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Background
The SORL1 protein, or SORLA, encoded by the SORL1 
gene, is the cargo-binding entity of the SORL1-retromer 
complex which regulates cargo-transport from the endo-
some back to the trans-Golgi network (‘retrograde’ path-
way) and the transport of endocytosed receptors back to 
the cell surface (‘recycling’ pathway). Among SORL1’s 
numerous cargo is Amyloid-β and the amyloid precursor 
protein (APP): APP-binding by retromer-SORL1 acceler-
ates APP-trafficking out of the early endosome, thereby 
warding off APP-cleavage and the subsequent formation 
and secretion of Amyloid-β [1], which links impaired 
SORL1 with hallmark processes of Alzheimer’s disease 
(AD). Genetic variants in SORL1 have been linked to 
AD risk since 2007 [2]. Genome wide association stud-
ies (GWAS) reported that common single nucleotide 
polymorphisms (SNPs) in or near SORL1 associated with 
AD, though with limited effects [3–6]. Furthermore, large 
case-control sequencing studies reported that rare cod-
ing variants in SORL1 had a considerable effect on AD 
[7–11].

SORL1 is a multidomain, 2,214 amino-acid protein, 
encoded by 48 exons, such that by virtue of its size, 
SORL1 genetic sequence is vulnerable for acquiring 
mutations. More than 3,000 coding variants are listed 
in GnomAD [12], with effects ranging from negligible 
to deleterious on protein function. Potentially damag-
ing SORL1 variants affect as many as 2.75% of all geneti-
cally unrelated early onset AD cases (EOAD, with Age 
at Onset (AAO) < 65 years) and 1.5% of genetically unre-
lated late onset AD cases (LOAD, with AAO > 65 years) 
[13]. Of these, protein truncating variants (PTV) occur 
almost exclusively in AD cases [10, 13], suggesting that 
SORL1’s haploinsufficiency is highly penetrant and 
may be causative of AD [7, 10, 13, 14]. Indeed, a recent 
report described a Peruvian pedigree affected with a 
p.Trp1673Ter PTV with an inheritance pattern of AD 

suggestive of autosomal dominant AD (ADAD) [15]. 
However, most SORL1 variants observed in AD cases are 
rare missense SORL1 variants, mostly unique to one per-
son and their family-members, some may increase risk or 
cause disease, while many are benign [16–18].

In our clinics, we have identified several large families 
affected with (early onset) AD with an inheritance pat-
tern suggestive of ADAD, in which the proband carries 
a SORL1 variant. However, since DNA of affected and 
unaffected relatives is commonly unavailable for segre-
gation analyses, it remains unclear whether the SORL1 
variant is the cause of the ADAD in these families [18]. 
Over the past years, several (assembled) pedigrees were 
reported that suggest high penetrance of specific SORL1 
variants [8, 14, 17–21]. However, in contrast to certain 
variants in the classic PSEN1/PSEN2/APP ADAD genes 
[22], no fully penetrant SORL1 variants have been iden-
tified. While incomplete penetrance has been described 
in ADAD genes as well [23, 24], this lack of proper AD 
risk estimates associated with the diverse SORL1 vari-
ants causes uncertainty of their clinical relevance. Con-
sequently, even protein truncating variants in SORL1 are 
classified as ‘VUS’: variant of unknown significance (Clin-
Var [25]) and such variants are not routinely communi-
cated to patients, despite accumulating evidence that 
specific SORL1 variants are highly penetrant [14]. For 
clinical geneticists to consider including SORL1 variants 
in AD diagnostics a better understanding of SORL1 vari-
ant pathogenicity and their effects on AAO is imperative.

Here, we took advantage of the increasing knowledge of 
SORL1 function and structured domains (Fig. 1) and we 
learned from the effect of specific missense variants on 
the function of proteins that share domains with SORL1, 
such as those in the low-density-lipoprotein receptor 
(LDLR)-family and Fibronectin-like proteins, which are 
associated with familial diseases like Familial Hypercho-
lesterolemia (FH) and holoprosencephaly (Fig. 2). This 
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Fig. 1 (See legend on next page.)

 



Page 4 of 21Andersen et al. Molecular Neurodegeneration          (2025) 20:122 

observation allows for a domain-mapping of disease-
mutations approach (DMDM) [33], tailored to prioritize 
functionally relevant SORL1 variants according to patho-
genicity observed for homologous amino acid positions. 
We applied this prioritization strategy to SORL1 vari-
ants identified in sequencing data of 18,959 AD cases 
and 21,893 non-demented controls [13] and identified 
high-priority (HPV), moderate-priority (MPV), low-pri-
ority (LPV) and no-priority (NPV) missense variants. We 
investigated the AD risk and AAO of AD associated with 
variants from these groups, and further categorized high-
priority missense variants into specific subcategories. 
With this work, we aim to provide insight into SORL1 
variant pathogenicity, and effects on AAO. With this, we 
aim to ultimately contribute to the discussion whether 
identifying and disclosing SORL1 variant in AD patients 
is beneficial [34, 35].

Methods
Samples
We extracted SORL1 genetic variants from the assem-
bled whole exome sequencing (WES) and whole genome 
sequencing (WGS) data as previously described [13], 
which includes data contributed by the European ADES 
cohort and the ADSP, StEP-AD, Knight-ADRC and 
UCSF/NYGC/UAB cohorts, Procedures for AD diagnosis 

were described previously [13], and occurred accord-
ing to the National Institute of Neurological and Com-
municative Disorders and Stroke-Alzheimer’s Disease 
and Related Disorders Association criteria [36] or the 
National Institute on Aging-Alzheimer’s Association cri-
teria [37]. Carriers of a pathogenic variant(s) in PSEN1, 
PSEN2, or APP or in any other gene associated with 
Mendelian dementia were excluded. Relatives up to 3rd 
degree of relatedness were excluded to avoid any family-
based effects [38].

