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Abstract

:

We aim to report the ocular phenotype and molecular genetic findings in two Czech families with Sorsby fundus dystrophy and to review all the reported TIMP3 pathogenic variants. Two probands with Sorsby fundus dystrophy and three first-degree relatives underwent ocular examination and retinal imaging, including optical coherence tomography angiography. The DNA of the first proband was screened using a targeted ocular gene panel, while, in the second proband, direct sequencing of the TIMP3 coding region was performed. Sanger sequencing was also used for segregation analysis within the families. All the previously reported TIMP3 variants were reviewed using the American College of Medical Genetics and the Association for Molecular Pathology interpretation framework. A novel heterozygous variant, c.455A>G p.(Tyr152Cys), in TIMP3 was identified in both families and potentially de novo in one. Optical coherence tomography angiography documented in one patient the development of a choroidal neovascular membrane at 54 years. Including this study, 23 heterozygous variants in TIMP3 have been reported as disease-causing. Application of gene-specific criteria denoted eleven variants as pathogenic, eleven as likely pathogenic, and one as a variant of unknown significance. Our study expands the spectrum of TIMP3 pathogenic variants and highlights the importance of optical coherence tomography angiography for early detection of choroidal neovascular membranes.
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1. Introduction


Sorsby fundus dystrophy (SFD, MIM #136900) is an ultra-rare autosomal-dominant disorder with complete penetrance and an estimated prevalence of 1/220,000 [1]. SFD is characterized by the accumulation of protein/lipid deposits under the retinal pigment epithelium (RPE), referred to as drusen [1,2]. Histopathological characterization has been quite limited in SFD because of the disease rarity. According to the available studies, thickening of Bruch’s membrane is an invariable feature. The histological hallmark of SFD appears to be confluent amorphous deposits located between the inner collagenous layer of Bruch’s membrane and the basement membrane of the RPE [2].



The disease is caused by pathogenic variants in the tissue inhibitor of metalloproteinase 3 (TIMP3) gene. The encoded TIMP3 protein inhibits not only a broad array of matrix metalloproteinases but also several members of the disintegrin and metalloproteinase domain family and thus contributes to controlling diverse processes mediated by proteolysis [3]. In the outer retina, TIMP3 protein is thought to have an important role in regulating the thickness of Bruch’s membrane by inhibiting its degradation from local metalloproteinases and in the inhibition of angiogenesis via blockage of vascular endothelial growth factor (VEGF) signaling [1,4,5]. The mechanism responsible for disease onset in the presence of pathogenic TIMP3 gene variants is still poorly understood. It has been hypothesized that SFD could be caused by the abnormal accumulation of TIMP3 protein in Bruch’s membrane and/or indirectly by dysregulation of the extracellular matrix [1].



The disease usually manifests with dark adaptation problems or a sudden loss of visual acuity due to subfoveal choroidal neovascularization (CNV), typically in the third or fourth decade of life [1]. In the initial stages, drusen-like deposits throughout the fundus are found. As the disease progresses, macular edema, exudates, retinal hemorrhages, or RPE detachment may develop together with CNV. Progressive bilateral outer retinal atrophy is another hallmark of the disease. Advanced SFD is characterized by macular scarring and/or severe atrophy, often associated with previous recurrent CNV [1,2]. Currently, there is no effective treatment for SFD; however, CNV as a secondary complication can be managed with prompt intravitreal anti-VEGF therapy [2,6,7].



Optical coherence tomography angiography (OCTA) is a quick non-invasive imaging technique constructing a map of blood flow in different retinal layers [8]. Presumably, due to the rarity of the disease, only a few reports describing OCTA findings in SFD have been published to date [9,10,11,12,13].



One study suggested that SFD may involve not only the retina but also extraocular tissues. Late-onset pulmonary disease manifesting as severe emphysema, despite no history of smoking or asthma, was observed in four affected members from one family with SFD. Another affected individual with SFD from an unrelated family had mild to marked bronchial wall thickening with mild cylindrical bronchiectasis [14].



In this study, we report a novel disease-causing variant in TIMP3. In addition, deep phenotyping allowed us to document an early CNV using OCTA. We also review TIMP3 variants reported as disease-causing by applying the classification of the American College of Medical Genetics and Genomics (ACMG) and the Association for Molecular Pathology (AMP).




