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Abstract

Background: Singleton-Merten Syndrome (SGMRT) is a rare immunogenetic disorder 

that variably features juvenile open-angle glaucoma (JOAG), psoriasiform skin rash, aortic 

calcifications, and skeletal and dental dysplasia. Few families have been described and the 

genotypic and phenotypic spectrum is poorly defined, with variants in DDX58 (DExD/H-box 

helicase 58) being one of two identified causes, classified as SGMRT2.

Methods: Families underwent deep systemic phenotyping and exome sequencing. Functional 

characterization with in vitro luciferase assays and in vivo interferon signature using bulk and 

single cell RNA sequencing was performed.

Results: We have identified a novel DDX58 variant c.1529A>T p.(Glu510Val) that segregates 

with disease in two families with SGMRT2. Patients in these families have widely variable 

phenotypic features and different ethnic background, with some being severely affected by 

systemic features, and others solely with glaucoma. JOAG was present in all individuals affected 

with the syndrome. Furthermore, detailed evaluation of skin rash in one patient revealed sparse 

inflammatory infiltrates in a unique distribution. Functional analysis showed that the DDX58 
variant is a dominant gain-of-function activator of interferon pathways in the absence of 

exogenous RNA ligands. Single cell RNA sequencing of patient lesional skin revealed a cellular 

activation of interferon-stimulated gene expression in keratinocytes and fibroblasts but not in 

neighboring healthy skin.

Conclusions: These results expand the genotypic spectrum of DDX58-associated disease, 

provide the first detailed description of ocular and dermatologic phenotypes, expand our 

understanding of the molecular pathogenesis of this condition, and provide a platform for testing 

response to therapy.
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INTRODUCTION

Singleton-Merten syndrome (SGMRT) is a rare multisystem genetic inflammatory disorder 

that variably features juvenile open angle glaucoma (JOAG), psoriasiform skin rash, 

vascular calcifications, dental anomalies, and skeletal dysplasia. DDX58 (DExD/H-box 
helicase 58) and IFIH1 (interferon-induced with helicase C domain 1) have been implicated 

in this condition causing SGMRT2 [MIM: 616298] and SGMRT1 [MIM: 182250], 

respectively.1-6 Both genes encode proteins (RIG-I and MDA5, respectively) that recognize 

double-stranded RNA viruses and activate type I interferon pathways and proinflammatory 

cytokines, part of the innate immune response.7,8 Identified variants in these genes have 

been dominant gain-of-function missense variants that activate interferon pathways in the 

absence of exogenous RNA ligands.2-4

DDX58 and IFIH1 are members of the retinoic acid inducible-like receptors (RLR) and 

recognize exogenous RNA from many viruses, including coronavirus, Zika virus, and 

rubella.7,9-11 DDX58 signals downstream through the mitochondrial activating complex, 

ultimately activating TANK-binding kinase (TBK1).8 In turn, downstream phosphorylation 

of IRF-3 and IRF-7 leads to transcriptional activation of interferon responsive genes and 

release of proinflammatory cytokines.8,9

Pathogenic variants in DDX58 have been identified in two Korean and one Caucasian 

family with SGMRT2.3,4 The phenotypic features of these families were quite variable, 

ranging from milder4 to more severe.3 JOAG has been seen in nearly all reported patients 

(12/13, 92%), and psoriasiform rash is also common (9/13, 69%). These features have been 

described in adult patients predominantly, so it is unclear when they develop and whether 

there are patients with only glaucoma or skin rash.

Here, we report two unrelated families with features of SGMRT who carry a novel DDX58 
variant. We use deep phenotyping to reveal novel aspects of this syndrome, including a 

detailed characterization of the ocular and skin features. Furthermore, through detailed 

functional characterization, we observe a tissue-specific activation of interferon responsive 

genes in lesional skin, suggesting organ systems may be variably affected.

MATERIALS AND METHODS

Human subjects and clinical testing

Human subjects work was approved by the Institutional Review Board (IRB) at the 

University of Michigan and National Institutes of Health. All subjects provided written 

informed consent for their inclusion and separate consent for publication. Brazilian subjects 

were consented in Portuguese, with data and images reviewed retrospectively, de-identified 

and exempt.