Variant carriers were identified by determining poste-
rior genotype dosages, using genotype probabilities and 
the frequency of the variant in the dataset as a prior, 
allowing us to take genotyping uncertainty into account 
(previously described in Methods and Supplementary 
Note of Holstege and Hulsman et al., 2022 [13]). For 
analysis, we considered variants that had at least 1 car-
rier, that is, at least one sample with a posterior dos-
age > 0.5. Application of our comprehensive quality 
control procedures allowed the retention of more AD 
cases and controls for a SORL1-specific analysis, com-
pared to our previously published genome-wide analysis 
[13]. We further increased analysis power by including 
SORL1 variants identified in individuals with non-Euro-
pean ancestry, the rationale for this is that rare SORL1 
variants have been reported to associated with AD risk 

(See figure on previous page.)
Fig. 1  Schematic of the SORL1 domains and their function, highlighting the variants with the strongest effects on AD risk, that may exist in several 
domain-repeats. SORL1 is a large, 2,214 amino acid multi-domain protein, which includes multiple repeated domain elements, each of which includes 
many strictly or moderately conserved residues important for protein domain folding and/or the binding of ligands. When the SORLA protein is tran-
scribed at the ribosome, the protein signal peptide (res 1–28) is cleaved off upon translocation to the endoplasmatic reticulum (ER). During its transport 
through the trans-Golgi-Network, the SORL1 protein undergoes several post-translational modifications, including N- and O-glycosylation at multiple 
sites [26, 27]. During this maturation process, the pro-domain (res 29–81) is speculated to prevent binding of certain ligands to the VPS10p-domain in the 
endoplasmatic reticulum (ER), where receptor and ligand are co-expressed. The pro-domain is cleaved off by Furin once SORL1 leaves the trans-Golgi-
Network, where it can engage in ligand binding and trafficking. The VPS10p-domain (res 82–617), a ten-bladed β-propeller domain, is a flat disc that is 
stabilized at its bottom face by the 10CC-domain (res 618–753). At its top face, the VPS10p-domain binds ligand, it further has a large hydrophobic tunnel 
at its center, allowing interaction with small lipophilic ligands such as the Amyloid-β peptide. The domain contains two protrusions (loop structures, loop 
L1 and loop L2): the VPS10p-domain can bind ligand at neutral pH and while L1 blocks part of the tunnel, the L2 protrusion pushes the ligand against the 
tunnel wall. After trafficking to a more acidic part of the cell (i.e. The lysosome), L1 and L2 change conformation and release the ligands from the VPS10p 
pore. C-terminal to the 10CC-domain is a ligand-binding YWTD β-propeller (res 754–1013), which is stabilized at its bottom face by an EGF-domain (res 
1014–1074, fully encoded by exon 22), such that ligand-interactions with both the VPS10p and YWTD β-propellers occur at their top faces. The combined 
action of VPS10p β-propeller and the YWTD β-propeller might enable interactions with large ligands including co-receptors in multimeric complexes, or 
large soluble ligands requiring two adjacent β-propellers for efficient binding, akin to what was recently identified for LRP4/Agrin/MusK signalling com-
plex [28]. C-terminal to the EGF-domain comes the CR-cluster (res 1075–1550) which is the interacting site of at least half of the SORL1-ligands, including 
APP. This cluster is like a flexible necklace composed of 11 unique ~40 amino-acid CR-domains, each encoded by a single exon (exons 23–33), that each 
form the ‘pearls’ on the string. These can wrap around larger ligands and engage in minimal motif interactions with multiple sites of a ligand, leading to 
high-affinity ligand binding. Each CR-domain includes 16 strictly conserved amino acids, including six disulfide bridge-forming cysteines, such that all CR-
domains have a similar compact folding. Each CR-domain further contains four conserved residues that form an octahedral ‘calcium-cage’ which stabilizes 
the domain, and in combination with two backbone carbonyls, coordinates a calcium ion, which is critical for calcium-dependent domain folding. The 
side chains of these two residues engage in minimal-motif ligand binding, which explains why ligand binding to CR-domains relies on Ca2+. Substituting 
these may impair the binding of specific ligands, but do not affect overall folding and stability of CR-domains [29]. Preliminary evidence suggests that 
perturbation of the calcium-cage on the other hand, may lead to a misfolded SORL1 protein that is retained in the ER [30]. C-terminal of the CR-cluster is 
the 3Fn-cassette (res 1551–2121), containing 6 ellipsoid 3FN-domains, each containing several conserved and partly conserved residues, and involved in 
SORL1 dimerization [31]. Therefore, genetic variants affecting one of the conserved residues in 3FN-domain is likely to disturb SORL1 dimerization [19]. 
Lastly, SORL1 has a transmembrane and cytoplasmic tail domain (res 2122–2214) which can interact with the VPS26 subunit of the retromer complex 
[32]. Recent evidence suggests that SORL1 matures (by N- and O-glycosylation) at the ER/Golgi in a monomer form, then travels to the endosome where 
it dimerizes at its 3FN-domain and its VPS10-domain [19]. The dimerized SORL1 uses its cytoplasmic tail domain to interact with the VPS26 subunit of the 
retromer complex, allowing SORL1 to engage in retromer-dependent cargo trafficking through the endolysosomal system. See the ‘Compendium’ and 
Fig S7–S14 in the Supplementary Data for a detailed description and an overview of variant prioritization per domain
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across all populations studied thus far [39]. Together, 
after quality control (QC), the current sample included 
SORL1 sequences from 40,852 individuals: 18,959 AD 
cases and 21,893 non-demented controls. To correct for 
population-specific effects, we performed a principal 
component analysis (PCA) including the first 6 principal 

components (PCs) as covariates in our analysis. PCs were 
available for 95.6% of cases (18,126/18,959) and 93.8% 
of controls (20,546/21,893), which indicated that the 
sample comprised 12.9% African, 0.1% East Asian, 0.6% 
South Asian, 5.8% Admixed Americans and 80.6% Euro-
pean: for a PCA representing the sample by population 

