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Abstract 

Genes regulating the endolysosome and autophagy pathway are the major aetiological contributors 

to hereditary spastic paraplegia (HSP). A pathogenetic link involving macroautophagy between HSP 

and Alzheimer disease (AD) has been well-established. SORLA, an endosomal trafficking protein, 

has a pivotal role in maintaining the homeostasis of glutamatergic neurons and white matter tract 

microarchitecture. So far, SORL1 is only associated with a dominant form of AD and amyloid 

angiopathy. Here, we investigated a case with adult-onset spastic paraparesis and cerebroretinal 

vasculopathy (CRV). Whole-genome sequencing revealed a biallelic 

NC_000011.10(NM_003105.6):c.1211+1G>A consensus splice donor variant in SORL1. 

Transcriptomics confirmed aberrant splicing, predicting a derailment of the reading frame and 

significant nonsense-mediated decay. The demonstration of reduced levels of SORLA and, 

consequently, a significant enlargement of endosomes and lysosomes in patient-derived fibroblasts, 

further cemented the pathogenicity of the variant. The probability that SORL1 is recessive and 

aetiologically related, gathers support from the constraint score metrics (pRec-1.0), meiotic 

recombination studies, SORL1-/- mouse models with the phenotype reminiscent of HSP with CRV, 

and in vitro studies demonstrating endolysosomal enlargement in SORL1-/- glutamatergic neurons. 

Collating all the evidence from phenotype analysis, functional studies, and literature suggests, 

SORL1 is probably a new candidate for a recessive form of complicated HSP. 

Keywords: SORL1; complicated HSP; cerebral amyloid angiopathy; lysosomal enlargement; NMD  

 

1. Introduction 

Hereditary Spastic Paraplegia (HSP) is a designation given to a constellation of symptoms 

characterised predominantly by weakness and spasticity of the lower limbs. HSP is a heterogeneous 

group of Mendelian disorders that is pan-ethnic, and has a collective prevalence of 2–5 per 100,000 

[1]. It is clinically categorised into pure/uncomplicated and complex/complicated types with variable 

ages of onset. In all forms of HSPs, there is axonal degeneration of the corticospinal tract and its cell 

bodies. There can be a variable involvement of Fasciculus Gracilis. Substantial intra- and inter-

familial variation in the phenotype is well known, even among the carriers of the same pathogenic 

variant [2]. Hence, accurate genotype-phenotype correlation is challenging. Moreover, there is a 

growing recognition of a substantial overlap between HSP and categories otherwise considered 
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distinct traditionally, such as inherited ataxias (spastic-ataxias), extrapyramidal disorders 

(Parkinsonian-pyramidal syndromes), dementias, and others.  

Of the 150 HSP-linked genes, 70 have been definitively confirmed; while the others remain 

candidates [3]. Causative genes are involved in any one of the diverse cellular pathways, such as 

axonal transport, endosomal trafficking, etc. One such biological process, responsible for at least 24 

subtypes of HSP, is the endolysosome and autophagy pathway [3]. Its role in several 

neurodegenerative disorders involving the motor neuron, such as HSP, ALS, and CMT, is beyond 

doubt. The classical examples are SPG11, KIF1A, KIF5A, VCP, and spastacin-related disorders. Since 

post mitotic differentiated neurons cannot divide, to preserve viability during stress, they rely heavily 

on the endolysosome and autophagy pathway [4]. It does so through precise cargo delivery through 

membrane trafficking and degradation, thus ensuring the removal of cytotoxic macromolecules or 

undesirable organelles. Hence, any malfunctioning of the endolysosome and autophagy pathway 

may promote neuronal dysfunction and death, thereby precipitating neurodegenerative disorders. 

The protein SORLA (Sorting-related receptor with A-type repeats), a member of the VPS10 

domain receptor family, is a key player in the endolysosome and autophagy pathways. It is involved 

in the sorting and recycling of Amyloid Precursor Protein (APP). SORLA is encoded by the gene 

Sortilin-related receptor 1 (SORL1). In conjunction with other retromer complexes, SORLA transports 

APP to the trans-Golgi network (TGN) or recycles APP to the plasma membrane from early 

endosomes, preventing the detrimental amyloidogenic pathway [4]. SORL1 has a well-established 

association with the dominant form of familial Alzheimer disease (AD) and cerebral amyloid 

angiopathy (CAA) [5–7]. Glutamatergic neurons derived from human induced pluripotent stem cells 

(hiPSCs) of AD patients with heterozygous loss-of-function variants (LOF) have enlarged 

endosomes, a pathological hallmark of AD [8]. Enlarged endosomes are a result of the clogging of 

endolysosome and autophagy pathways by the amyloidogenic products [9]. However, recent in vitro 

studies have suggested a more severe molecular phenotype in the homozygous knockout (KO) of 

SORL1 [8]. Parting AD and CAA, no other clinical phenotypes have been described so far with 

SORL1, especially in a recessive fashion.  

Recently, there has been mounting evidence for the phenotypic overlap between HSP and AD, 

along with an established pathogenetic link [10]. Several genes aetiologically associated with both 

phenotypes are part of the endolysosome and autophagy pathway. The most prominent among them 

is PSEN1. In this light, we thoroughly investigated a case of progressive spastic paraparesis with 

cerebroretinal vasculopathy (CRV). Post comprehensive sequencing of the whole genome and an 

exhaustive search for a causative locus only yielded a biallelic consensus splice donor variant in 

SORL1. Here, we provide evidence in the form of aberrant RNA phenotypes, aberrant protein 

expression, as well as endosomal and lysosomal enlargement to support our claim that the biallelic 

splice donor variant is indeed a LOF variant and is leading to clogging of the endolysosome and 

autophagy pathway. The evidence from our data as well as the available molecular data on SORL1 

and clinical correlates supports our hypothesis that SORL1 is a potential candidate for an as-yet-

undescribed recessive type of complicated HSP. 

