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SUMMARY  

The Sortilin-related receptor 1 gene (SORL1, SORLA) is strongly associated with risk of 

developing Alzheimer’s disease (AD). SORLA is a regulator of endosomal trafficking in neurons 

and interacts with retromer, a complex that is a ‘master conductor’ of endosomal trafficking. 

Pharmacological chaperones stabilize retromer in vitro, enhancing its function. Here we used an 

isogenic series of hiPSC lines with either one or two copies of SORL1 or harboring one copy of a 

variant linked to increased risk for AD. We treated hiPSC-derived cortical neurons with the 

established retromer chaperone, TPT-260, and tested whether indicators of AD’s defining 

endosomal, amyloid, and Tau pathologies were corrected. We observed that the degree of rescue 

by TPT-260 treatment varied, depending on whether the neurons harbor at least one functional 

copy of SORL1 or whether they are fully deficient. Using a disease-relevant preclinical model, our 

work illuminates how the SORL1-retromer pathway can be therapeutically harnessed. 
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Introduction: 

Alzheimer’s disease (AD) is a devastating neurodegenerative disorder with only a very 

few medications that alleviate symptoms and no treatment that effectively modifies the course of 

the disorder for more than several months. Most AD drugs target amyloid beta (Aβ), the main 

component of senile plaques, which are a hallmark AD neuropathology. However, genetic studies, 

including large genome-wide association studies, have identified dozens of AD risk loci that map 

to various cellular processes including endo-lysosomal trafficking(Karch and Goate, 2015). 

Abnormal endosomes and lysosomes in human brains have long been identified as a pathologic 

hallmark of Alzheimer’s disease(Cataldo et al., 1996; Cataldo et al., 2004; Cataldo et al., 2000).  

More recent cell biological studies have particularly implicated AD-related deficiencies in 

trafficking and recycling related to the multi-protein complex retromer, a ‘master conductor’ of 

endosomal trafficking (Knupp et al., 2020; Simoes et al., 2021; Young et al., 2018). Central to this 

mechanism is the gene SORL1, an endosomal sorting receptor that has emerged as a highly 

pathogenic AD gene(Scheltens et al., 2021). Missense variants or frameshift variants leading to 

premature stop codons in SORL1 can contribute to AD pathogenesis through loss of function of 

SORL1(Pottier et al., 2012; Vardarajan et al., 2014). The SORL1 gene encodes the sorting 

receptor SORLA, which engages with the multi-protein sorting complex retromer as an adaptor 

protein for multiple cargo, including APP, neurotrophin receptors, and glutamate 

receptors(Fjorback et al., 2012; Mishra et al., 2022; Simoes et al., 2021). SORL1 KO neurons 

derived from hiPSCs have endosomal traffic jams, mislocalized neuronal cargo and show 

impairments in endosomal degradation and recycling(Hung et al., 2021; Knupp et al., 2020; 

Mishra et al., 2022). Both endosomal recycling and degradation pathways in neurons are 

enhanced in a model where SORL1 is overexpressed(Mishra et al., 2022), suggesting that 

increasing SORL1 expression in neurons may be beneficial in AD. However, SORL1 is a difficult 

therapeutic target due to its size: the gene contains 48 exons and large intronic regions and the 

protein itself is 2214 amino acids(Rogaeva et al., 2007). 
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Enhancing endosomal trafficking via targeting the retromer complex, which is intimately 

associated with SORL1, may be a feasible therapeutic strategy. Small molecule pharmacologic 

chaperones that stabilize the cargo recognition core of retromer have been developed and reduce 

amyloidogenic processing of APP in a mouse model of AD and increase the flow of SORLA 

through endosomes(Mecozzi et al., 2014). Retromer chaperones have been shown to reduce Aβ 

and phospho-Tau in hiPSC-cortical neurons from AD and controls and promote neuroprotection 

in hiPSC-motor neurons from amyotrophic lateral sclerosis (ALS) patients (Muzio et al., 2020; 

Young et al., 2018). However, how they affect other defining pathologies of AD (ie: endosomal 

pathologies) has not been shown. 

We used our previously published SORL1 deficient hiPSC cell lines (SORL1 KO)(Knupp 

et al., 2020) and new lines engineered to have loss of SORL1 on one allele (SORL1+/-) or to have 

one copy of an AD-associated SORL1 variant (SORL1Var) to investigate whether enhancing 

retromer-related trafficking using TPT-260, an established retromer chaperone(Chu and Pratico, 

2017; Mecozzi et al., 2014; Vagnozzi et al., 2021), can improve endosomal phenotypes. We report 

that in neurons derived from SORL1+/- and SORL1Var lines, we observe enlarged early endosomes 

and increased Aβ secretion. We show that treatment with TPT-260, rescues these phenotypes. 