Fig. 2  Homologous proteins and diseases. Schematic representation of the structural elements of SORLA and members of the mammalian LDLR- and 
VPS10p receptor families. Clustered copies of 3Fn-domains close to the membrane is present in a large number of unrelated proteins with diverse func-
tion (only a small subset included), thus not enabling assignment to any class of unique proteins like the other two receptor families. Some of the diseases 
the homologous proteins can cause when hit by pathogenic variants are listed below individual proteins
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background see Figure S1. APOE genotyping was avail-
able for 99.4% of cases (18,837/18,959) and 70.7% of con-
trols (15,483/21,893). Missingness in APOE genotyping 
was due to GC-richness of the region encompassing the 
rs7412, that defines the APOE genotype which compli-
cates variant-calling in exome sequencing. In AD cases, 
we supplemented missing APOE information by available 
genotyping, which was not available for controls.

Variant quality control
The raw sequence data was processed with a uniform 
pipeline as described previously [13]. In brief, the data 
was processed relative to the GRCh37 reference genome, 
after which extensive quality control was applied which 
led to the exclusion of likely false positive variant-calls 
from analysis. Other variants were excluded due to dif-
ferential missingness, positions for which coverage 
across cases and controls differed > 5%. These included 

all variants in exon 1 (res 1–95), which codes for the sig-
nal peptide (res 1–28), the pro-domain (29–81), and the 
first 10 residues of the VPS10p-domain. See Table S3 for 
excluded variants.

Variant annotation
We annotated SORL1 variants that occur in the canoni-
cal transcript (T260197; Ensembl genome database). 
All variants were annotated with the ‘non-neuro pop-
max’ minor allele frequency (MAF) using the GnomAD 
database version v.2.1.1. Variants that were absent from 
GnomAD database were annotated by their MAF in the 
total current sample. Variants with MAF > 0.05% (which 
relates to having at least 21 carriers in this sample) were 
considered less-rare. Variants with a MAF < 0.05% were 
considered rare and included in a domain-specific rare 
variant burden analysis (Fig. 3).

Fig. 3  Flowchart of selection procedures for SORL1 variant subtypes. *non-coding variants were identified in the padding of exome sequencing or in 
exome excerpts from whole genome sequences. †variants were merged into one when they were juxtaposed and in cis. ‡the 27 individuals who carried 
more than one rare SORL1 variant were grouped according to the variant with the highest priority. Among these was one case (AAO 46, APOE-ε3/ε4) who 
carried a p.C1453F ONC variant in combination with a PTV, and one case (AAO 55, APOE-ε3/ε4) carried a 11:121459965:T > TG splice variant in combination 
with a PTV; both were grouped with PTV carriers
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We used the Variant Effect Predictor in Ensembl data-
base (VEP, version v.94.542) to identify variants with 
a possible consequence on protein function. Missense 
variants were annotated with the rare exome variant 
ensemble learner (REVEL) score [40], which ranges from 
0 (no predicted effect on protein function), to 1 (high 
predicted effect). Variants comprising two consecutive 
missense variants that give rise to two consecutive amino 
acid substitutions could not be annotated by REVEL and 
were conservatively annotated according to the substitu-
tion with the lowest REVEL score. PTVs were identified 
using the Loss-Of-Function Transcript Effect Estimator 
(LOFTEE, version v.1.0.2) [41], which annotates non-
sense, frameshift and splice variants that lead to protein 
truncation as 1, and non-PTVs as 0. Note that PTVs in 
the last exon 48 should be considered deleterious, as this 
encodes the cytoplasmic tail domain which includes the 
FANSHY motif (for retromer binding), DDLGEDDED 
motif (sequence for binding cytoplasmic AP1 and AP2) 
and the DVPMV motif (sequence for GGA1 and GGA2 
binding) which are all necessary for cellular trafficking 
and activity. Since LOFTEE did not annotate exon 48 
PTVs, we manually included them in the PTV list. Splice 
variants with LOFTEE score 0 were evaluated using 
Splice AI [42] and those with a potential splice effect 
were evaluated manually by a trained clinical geneticist 
(MV), and those with expected effects on splicing were 
added to the list of PTVs.

Prioritization of rare missense variants
Rare missense variants (MAF < 0.05%) were separated 
into high-priority variants (HPVs), moderate-priority 
variants (MPVs) low-priority variants (LPVs) and no-
priority variants (NPVs), according to the variant pri-
oritization scheme we developed and presented in Table 
1, identified variants are listed in Table S1. HPVs were 
identified as according the DMDM analysis (see ‘Com-
pendium’ in Supplementary Data for a detailed descrip-
tion), independent of REVEL score, and are indicated in 
Fig 4 and listed in Table S4. An exception is the VPS10p-
domain and 10CC-domain combination, as the 5 mem-
bers of the VPS10p-receptor protein family hold no/
only few known disease-associated variants. Therefore, 
DMDM analysis was not possible for the variants in 
the VPS10p-domain, such that, apart from the variants 
involving cysteines in VPS10p loops L1 and L2, we relied 
on applying a REVEL score threshold of > 0.5, for which 
we previously found the strongest effect on AD risk [13]. 
MPVs are rare missense variants annotated as moderate-
priority by DMDM as indicated in Fig. 4 and listed in 
Table S5). LPVs are rare missense variants with a REVEL 
score > 0.5 that are not in the VPS10p-domain, and NPVs 
comprise all remaining rare variants that are not HPV, 
MPV or LPV.