For Family A, clinical records were reviewed and blood samples processed for DNA 

extraction. Patients underwent standard clinical and surgical ophthalmic evaluation, which 

included best corrected visual acuity (BCVA), refraction, and slit-lamp and dilated 

fundus examination. Patients also had fundus color photography (Topcon, Tokyo, Japan; 
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Optos, Dunfermline, Scotland), spectral domain optical coherence tomography (Spectralis, 

Heidelberg, Germany), and static perimetry (Humphrey 24-2, Carl Zeiss Meditec, Dublin, 

CA, USA). Patients underwent systemic phenotyping including history and physical 

exam, computerized tomography (CT) scan, dental exam, and electrocardiogram. Dental 

evaluation included the occlusion, eruption pattern, tooth morphology, jaw relationship, 

and temporomandibular joint function, along with intra-oral photography (Canon EOS 5D 

Mark II camera, Canon USA Inc., Arlington, VA, USA) and 3-dimensional intraoral scans 

(3shape A/S, Copenhagen, Denmark). For Family B, systemic and ophthalmic records were 

reviewed, including imaging data, clinical, and surgical history.

Genetic analysis

DNA from whole blood was extracted according to standard procedures as previously 

described.12 For Family A exome sequencing, patient DNA samples were pooled equally 

based on dsDNA fluorescence quantification (QuantiFluor dsDNA System, Promega, 

Madison, WI, USA). One DNA pool was made for all known affected family members, 

and one for adult unaffected family members. Library preparation used the xGen Exome 

capture kit v1 (Integrated DNA Technologies, Coralville, Iowa, USA) and the Illumina 

NovaSeq Platform (San Diego, CA, USA) at the National Intramural Sequencing Center. 

Variants were called using a customized pipeline including MuTect2 in the Genome 

Analysis Toolkit,13 using tumor (affected) / normal (unaffected) analysis (https://github.com/

Bin-Guan/NGS_genotype_calling), and classified based on American College of Medical 

Genetics (ACMG) criteria.14 The proband from Family B underwent clinical exome 

sequencing using Nextera Exome Capture (Illumina) followed Illumina HiSeq platform 

sequencing.

Functional assays

Structural modeling in PyMOL (Schrödinger, LLC, New York, NY, USA) was based 

on human DDX58 (RIG-I) bound to dsRNA (PDB: 2ykg).15 Sequence conservation 

was evaluated using Vertebrate MultiZ Alignment and Conservation16 in the UC-

Santa Cruz genome browser, with manual re-alignment of zebrafish ddx58 (REFseq: 

NM_001306095.1).

Mutant FLAG-tagged RIG-I (DDX58) p.(Glu510Val) was constructed using site-directed 

mutagenesis starting from previously generated wild-type constructs (pFIag-CMV4-RIG-I) 

and using standard protocols.3 Luciferase assays using HEK-293T cell transfected with 

wild-tpe and mutant DDX58 constructs along with IFN- promoter-driven firefly luciferase17 

in the presence or absence of RNA mimic 5AB were conducted as previously described.3 

Statistical analysis was done using two-tailed Student’s t-test. Western blot analysis was 

done according to standard protocols with lysate preparation as done previously.18 Primary 

antibodies were the following: mouse anti-FLAG M2-peroxidase (1:5000, Sigma-Aldrich, 

St. Louis, MO, USA) and rabbit anti-β-actin (1:5000, Cell Signaling, Danvers, MA, USA).

For Family A, interferon gene signature was determined from blood RNA from freshly 

collected patient samples as previously described.3,19 Briefly, a standardized IFN score was 

calculated from gene expression analysis (Nanostring, Seattle, WA, USA) of 28 selected 
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interferon-stimulated genes (ISGs) normalized by subtracting the mean of healthy controls 

and dividing by the standard deviation of healthy controls.

Bulk and single cell RNA (scRNA) sequencing

To generate single cell suspensions, lesional and nonlesional skin tissue was first obtained 

by punch biopsy from individual A-III-3. Sample processing, library preparation, and 

sequencing were performed as previously described20 with the exception that all epidermal 

and dermal cells were pooled for sequencing. The samples were analyzed together with 

normal skin biopsy samples from 2 healthy Caucasian patients. Quality control, read 

alignment, and gene quantification was conducted using the 10X Genomics Cell Ranger 

software (Pleasanton, CA, USA). Seurat 3.021 was used for further normalization, data 

integration, and clustering analysis. Clustered cells were mapped to corresponding cell types 

by gene signatures as done previously20. Interferon response score was calculated using the 

same 28 ISG signature,19 with z-score first computed for each gene in each cell, and the 

scores of the 28 genes averaged to compute the IFN score for each cell. Gene ontology (GO) 

term analysis was conducted in PANTHER22. Data processing and analysis for bulk RNA 

sequencing from lesional and non-lesional skin tissue from individual A-III-3 and A-IV-6, 

and healthy control skin, was done as previously described23.