2. Results


The proband from family 1 (individual II:1, Figure 1A) had a personal history of nyctalopia from the age of 40. She was referred to the Department of Ophthalmology, First Faculty of Medicine, Charles University and General University Hospital in Prague for examination when aged 54 years after diagnostic next-generation sequencing (NGS) screening, which revealed a heterozygous variant, c.455A>G p.(Tyr152Cys) (Figure 1C), in TIMP3 considered at that time to be a VUS (variant of uncertain significance). Her best corrected visual acuity (BCVA) was 0.8 bilaterally, and fundus examination detected the presence of drusen-like deposits and diffuse chorioretinal thinning in both eyes (Figure 2C). Spectral domain optical coherence tomography (SD-OCT) examination of the macula revealed focal disruption of the RPE and the photoreceptor layer, while fundus autofluorescence (FAF) demonstrated hyperautofluorescent and hypoautofluorescent spots at the macula (Figure 2A).



Six months later, the proband experienced deterioration of vision in the right eye over a 3-week period, and her BCVA decreased to 0.1, with a positive Amsler grid test for metamorphopsia. BCVA in the left eye remained stable. Biomicroscopic examination of the fundus showed the presence of a pigment deposition in the macular area (Figure 2E), while SD-OCT imaging suggested a type 2 CNV (i.e., passing through the RPE and located above the RPE in the subretinal space) [15] with serous detachment of the neuroretina (Figure 2B). OCTA localized the CNV within the avascular complex layer. The widest measured subfoveolar extension of the CNV covered an area of about 0.16 mm2 and was localized in the inferonasal section of the fovea (Figure 2G). After CNV detection, the patient was treated elsewhere with anti-VEGF intravitreal injections.



Her older son (individual III:1, Figure 1A), examined when 30 years old, was completely asymptomatic, with a BCVA of 1.0 in both eyes. Biomicroscopic examination of the fundus and SD-OCT, including OCTA of the macular zone, revealed no pathology (Supplementary Figure S1). Ophthalmic examination with detailed investigation for changes within the macular region using OCT and OCTA has been performed yearly. No pathological findings or changes in measurable retinal parameters (e.g., foveal avascular zone area, central retinal thickness, and choroidal thickness) have been identified up to the date of the manuscript submission when aged 33 years.



The general health of both the proband and her son was otherwise unremarkable, with the only condition present in the medical records being an oligosymptomatic form of osteoarticular Bechterew disease in the mother. Personal history was negative for bronchopulmonary disease in both subjects. The second son of the proband was not available for clinical examination. He reported to be free of any vision problems. The parents could not be examined because of their advanced age and limited mobility. Both reported no major visual problems. Consistently targeted Sanger sequencing for the presence of c.455A>G was negative in both individuals, as shown in Figure 1A.



The proband from family 2 (individual IV:2, Figure 1B) experienced metamorphopsia and deterioration of BCVA due to CNV in the right eye at the age of 37 and in the left eye when aged 39 years. The CNV in the right eye was managed elsewhere with photodynamic therapy following five applications of bevacizumab over one year and thirteen applications of ranibizumab over 7 years. The left eye had a history of five bevacizumab intravitreal injections. When examined by the authors, aged 44, the BCVA was 0.2 in the right eye and 0.08 in the left eye. Biomicroscopic evaluation of the fundus, SD-OCT, and OCTA examination documented the presence of fibrovascular macular scarring in both eyes (Figure 3).



The family history revealed that the father of the proband experienced severe metamorphopsia at the age of 45 years. When examined at the age of 73 years, his BCVA was 0.1 bilaterally. There was dense fibrovascular scarring in both macular regions, with complete vascularization of the avascular layer bilaterally and total loss of the physiological architecture of the retinal layers on SD-OCT and OCTA (Supplementary Figure S2). The family history indicated that the deceased grandfather of the proband as well as two granduncles were also likely afflicted with SFD. The proband’s only sister reported to be free from any symptoms related to possible macular disease and declined the possibility of preventive screening of the detected pathogenic variant, while mutation analysis in the proband’s 13-year-old daughter was recommended only after counselling with a clinical geneticist and has not been performed yet. Sanger sequencing confirmed the absence of the pathogenic variant in the proband’s 22-year-old son, who accordingly reported no kind of vision impairment.