Rare variant association with Alzheimer’s disease
Rare variants with a MAF < 0.05% were considered in a 
domain-specific rare variant burden analysis (Fig. 3). We 
associated carrying a variant with MAF < 0.05% apper-
taining to a specific priority category with AD (bur-
den test). We repeated analyses stratifying EOAD cases 
(AD-aao < 65 years) and LOAD cases (AD-aao > 65 years), 
relative to the same group of controls. In addition 
to rare variants, we also analyzed less-rare variants 
(MAF > 0.05%) (Table S2). Given the low number of car-
riers for many individual variants, significance of associa-
tions was assessed using Fisher’s exact test, and corrected 
for multiple testing (Bonferroni), padj < 0.05 was consid-
ered significant. All Fisher tests were performed using 
the epiR package (v.2.0.38). We performed additional 
logistic regression analyses for associations with PTV, 
HPV, MPV, LPV and NPV priority variant groups, adjust-
ing for APOE genotype and population background 
(PC1–PC6). We could not perform these adjustments for 
associations with specific variant groups because sample 
sizes were too small.

Age at onset curves
Since controls were overall much younger than cases, we 
compared the effect of different SORL1 variants on AAO 
variants in a case-only AAO analysis. We used Kaplan-
Meier survival analysis (CI of 95%) to estimate AAO 
curves (in R using Survival (v.3.3–1). For each variant pri-
ority category, we compared the median AAO with the 
median AAO of SORL1-WT carriers in our cohort. Log 
rank tests were performed to test for differences between 
AAO curves. Additionally, we stratified according to 
APOE genotype.

Table 1  Prioritization scheme of rare variants
Prioritization category Selection criteria
PTV: protein truncating variants All truncating variants: i.e. non-

sense, frameshift and splice variants
HPV: High-priority missense 
variants

Variants that affect high-priority 
residues (Table S4)
Variants in the p.VPS10p and 10CC-
domains and REV0EL score ≥0.52

MPV: Moderate-priority variants Variants that affect moderate-priori-
ty residues (Table S5)

LPV: Low-priority variants Variants not prioritized with REVEL 
score ≥0.502

NPV: No-priority variants All remaining variants
Rare variants with MAF < 0.05%1 were considered for prioritization. HPV and 
MPVs affect residues corresponding to the black and grey residues in Fig. 
4. 1MAF: Variant Minor Allele Frequency in the non-neuro pop-max dataset 
(Gnomad v.2.1.1). When unavailable, we used the variant MAF in the sample. Non-
neuro sample in GnomAD is the sample without individuals with neurological 
diseases. The pop-max is the population with the highest frequency (pop-max). 
2REVEL (Ioannidis et al.): Variant effect prediction algorithm: Rare Exome Variant 
Ensemble Learner. Scores range from 0 to 1 and variants with higher scores are 
predicted to be more deleterious
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Effect of APOE
We investigated a possible interaction-effect between 
APOE genotype (no, one or two APOE-ε4 alleles) and 
SORL1 priority category. To avoid confounding an inter-
action signal by samples in which APOE status was part 
of selection criteria, we performed an interaction analysis 
on ADES dataset only, for which there was no selection 
for APOE-genotype. We tested for both additive effect 
(SORL1+APOE) and interactive effect (SORL1*APOE) 
using a logistic regression models adjusted for PCA com-
ponents (PC1–PC6). Interaction effects were tested using 
a Likelihood Ratio Test.

Results
After quality control we observed 637 unique coding 
SORL1 variants across 18,959 genetically unrelated cases 
(mean age: 72.4 ± 10.7, 59.5% females, 50.4% APOE-ε4 
carriers) and 21,893 controls (mean age: 71.1 ± 16.7, 
58.2% females, 17.2% APOE-ε4 carriers) (Table 2). 

These included 585 variants with MAF < 0.05%: 74 PTVs 
and 511 missense variants that were further stratified 
into 267 NPVs, 72 LPVs, 65 MPVs, and 107 HPVs, (see 
Online Methods, Table S1, Fig. 3), and 52 variants with 
MAF > 0.05% (Table S2). A summary of all association 
results is provided in Table 3. For groups with larger 
sample sizes, we performed both Fisher’s exact test and 
logistic regression, adjusting for principal components 1 
through 6 (PC1–PC6) and APOE genotype, as detailed 
in Table S6. To assess potential population-specific dif-
ferences, we conducted a sensitivity analysis comparing 
odds ratios between individuals of European and non-
European ancestry, adjusting for ancestry principal com-
ponents and APOE genotype (Fig S2).

PTV, protein truncating variants
The 74 PTV variants (nonsense, frameshift and splice 
variants), were observed in 89 cases and 6 controls (aged 
49-, 53-, 64-, 75-, 80-, 85-year-old at last screening), and 

Fig. 4  Protein sequence alignments per SORL1 subdomain. The protein sequence was aligned for each repeat in each SORL1 subdomain, revealing 
conserved residues. Residues likely to harbor deleterious mutations based on either domain sequence conservation or because the DMDM analysis were 
prioritized. Black: High-priority variants (HPVs) affect residues annotated in black; Grey: Moderate-priority variants (MPVs) affect residues indicated in grey
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associated with an overall 17.2-fold increased risk of AD 
(95%CI 7.5–39.3; p = 1.2x10−21). PTVs associated with 
a 35.3-fold increased risk of EOAD (95%CI 15.2–81.8; 
p = 6.2x10−31) and an 8.6-fold increased risk of LOAD 
(95%CI 3.6–20.6; p = 3.8x10−7) (Table 3). A survival anal-
ysis indicated that the median AAO of a SORL1-PTV 
carrier was 62 years (10%-90% range: 52–78), 10-years 
earlier (95%CI −12– −8; 2.7x10−11) than the median AAO 
of SORL1-wild-type (WT) carriers in our sample at 72 
(10%-90% range: 56–87) (Fig. 5A, Table 3).