RESULTS

Clinical phenotypes of Singleton-Merten Syndrome families

The proband IV-6 from Family A (Figure 1A) of European descent presented at age 

three with severely elevated intraocular pressure (IOP). She underwent uncomplicated 

360-degree trabeculotomy in both eyes and subsequently maintained normal IOP without 

glaucoma medications (Figure 2, Table 1). At age 11, her BCVA was 20/20 in each eye 

with no visual field loss, stable optic nerve appearance, and normal retinal nerve fiber 

layer thickness (Figure 2A-D). Systemically, she had history of prolonged QT interval 

on electrocardiogram (EKG). Dental examination revealed mixed dentition with delayed 

eruption pattern with 12 retained deciduous teeth at the time of examination (11 years old), 

along with severe crowding (Supplemental Figure 1). Additional evaluation with CT head, 

chest-abdomen, electrocardiogram, and history and physical examination evaluation by a 

medical geneticist did not reveal any abnormalities (Supplemental Figure 2-3). Individual 

A-IV-2, the proband’s brother, presented at age 14 with abrupt onset of eye pain and 

blurred vision and was noted to have elevated IOP of 48 mmHg in the right eye and 39 

mmHg in the left eye (Figure 2, Table 1). He underwent 360 trabeculotomy in the right 

eye, during which canalogram demonstrated minimal outflow downstream of Schlemm’s 

Canal25. Hence, he underwent Baerveldt 350 glaucoma drainage device placement in the left 

eye. At age 19, his IOP was controlled on 4 classes of glaucoma medications in the right eye 

(timolol, dorzolamide, latanoprost, brimonidine) and 2 classes in the left eye (timolol and 

dorzolamide). He had preserved visual function and optic nerve structure, without significant 

progression of disease (Figure 2). Systemic phenotyping revealed joint subluxation of the 

left shoulder, and mild arthritic changes on hand and foot radiographs, but no vascular 

calcifications or intracranial calcifications, or bony anomalies (Supplemental Figure 2-3). 
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Dental exam revealed normal dentition with moderate enamel defects and mild crowding of 

mandibular anterior teeth (Supplemental Figure 1).

Individual A-III-3, father of proband, was diagnosed with JOAG at age 3 and underwent 

bilateral goniotomies followed by bilateral trabeculectomies with antifibrotics. He was 

subsequently stable on topical medications but developed bilateral corneal graft failure with 

band keratopathy and corneal neovascularization in his mid-20s. He underwent penetrating 

keratoplasty three times, with transplant failure after 18 months, then 4 years, then 10 

years, and most recently Descemet Stripping Automated Endothelial Keratoplasty in his 

right eye (Figure 2E). He had no corneal surgeries in his left eye. BCVA at last exam was 

20/40 in the right eye and light perception in the left eye. Fundus examination revealed 

severe optic disc cupping and pallor in the right eye with poor view due to corneal 

opacification in the left eye. Humphrey visual field showed severely constricted visual 

field in the right eye with dense superior and inferior arcuate defects (mean deviation: 

−17.94 dB, pattern standard deviation: 9.02 dB, Figure 2C-D). Systemically, the patient 

had intermittent arthritis symptoms beginning in college, which improved temporarily with 

azathioprine treatment. He also had spontaneous rupture of the Achilles tendon. CT of chest 

and abdomen demonstrated mild aortic calcifications and calcification of the proximal left 

subclavian artery, and iliac arteries (Figure 1B). External and radiographic evaluation of 

hands and feet were notable for periarticular calcification and bony erosion of the meta- and 

especially the proximal inter-phalangeal joints of the hands and feet (Figure 1C-E). Dental 

examination revealed normal appearance with restorations on multiple teeth (Supplemental 

Figure 1). C-reactive protein and Westergren sedimentation rate were normal. The patient 

developed a psoriasiform rash in his 20s on bilateral flanks, trunk, and extensor surfaces 

of the arms and legs that did not respond to topical steroid therapy and has continued to 

spread (Figure 3A-C). Histologic analysis of lesional skin showed psoriasiform epidermal 

hyperplasia with minimal infiltrate and absence of neutrophilic microabcesses (Figure 3D-

E). Electrocardiogram was normal without evidence of arrythmia. Patient reported family 

history was notable for JOAG and blindness in the proband’s paternal grandfather and 

great-grandfather, and her grandfather was also reported to have a skin rash and arthritis 

similar to individual A-III-3.