2. Materials and Methods 

2.1. Clinical Evaluation  

Proband, a 22-year-old male, is the first born of second-degree consanguineous parentage 

(Figure 1). He presented with a history of lower limb weakness, gait difficulty (Supplementary 

Video), and frequent falls since the last three years. The onset was insidious, with a gradually 

progressive course. There was no history of bladder/bowel involvement, sensory disturbance, upper 

limb weakness, fasciculations, seizures, cognitive impairment, or constitutional symptoms. Antenatal 

history was uneventful. He had a smooth neonatal transition period with a birth weight of 2.6 kg. He 

had mild talipes of the left foot at birth, which, upon correction, did not pose any gait impediment. 

There was no developmental delay or regression. His scholastic performance up to the 9th standard 
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was just average. However, he was completely independent in all the activities of daily living, 

including the handling of monetary affairs. His parents in their early 5th decade have no symptoms 

of cognitive deterioration. No significant family history of neurological illness/dementia in the second 

and third degree relatives.  

On examination, his head circumference was 53.5 cm, within the normal range; his height was 

146.5 cm (<3 SD); and his weight was 36 kg (<3 SD). Tests for cognitive functions such as frontal 

aphasia battery, visuospatial memory, calculation, and attention were all normal. He had spasticity 

of the lower limbs with exaggerated deep tendon reflexes and bilateral extensor plantar responses. 

Reflexes in the upper limbs were brisk; however, power and tone were normal. He demonstrated a 

spastic gait. Sensory and cerebellar examinations were normal. Fundus examination revealed dot 

haemorrhages and a single cotton wool spot bilaterally. The nerve conduction studies and tibial 

somatosensory evoked potentials were normal. 

Asymmetric T2/FLAIR hyperintensities were seen on the MRI in the pons, both centrum 

semiovale, and corona radiata (Figure 2). The same locations revealed punctate mineralization on 

susceptibility-weighted imaging (SWI) and curvilinear enhancement on contrast imaging. MRA 

revealed the left vertebral artery terminating in PICA, along with evidence of a persistent left 

hypoglossal artery. The MRI spine screening was unremarkable. The CT brain showed punctate 

calcifications in the locations mentioned above, as well as in the pineal gland and bilateral choroid 

plexus. 

Despite the fact that his clinical profile did not match, we assessed him for intracranial 

calcifications, including interferonopathy, based on the imaging findings. The calcium studies were 

normal. ESR, CRP, and extensive autoimmune workups including RA, ANA, and ANCA were 

negative. CSF studies, including workups for infections, were unremarkable. VDRL, HIV, HTLV I, 

and II were non-reactive. HBsAg and anti-HCV antibodies were negative. Vitamin B12, 

homocysteine, tandem mass spectrometry, venous blood lactate, and ammonia were normal. 

Echocardiography, ultrasound abdomen and pelvis were normal. Audiological evaluation revealed 

bilateral mild conductive hearing loss, which was secondary to CSOM. However, brain stem auditory 

evoked potentials were normal bilaterally. In view of the clinical phenotype, course, and negative 

laboratory studies, a provisional diagnosis of complicated HSP (progressive spastic paraparesis with 

CRV) was considered. We performed whole-exome sequencing (WES) to determine the genetic 

causality. 

2.2. Whole-Exome and Whole Genome Sequencing  

WES and mitochondrial genome libraries were prepared using the Twist comprehensive exome 

kit (36.8 Mb, Twist Bioscience, USA). Paired-end 150 bp (PE150) sequencing was performed on 

NextSeq 550. Later, both the proband and asymptomatic mother (MOP) were also sequenced on a 

larger 43 Mb WES panel (KAPA HyperExome), as per the manufacturer's protocol (Roche Sequencing 

Solutions, USA). The libraries were sequenced on DNBSEQ-G400 (MGI Tech Co., Latvia) with PE 100 

bp reads. We generated more than 10 Gb of data for the proband and MOP. Over 95% of bases had 

Phred Q scores >30.  

Short read whole genome sequencing (SRWGS) library was constructed using KAPA HyperPrep 

kit. The library was sequenced in was performed DNBSEQ-G400 with PE 150 bp reads. A total of 

92.41 Gb of sequencing raw data was generated for SRWGS.  

2.3. Long-Read Whole-Genome Sequencing  

Long-read whole-genome sequencing (LRWGS) library was constructed from 1 µg of the 

proband's DNA using the ligation sequencing kit (SQK-LSK114, Oxford Nanopore Technologies Ltd., 

UK). The libraries were sequenced on the Promethion 2i sequencer using R10.4.1 flowcells as per the 

manufacturer's protocol. The sequencing and simultaneous base calling were performed using 

Dorado v0.6.2. FASTQ reads with a mean Q score above 10 (Q10+) were filtered and considered for 

further analysis.  
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2.4. Variant Calling and Interpretation 

We used FastQC v0.12.1 to evaluate FASTQ read quality. We aligned WES and SRWGS reads to 

the GRCh38 reference genome and performed variant calling using the Sentieon DNAseq pipeline, 

adhering to GATK best practices. LRWGS reads were aligned to GRCh38 using Minimap2. Variant 

calling was performed using wf-human-variation workflow v2.2.0 on EPI2ME v5.1.10 including 

calling of SNVs, small indels, structural variation (SV) and repeat expansions. We used VarSeq v2.5 

(Golden Helix, Inc., USA) for variant annotation, filtering, and interpretation as per the ACMG/AMP 

guidelines [11]. Variants were annotated against various public databases of allele frequencies and 

phenotype associations, sequence conservation, functional effect, and splicing effect predictions. 