HPV, high-priority missense variants
The 107 HPVs were carried by 151 AD cases and 29 
controls, and these associated with an overall 6.1-fold 
increased risk of AD (95%CI: 4.1–9.0, p = 5.3x10−24). Spe-
cifically, HPVs associated with a 9.9-fold increased risk of 
EOAD (95%CI: 6.5–15.2, p = 7.8x10−29), and to a 4.2-fold 
increased risk of LOAD (95%CI 2.7–6.5; p = 1.3x10−10) 
(Table 3). Of the 107 HPVs, 77 (72%) were singletons 
(66/77 in AD cases), we observed 18 HPVs in two indi-
viduals (30/36 were AD cases), 12 variants in ≥ 3 individ-
uals, and one variant (p.Y391C) in 12 individuals in the 
sample (all AD cases). The median AAO of HPV-carriers 
was 64 years (10%-90% range: 53–79), 8 years (95%CI 
−10– −6; 5.3x10−9) earlier than SORL1 WT AD cases 
(Fig. 5A, Table S7).

VPS10p-domain (res 82–617) and 10CC-domain (res 
618–753)
The 27 HPVs in the VPS10p-domain associate with 
overall 8.8-fold increased risk of AD (95%CI 3.5–22.3; 
p = 3.4x10−7); with a 15.7-fold increased risk of EOAD 
(95%CI 5.9–41.5; p = 2.2x10−9) and a 5.5-fold increased 
risk of LOAD (95%CI: 2.0–15.0; p = 9.5x10−3) (Table 3). 
We identified 6 HPVs involving cysteines in the L1 or L2 
loops, which are involved in ligand-binding and unique 
to the VPS10p-domain of SORL1 [44]. Intriguingly, 
12 unrelated AD cases (no controls) gained a cysteine 
in L1 (p.Y391C), suggesting that this variant is highly 
penetrant. Carriers had a median AAO of 67.5 years, 
which was 5.5 years later compared to PTV carriers, 
but 4.5 years earlier than SORL1 WT carriers (Fig. 5B, 
Table S7). One control (aged 45) gained a cysteine in L1 
(p.G398C), two cases lost, and two cases gained a cyste-
ine in L2 (C467Y, C473S and twice R480C), and one con-
trol (aged 71) gained a cysteine in L1 (p.G398C, aged 45) 
or L2 (p.S474C, aged 71). We further identified 16 HPVs 
with a REVEL score ≥0.50, carried by 16 cases and 3 con-
trols, which in aggregate had an AAO of 2.5 years earlier 
than PTV-carriers (95%CI: −4–13) and 12.5 years earlier 
than SORL1 WT carriers (Fig. 5B, Table S7). Of particu-
lar interest are the four variants that affect the Asp-box, 
that stabilizes the β-propeller by forming interactions 
between propeller blades, with the L1/L2 loops and with Co
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the nearby 10CC-domains: three cases with p.S564G, 
p.T570I or p.S138F, and two cases with p.D236G. The 
10CC-domain, C-terminal to the VPS10p-domain, stabi-
lizes VPS10p β-propeller, and losing one of the 10 highly 
conserved cysteines or gaining a cysteine will likely 
impair domain folding. One case carried p.C716W, and 
two cases carried p.Y722C. In aggregate, we observed 19 
variants affecting the 10CC-domain, with a median AAO 
of 67 years, 5 years earlier than SORL1 WT carriers (Fig. 
5B, Table S7).

YWTD-domain (res 754–1013) and EGF-domain (res 
1014–1074)
We identified 6 HPVs that affect the highly conserved 
YWTD-motif, which maintains the structural and func-
tional integrity of the β-propeller. These were carried by 
8 AD cases, with an AAO of 8 years earlier than SORL1 
WT carriers (Fig. 5B, Table S7). Five cases (AAO 46–78) 
and one control carried the deleterious p.R953H variant, 
substituting a positively charged arginine at position 38 
in the 5th blade of the YWTD-domain (see ‘Compendium’ 
in Supplementary Data). The EGF-domain includes eight 
cysteines that likely form four intradomain disulfide-
bridges to stabilize the EGF:YWTD β-propeller unit (Fig. 
1). One case carried a p.Y1064C substitution and one 
control carried a p.C1026R substitution. Taken together, 
carrying a variant affecting the YWTD-domain leads to a 
4.6-fold increased risk of AD (Table 3).

CR-domain (res 1075–1550): calcium-cage and cysteines
13 cases and no controls carried 12 unique variants 
affecting calcium-cage residues (one variant observed in 
two individuals), suggesting high penetrance. The median 
AAO of carriers was 12 years earlier than SORL1 WT 
cases, and 2 years earlier compared to PTVs carriers. 
(Fig. 5B, Table S7). One calcium-cage variant, p.D1108N, 
affecting the 1st CR-domain, was observed in three 
unrelated AD cases (AAO 73, 69 and 54). Another case 
(APOE-ε3/ε3, AAO 66) carried two calcium-cage vari-
ants, p.D1261G in the 5th CR-domain and p.D1345N in 
the 7th CR-domain; due to the distance between them on 
DNA level (~3kb) we could not determine whether these 
variants were in cis or in trans. Furthermore, a disrup-
tion of the conserved pattern of 6 cysteines (odd num-
ber of cysteines, ONC) impairs CR-domain folding and 
leads to dysfunctional SORL1 protein. We identified 15 
cysteine-gained and 7 cysteine-lost variants carried by 34 
cases and 8 controls: such that carrying an ONC variant 
associates with a 4.9-fold increased risk of AD (95%CI: 
2.3–10.6; p = 1.8x10−4) (Table 3). Among the genetically 
unrelated individuals, we observed p.R1490C in five cases 
and two controls, p.R1080C in four cases, p.R1124C 
in three cases and one control. The median AAO of 
ONC-carriers was 68 years, 4 years earlier than SORL1 Va
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WT-carriers, and 6-years later than PTV-carriers (Fig. 
5B, Table S7). One case (APOE-ε3/ε4, AAO 46) carried a 
p.C1453F ONC variant in combination with a PTV: vari-
ants were too far apart to confirm whether they were in-
cis or in-trans.