The proband from Family B (B-III-1) was of Brazilian native descent and first presented 

with glaucoma at age 5. At that time, his IOP was 38 mmHg bilaterally and cup-disc 

ratio was noted to be 0.8 in both eyes. He underwent urgent bilateral trabeculotomies. 

He developed bilateral corneal opacification at age 13 years secondary to corneal 

decompensation, and underwent penetrating keratoplasty in each eye. Due to graft failure 

and rejection over the next several years, he subsequently had two additional penetrating 

keratoplasties in each eye. He suffered a blunt trauma in the left eye at age 14, with 

resulting corneal graft dehiscence, lens dislocation and retinal detachment. At age 21 years, 

he underwent placement of an Ahmed-FP7 glaucoma tube in left eye, but the eye became 

hypotonous and developed phthisis bulbi over several years. At his last examination at age 

31, the patient’s BCVA was 20/100 in the right eye and no light perception in the left eye, 

and IOP was 8 mmHg and 0 mmHg, respectively. Anterior segment exam demonstrated a 

failing corneal transplant with band keratopathy and peripheral corneal neovascularization in 

the right eye (Figure 2F) and phthisis bulbi of the left eye. Systemic phenotyping revealed 
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hypoplastic distal second digits (Figure 1G-I), mild finger-nail dysplasia and severe toenail 

hypoplasia (Figure 1G-I). He was noted to have brittle teeth, caries and gingivitis from 

age 8 and developed a recurrent psoriasiform skin rash at age 12. He also developed 

arthralgia at age 13 and had spontaneous Achilles tendon rupture bilaterally. Radiographs 

were notable for lumbosacral transitional vertebra, osteophytosis on patellofemoral and 

tibiofemoral joints, as well as calcaneus irregularities. Echocardiogram revealed mitral and 

aortic valve calcifications and left ventricular hypertrophy. The patient was diagnosed with 

cardiac arrythmia by age 24 and succumbed to heart failure and cardiogenic shock at age 32. 

The proband’s sister (B-III-2) was diagnosed with glaucoma at age 8 and her last cardiac 

assessment revealed numerous premature ventricular contractions. Family history per report 

was notable for an autosomal dominant pattern of glaucoma, cardiomyopathy and dystrophic 

nails.

Genetic analysis

Family A underwent pooled exome sequencing, which identified a missense variant in 

DDX58 (RefSeq transcript ID: NM_014314.3) c.1529A>T p.(Glu510Val) and no other 

compelling variants (Figure 4). This variant segregated perfectly in all affected individuals 

and was absent from the unaffected pool (A-III-2 and A-III-4) or from unaffected 

individuals undergoing clinical diagnostic testing (Figure 4B). The proband in Family B had 

clinical exome sequencing, which revealed the same DDX58 variant (ClinVar submission: 

SCV001137792.1). DDX58 Glu510 is highly conserved in vertebrate species and within the 

Hel-2i domain that contacts dsRNA ligands (Figure 4C-D). Structural modeling revealed 

that this residue makes a charge-charge contact with Arg546, which is disrupted with 

the valine substitution. The p.(Glu510Val) variant is absent in gnomAD (in over 240,000 

alleles), predicted to be damaging by 15 in silico predictors26 with a high genomic 

evolutionary rate profiling (GERP) score (5.05)27 and high combined annotation dependent 

depletion (CADD) score (29.7),28 and meets ACMG criteria29 for being likely pathogenic 

(Supplemental Table 1).

Functional analysis

To date, identified pathogenic variants in DDX58 associated with Singleton-Merten 

syndrome have been dominant gain-of-function variants that activate IFN pathways in 

the absence of an RNA ligand.3,4 We used a validated IFN-b luciferase reporter assay in 

HEK-293T cells, comparing p.(Glu510Val) to previously reported variants p.(Cys268Phe) 

and p.(Gln517His).3,4,17 There was significant basal activation of the reporter with DDX58 
p.(Glu510Val) as compared to wild-type (p<0.05), similar to that observed for the other two 

variants (Figure 4E). There were comparable levels of transfection/protein expression and all 

constructs showed further reporter activation in the presence of 5AB, an RNA mimic.

To further define the pattern of interferon stimulation, blood samples from affected 

and unaffected members of family A were subjected to validated Nanostring interferon 

signature analysis, and compared to previously generated controls from other inflammatory 

conditions (Neonatal onset multisystem inflammatory disease [NOMID], Chronic Atypical 

Neutrophilic Dermatosis with Lipodystrophy and Elevated Temperature [CANDLE], 

STING-associated vasculopathy with onset in infancy [SAVI]).19 All family members had 
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negative interferon scores, similar to healthy controls, with no correlation between interferon 

score and disease activity (Figure 4F).