The general health of the proband from family 2 was unremarkable, while the 73-year-old father had a history of type 2 diabetes mellitus and arterial hypertension with chronic ischemic heart disease.



A novel TIMP3 variant, c.455A>G p.(Tyr152Cys), was identified in both families. In family 1, the disease-causing variant occurred most likely de novo as neither of the proband’s parents carried the change, which was supported by paternity and maternity testing (Figure 1A). In addition, the variant was also observed in a 33-year-old asymptomatic son. Segregation analysis in family 2 showed that both the proband and his affected father harbored the sequence variant (Figure 1B), while one asymptomatic son tested negative.



Based on the available evidence, the c.455A>G p.(Tyr152Cys) variant was classified as pathogenic, meeting the following ACMG/AMP criteria: PM2_Moderate (no frequency in population databases), PS4_Supporting (prevalence in affected individuals is increased), PP3_Supporting (computational prediction tools support a deleterious effect on the gene), PP4_Strong (patient’s phenotype or family history is highly specific for a disease with a single genetic etiology), PM1_Moderate (located in a mutational hot spot and/or functional domain), and PS2 (de novo; paternity and maternity confirmed).



Including this study, 23 heterozygous variants in TIMP3 have been reported in patients presenting with retinal disease. Application of ACMG/AMP criteria adjusted for TIMP3 denoted eleven as pathogenic, eleven as likely pathogenic, and one as a VUS (Table 1; Supplementary Table S1).




3. Discussion


Herein, we report two Czech families with SFD carrying a novel pathogenic variant, c.455A>G p.(Tyr152Cys), in TIMP3. In addition, using OCTA, we have visualized early-stage CNV in one eye, highlighting the utility of this modality.



Only six cases with SFD have been investigated using OCTA previously [9,10,11,12,13,35]. The development of CNV in SFD is a typical feature of the disease, requiring careful monitoring after 30 years of age. Although fluorescein angiography is considered by some to be the gold standard for confirmation and analysis of active CNV, it is an invasive procedure associated with several albeit uncommon possible complications, which make its use unsuitable for repeated application in cases with no symptoms [36]. As OCTA is non-invasive, it can be extremely helpful in high-risk subjects such as carriers of TIMP3 pathogenic mutations as a screening tool to identify early-stage CNV, which is important for timing of anti-VEGF treatment and improved outcomes [7,37]. In our experience, fundus examination can be uninformative during this stage.



One individual aged 33 years at the time of the last examination did not show any signs of SFD despite being a heterozygous carrier of the pathogenic variant. This is, however, not surprising given that onset of the disease occurred in all three affected individuals reported in this study in their fourth or fifth decade of life.



SFD may pose a diagnostic challenge due to phenotypic variability and late manifestation. During the evaluation process, we initially considered the c.455A>G observed in family 1 as a VUS. The development of CNV, as well as identification of the variant in a second family with SFD, provided additional support to classify the change as pathogenic. When fully manifested, SFD clinical signs are highly specific, allowing for direct screening of TIMP3 as the only known disease-causing gene. The proband from family 1 had an earlier stage of SFD upon initial clinical examination, not enabling specific genotype correlation; in addition, there was no family history of disease, suggesting a likely recessive inheritance pattern. For these reasons, her DNA sample was analyzed using a broad gene panel, contrary to the proband from family 2, who only underwent direct sequencing of TIMP3.



Pathogenic variants in TIMP3 have also been reported to possibly be associated with chronic obstructive pulmonary disease [14]; in this study, however, all the mutation carriers denied having any bronchopulmonary problems.



As several TIMP3 reference sequence identifiers have been used in the literature, we have reviewed all the reported variants in the context of canonical transcript NM_000362.5. We have also suggested gene-specific criteria to apply the ACMG/AMP guidelines and used them for TIMP3 variant pathogenicity assessment. The limitation of the current study is that consensus was only reached among the authors of this manuscript and the suggested gene-specific criteria may be altered later by a larger group of experts.