Copy number variations (CNVs) were called using VarSeq CNV pipeline, and CNVs with a p 

value of <0.0005 and a z score value greater than ±2 were considered for further evaluation. We 

annotated and interpreted CNVs in accordance with the ACMG guidelines. We used the VarSeq 

pipeline and AutoMap [12] to call copy-neutral loss of heterozygosity (LOH) regions as well as SV 

analysis for both the SRWGS and LRWGS datasets. Sanger sequencing was performed using the BDT 

v3.1 kit and SeqStudio system to validate the candidate variants.  

2.5. RNA Sequencing 

High-quality RNA from peripheral blood mononuclear cells (PBMCs) of proband and MOP was 

extracted and sequenced in duplicate. We also sequenced three healthy male and female control 

samples (HCON) matched for age. Strand-specific total RNA-seq libraries were prepared using 700 

ng of total RNA utilising KAPA Hyper RNA kit (Roche Sequencing Solutions, USA). The libraries 

were sequenced on the NextSeq 550 with PE150 reads, which generated ~60 million reads per sample.  

Reads were aligned to the GRCh38 reference using STAR v2.7.11b [13]. Gene-level quantification 

was performed using HTSeq v0.11 and Salmon v1.10 [14,15]. Differential gene expression analysis 

was performed using DESeq2 [15]. Differentially expressed genes (DEGs) showing log2 fold change 

(log2FC) of ±1 and above with a padj value of <0.05 were considered significant. Significant DEGs 

were further analysed for gene ontology, pathways, and gene set enrichment analysis (GSEA) using 

WebGestalt [17]. Enriched gene ontology terms or molecular pathways identified were tested using 

FDR correction, and a p value of <0.05 was considered significant. 

2.6. Detection of Splicing Aberration  

As the pathogenic variant identified in the proband was predicted to result in splicing 

aberrations, we pursued detecting, analysing, and quantifying alternative splicing events. We utilised 

MAJIQ to detect and quantify local splicing variations (LSVs) and VOILA for visualisation [18]. 

Aligned reads from proband, MOP, six healthy age-matched controls, and three neurotypical brain 

tissues from the primary motor cortex (M1) and middle frontal gyrus (MC-MFG) were utilised. In-

house MC-MFG data was utilised to show that the canonical transcript (ENST00000260197.12) is 

predominantly expressed in the human frontal cortex and that LSVs between HCON and MC-MFG 

are similar. Another reason is that, the M1 cortex is the likely pathological site in the proband; 

therefore, any outcome of our analysis of the clinically accessible tissue should mirror that of M1. 

Percent spliced in (PSI, Ψ) for each of the LSVs was calculated along with relative LSV differences 

(delta PSI, ΔΨ) between the groups using the MAJIQ quantifier. 

2.7. Western Blot  

Proteins from PBMC lysates were resolved by 7.5% SDS-PAGE and transferred to a PVDF 

membrane. Membrane was blocked and probed overnight with primary anti-SORL1 and anti-

GAPDH antibodies (Abcam Inc., USA). Membranes were labelled with secondary antibodies and 

visualised using chemiluminescence detection.  

2.8. Fibroblast Culture and Confocal Immunofluorescence Imaging 
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Previous studies have shown that the loss of SORL1 in hiPSC-derived neurons leads to enlarged 

early endosomes and lysosomes [8,19]. Hence, we planned to perform confocal immunofluorescence 

imaging of endosomes and lysosomes from patient derived fibroblasts and controls. The tissue from 

the skin biopsy was minced and cultured in DMEM with 10% foetal bovine serum (FBS) as per the 

standard protocols [20]. Fibroblasts were then plated on coverslips, fixed with 4% paraformaldehyde, 

and permeabilized with 0.1% TritonX-100. Cells were blocked with 5% normal goat serum and 

labelled with anti-EEA1 and anti-LAMP1 (Cell Signalling Technology, USA). This was followed by 

staining with fluorochrome-conjugated secondary antibodies (Alexa fluor 488, Invitrogen), followed 

by counterstaining with DAPI. Cells were visualised using Zeiss LSM 980 confocal microscope with 

a suitable filter. Images were acquired for 15–20 fields and 20–25 cells were analysed. Maximum 

intensity projections of confocal stacks were generated and exported to ImageJ. Individual puncta 

were separated by segmentation, and 'Analyze Particle' command was used to measure the vesicle 

size [8,19]. Unpaired, two-tailed t-test was used for statistical analysis. 

3. Results 

3.1. Clinical Outcome at Follow-Up 

The proband was prescribed antispastic medications and a regular physiotherapy regimen. The 

follow-up, 20 months after the first visit, revealed no new complaints. Only the frequency of falls had 

marginally increased. However, the neurological findings were comparable to the initial 

examination. Follow-up MRI/MRA indicated no interval changes. The clinical phenomenology, 

indolent course, and follow-up imaging data suggested a diagnosis of complicated HSP rather than 

monogenic interferonopathy, vasculitis, primary angiitis of the CNS, or a disorder of calcium 

homeostasis. 

3.2. Results of WES and WGS  

We analysed comprehensively annotated variants in a hierarchical filtering process using the 

latest versions of gene panels from PanelApp Australia or PanelApp UK [21]. We used a panel of 163 

unique HSP-associated genes, which revealed no overt pathogenic or likely pathogenic variants. 

Scouring through the data for rare and ultra-rare variants in the panel yielded no significant variants. 

In the second line of evaluation, a panel of 55 genes, including TREX1, RNASEH2A/2B,2C, LSM11, 

ARAR, IFIH1, SAMHD1, and RNU7-1, were comprehensively screened for significant variants to rule 

out monogenic interferonopathy. Further, brain small vessel disease with calcification syndromes 

due to COL4A1, COL4A2, and COLGALT1 were screened. This line of investigation did not yield any 

positive results. Finally, a comprehensive evaluation of over 1000 genes predisposing to either 

intracranial calcification, ALS, spastic ataxia, vasculitis, mitochondrial disorders, Fabry’s disease, or 

CSF1R was performed, which yielded no disease-causing variants. Further, no large or small SVs 

encompassing genes or contiguous genes relevant to the above-mentioned panels were detected.  