Skin transcriptomic analysis

Given the unusual histologic features of the psoriasiform rash and the lack of elevated 

interferon scores in blood, we next used bulk and single cell RNA sequencing to establish 

a cellular and molecular signature for this condition. Single cells from lesional and 

adjacent unaffected skin from individual A-III-3 (Figure 3) were dissociated and underwent 

scRNA sequencing, and results were compared to those from previously collected healthy 

Caucasian controls. We collected 5,115 and 6,660 cells in the lesional and non-lesional skin, 

respectively, with a median of ~2,000 genes per cell. We performed unsupervised clustering 

analysis and grouped the cells into 13 clusters (Figure 5A), including keratinocytes (basal, 

differentiated and keratinized), fibroblasts, eccrine cells, endothelial cells, myeloid cells, 

mast cells, and T cells. The proportion between different cell types was fairly consistent 

between the three groups, with the exception of slight expansion of basal and differentiated 

keratinocytes, defined by the cluster having expression of KRT14/MT2A/ASS1/WNT10A 
and KRT10/PTGS1/KTR6B/KRT1, respectively20 (Figure 5B). This was consistent with 

expansion of the epidermal compartment and the resultant psoriasis-like hyperplasia (Figure 

3E). Interestingly, DDX58 mRNA expression was increased in all three compartments of 

keratinocytes from inflamed skin compared to control skin (Figure 5C), consistent with 

DDX58 serving as an ISG.30 Similarly, DDX58 expression was elevated in inflamed skin 

for fibroblasts and endothelial cells but not mast cells (Figure 5C). Consistent with this 

observation we found heightened IFN response score (Figure 5D; defined using 28 gene 

signature: Figure 5E)19 in lesional fibroblasts and interfollicular epidermal cells compared 

to these populations in healthy control skin, but lower IFN score in non-lesional skin. These 

results were confirmed in bulk RNA sequencing analysis from individual A-III-3 and A-

IV-2 (Supplemental Figure 4), though with comparable ISG expression in non-lesional and 

control skin. Surprisingly, IFNA1 and IFNB1 were not detected in lesional or non-lesional 

samples, though IFNG expression was elevated in T cells in lesional skin, possibly related 

to the long duration of disease activity in this individual (Supplemental Figure 5). In the 

lesional keratinocytes (differentiated) functional enrichment GO terms included “response 

to type I interferon” (false discovery rate [FDR] = 1.67x10−7), “innate immune response” 

(FDR = 6.59 x10−6), and “programmed cell death” (FDR = 4.92E-4) (Supplemental Table 

2). Consistent with the reduced IFN response signature we observed in non-lesional skin 

(Figure 5D), GO terms decreased in this population also included “response to type I 

interferon” (FDR = 4.47x1 O−2, Supplemental Table 3), but less significantly so. Further, the 

average expression of IFN response genes was much higher in inflamed lesional skin from 

the patient (Supplemental Figure 4) than the baseline IFN response in control cells.

DISCUSSION

Here, we have identified a novel gain-of-function variant in DDX58 in two families 

with Singleton-Merten Syndrome Type 2, and have provided a very complete ocular, 

dermatologic, and molecular description of this rare syndrome with wide ranging 

implications for the innate immune system.
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Phenotypic variability of DDX58-associated disease

We have described two families with the same DDX58 p.(Glu510Val) variant leading to 

a very broad spectrum of ocular and systemic phenotypes (Figure 1-3). This spectrum of 

phenotypic features is consistent with prior reports, and suggest different features from 

IFIH1-associated disease.4,31 32 None of the identified DDX58 patients have significant 

neurologic findings or intracranial calcifications (Supplemental Figure 3),3,4 to suggest 

overlap with the Aicardi-Goutieres spectrum as in IFIH1 disease.32 Additionally, glaucoma 

is the most penetrant feature of DDX58-related disease (Table 1), and blood interferon 

signature is variable (Figure 4),3 unlike IFIHI-related disorder.2 Though glaucoma is 

common to nearly all of the described family members, the age at diagnosis and 

the severity is variable. These results suggest that other exogenous factors such as 

genetic predispositions at other loci or environmental triggers may contribute to disease 

pathogenesis. Intriguingly, DDX58 plays an important role in pathogen recognition for 

double-stranded RNA viruses, such as Zika virus and rubella virus.10,11 Infection with these 

viruses has been associated with a high rate of infantile-onset glaucoma,33,34 suggesting a 

possibility that DDX58 could contribute to disease pathogenesis in these infections.