We also report than TPT-260 can improve endo-lysosomal trafficking and endosomal recycling in 

SORL1 deficient hiPSC-derived neurons. In addition to rescuing endo-lysosomal phenotypes, 

TPT-260 lowers Aβ and phosphorylated Tau (p-Tau), suggesting that this pathway can converge 

on multiple cellular phenotypes in AD. Importantly, for some of the phenotypes we studied having 

one functional copy of SORL1 (SORL1+/-) provided a more complete rescue than in neurons fully 

deficient in SORL1 (SORL1 KO). As loss of one copy of SORL1 has been shown to be causative 

for AD our data suggest that the SORL1-retromer axis is important for future therapeutic 

development in AD. 
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Results: 

SORL1+/- and SORL1Var hiPSC-derived neurons have swollen early endosomes and 

increased Aβ secretion. 

Variants in the VPS10 domain of SORL1 have been shown to be damaging(Holstege et al., 2017).  

Using CRISPR/Cas9 genome editing, we generated isogenic stem cell lines containing either 

heterozygous AD-associated variants in the VPS10 domain: E270K, Y141C, and G511R 

(SORL1Var) or heterozygous SORL1 knockout line (SORL1+/-) (Figure S1). These variants have 

all been associated with increased AD risk(Caglayan et al., 2014; Pottier et al., 2012; Vardarajan 

et al., 2014). Western blot analysis revealed that SORL1Var neurons do not have a loss of SORLA 

protein expression as these missense variants do not introduce a frame-shift (Figure S1) or 

destabilize the protein enough for it to be degraded.  However, SORL1+/- neurons have 50% of 

SORL1 expression compared with isogenic WT controls (Figure S1). 

We and others have previously observed enlarged early endosomes in homozygous 

SORL1 KO hiPSC-derived neurons(Hung et al., 2021; Knupp et al., 2020).  We hypothesized that 

SORL1+/- and SORL1Var neurons would similarly contain enlarged early endosomes, although we 

predicted that due to the single copy of WT SORL1, the phenotype could be more subtle. We 

immunostained SORL1 KO, SORL1+/-, and SORL1Var neurons with EEA1 to mark early 

endosomes, imaged cells using confocal microscopy, and quantified early endosome size using 

Cell Profiler as we have previously described(Knupp et al., 2020). We observed a significant 

increase in endosome size in SORL1Var, SORL1+/-, and SORL1 KO neurons compared to isogenic 

WT controls (Figure 1 A-B). Interestingly, endosomes in neurons with one copy of WT SORL1 

(SORL1Var and SORL1+/-) were not as enlarged as in cells fully deficient in SORL1  (SORL1 KO) 

(Figure 1B).  

 When SORLA is absent, APP is stuck in early and recycling endosomes where it can be 

more readily processed to Aβ(Das et al., 2016; Knupp et al., 2020; Mishra et al., 2022; Tan and 
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Gleeson, 2019; Toh et al., 2018). We have previously reported increased secreted Aβ in SORL1 

KO neurons(Knupp et al., 2020) and here we observed an increase in secreted Aβ peptides in 

SORL1+/- or SORL1Var neurons compared to WT neurons. Consistent with having one functional 

copy of SORL1, the increase in Aβ was not as pronounced as with the full SORL1 KO (Figure 

1C-D).  

 

TPT-260 treatment reduces endosome size, secreted Aβ levels and pTau levels in SORL1 

KO, SORL1+/-, and SORL1Var neurons. 

We next tested whether enhancing endo-lysosomal function via small molecules could rescue 

pathological phenotypes. We chose to study the effects of a pharmacological chaperone, TPT-

260 (also called R55), which stabilizes and enhances retromer by binding the VPS35-VPS26-

VPS29 trimer in the cargo-recognition core of the multi-subunit retromer complex(Mecozzi et al., 

2014). Previously, we have shown that a similar molecule, TPT-172 (also known as R33), was 

effective at reducing Aβ and pTau levels in hiPSC-derived neurons from AD patients and 

controls(Young et al., 2018). First, we tested whether TPT-260 treatment would influence early 

endosome size. In SORL1 KO, SORL1+/-, and SORL1Var neurons, treatment with TPT-260 

reduced endosome size compared with vehicle (DMSO) treated controls (Figure 2A-B). In TPT-

260 treated SORL1+/- and SORL1Var neurons, endosome size was not significantly different than 

in WT neurons treated with TPT-260. However, while endosome size was also reduced in neurons 

with full SORL1 KO, it was not reduced to WT levels, indicating that without at least one copy of 

SORL1, this phenotype cannot be fully resolved (Figure 2B). We did not observe any changes in 

EEA1 puncta size in WT neurons treated with TPT260, indicating that the retromer chaperone 

does not alter the size of endosomes that are not enlarged.  