In order to explore the possibility of hidden causative variants in the known genes not captured 

by WES, we performed both SRWGS well as LRWGS. A concordance rate calculation for QC passed 

variants between SRWGS and LRWGS was performed by intersecting both VCF files using 

BCFTOOLS [22]. The analysis showed >95% concordance, suggesting high-quality LRWGS data. We 

then focused our attention on the rare/ultra-rare variants in the non-coding regions of the 

aforementioned genes with bioinformatic variant effect predictions on aberrant splicing/expression. 

It yielded a few variants of uncertain significance, which had insufficient evidence for disease 

causation, based on either in silico predictions or the experimental evidence of aberrant 

expression/splicing from the RNA-seq data. Furthermore, no pathogenic CNVs, repeat expansions, 

or structural variations were found for the genes/genomic regions relevant to the phenotype. Also, 

no copy neutral LOHs spanning the genes relevant to the phenotype were found.  

Upon screening for all the pathogenic or likely pathogenic variants in any gene, an ultra-rare 

consensus splice donor variant in SORL1 was found. The homozygous variant, 
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NC_000011.10(NM_003105.6):c.1211+1G>A in intron 8 of SORL1 was observed (WES depth 57x; 

SRWGS depth 22x; LRWGS depth 18x) (Figure 3). The variant has been previously reported only once 

in a heterozygous state in gnomAD v4.1 (1/1612006 alleles, allele frequency=0.0000006203). This 

variant has not been reported in TOPMed, 1000 genomes, or in our in-house database consisting of 

over 12,000 alleles of Indian ancestry. The variant is in a clinically relevant transcript (MANE Select: 

ENST00000260197.12/NM_003105.6), potentially resulting in an aberration of normal splicing. As it 

disrupts the donor splice site for an exon, 6577 base pairs upstream of the penultimate exon junction 

complex, it was therefore predicted to cause nonsense-mediated decay (NMD). LOF is a known 

pathogenetic mechanism for SORL1. Hence, as per the ACMG/AMP guidelines, the variant was 

considered to be likely pathogenic (PM2, PVS1) [10]. MOP was found to be a heterozygous carrier of 

the variant. The proband’s asymptomatic father declined to provide his sample for testing. However, 

phased LRWGS data demonstrated two different haplotype patterns flanking the pathogenic variant, 

suggesting the inheritance of the variant, one each from both parents. Further, the proband was found 

to harbour APOE ε3/ε4 genotype.  

SORL1 has a well-established association with not only sporadic AD but also with monogenic 

forms of AD (dominant inheritance with age-dependent penetrance) [23]. However, the constraint 

score for SORL1 resembles that of a recessive gene with a pRec score of 1 (pLI=0, LOEUF=0.55) [23]. 

Yet another clue towards the possibility of a recessive inheritance, comes from the homozygous KO 

mouse models exhibiting gait difficulties and vasculopathy [25]. Further, the variant was observed 

in a large copy neutral LOH, which was 4.3 Mb in size by WES and 0.9 Mb by LRWGS. This large 

copy neutral LOH, along with other large LOHs genome-wide, confirmed parental relatedness. This 

also indicates that the homologous chromosomal segments in the LOH regions are identical by 

descent rather than by chance. All these pointers strongly suggested a recessive pattern of inheritance 

for the phenotype, prompting further investigation. 

3.3. Aberrant RNA Phenotype  

As the variant predicted aberrant splicing and possible NMD, deep RNA-seq was performed. 

RNA-seq detected ~8894 protein-coding transcripts, each with >5 TPM (transcripts per million count). 

All the samples had comparable expression for the housekeeping genes. Of the SNVs called from 

RNA-seq, >95% were concordant with those from WES. We performed an integrated analysis with 

variants from WES, SRWGS, LRWGS and RNA-seq. However, no hidden pathogenic/likely 

pathogenic variants were identified from the RNA-seq data relevant to the phenotype. 

We then focused our analysis on the SORL1 transcript. The overall depth of the entire transcript 

in the proband as compared to controls was remarkably low. DEG analysis revealed a 

downregulation of SORL1 transcripts with a log2FC of −1.218 from the HTseq-DESeq2 workflow 

(padj=0.0046) and −1.66 (padj=0.000000043) from the Salmon-DESeq2 workflow (Supplementary 

Table 1). This translates to a striking 2.5-fold underexpression of SORL1 as compared to controls. 

These results undisputedly confirmed NMD, which is a known pathogenic mechanism in SORL1 

[26,27]. Based on the observed TPM values, we predicted NMD in 61.32% of transcripts, while 38.67% 

of the remaining, probably escaped. This is in line with the evidence that NMD is never complete and 

the proportion of escape varies by gene as well as the location of premature termination codons 

(PTCs) [28]. While MOP showed a partial downregulation of SORL1, it was not statistically 

significant. As the NMD was incomplete, further analysis of splicing aberrations was possible in the 

remainder of the transcripts. 

Sashimi plots in IGV displayed at least 5 alternative splicing events (Supplementary Figure S1), 

which were further investigated by generating splice graphs and junctional read counts in 

MAJIQ/VOILA (Figure 4).  The pattern of splicing and LSVs were identical between HCON and MC-

MFG, suggesting only the canonical isoform is expressed in both tissues. Therefore, any aberration 

in splicing detected in PBMCs should mirror that of MC-MFG. Further, no other SORL1 isoform but 

the canonical one was detected. MAJIQ revealed six distinct LSVs for the proband and MOP as 

compared to HCON/MC-MFG. LSV1, utilising the canonical splice sites of intron 8, had no junctional 
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reads in the proband with Ψ values (Table 1) strongly suggesting a complete abrogation of the 5' 

canonical splice site. Whereas, about 62% of transcripts in MOP were observed to have LSV1, as 

compared to >90% in HCON/MC-MFG. Because of this complete abrogation, a single target LSV with 

two 5' cryptic splice sites were activated (LSV2 and LSV3), with ~30% junctional reads for each of the 

LSVs in the proband. Another noteworthy finding was that, both the proband and MOP had a higher 

retention of intron 8 as compared to HCON/MC-MFG (LSV6). Since we employed a total RNA 

sequencing protocol, many of the reads spanning the entirety of the introns are probably originating 

from the pre-mRNA molecules. Even if a proportion of such reads are discounted, the extent of the 

intron retention event is at least 2-4 times higher in the proband as compared to HCON/MC-MFG. 