There is striking phenotypic variability also for systemic phenotypes. The two adult 

individuals in United States and Brazilian families have the same genotype, but varying 

severity and tissue involvement. Individual A-III-3 has psoriasiform rash and significant 

joint calcifications, but very mild aortic involvement and no nail changes (Figure 1B-E). 

Individual B-III-1 has severe aortic calcifications and nail hypoplasia, but lacks joint 

calcifications (Figure 1F-I). Thus, the pleiotropic effects are not clearly driven by the 

genotype. Additionally, variants that have a lower level of basal interferon activation in vitro 
(i.e. p.Gln517His) can lead to more severe systemic phenotypes.3

Some younger individuals in our study have isolated JOAG and none of the other systemic 

features. As such, it remains possible that DDX58 or environmental triggers of this pathway 

explain a much larger proportion of JOAG patients than previously thought. As some JOAG 

cases may be pre-symptomatic for the other systemic features of SGMRT2, as evidenced by 

individual A-IV-2, diligent screening for systemic features is necessary, given that cardiac 

calcifications are a frequent cause of mortality in these patients. Some individuals show 

evidence only of glaucoma (i.e. A-IV-6). Others may not show any features until later in life, 

supporting the value of genetic testing and counseling in these unaffected family members.

Interestingly, the most severely affected individuals from both families had significant 

conjunctival calcifications and suffered early corneal graft failure. While the presence of 

glaucoma is a risk factor for corneal graft failure35,36 and penetrating keratoplasty may 

exacerbate glaucoma,37 immune mechanisms may also be involved. Indeed, treatment with 

alpha-2 interferon has been associated with development of graft rejection,38 and this 

pathway is activated in SGMRT.8

Novel skin features of this disorder

We have provided the first comprehensive description of the skin findings of an individual 

with SGMRT2, with detailed gross, histologic, and gene expression analysis. Interestingly, 
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the skin rash of SGMRT2 shows increased cornification and epidermal hyperplasia, 

however, in contrast to psoriasis and cutaneous lupus, inflammatory infiltrates were sparse. 

While DDX58 expression was predominantly in tissue resident cells, the lack of ISG 

expression in non-lesional skin, and the prominent IFNG expression, along with absence 

of other type I IFNs in lesional skin, suggest involvement of the adaptive immunity for full 

development of the inflammatory skin phenotype. The distinct presentation of the skin rash 

involved both the trunk and extremities, demonstrated fine scale, lacked sharp demarcation 

from normal skin. Given that this is one of the most consistent features of the syndrome 

(together with glaucoma), the skin may be the most amenable for monitoring disease activity 

and response to treatment.

Tissue specificity in interferon activation

We have defined a novel gain-of-function DDX58 p.(Glu510Val) variant that activates ISG 

expression. We have shown that in vitro this variant activates interferon pathways to a 

basal low level in the absence of an RNA ligand. Evaluating the blood interferon signature 

and cutaneous scRNA sequencing data from Family A, we have uncovered a striking cell 

type and tissue specific response. In a previously assessed family, the interferon score was 

elevated in the proband, but not the older family member.3 However, family A members 

have a negative blood standardized interferon score, which is below the score for many 

healthy control individuals. Individual A-III-3 clearly has disease activity as evidenced 

by his active skin lesions and arthralgia. Consistent with this, ISGs were upregulated in 

lesional skin among many of the cell types, but not in neighboring healthy skin. DDX58 

is most prominently expressed in keratinized and differentiated epithelium, which shows 

the strongest ISG response. These results could be explained by the fact that mutant 

DDX58 exerts a cell and tissue specific response, guided by a unique endogenous and 

exogenous RNA environment in different cells and tissues. Indeed, differential recognition 

of endogenous RNAs (Alu duplexes) leading to activation of downstream signaling was 

observed with Aicardi-Goutieres associated variants of IFIH1 (MDA5),18 suggesting this 

could be a pathogenic mechanism for RIG-I-like receptor mutations. The interferon 

suppression in non-lesional skin could be the result of homeostatic mechanisms to limit 

basal interferon signature or differential response to stress, but this remains to be evaluated 

experimentally. Alternatively, variability in basal interferon activity may be influenced by 

other genetic or environmental factors leading to variability among patients and populations. 