We next tested whether TPT-260 treatment could reduce Aβ peptides in SORL1 KO, 

SORL1+/- or SORL1Var neurons. From TPT-treated cultures we measured the amount of Aβ 
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peptides secreted into the media using an ELISA assay. In all cell lines we observed decreased 

secreted Aβ peptides, however in neurons with full SORL1 KO Aβ 1-40 levels, while reduced, 

were still significantly higher than in the other conditions (Figure 2C). Interestingly, Aβ 1-42 levels 

were not changed in SORL1 KO neurons although they were reduced to WT levels in all cell lines 

with one copy of SORL1 (Figure 2D). 

Accumulation of phosphorylated Tau (pTau) protein is a significant neuropathological 

hallmark in AD and retromer chaperones have been reported to decrease pTau levels in both 

hiPSC-neurons and mouse models of AD and tauopathy(Li et al., 2020; Young et al., 2018). In 

our hiPSC-neuronal model, we did not detect significant changes in pTau in neurons without 

SORL1 or in any of our SORL1Var neurons (Figure S2), although in other studies where SORL1 

KO hiPSC-derived neurons are differentiated using the expression of the transcription factor 

NGN2, loss of SORL1 does lead to increased phospho-Tau (Tracy Young-Pearse, personal 

communication). Despite this, when we treated all genotypes of neurons with TPT-260, we 

observed that treatment did significantly reduce pTau at several epitopes and there was no 

difference in the level of reduction relative to whether neurons were fully deficient in SORL1 or 

harbored an AD risk variant (Figure 2 E-G). 

 

TPT-260 treatment fully reduces localization of VPS35 from early endosomes, but only 

partially rescues localization of APP from early endosomes in SORL1 KO neurons. 

In SORL1 KO neurons, both VPS35, a core component of retromer, and APP have increased 

localization in early endosomes(Knupp et al., 2020; Mishra et al., 2022). We examined whether 

TPT-260 treatment could correct this mis-localization. By performing colocalization analysis for 

EEA1 (early endosomes) and VPS35, we observed that SORL1+/- neurons also had increased 

VPS35 accumulation in early endosomes (Figure 3A-B). Treatment with TPT-260 completely 

rescued VPS35/EEA1 colocalization in SORL1+/- and SORL1 KO neurons, indicating that this 
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treatment was able to mobilize retromer away from early endosomes (Figure 3A-B). SORL1+/- 

neurons also have increased colocalization of APP with EEA1, however upon TPT-260 treatment 

APP/EEA1 colocalization was completely resolved in SORL1+/- neurons, while there was still 

significantly more APP in early endosomes in treated SORL1 KO neurons. (Figure 3C-D). This 

observation is consistent with SORL1 being a main adaptor protein for APP and retromer via 

VPS26(Fjorback et al., 2012) and could explain why the reduction of Aβ peptides in TPT-260 

treated SORL1 KO neurons is not as significant as in neurons with at least one WT copy of 

SORL1; in neurons without any copies of SORL1, APP is still largely localized to early endosomes 

where it can be processed to Aβ. 

 

Impaired endosomal recycling and lysosomal degradation in SORL1 KO neurons are 

improved by pharmacologic stabilization of retromer 

In SORL1 KO neurons, endosomal traffic jams impede cargo traffic to late endosomes and 

lysosomes as well as to the cell surface recycling pathway(Mishra et al., 2022). The latter function 

has been shown to involve a neuron-specific subunit of retromer, VPS26b(Simoes et al., 2021). 

We analyzed lysosomal degradation in WT and SORL1 KO neurons treated with TPT-260 or 

vehicle (DMSO) using the DQ-Red-BSA assay(Marwaha and Sharma, 2017). We observed a 

significant reduction in DQ-Red-BSA fluorescence, indicating impaired degradation, at 24 hours 

in DMSO treated SORL1 KO neurons (Figure 4B), consistent with our previous 

observations(Mishra et al., 2022). In TPT-260 treated neurons, we document a complete rescue 

of this phenotype (Figure 4B) suggesting that retromer stabilization can promote this pathway, 

even in the absence of SORL1. 