We also observed single-source LSV (SS-LSV) events at the edges of exon 6 and exon 7, leading 

to exon skipping. The first SS-LSV at the junction of exon 6 skips exons 7 and 8 (LSV4), while the 

second at exon 7 skips exon 8 alone (LSV5). Since exons 8 and 9 are asymmetric alternative exons, 

any skipping event that results in splicing of exon 9 with any symmetrical exon would derail the open 

reading frame [29]. All six LSVs (Figure 5) described above result in the shifting of the reading frame 

and the incorporation of a PTC and many more PTCs theoretically downstream. These transcripts 

with PTCs, if translated, would result in highly truncated polypeptides of size less than 410 amino 

acids, roughly 1/5th of the full-length protein. Even though some transcripts have escaped NMD and 

proceeded to translation, we predict that the ribosome quality control complex would prevent the 

formation of truncated polypeptides cotranslationally [30]. 

3.4. In Silico Functional Analysis of DEGs 

Overrepresentation analysis in WebGestalt for gene ontology relevant to biological processes 

utilising 16 statistically significant DEGs predicted a potential alteration in the regulation of tau-

protein kinase activity (GO:1902947) with a p value of 0.000007 (FDR -  0.03) (Supplementary Table 

2). This was predicted to be a consequence of SORL1 downregulation. Homozygous SORL1 KO 

mouse models have clearly established the detrimental effect on the subcellular distribution of 

phosphorylated tau, especially in the somatodendritic regions [31]. SORL1 has been strongly linked 

with tau trafficking, as it aids tau internalisation within the cell. It has been shown that, abnormal tau 

aggregates in a cascading manner, termed tau seeding, when SORL1 is dysfunctional [32]. It is 

plausible that altered tau levels may contribute to dysregulation of tau-protein kinase activity. This 

result was further validated by network topology-based analysis using a larger list of DEGs with 

log2FC greater than ±1 and p < 0.05, regardless of padj (Supplementary Figure S6). Further, DEG 

analysis did not show overexpression of interferon-stimulated genes or aberrant expression of any of 

the genes related to monogenic interferonopathy or intracranial calcifications (Supplementary Table 

3). 

3.5. Western Blot and Immunofluorescence Analysis 

Western blot revealed a near absence of full-length SORLA signal in the proband (Figure 5A) 

compared to the control, while GAPDH showed normal expression. This was in line with our 

prediction from the RNA-seq results. Previous studies have shown that hiPSC-derived neurons from 

an individual carrying a heterozygous truncating variant in SORL1 invariably lead to enlarged early 

endosomes, whereas homozygous KO of SORL1 neurons not only demonstrated enlarged early 

endosomes but also enlarged lysosomes [8,19]. To study the impact of homozygous LOF in SORL1 

on the cellular consequences, the proband's fibroblasts were interrogated with anti-EEA1 and anti-

LAMP1 markers by immunofluorescence. Early endosome size was substantially larger (p = 

2.0308×10-5) in proband-derived fibroblasts (0.44±0.03 µm2, n=16) compared to controls (0.27±0.01 

µm2, n=28) (Figure 5B). The fibroblasts from the proband also had considerably larger lysosomes 

(0.53±0.01 µm2, n=25) compared to controls (0.24±0.01 µm2, n=23) (Figure 5C, p = 8.5471×10-20). Our 

findings not only corroborate the in vitro studies on homozygous KO of SORL1 hiPSC-derived 

excitatory neurons, but they are also the first of their kind, to the best of our knowledge, from patient-

derived fibroblasts. Enlarged endosomes have also been observed in the neuronal progenitor cells 
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derived from SORL1 KO hiPSCs [19]. This indicates that early in the neuronal lineage, SORL1 

dysfunction can lead to endolysosomal traffic jams. These results provide irrefutable and conclusive 

functional evidence for the pathogenic effects of the LOF discovered in our proband. Hence, the 

variant c.1211+1G>A in SORL1 was reclassified as pathogenic using PS3 functional study criteria 

(PM2, PVS1, PS3). 

 

Figure 1. Family pedigree representing four generations. Proband (generation IV, individual 3) is denoted with 

an arrow mark who is homozygous for NC_000011.10(NM_003105.6):c.1211+1G>A. Parents (generation III, 

individual 2, 3) are unaffected carriers. . 
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Figure 2. Magnetic resonance imaging of the proband showed asymmetric hyperintensities in pons, bilateral 

centrum semiovale and deep white matter of the left frontal cortex (white arrows on T2/FLAIR axial images A, 

B, C, D, E, F). Note that the MR images A-C and G-I were performed in April 2024 and images D-F and J-K were 

performed in June 2022. Susceptibility weighted imaging (SWI) showed punctate mineralization (white arrows 

on SWI axial images G-L). CT brain showed punctate calcifications in the pons, bilateral centrum semiovale and 

deep white matter of the left frontal cortex (white arrows on CT images M-R). Note that the CT images M-O 

were performed in June 2022 and images P-R were performed in September 2021. 

 

Figure 3. Visualization of the homozygous splice donor variant NC_000011.10(NM_003105.6):c.1211+1G>A in 

SORL1 (highlighted in the box) using Integrated Genomic Viewer (IGV) from the data generated by (A) WES, 

(B) LRWGS and (C) RNA-seq. 