3Fn-domain (res 1551–2121)
Disturbing domain-stabilizing interaction between the 
leucine at domain-position 77, a proline at position 79, 
and a tyrosine at position 83 (‘tyrosine corner’) critically 
impairs SORL1 dimerization [19]. Six unrelated cases 
carried a p.Y1816C (position 83, average AAO 60.2 years), 
one case carried p.P1619Q (position 79, AAO 59 years). 
One 45-year-old control carried p.L1617V (position 77): 
given the importance of the tyrosine corner in SORLA 
function, it is not unlikely that this individual will 
develop AD at a later age. Conserved glycines at positions 
36 and 96 may affect domain stability or ligand binding: 
we identified one case with a p.G1732A (position 96) 
with AAO at 70 years and one case (APOE-ε2/ε4) with a 
p.G1681D (position 36) with AAO 46 years. Notably, the 
pathogenicity of the p.G1732A variant is also supported 
by Thonberg et al. [17]. Lastly, four cases and one control 
carried variants affecting the residues that contribute to 
the hydrophobic core of the 3Fn-domain, which acts as 
the ‘glue’ that connects the two β-sheets that constitute 
the 3Fn-domain sandwich (tryptophan at position 25 and 
the tyrosine at position 41). Furthermore, substitution of 
the moderate-priority prolines at positions 6, and 7 that 
occur in some 3Fn-domains were observed only in cases.

Transmembrane and tail domain (res 2161–2214)
There were no variants prioritized in these domains.

Effect of APOE-ε4 allele
In the dataset (excluding the ADSP cohort, methods) 
AD risk increases 3-fold for each added APOE-ε4 allele 
(95%CI 2.8–3.2, p = 1.3x10−221). The median AAO for 

APOE-ε4/ε4 AD cases was 64 years for those wild-type 
for SORL1 (10%-90% range: 54–77), 60 years for PTV-
carriers (10%-90% range: 53–65), and 58.5 years for HPV-
carriers (10%-90% range: 53–69). The median AAO for 
APOE-ε4 heterozygous AD cases was 70 years for those 
wild-type for SORL1 (10%-90% range: 55–82), 61 years 
for PTV-carriers (10%-90% range: 51–74), and 63 years 
for HPV-carriers (10%-90% range: 54–78). The median 
AAO APOE-ε4-negative AD cases was 75 years for those 
wild-type for SORL1 (10%-90% range: 56–89), 69 years 
for PTV-carriers (10%-90% range: 52–81), and 66 years 
for HPV carriers (10%-90% range: 48–86) (Fig. 6, Table 
S8). Together, carrying a SORL1 PTV or HPV expe-
dited AAO by respectively 6 years (95%CI −10– −2) and 
9 years (95%CI −13– −1.7) for APOE-ε4-negative AD 
cases, by respectively 9 (95%CI −10 – −6) and 7 (95%CI 
−8– −4) years for APOE-ε4-heterozyous cases, and by 
respectively 4 (95%CI −6–NA) and 5.5 (95%CI −8–NA) 
years for APOE-ε4/ε4 cases. This indicates a major addi-
tive effect of APOE genotype. Evidence for an interactive 
effect in PTV- and HPV-carriers was limited (p = 0.04 
and p = 0.06 respectively). However, inferences regard-
ing a possible interaction effect may be incorrect as this 
case/control analysis design lacks power: only 18 con-
trols with known APOE genotype carried a PTV or HPV, 
of whom 15 were negative for the ε4 allele (83%). Also, 
5 were younger than 65 (28%) such that future AD is 
not unlikely in variant carriers. Nevertheless, the addi-
tive and possibly synergistic effect of APOE-ε4 allele 
explains, in part, the variability in AAO of carriers of the 
same variant. The AAO-range of the twelve Y391C cases 
was 60–86 years, 56–91 years for five p.R744RX carriers, 
60–73 years for four p.R866X carriers, 46–78 years for 
p.R953H carriers, and 56–74 for six p.Y1816C carriers 
(Fig S4). Indeed, EOAD cases were more likely to carry 
at least one APOE-ε4 allele, while older cases often car-
ried a protective APOE-ε2 allele (Fig S5). There was no 

Fig. 5  Age at onset analysis of case-carriers. AD cases were categorized according to the variant subtype they carry. (A) Age at onset analysis for carriers 
of missense variants annotated as high-, moderate-, low- and no-priority, compared to carriers of PTVs and SORL1 WT carriers. (B) Age at onset analysis 
of carriers of specific high-priority missense variants, relative to carriers of PTVs and WTs. (C) Age at onset analysis of less rare variants (MAF > 0.05%). Hori-
zontal lines indicate the age at which 50% of all carriers with the same variant category have AD. Differences in ages at onset between carriers of variants 
appertaining to specific variant-groups are shown in Table S7
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significant difference in the distribution of APOE-ε4 
carriers between PTV and HPV groups (p = 0.31, chi-
squared test).

MPVs, LPVs, NPVs and variants with MAF > 0.05%
MPVs, LPVs and NPVs had no or negligible effects on 
AD (Fig. 5A, Table 3) and there was no change in AAO 
relative to SORL1 WT cases (Fig. 5C). Likewise, the most 
common coding SORL1 variants p.A528T and p.E270K 
with sample-MAFs of respectively 3.6% and 1.9%, are 
associated with a 1.1-fold and 1.0-fold increased risk of 
AD when imputed in GWAS [43]. For p.D2065V, with 

sample-MAF 0.46%, we observed a 1.4-fold increased AD 
risk, and carriers had a slightly expedited AAO relative to 
SORL1 WT cases (Fig. 5C). See ‘1.2 Effects of non-HPV 
and non-PTV rare SORL1 variants’ in the Supplement 
for a more in-depth analyses of these variants.