Out of the 23 TIMP3 variants previously reported to be retinal disease-causing, c.499G>A p.(Asp167Asn) did not meet the ACMG/AMP criteria for pathogenic/likely pathogenic. As for pathogenic/likely pathogenic variants, most are located in exon 5, and 16 involve cysteine residue (introduction or loss of a cysteine). The novel TIMP3 mutation described herein also results in changing an amino acid to cysteine, further supporting the hypothesis that mutant TIMP3 proteins with unpaired cysteines form abnormal disulfide-bonded dimers and aggregate, leading to disturbed extracellular matrix remodeling of Bruch’s membrane [23,24,28,38,39,40,41,42].




4. Materials and Methods


4.1. Participants and Clinical Examination


Detailed ocular examination was performed in the Department of Ophthalmology, First Faculty of Medicine, Charles University and General University Hospital in Prague. BCVA using Snellen charts (shown in decimal values) and intraocular pressure were measured. Macular architecture was assessed with SD-OCT (Spectralis, Heidelberg Engineering GmbH, Heidelberg, Germany). Fundus photography and FAF imaging were acquired using an ultra-widefield camera (Clarus 700, Carl Zeiss Meditec AG, Jena, Germany).



OCTA was performed using the Spectralis OCT2 Module. Angiography images with a field of view of 20° × 20° (~5.8 mm × 5.8 mm) or 30° × 15° (~8.8 mm × 4.4 mm) centered on the fovea showing the superficial vascular complex (SVC), the deep vascular complex (DVC), and the avascular complex were collected for analysis. The images were generated by automated layer segmentation using the software of the OCT instrument (version 7.0.1). SVC was defined as the area between the internal limiting membrane and inner plexiform layer (IPL), DVC as the area between the IPL and the outer plexiform layer (OPL), while the avascular complex was defined as the area spanning from OPL to basal membrane [43].




4.2. Molecular Genetic Analysis


Genomic DNA was isolated from peripheral blood using Gentra Puregene™ Blood Kit (Qiagen, Hilden, Germany) or saliva samples using Oragene Saliva Collection and DNA extraction kit (Genotek, Ottawa, ON, Canada) according to the manufacturer’s instructions.



In the proband from family 1, NGS using a panel comprising 548 genes implicated in ocular disorders was conducted (Supplementary Materials). Library preparation was performed with Kapa Hyper Prep Kit (Roche, Basel, Switzerland) and the KAPA UDI Primer Mixes (Roche) for indexing. Enrichment was conducted with designed target enrichment probes (Roche). Sequencing was performed on the MiniSeq platform (Illumina, San Diego, CA, USA). Paternity and maternity testing was carried out with a set of 16 forensic markers [44].



In proband 2, the entire coding region of TIMP3 and flanking introns were prioritized based on specific phenotype and bidirectionally analyzed by conventional Sanger sequencing using previously described primers [45]. Direct sequencing was also used to verify the presence of presumed causal variant detected by NGS and for targeted screening in first-degree relatives. NCBI Reference Sequence NM_000362.5 was used.




4.3. Review of TIMP3 Variants


Variants in TIMP3 previously reported to be associated with SFD or a retinal dystrophy phenotype were reviewed and aligned to NM_000362.5. If the original work used a different reference sequence, variant description was extrapolated. If no reference sequence was provided but sequence chromatogram with the variant was shown, we plotted the change in the context of NM_000362.5. If no reference sequence or sequence chromatogram were provided in the original publication, we extrapolated the change at DNA level based on literature data published at the time. If this was the case, we checked other transcripts used in reports on TIMP3 variants for consistency with the nucleotide and protein change.



The ACMG along with the AMP published their guidelines for sequence variant interpretation in 2015. Since then, several Variant Curation Expert Panels were established to define application of the ACMG/AMP guidelines in specific genes or diseases. As none of them deals with TIMP3, we have created ACMG/AMP-specific criteria following published recommendations on selected genes causing rare autosomal-dominant disorders with high degree of penetrance (Table 2) [46,47]. PP5 criterion was not used as recently recommended [48]. The final variant scoring to one of the five categories (pathogenic, likely pathogenic, variant of uncertain significance (VUS), likely benign, and benign) was performed using the Franklin platform (https://franklin.genoox.com (accessed on 10 February 2024)).