 

Figure 4. LSVs identified in SORL1 transcript using MAJIQ pipeline. Significant LSVs (numbered LSV1-6) are 

represented as coloured arcs spanning the splice junctions. LSVs spanning only exon 6 to 9 are represented. 

Exons of the canonical transcript are represented as light lavender coloured rectangles with the respective exon 
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numbers. De novo exons detected from RNA-Seq data are shown by a lighter tint and have not been assigned 

with numbers. The number of junctional reads supporting each splicing event in the RNA-seq data is indicated 

near each arc. The dashed lines indicate junctions that lack any supporting reads for the splice event. Details of 

each LSVs are explained in the main text. 

 

Figure 5. Illustration shows asymmetric alternative exons 8 and 9 depicted with sharp ends as well as symmetric 

exons with blunt ends.  The respective nucleotides at the exon-intron junctions are also depicted. Any splicing 

of asymmetric and symmetric exons leads to shifting of reading frame with incorporation of PTCs. 
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Figure 6. Enlarged endosomes and lysosomes in patient-derived fibroblasts. (A) Representative qualitative 

western blot image showing loss of SORLA protein expression in PBMC of proband compared to control. (B) 

Representative confocal images of control and patient fibroblasts immunolabelled for EEA1 (green)/DAPI (blue). 

Magnified view of the images are provided in the dashed squares (figure inset). Dot plot represents mean EEA1 

puncta area in control and patient cells. (C) Representative confocal images of control and patient fibroblast 

expressing late endosomes and lysosomes (green) / DAPI (blue). Magnified view of the images are provided in 

the dashed squares (figure inset). Scale bar = 20 µm.  Data was analysed using t-test, *p<0.05. 

Table 1. Details of LSVs identified from RNA-seq as per MAJIQ/VOILA. Significant LSVs depicted in Figure 4 

are provided with detailed description, chromosomal location and corresponding Ψ values for each sample 

group. 

LSV 

ID 
LSV description 

Junction coordinates  

(GRCh38) 

              Median Ψ Values 

Proban

d 
MOP HCON 

MC-

MFG 

LSV1 Canonical 5' splice junction (exon 8) 
chr11:121514321-

121520657 
0 0.6249 0.9083 0.9565 

LSV2 
Alternative 5' splice junction – single target LSV (exon 

8) 

chr11:121514316-

121520657 
0.2908 0.1006 0 0 

LSV3 
Alternative 5' splice junction – single target LSV (exon 

8) 

chr11:121514332-

121520657 
0.2829 0.0652 0 0 
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LSV4 
Exon skipping – single source LSV 

(exon 6 to exon 9) 

chr11:121497049-

121520657 
0.1236 0.0295 0.006 0.0012 

LSV5 
Exon skipping – single source LSV 

(exon 7 to exon 9) 

chr11:121513104-

121520657 
0.1184 0.0469 0 0 

LSV6 
Intron retention  

(intron 8) 

chr11:121514322-

121520656 
0.1868 0.1245 0.084 0.0388 

4. Discussion 

Our very first objective was to make sense of the complex clinicoradiological findings. Proband 

clearly had a new-onset spastic paraparesis with an indolent course, mild involvement of the upper 

limbs, retinal dot haemorrhages, and growth failure. The MR imaging findings, which showed 

multispot white matter hyperintensities and involvement of perivascular spaces in the centrum 

semiovale, along with fundoscopic findings, collectively indicate CRV. We had ruled out all other 

causes of retinal abnormalities, such as diabetes, HIV, etc. Having ruled out infectious and 

autoimmune aetiologies, along with static imaging findings, a diagnosis of complicated HSP was 

entertained. Further, intracranial calcifications have been reported with HSP subtypes such as Spastic 

paraplegia type 56, Autosomal Recessive, due to CYP2U1. Pedigree analysis supported a recessive 

pattern of inheritance. However, even after LRWGS , transcriptome analysis, and homozygosity 

mapping for the known loci for HSP as well as intracranial calcifications including monogenic 

interferonopathy, calcium homeostasis disorders, and brain small vessel diseases, no significant 

aetiology was found. Congenital TORCH was another group of disorders that required 

consideration. However, a new-onset progressive spastic paraparesis in adulthood due to congenital 

infections without other pathognomonic signs and symptoms of TORCH sequelae such as 

sensorineural hearing loss (infancy or late-onset), retinal scars, cataracts, and developmental delay is 

unheard of. The case had remained undiagnosed genetically until a homozygous pathogenic variant 

was identified in SORL1. Only once, in the literature has there been a passing mention of SORL1 with 

a heterozygous variant as the cause of spasticity [33].  

The second objective was to find an explanation for the possible scientific link between biallelic 

SORL1 LOF and progressive spastic paraparesis with CRV. Of late, there has been mounting evidence 

for the phenotypic overlap between HSP and AD, along with an established pathogenetic link [10]. 

Over 13 genes are currently known to be associated with both phenotypes. To name a few, ATP13A2, 

ALS2, ATP13A2, C19orf12, CYP27A1, PSEN1, SPART, SPG11, SPG21, and TTR have been strongly 

linked with both. PSEN1, which regulates the fate of APP, is strongly associated with HSP [10]. At 

least 7.5–10% of PSEN1-related familial AD cases present with HSP years before the onset of cognitive 

deterioration [10]. Another 13.7% of cases develop spastic paraparesis at some point during the 

course. Only a rapid downhill course of PSEN1 related HSP distinguishes it from the other forms 

[10,34]. This evidence provides impetus to test the hypothesis that pathogenic variants in other genes 

of monogenic AD can also probably be associated with the HSP phenotype. This makes the 

supposition of SORL1, which is yet another key regulator of the fate of APP along with PSEN1, to be 

associated with HSP highly feasible.  

The subsequent challenge was to propose SORL1 as a gene that exhibits recessive inheritance. 