Comparison of prioritization scheme vs using only 
REVEL scores or AlphaMissense
While in aggregate, the 107 HPVs prioritized by DMDM, 
associated with a 6.1-fold increased risk of AD (i.e 
EAOD and LOAD combined), the aggregate of variants 
with a REVEL [40] or the AI-based AlphaMissense [45] 

Fig. 6  Rare SORL1 variants in context of APOE genotype. (A) AD cases who carried PTV in SORL1 have an earlier age at onset compared to SORL1 WT car-
riers with the same APOE genotype. The orange ages indicate at what age respectively 50% of the variant carriers had AD, the black ages indicate at the 
age at which 50% of the SORL1 WT carriers developed AD. (B) High-priority variants in context of APOE genotype. carriers of a high-priority variant have an 
earlier age at onset compared to wildtype carriers with similar APOE genotype. The effects of MPVs, LPVs and NPVs in context of APOE is shown in Fig S3
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score > 0.9 (both with score range 0–1) was associated 
respectively with a 3.9-fold (95%CI 1.9–8.0) and 3.5-fold 
(95%CI 2.1–5.5) increased risk of AD (Fig S6). This sug-
gests that there is added value in combining in silico or 
AI-based prediction tools with manual variant annota-
tion based on years of expertise.

Discussion
In our assembled sample of 18,959 AD cases and 21,893 
controls we identified 107 rare missense variants with 
MAF < 0.05% as ‘high-priority’ HPV after applying a 
manual DMDM analysis. HPVs are associated with a 
6-fold increased risk of overall AD (EOAD and LOAD 
combined), and 10-fold increased risk of EOAD. In this 
sample, the carriers of such variants had a median AAO 
of 64 years, 8 years earlier than carriers of wild-type 
SORL1. In comparison, carrying a PTV associated with 
an overall 17-fold increased risk of overall AD relative 
to non-carriers, and a 35-fold increased risk of EOAD. 
SORL1 PTV-carriers in this sample had a median AAO 
of 62 years, 10 years earlier than carriers of wild-type 
SORL1. Other rare missense variants with MAF < 0.05%, 
or coding variants with MAF > 0.05% had no or only lim-
ited effects on AD risk.

Although the median AAO of SORL1 PTV or HPV-
carriers indicates a predisposition for EOAD, AAO is 
several years later than for carriers of established patho-
genic variants in the PSEN1, APP, and PSEN2 ADAD 
genes, with average AAO respectively ~45, ~50 years and 
~55 years [46–48]. Akin to observations in established 
ADAD, we observe an additive (and possibly synergis-
tic) effect of APOE genotype on AAO of SORL1 PTV 
and HPV-carriers [49, 50]. The median AAOs for PTV 
and HPV-carriers who are ε4/ε4, ε4-heterozygous or 
ε4-negative are respectively 60, 61 and 69 years and 58.5, 
63 and 66 years, which is in agreement with a report stat-
ing that penetrance for SORL1-PTV and HPV-carriers 
combined was complete by age 70 among ε4/ε4 carriers, 
10 years later for ε4-heterozygous carriers and even later 
for non-ε4 variant-carriers [14]. In addition to the APOE 
genotype, other genetic risk factors will further influence 
AAO, akin to observations in established ADAD [43, 46, 
50].

On average, HPVs and PTVs have a similar AAO. How-
ever, when grouping variants based on affected residues, 
certain HPVs have an earlier AAO than PTVs, while oth-
ers have a later AAO. Variants that affect a calcium-cage 
residue in one of the CR-domains [51, 52], the YWTD-
motif or the VPS10p-domain had an earlier AAO than 
carriers of PTV variants, suggesting they might have 
a dominant negative effect. Notably, variants affecting 
the YWTD-motif or a calcium-cage were observed only 
in AD cases, indicative of high penetrance. A domi-
nant negative effect may be explained by requirement 

for SORL1 to dimerize (or possibly polymerize) at its 
3FN-domains, before docking into the retromer [1, 31]. 
Variants that lead to impaired protein folding cannot 
be properly matured at the endoplasmic reticulum (ER) 
[53], such that the receptor cannot exit the ER. However, 
so long as the 3FN-domains remain in-tact, any mutant 
SORL1 will retain the propensity to dimerize while still in 
the ER, not only with other mutant-SORL1, but also WT-
SORL1. This way, less than half of SORL1 protein can exit 
the ER to perform its cargo trafficking functions. This 
mode of pathogenicity may also explain the (familial) AD 
observed for the carriers of the p.R953H and the p.R953C 
‘Seattle variant’ affecting YWTD-domain folding, for 
which functional studies have shown impaired trafficking 
[20], and the p.G511R variant, suggesting impaired bind-
ing of Amyloid-β to SORL1 [44, 54].

ER-retention prevents SORL1 protein to traffic to the 
cell surface, such that these variants will likely lead to 
decreased shedding of soluble SORL1 (sSORL1) in the 
interstitial space, as shown for the p.D1105H variant 
[55]. We acknowledge that the earlier AAO of these spe-
cific SORL1 missense variants relative to PTVs concerns 
only few carriers, such that statistical significance cannot 
be reached. Therefore, the associated dominant nega-
tive effects need to be confirmed in an independent large 
sequencing dataset of AD cases and controls and/or by 
further functional studies.

The effect on AAO of other HPVs may be similar to the 
haploinsufficiency associated with PTVs. An example is 
the p.Y1816C mutant that affects the ‘tyrosine corner’, 
a residue that contributes strongly to the stability of 3rd 
3Fn-domain which was carried by the probands and 
affected family members of three unrelated pedigrees 
[19]. Functional experiments indicated that the p.Y1816C 
mutant is efficiently matured and trafficked from the ER 
to the endosome. Once there, it fails to form the dimer-
dependent complex with retromer, such that the SORL1 
mutant cannot contribute to retromer sorting. However, 
the wild type allele still can, suggesting that the variant 
leads to haploinsufficiency. We observed that sSORL1 
levels were substantially reduced in a carrier of this 
variant, mimicking the effect we observe for PTVs on 
sSORLA shedding [56]. This mode of pathogenicity may 
also apply to the p.G1732A variant, likely impairing the 
folding of the 2nd 3Fn-domain, which was identified in a 
pedigree affected with EOAD [17].