5. Conclusions


In summary, this is the first report regarding SFD in the Czech population, which highlights the usefulness of molecular genetic testing and the necessity of deep genotype–phenotype correlations. The novel pathogenic variant and clinical findings described in this study continue to broaden the molecular genetic knowledge on SFD and reemphasize the importance of considering SFD in differential diagnosis regarding patients with unspecified macular dystrophy.



Individuals with pathogenic/likely pathogenic TIMP3 variants should be instructed to regularly self-examine with an Amsler grid and if possible regularly followed by using OCTA in order to detect CNV early, which can then be managed with prompt anti-VEGF treatment. In addition to CNV identification, serial OCT and OCTA examination in asymptomatic TIMP3 pathogenic variant carriers could be an invaluable tool to discover early disease markers and to shed light on the pathophysiological mechanisms involved in disease progression. Unfortunately, we did not identify any presymptomatic changes using these methods. In this context, we must take into account the short duration of the total follow-up period and the relatively young age of the examined subjects.
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Figure 1. Pedigrees and sequence chromatogram. (A) Pedigrees of family 1, (B) family 2, and (C) sequence chromatogram of the detected heterozygous TIMP3 variant (blue arrow) altering a tyrosine to cysteine NM_000362.5:c.455A>G p.(Tyr152Cys). Black squares and circles indicate clinically affected individuals, white symbols represent clinically unaffected individuals. Arrows indicate probands. Abbreviation: wt, wild type. 
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Figure 2. Retinal imaging in the proband from family 1 documenting development of CNV in the right eye. (A) Baseline SD-OCT horizontal scans through the macula (cross-sectional plane is provided in the insert) performed at the age of 54 years, showing small subfoveolar drusen, irregularities within the photoreceptors layer (white arrow), and a partial vitreous detachment. (B) SD-OCT scan performed 6 months later; note a small area of neuroretinal detachment in the central foveolar region (red asterisk). (C) Baseline fundus photography documenting irregular pigment distribution and drusen in the macular and paramacular area, and (D) OCTA image within avascular complex with no signs of neovascularization. (E) Fundus photography taken after CNV development; only subtle pigmentary changes in the macular can be recognized (white asterisk), and (F) OCTA scan of the deep vascular and (G) avascular complex demonstrating the presence of a subfoveolar CNV (red arrow). Abbreviations: CNV, choroidal neovascularization; SD-OCT, spectral domain optical coherence tomography; OCTA, optical coherence tomography angiography. 
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Figure 3. Retinal imaging in the proband from family 2. (A) Fundus photography of the right eye and (C) left eye showing severe atrophy of the whole macular region with patchy pigmentation. (B,D) Central macular hypoautofluorescence dominates in FAF images. (E,F) OCTA scans demonstrate no lesion within the deep vascular complex, while an extensive presumably long-lasting CNV is identified bilaterally in the avascular complex layer (G,H), corresponding to complete loss of the external retinal layers as demonstrated by transversal SD-OCT scans passing through the fovea (I) in the right and (J) left eye. Abbreviations: CNV, choroidal neovascularization; FAF, fundus autofluorescence; SD-OCT, spectral domain optical coherence tomography; OCTA, optical coherence tomography angiography. 
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Table 1. Summary and classification of TIMP3 variants reported as disease-causing in the heterozygous state.
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Description

	
ACMG/AMP Classification

	
Reported Phenotype

	
References




	
DNA

	
Protein






	
c.29T>A

	
p.(Leu10His)

	
Likely pathogenic

	
Early-onset maculopathy without CNV

	
[16]




	
c.34G>C

	
p.(Gly12Arg)

	
Likely pathogenic

	
Early-onset maculopathy without CNV

	
[16]




	
c.70T>C

	
p.(Cys24Arg)

	
Likely pathogenic

	
SFD (no clinical description)

	
[17]




	
c.113C>G

	
p.(Ser38Cys)

	
Pathogenic

	
SFD

	
[17,18,19,20]




	
c.410A>G

	
p.(Tyr137Cys)

	
Likely Pathogenic

	
Retinitis pigmentosa-like, drusen

	
[21]




	
c.439-2dup

	
p.?