For instance, keratinocytes in the skin have constant interaction with the microbial and viral 

world, which may lead to tonic stimulation of DDX58/RIG-I signaling.

While there is a clear role of the immune system in glaucoma,39 specific molecular 

mechanisms remain poorly defined. The discovery of a novel immunogenetic syndrome, 

with systemic features in accessible tissues such as the skin, allows for further 

characterization of the role of the immune system in glaucoma pathogenesis. Given that 

DDX58 functions as an environmental sensor, these discoveries also suggest a possible role 

for innate immune mechanisms in more common forms of glaucoma. Furthermore, our 

studies provide a framework for using gene expression analysis from the skin to develop 

targeted therapies for this condition.
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Figure 1. 
Systemic findings in two families with Singleton-Merten syndrome. (A) Pedigrees of 

SGMRT2 families. Shaded individuals are affected with pediatric onset glaucoma and 

variably with other features of SGMRT2. Half-shaded individuals have adult onset open 

angle glaucoma. (B-E) Clinical features of individual A-III-3, including CT scan (B) 

showing aortic and large vessel calcifications (arrows), external hand photo showing joint 

swelling (C), hand (D) and foot (E) radiographs showing joint calcifications. (F-I) Clinical 

features of individual B-III-1, including chest CT showing aortic calcifications (F), external 

photo of hand (G), foot (H), and finger (I) showing clinodactyly, nail hypoplasia, and distal 

phalangeal hypoplasia. +, sampled individuals; *, included for affected pooled exome; #, 

included for unaffected pool.
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Figure 2. 
Ocular findings in Singleton-Merten syndrome. (A-D) Ophthalmic imaging and testing from 

right eyes of SGMRT2 patients including optic disc photos (A) of affected patients from 

two families (family A, left; family B, right), retinal nerve fiber layer thickness maps (B), 

Humphrey visual field 24-2 total deviation (C) and pattern deviation (D) maps. (E) External 

photo of right and left eyes of individual A-III-3 showing calcium deposits on the cornea and 

corneal graft (left), corneal neovascularization and opacity (right). (F) External photo of the 

right eye of individual B-III-1 showed opacified corneal transplant with neovascularization.
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Figure 3. 
Skin findings in Singleton-Merten syndrome. (A-C) External photos of A-III-3. Stable, 

thin pink scaling non-pruritic plaques symmetrically distributed on the abdomen (A), back 

(B) and extremities (C). (D-E) Histologic findings in skin eruption of Singleton-Merten 

syndrome. Psoriasiform epidermal hyperplasia is noted, but there is minimal epidermal 

and dermal inflammatory infiltrate, and the neutrophilic micro-abscesses characteristic of 

psoriasis are notably absent (hematoxylin and eosin; d, 50x; e, 100x).
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Figure 4. 
Genetic and functional analysis of SGMRT2 families. (A) DDX58 (RIG-I) gene diagram 

showing location of p.(Glu510Val) variant (pink) and previously identified missense 

variants. (B) Sequencing chromatograms showing segregation of c.1529A>T variant in 

Family A. (C) Structural modeling of DDX58 bound to RNA based on crystal structure 

2ykg showing charge-charge interaction of Glu510 with neighboring Arg546. (D) MultiZ 

100 vertebrate conservation showing that Glu510 is an invariant residue in multiple species. 

Functional analysis of DDX58 p.(Glu510Val) variant. (E) Dual luciferase reporter assay 

with interferon-responsive element in HEK293T cells with wild-type and variant DDX58 in 

the presence or absence of 5AB dsRNA. DDX58 p.(Glu510Val) variant shows significant 

basal activation in the absence of the RNA ligand, as do previous SGMRT2 associated 

variants p.(Cys268Phe) and p.(Gln517His). (F) Standardized interferon gene signature from 

blood for Family A members. Interferon signature is compared with autoinflammatory 

conditions without (i.e., NOMID - Neonatal onset multisystem inflammatory disease) and 

with (i.e., CANDLE - Chronic Atypical Neutrophilic Dermatosis with Lipodystrophy and 

Elevated temperature and SAVI - STING-associated vasculopathy with onset in infancy) an 
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interferon response. C, CARD domain; HEL, helicase domain; P, P-loop NTPase domain; 

CTD, C-terminal domain, HC, healthy control. * p<0.05, ** p<0.01.
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Figure 5. 
Single cell RNA-sequencing from non-lesional and lesional skin from the index case. (A) 