To test endosomal recycling, we utilized the transferrin recycling assay, a measure of both 

fast and slow endosomal recycling(Ouellette and Carabeo, 2010; Sonnichsen et al., 2000).  
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We found that in SORL1 KO neurons, TPT-260 treatment only partially rescued endosomal 

recycling (Figure 4 C-D). However, when TPT-260 treated SORL1+/- neurons were analyzed, we 

document a complete rescue of transferrin recycling (Figure 4 C,E). These data suggest that 

enhancing retromer can promote endosomal recycling but at least one functional copy of SORL1 

is needed to recycle cargo as efficiently as in WT neurons. 

 

Discussion  

When considering the development of novel therapeutics for Alzheimer’s disease, it is critical to 

examine biologically relevant pathways such as protein trafficking through the endo-lysosomal 

network. In particular, trafficking of APP directly affects its processing into Aβ. Furthermore, 

indicators of endosomal dysfunction are early cytopathological phenotypes in AD, evident before 

substantial accumulation of other neuropathologic hallmarks(Cataldo et al., 2000) and thus a 

potentially attractive early therapeutic readout. In order to more fully explore this concept in human 

neurons, we used previously published and newly generated hiPSC lines that are either deficient 

in SORL1 expression (SORL1 KO or SORL1+/-) or that harbor AD-associated coding variants in 

the VPS10 domain of the protein (SORL1Var) and treated neurons differentiated from these 

hiPSCs with TPT-260, a small molecule chaperone that stabilized retromer and enhances its 

function(Mecozzi et al., 2014). 

We and others have previously reported that heterozygous and homozygous loss of 

SORL1 results in increased secretion of Aβ and enlarged early endosomes(Hung et al., 2021; 

Knupp et al., 2020). In this study, we also observed increases in secreted Aβ and enlarged 

endosomes in our SORL1Var lines (Figure 1). Both secreted Aβ and enlarged early endosome 

phenotypes seem to be dependent on whether a WT allele of SORL1 is present, which aligns with 

previous reports(Dodson et al., 2008; Hung et al., 2021). These data are also consistent with 

indications that SORL1 haploinsufficiency is causative for AD(Holstege et al., 2017; Scheltens et 
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al., 2021), and suggests that certain AD-associated variants may result in loss of important 

SORL1 functions.  

 SORLA, is the main adaptor protein for retromer-dependent trafficking of APP and Aβ 

peptides(Andersen et al., 2005; Caglayan et al., 2014; Fjorback et al., 2012). Therefore, in SORL1 

KO neurons, there is a smaller effect on Aβ secretion after treatment with TPT-260 (Figure 2). 

However, in the more clinically relevant scenario of either SORL1+/-or SORL1Var, TPT-260 

treatment reduced both Aβ40 and Aβ42 to WT levels. 

 TPT260 treatment lowers phospho-Tau levels on multiple epitopes in this model, 

highlighting the potential therapeutic relevance of retromer functional enhancement. Our data 

here (Figure 2) provide an independent corroboration of previous work(Young et al., 2018)and 

also supports what has been seen in tauopathy models(Li et al., 2020; Young et al., 2018). Tau 

clearance by endo-lysosomal trafficking is an important aspect of maintaining Tau homeostasis 

and efficient clearance of phosphorylated Tau is an important step in preventing pathological 

aggregation(Tang et al., 2019).  

 Our data provides the first evidence that a small molecule can correct early endosome 

enlargement. TPT-260 treatment reduced endosome size in all genotypes, however only in 

neurons with at least one copy of SORL1 were endosome sizes fully reduced to WT levels (Figure 

2). Importantly for therapeutic implications, the retromer chaperone does not appear to affect 

endosome size in the WT cell lines at the concentrations we tested.   

 APP and VPS35 are both increased in early endosomes in SORL1 KO neurons(Knupp et 

al., 2020; Mishra et al., 2022). TPT-260 treatment reduced the localization of VPS35 in early 

endosomes to WT levels in SORL1 KO cells, showing that this treatment is sufficient to mobilize 

retromer in these cells (Figure 3). However, because SORLA is a main adaptor protein between 

retromer and APP, in full SORL1 KO cells, there is not a large change in APP localization with 

TPT-260 treatment (Figure 3). In neurons with at least one copy of SORL1 (SORL1+/-) neurons, 
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TPT-260 treatment APP co-localization with early endosomes is similar to WT APP/EEA1 co-

localization (Figure 3).  A large part of amyloidogenic cleavage of APP occurs in the early 

endosomes, so this finding could explain why Aβ levels in SORL1+/- neurons are completely 

rescued with TPT-260 treatment, while Aβ levels in SORL1 KO neurons are not.  