Three lines of reasoning strongly suggest SORL1 could be recessive. The first line of reasoning was 

based on the constraint for homozygous LOF for SORL1. The score of pRec 1 is the highest possible 

[24,35]. This score highlights that the effect of evolutionary negative selection pressure on the LOFs 

in a homozygous state is nearly complete. The support comes from the observation that, of the 106 

SORL1 LOFs in 1,614,324 alleles catalogued in gnomAD v4.1.0, none were homozygous [24,35]. 

Second line of reasoning comes from the results of homozygous knockout mouse studies. The 

majority of the SORL1 null/KO mouse strains (MGI:5569945; MGI:3604352; MGI:3815203) from the 
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Mouse Genome Informatics (MGI) database were completely viable. However, these strains showed 

significant neurological deficits in the form of predominant gait difficulty in early adult life and 

startle reflex, as well as retinal abnormalities in late adult life, as compared to the wild-type strains. 

Further, a form of severe vasculopathy has also been described, reminiscent of accelerated CAA. 

Whereas heterozygous KO had only mild biochemical and histopathological consequences [36]. 

Third line of reasoning is that SORL1 is in a region with a recombination frequency ranging from 1.4 

to 1.8 cM/Mb based on different studies [37]. The absence of large LOHs encompassing SORL1 in our 

in-house database of over 1000 individuals of Indian ancestry further strengthen this observation. 

Therefore, it is not a hotspot for LOH. The amalgamation of these three independent pieces of 

evidence suggests that evolutionarily, SORL1 is shielded from homozygous pathogenic variants by 

frequent recombination events in the region, thereby preventing any reduction in fitness [38]. In 

conclusion, SORL1 bears all the hallmarks of a recessive gene in selection terms. The final piece of 

evidence comes from large studies looking at the effect of certain SORL1 risk variants associated with 

sporadic AD, such as rs689021 and rs668387, which increase susceptibility to late-onset AD when 

inherited in a recessive fashion [38].  

The pathogenic variant results in aberrant splicing of exon 8, which has a mean pext score of 0.8 

(proportion expressed across transcripts) and 0.9 in distinct brain regions [40]. The pext score 

provides information regarding the degree to which an exon is expressed across tissues in various 

isoforms. A high pext score of 0.8–0.9 is a suggestion in itself that the expression of exon 8 is 

ubiquitous and is an essential component of the polypeptide. Since exon 8 and exon 9 are asymmetric 

alternative exons, any mutational process that excludes exon 8 from splicing will shift the reading 

frame and introduce a PTC, resulting in an adverse consequence for translation or the polypeptide 

length [29,41]. Multiple lines of functional evidence demonstrated in our study have proven that the 

variant is pathogenic. First, the variant leads to loss of a significant proportion of clinically relevant 

transcripts through NMD and aberrant splicing in the rest. Only in a small proportion of transcripts, 

similar effects were observed in asymptomatic MOP. The aberrant RNA phenotype discovered in 

this study has a completely incongruous pattern of expression and splicing to that of wild-type 

transcripts of HCON/MC-MFG. Secondly, the aberrant splicing predicted a substantial protein 

truncation with a loss of more than 75% of the length of SORLA. Western blotting confirmed this 

prediction. SORL1 is a ubiquitously expressed gene. However, so far in the literature, any aberration 

in the expression or functioning of SORL1, has been noticed to affect only the brain. 

Next, our goal was to explore the literature evidence towards the role of SORL1 in the pyramidal 

neurons of the M1 cortex. Given our concern for the integrity of the pyramidal neurons in M1, we 

examined the expression pattern of SORL1 in this specific region. Bulk transcriptome data of 

neurotypical brains from the Allen Brain Atlas [42] showed a peak SORL1 expression between the 

ages of 18-25 years in humans. Beyond this age window, the expression tends to decrease mildly 

before plateauing till the 4th decade, only to show a smaller second spike (bimodal) in the late 4th 

decade (Supplementary Figure S4).3 This appears to mirror the pattern of expression of APP, which 

is the most significant cargo for the SORLA containing sorting complex (Supplementary Figure S4) 

[43]. The age of onset of illness in our proband clearly coincides with the peak expression of SORL1 

and APP in the M1 cortex, suggesting a plausible causal association. This inference is further 

corroborated by the evidence that the homozygous ‘A’ allele of SORL1 risk variant rs689021 leads to 

a considerable reduction in the expression of the SORL1 transcript in the prefrontal cortices during 

childhood, late adolescence, and early adulthood compared to the wild-type allele. This reduction 

occurs several years before the onset of AD [39]. In addition, single-cell transcriptomics of the M1 

region, as retrieved from NeMo analytics [43], showed a strikingly high expression of SORL1 in the 

excitatory glutamatergic neurons as compared to inhibitory GABAergic ones. Layer 5 

intratelencephalic glutamatergic neurons have the highest quantum of expression and are 

moderately expressed among the layer 5 extratelencephalic projecting neurons. The pattern of 

expression of SORL1 among various subtypes of glutamatergic neurons mirrors that of APP 

(Supplementary Figure S5). This pattern is highly indicative of the crucial role SORL1 plays in 
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maintaining the homeostasis of the pyramidal neurons of M1 by preventing traffic jams in the 

endolysosome and autophagy pathway. In addition to sorting APP, SORL1 has been considered to 

be instrumental in recycling glutamate receptors (GLUA1) in the pyramidal neurons [44]. This is 

particularly essential for normal synaptic functioning and neurotransmission. Hence, the observed 

expression pattern. Further, SORL1 has been shown to be critical for maintaining the 

microarchitectural integrity of frontotemporal white matter (WM) tracts [39]. The homozygous ‘A’ 

allele of SORL1 risk variant rs689021 results in reduced fractional anisotropy as measured by 

diffusion tensor imaging of these tracts as compared to the wild-type allele in adolescence and early 

adulthood, years before the onset of AD. Hence, SORL1 is not only essential for the cellular processes 

in the somatodendritic region but also for the structural integrity of multiple WM tracts containing 

the axonal processes. 