	
Likely Pathogenic

	
SFD

	
[22]




	
c.452A>G

	
p.(Tyr151Cys)

	
Likely Pathogenic

	
SFD (no clinical description)

	
[17]




	
c.455A>G

	
p.(Tyr152Cys)

	
Pathogenic

	
SFD

	
Current study




	
c.484G>A

	
p.(Glu162Lys)

	
Likely pathogenic

	
SFD

	
[23]




	
c.484G>T

	
p.(Glu162*)

	
Likely pathogenic

	
SFD

	
[24,25]




	
c.499G>A

	
p.(Asp167Asn)

	
VUS

	
MD vs. SFD (no clinical description)

	
[26]




	
c.521A>G

	
p.(Tyr174Cys)

	
Pathogenic

	
SFD

	
[6]




	
c.530A>G

	
p.(Tyr177Cys)

	
Pathogenic

	
SFD

	
[6]




	
c.536C>G

	
p.(Ser179Cys)

	
Pathogenic

	
SFD

	
[24,27]




	
c.542A>G

	
p.(His181Arg)

	
Pathogenic

	
SFD

	
[28]




	
c.545A>G

	
p.(Tyr182Cys)

	
Pathogenic

	
SFD

	
[6,29]




	
c.565G>T

	
p.(Gly189Cys)

	
Pathogenic

	
SFD

	
[24,30]




	
c.568G>T

	
p.(Gly190Cys)

	
Pathogenic

	
SFD

	
[31]




	
c.572A>G

	
p.(Tyr191Cys)

	
Likely pathogenic

	
SFD

	
[32]




	
c.577A>T

	
p.(Ser193Cys)

	
Likely pathogenic

	
Retinitis pigmentosa-like, drusen

	
[33]




	
c.584A>G

	
p.(Tyr195Cys)

	
Pathogenic

	
SFD

	
[31]




	
c.594G>T

	
p.(Trp198Cys)

	
Likely pathogenic

	
SFD (no clinical description)

	
[17]




	
c.610A>T

	
p.(Ser204Cys)

	
Pathogenic

	
SFD

	
[32,34]








NM_000362.5 was used as the reference sequence. Abbreviations: VUS, variant of uncertain significance; CNV, choroidal neovascular membrane; SFD, Sorsby fundus dystrophy; MD, macular dystrophy.













 





Table 2. ACMG/AMP criteria specific to TIMP3, which were used to score variants.
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Pathogenic Criteria

	
ACMG/AMP Criteria

	
Strong

	
Moderate

	
Supporting






	
Population data

	
PM2

	
Absent in population databases

	

	
gnomAD non-founder subpopulations frequency 0.0%

	
gnomAD non-founder subpopulations frequency <0.0001%




	
PS4

	
The prevalence of the variant in affected individuals is significantly increased compared with the prevalence in controls

	
≥5 observations

	
3–4 observations

	
2nd independent occurrence




	
Computational and predictive data

	
PP3

	
Multiple lines of computational evidence support a deleterious effect on the gene or gene product

	
REVEL score > 0.932

	
REVEL score (0.773–0.932)

	
REVEL score (0.644–0.772) or SpliceAI score > 0.5 for splicing variants




	
Phenotype

	
PP4

	
Patient’s phenotype or family history is highly specific for a disease with a single genetic aetiology

	
Clinical diagnosis of SFD with consistent phenotype description

	
Clinical diagnosis of SFD without phenotype description

	
Clinical diagnosis of macular dystrophy or retinitis pigmentosa without CNV and/or drusen with phenotype description




	
Functional data

	
PS3

	
Well-established in vitro or in vivo functional studies supportive of a damaging effect on the gene or gene product

	

	

	
Studies support functional impact




	
PM1

	
Located in a mutational hot spot and/or functional domain without benign variation

	

	
Variant leads to the introduction or loss of a cysteine

	




	
Segregation data

	
PP1

	
Co-segregation with disease in multiple affected family members in a gene definitively known to cause the disease

	
Co-segregation with disease ≥7 meiosis

	
Co-segregation with the disease in 5–6 meiosis

