease phenotypes associated with 

activating variants in individual pathway components are listed in italics. Affected genes are 

indicated in brackets. Additional abbreviations: CFC, Cardiofaciocutaneous syndrome; CS, 

Costello syndrome; DCM, Dilated cardiomyopathy; HCM, Hypertrophic cardiomyopathy; HGF, 

Hereditary gingival fibromatosis; MAP2K, Mitogen-activated protein kinase kinase; MAP3K, 

Mitogen-activated protein kinase kinase kinase, NS, Noonan syndrome; NSML, Noonan 

syndrome with multiple lentigines.   

 

Figure 3. DCM-associated SOS1 variants exhibit gain of function effects on MAPK/ERK 

signaling. HEK293T cells expressing variant or wild-type (WT) SOS1 were serum starved for 16 

hours and alternatively stimulated for 15 minutes with epidermal growth factor (EGF) (15) or left 

unstimulated (0). (A) Representative immunoblots for each SOS1 variant are shown. Total 

protein isolates were probed using antibodies specific to phosphorylated ERK (pERK, Cell 

Signaling #4695, 1:5,000), total ERK (ERK, Cell Signaling #4370, 1:5,000) and SOS1 (Abcam 

ab140621, 1:10,000). Levels of β-tubulin were used to control for loading (Abcam, ab6046, 

1:20,000). Note that pERK and total ERK levels were determined using separate blots generated 

from equal quantities of the same protein lysate. For figure clarity, SOS1 and β-tubulin are 

shown for only the pERK blot. Full blots can be found in Figure S3. (B) Differences in ERK 

activation between each variant and WT SOS1 are shown as estimated ratios of median protein 
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expression (variant/WT) at baseline (no-EGF) and 15 min EGF stimulation. Bars represent point 

estimates of this ratio from a linear mixed model fit to data from three independent experimental 

replicates for each variant, and error bars represent pointwise 95% confidence intervals for this 

ratio. *, **, and *** denote two-sided p ≤ 0.05, 0.01, and 0.001, respectively, for the null 

hypothesis that this ratio was 1.  Relative to WT SOS1, elevated pERK expression was observed 

for both NS-associated variants used as positive ERK activation controls (M269R, E846K), as 

well as for all six DCM-associated SOS1 variants. ERK activation for a suspected benign variant 

detected in our cohort (L791I) did not differ from WT. Differences in pERK expression were not 

attributable to changes in total ERK or SOS1 expression levels. 

 

Figure 4. SOS1 gene and protein structure. The SOS1 gene and protein structure is shown. SOS1 

is encoded by 22 exons spanning a total of 1333 amino acids and 6 functional domains roughly 

divided into two functional halves by a short helical linker. Positions and disease associations of 

reported SOS1 variants are indicated. DCM-associated variants identified in this study are 

indicated and summarized in Table 1. SOS1 natively exists in an auto-inhibited state that is 

regulated by a primary N-terminal regulatory unit comprised of a histone-like fold (HF) domain, 

a Dbl homology (DH) domain, and a pleckstrin homology (PH) domain. Together these domains 

prevent RAS binding and activation at the C-terminal domains when SOS1 is not actively bound 

at the plasma membrane. Membrane association is primarily carried out by the proline rich (PR) 

tail through direct interactions with SH3 domains of GRB2. Two other C-terminal domains, a 

RAS-exchange motif (REM) and a CDC25 domain, together act as the catalytic core of the SOS1 

protein. Alleviation of auto-inhibition following membrane association frees the REM to bind to 

RAS. Conformational changes promote binding of a second RAS molecule at the adjacent 
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CDC25 catalytic site initiating GDP/GTP exchange and RAS activation. Abbreviations: ASD, 

Atrial septal defect; CFC, Cardiofaciocutaneous syndrome; HCM, hypertrophic cardiomyopathy; 

HGF, hereditary gingival fibromatosis; NS, Noonan syndrome. 

 

Figure 5. (A) SOS1 domain organization (PDB: 3KSY). Positions of DCM-associated variants 

identified in this study are indicated. Hatched bars indicate approximate allosteric and catalytic 

RAS binding sites. (B) Modeling of the wild-type SOS1 suggests the presence of an intermittent 

electrostatic association between Glu191 and Lys420 (evidenced by multiple short-lived 4 Å 

distance measurements) that is absent in models of p.(Glu191Lys). (C) Modeling of 

p.(Ile607Thr) suggests a hydrogen bond rearrangement between the region surrounding Ile607 

and the neighboring CDC25 helical hairpin . The addition of an –OH group promotes 

interactions between both Arg576-Thr607 and Lys953-Thr607 (left) and reorients the CDC25 

helical hairpin closer to the REM domain (right). The bar graph displays reduced average 

distance from the end of the sidechain of Lys953 to Thr607. Average distances with standard 

deviations represent 1100 independent measurements compiled over 25ns (D) p.(Gly719Ala) is 

positioned between the allosteric and catalytic RAS binding sites. Other amino acids within this 

same helix are involved in allosteric changes to the REM domain following RAS binding27. (E) 

Modeling of p.(Arg744Gly) demonstrates a localized unwinding of the surrounding helix by 

about 1 turn. (F) Asp910 is located at the SOS1-RAS interface and directly associates with 

Arg41 of the RAS Switch 1 region28. 
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