Our next objective was to establish the pathogenetic link between homozygous LOF, cellular 

dysfunction, and neurodegeneration. SORLA, working in conjunction with the retromer complex, is 

not only involved in recycling cargos back to the plasma membrane or to TGN but also sorts cargos 

by trafficking them into the degradation pathway in a retromer-independent manner. Hence, it is 

conceivable that any SORLA-mediated sorting failure can cause traffic jams in all three avenues. It 

has been proven time and again that SORLA dysfunction leads to a disproportionate shunting of APP 

into amyloidogenic degradation rather than recycling, resulting in an excess accumulation of Aβ40/42 

[36]. The excess accumulation of Aβ40/42 fragments within the early endosomes leads to enlarged 

endosomes, a histopathological hallmark of AD. As can be logically predicted, the effect observed 

was more pronounced in the homozygous KO in vitro models [8]. Exceptional levels of Aβ40/42 in 

these models led to not only enlarged endosomes but also lysosomal enlargement. Further, a 

reduction in cathepsin D levels and altered autophagy flux have been observed in these models due 

to an aberrant processing of APP [18]. In these homozygous KO models, it has been shown that 

antisense oligos against APP have rescued the observed endolysosome and autophagy pathway 

defects. This involvement of the entire endolysosome and autophagy pathway in the SORL1 

homozygous KO enhances accelerated neurodegeneration, as previously demonstrated. In our study, 

we have proven all the ill effects of the homozygous pathogenic variant on endosome and lysosome 

physiology through immunofluorescence studies. 

Enlarged endosomes, the earliest neuropathological hallmark of AD, have been observed in 

pyramidal neurons of layers III and V of the neocortex, even when amyloid pathology is observed 

only in the entorhinal cortex (Braak stage I–III) among non-demented individuals [45]. Such changes 

have been observed in the prefrontal cortex, PBMCs, lymphoblastoid cell lines, and fibroblasts among 

individuals with Down’s syndrome decades prior to the development of AD. Further, enlarged 

endosomes have also been observed in association with APP and PSEN1 pathogenic variants, 

suggesting a common pathogenetic link for APP, PSEN1, and SORL1 involving the endolysosome 

and autophagy pathway [8]. All the evidence described so far from clinical, diffusion tensor imaging, 

neuropathological studies, and animal studies, it is clear that SORL1 affects the M1 cortex and the 

WM tracts years before the development of AD. Hence, we speculate that the biallelic pathogenic 

variant in SORL1 observed in our proband has significantly dysregulated the endolysosome and 

autophagy pathway resulting in accelerated neurodegeneration of the pyramidal neurons of the 

motor cortex and the WM tracts, leading to the HSP phenotype. 

While considering the genotype-phenotype correlation, only two instances of biallelic LOFs in 

SORL1 have been reported in individuals with early onset AD with an accelerated course previously 

in literature [26,27]. One family had compound heterozygous LOF variants, trans-state, and a 

dominant familial AD, with parents having late-onset AD. This clearly suggests accelerated 

neurodegeneration among individuals with biallelic LOF as compared to monoallelic. In the second 

family, even though the propositus was homozygous for a PTC in exon 2, his illness was similar to 

that of his father, in terms of age of onset and course, who had the variant in a heterozygous state. 

Even though spasticity has not been reported in either case, SORL1 may have pleiotropic effects like 

those of PSEN1. PSEN1 pathogenic variants clustering in and around exons 8–9 present with the HSP 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 12 August 2025 doi:10.20944/preprints202508.0787.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202508.0787.v1
http://creativecommons.org/licenses/by/4.0/


 16 of 20 

 

phenotype, whereas those with variants in other exons present with pure AD.7 We speculate that the 

location of the LOF might play a role in the pleiotropic effects of SORL1 as well.  CRV changes could 

be a consequence of CAA. However, the pattern of calcification in CCA brains is different. Recently, 

though, calcification and iron deposition in the penetrating arteries have been demonstrated in CAA 

autopsied brains with 7T MRI [46]. We speculate that the pattern of MR imaging in our case could be 

secondary to an accelerated form of CAA. Further, the Genematcher platform (submission ID: 

119924) we identified a match for the SORL1 with HSP and another match with complicated recessive 

early-onset dementia, strengthening our view.  

We provide here a consilience of evidence and a rational argument towards the possibility of 

SORL1 being a candidate gene for a recessive form of complicated HSP. We recommend investigating 

biallelic pathogenic variants in SORL1 among all cases of HSPs negative for the established genes. 

Literature similar to ours in the future can provide support for our conclusions. 

Supplementary Materials: The following supporting information can be downloaded at the website of this 

paper posted on Preprints.org, Supplementary Figure 1: Visualization of RNA-Seq reads in Sashimi Plot of the 

proband, MOP, HCON and MC-MFG samples depicting aberrant splicing, Supplementary Figure 2: Analysis 

and quantification LSVs in SORL1 by MAJIQ/VOILA, Supplementary Figure 3: Sanger electropherograms of the 

SORL1 c.1211+1G>A variant, Supplementary Figure 4: SORL1 and APP mRNA expression pattern across age 

groups in the human primary motor cortex, Supplementary Figure 5: SORL1 and APP expression pattern across 

cell types in the human primary motor cortex (M1), Supplementary Figure 6: Network-topology based analysis 

of DEGs from RNA-seq data, Supplementary Table 1: List of significant DEGs with log2FC of ±1 with a padj 

value of <0.05, Supplementary Table 2: Overrepresentation analysis of gene ontology biological processes for 

statistically significant DEGs, Supplementary Table 3: The DEG analysis results for genes related with 

monogenic interferonopathy indicate that none of the genes exhibit statistically significant differential 

expression.  
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