Other HPVs lead to a slightly later AAO than PTV 
variant carriers, suggesting that their effects are less dam-
aging than losing one SORL1 copy. We speculate that the 
p.Y391C substitution affecting Loop L1 in the VPS10p-
domain (observed in 12 cases) affects ligand-binding of 
the VPS10p-domain, leading to decreased lysosomal 
delivery of (among other ligands) Amyloid-β and to an 
increase of secreted Amyloid-β [54]. However, other 
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SORL1 functions may still be in-tact, which may explain 
a less deleterious effect compared to carrying a PTV. 
Carriers of variants affecting the 10CC-domain, or that 
lead to losing or gaining a cysteine in the CR-domain also 
have a later AAO compared to PTV carriers, suggesting 
some residual activity for these mutants. These variants 
may lead to an unstable receptor, some of which may 
be removed by the ER-associated degradation pathway, 
while others may escape the ER control-check and be 
exported to subsequent cellular compartments. While we 
cannot provide any supporting evidence at current, this 
mode of pathogenicity might explain the EOAD observed 
for carriers of the p.R1303C substitution (cysteine-loss 
in the 6th CR-domain), in one of the pedigrees described 
by Thonberg et al. [17]. Additional functional evidence is 
necessary to support the different modes of pathogenic-
ity associated with different HPV-types.

Ideally, risk and AAO analysis are assessed in popu-
lation-based follow-up studies. However, genetic vari-
ants associated with EOAD are extremely rare, such 
that sequencing all individuals from a population study 
will not yield informative data. Therefore, our dataset is 
an assembled sample of AD cases and controls which is 
relatively enriched with EOAD cases. The effect of this 
enrichment is observable in the earlier median AAO of 
AD cases that are homozygous, heterozygous or negative 
for the APOE-ε4 allele (respectively 64, 70 and 75 years) 
compared to a population sample (70, 74.5, 82 years, as 
estimated from Reiman et al. [57]). We acknowledge that 
determining odds ratios for EOAD and LOAD separately 
only partly accounts for the influence of age on the effect 
of SORL1 variants on AD risk. Note also, that all effect 
sizes were calculated relative to the same control group 
and that at the time of sample inclusion, 50% of the con-
trols was younger than 65 (33% was even younger than 
50), making it likely that some controls may develop AD 
at a later age, such that effect sizes presented here may 
be conservative. On the other hand, recent analyses have 
indicated that within a pedigree, the AAO of the index 
patient was significantly earlier than those of family-
members [14]. We suspect that our sample of geneti-
cally unrelated individuals may be enriched with index 
patients, which may skew the distribution towards rela-
tively early AAO. Nevertheless, it is valid to compare 
effects on AD risk and AAO distributions between the 
different SORL1 variants within our sample, as similar 
biases apply to all other AD cases and controls. Overall, 
we caution that AAO distributions and effects on AD risk 
are not representative of the overall population.

Several SORL1-features may be considered when inves-
tigating SORL1 variants. Exons 23–33 each translate one 
CR-domain, such that exon-skipping splice-variants may 
translate to a SORL1 protein lacking one CR-domain. It 
is unclear whether this yields an inactive or (partly) active 

SORL1 [58]. An exception is the 7th CR-domain, encoded 
by exon 29, since joining exons 28 and 30 produces a 
nonsense-codon. Exon 1 was excluded from analysis due 
to differential missingness, however upon inspection we 
identified 9 PTVs in exon 1, of which 4 in controls, while 
PTVs in the rest of the gene occurred almost exclusively 
in AD cases. Although we cannot provide supporting 
evidence to substantiate this, the use of an alternative 
transcriptional start site, which could allow escape from 
nonsense-mediated decay, may be a back-up mechanism 
for SORL1 transcription [59]. Furthermore, it is unclear 
whether variants observed in several genetically unre-
lated individuals share a founder mutation: p.Y391C 
(12 cases), p.R1490C (5 cases/2 controls), p.Y1816C (6 
cases), p.R953H (6 cases/1 control), p.R744X (5 cases) 
and p.R866X (4 cases). If these variants occurred de novo 
in each pedigree this might provide preliminary evidence 
for mutation hotspots in SORL1.

Conclusion
Here, we show that carriers of SORL1 PTVs and HPVs 
have diverse AAOs, which are influenced by APOE geno-
type, complicating penetrance estimates [14, 60]. This is 
in parallel with variants in genes implicated in heredi-
tary breast cancer including the ‘high risk’ genes BRCA1, 
BRCA2, and PALB2 and ‘moderate risk’ genes CHEK2 
and ATM [61]. In all these genes, PTVs generally asso-
ciate strongest with disease risk while missense variants 
have variable effects and are notoriously more difficult 
to classify. The oncogenetics field has created specific 
guidelines for testing and counseling high- and moderate 
risk genes [62], which may be explained by the actionabil-
ity of oncogenes (e.g., screening programs or preventive 
surgery). In the absence of actionability, the AD field has 
historically been more hesitant to adopt genetic testing of 
genes for which variants that segregate with AD across 
multiple generations have not yet been identified. Never-
theless, some historically high-risk genes for neurodegen-
erative disorders, such as variants in NOTCH3 that cause 
CADASIL (Cerebral Autosomal Dominant Arteriopathy 
with Subcortical Infarcts and Leukoencephalopathy), 
are now considered a spectrum of high and moderate 
risk conferring variants, and they are counseled accord-
ingly. Here, we show that a subset of SORL1 variants is 
highly penetrant for AD with an AAO that overlaps with 
that observed for carriers of known pathogenic variants 
in PSEN2 [23] and even some variants in PSEN1 [63]. 
With actionability of Alzheimer’s Disease on the horizon, 
our results encourage engaging a discussion on whether 
reporting these variants to patient-carriers is desirable, 
possibly in combination with APOE genotype.
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