UMAP clustering and cell populations in healthy control, non-lesional, and lesional skin 

from DDX58 p.(Glu510Val) variant index case. (B) Comparison of cell type proportions in 

control (C), non-lesional (NL) and lesional (L) skin. (C) DDX58 expression in the basal 

and differentiated compartments of the interfollicular epithelium (IFE); T cells; fibroblasts; 

endothelial cells; and mast cells. (D) Interferon responses shown as a composite “Interferon 

score” for different cell-types, showing increased interferon response in lesional skin (L, 

blue) compared to healthy controls (C, red) or non-lesional skin (NL, green). (E) Expression 

of individual interferon response genes in control, lesional and non-lesional basal layer 

keratinocytes (IFE_Basal_Cells) and fibroblasts. Circle size denotes percentage of cells 

showing expression, and color indicates expression levels.
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Table 1:

Ocular and systemic features of DDX58 - Singleton Merten Syndrome Type 2 (SGMRT2) patients in this 

study

A: IV-2 A: IV-6 A: III-3 B: III-1 B: III-2
Total 
n/N
(%)

Total n (%)
reported
DDX58-

associated
SGMRT3,4

Total n (%)
reported
IFIH1-

associated
SGMRT2,5,24

Gender M F M M F

Age 19 11 50 32 (deceased) 36

Glaucoma/
severe OHTN + + + + + 5/5 

(100%)
12/13 
(92%) 6/15 (40%)

Corneal 
transplant 
failure

NA NA + + NA 2/2 
(100%) NA NA

Corneal 
surgeries − − PKPx3 OD, 

DSAEK OD
PKPx6 OD, 
PKPx4 OS −

Age at 
glaucoma 
diagnosis

14 3 3 5 8

Visual acuity 
(logMAR, 
right/left)

0/0 0/0 0.6/LP 0.8/NLP 1.0/CF

Tmax (mmHg, 
right/left) 48/39 30/36 NA/NA 38/38 19/34

IOP at last 
exam (mmHg, 
right/left)

15/15 15/14 7/10 12/Hypotony-
Phthisis 14/5

Glaucoma 
surgery trabeculoto 

my OD, 
BV350 OS

360 
trabecul 
otomy 

OU

trabeculectom 
y OU x 2 w/
bleb needling 

x2 OD, 
goniotomy OU

trabeculectomy 
3x OD, 2x OS, 

Ahmed OS, 
CTLC 2x OD 

and 3x OS

trabecule 
ctomy 2x 

OU

# Glaucoma 
drops (right, 
left)

4/2 0/0 0/0 0/0 0/0

Aortic/
valvular 
calcification

− − + + − 2/5 
(40%) 7/9 (78%) 12/15 (80%)

Cardiac 
arrhythmia − − − +* PVCs 2/5 

(40%) 1/13 (8%) 6/11 (55%)

Acro-osteolysis 
of phalanx − − − − − 0/5 

(0%) 8/10 (80%) 11/14 (79%)

Psoriasiform 
rash − − + + − 2/5 

(40%) 9/13 (69%) 11/14 (79%)

Short stature − − − − − 0/5 
(0%) 2/13 (15%) 6/9 (67%)

Dental 
anomalies − − − + − 1/5 

(20%) 2/13 (15%) 13/16 (81%)

Delayed 
secondary 
dentition

− + + − − 2/5 
(40%) 1/2 (50%) 8/13 (62%)

Joint 
subluxation + − − − − 1/5 

(20%) 3/13 (23%) 12/14 (89%)
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A: IV-2 A: IV-6 A: III-3 B: III-1 B: III-2
Total 
n/N
(%)

Total n (%)
reported
DDX58-

associated
SGMRT3,4

Total n (%)
reported
IFIH1-

associated
SGMRT2,5,24

Tendon 
rupture − − + (Achilles) + (Achilles) − 2/5 

(40%) 2/13 (15%) 7/16 (55%)

Scoliosis − − − − − 0/5 
(0%) 0/13 (0%) 3/10 (30%)

Dysplastic/
hypopl astic 
nails

− − − + − 1/5 
(20%) 2/13 (15%) NA

OHTN, ocular hypertension; PKP, penetrating keratoplasty; DSAEK, Descemet's stripping endothelial keratoplasty; logMAR, log of minimum 
angle of resolution; LP light perception; NLP, no light perception; CF, counting fingers; IOP, intraocular pressure; CTLC, contact transcleral laser 
cyclophotocoagulation; OS, left; OD, right; NA, information not available; PVC, premature ventricular contractions

*
arrhythmia documented in health record, but not observed in available electrocardiograms on record.
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