 Endosomal traffic jams impact multiple arms of the endo-lysosomal network. Using a DQ-

Red-BSA assay, we observe that TPT-260 enhances lysosomal degradation in SORL1 KO cells, 

bringing this function to WT levels (Figure 4). On the other hand, we observed only a partial 

rescue of transferrin recycling in SORL1 KO cells but a full rescue in SORL1+/- neurons (Figure 

4). In neurons, SORL1 interacts with a neuron-specific isoform of the retromer complex, VPS26b, 

to recycle cargo such as glutamate receptors(Simoes et al., 2021). Our data suggest that in 

SORL1 KO, retromer enhancement is not enough to fully rescue this phenotype but would be 

beneficial in SORL1+/- cells.  

 Our work shows that treatment with a small molecule that stabilizes retromer in vitro and 

enhances retromer-related trafficking can reduce important cellular and neuropathologic  

phenotypes in human AD neuronal models. Using TPT-260, we broadly show that enhancement 

of retromer-related trafficking can fully or partially rescue deficits induced by loss of SORL1. 

Although there is one report of a full loss of SORL1(Le Guennec et al., 2018), most patients where 

SORL1 is a main risk factor for disease development still maintain at least one functional copy of 

SORL1. Our work provides evidence that the SORL1-retromer pathway is a strong candidate for 

therapeutic intervention in AD. This study builds on previous work that has used these chaperones 

in animals and human cells, suggesting that studies such as this could represent an important 

pre-clinical step in identifying new therapeutic molecules for AD. 

 

Limitations to our study: Our study has certain limitations. First, we focused on variants present 

in the VPS10 domain of SORL1(Andersen et al., 2016; Pottier et al., 2012; Vardarajan et al., 
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2014). Some of these variants have been found in control subjects(Holstege et al., 2017), thus 

there are other factors in various human genetic backgrounds that need to be considered. We 

engineered these variants in our well-characterized, male, hiPSC line(Knupp et al., 2020; Young 

et al., 2015). The genetic background of this line also harbors one copy of APOE ε4 and common 

variants in SORL1 associated with increased AD risk in candidate-gene based studies(Levy et 

al., 2007; Rogaeva et al., 2007). We cannot rule out the contribution of these other genomic 

variants to our phenotypes; however rescue of these cellular phenotypes using retromer-

enhancing drugs is still an important observation that may be relevant to both earlier and later-

onset forms of AD. Finally, our study is focused on neuronal cells. We recognize the importance 

of endosomal trafficking and SORL1-retromer related pathways in glia and other cell types 

relevant to the pathogenesis and/or progression of AD. Future studies will benefit from analyzing 

endo-lysosomal phenotypes in multiple CNS cell types. 

 

Experimental procedures  

Cell lines  

CRISPR/Cas9 Genome Editing 

All genome editing was completed in the previously published and characterized CV background 

human induced pluripotent stem cell line (Young et al., 2015), which is male with an APOE e3/e4 

genotype(Levy et al., 2007). Genome editing was performed according to published protocols 

(Young et al., 2018)(Knupp et al., 2020). Further details about gene editing are described in the 

supplemental methods.  

Neuronal Differentiation 

hiPSCs were cultured and differentiated into neurons using dual SMAD inhibition protocols(Shi et 

al., 2012), modified previously in our laboratory (Knupp et al., 2020; Mishra et al., 2022; Rose et 

al., 2018). Further details about the neuronal differentiations are described in the supplemental 

methods.  
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Purification of hiPSC-derived neurons 

hiPSC-derived neurons were purified using magnetic bead sorting. Details of the procedure are 

described in the supplemental methods. 

DQ-Red BSA assay  

Lysosomal proteolytic degradation was evaluated using DQ Red BSA (#D-12051; Thermo Fisher 

Scientific) following published protocols(Davis et al., 2021; Marwaha and Sharma, 2017; Mishra 

et al., 2022). More details are described in the supplemental methods.  

Immunocytochemistry 

Details of immunocytochemistry and antibodies used are described in the supplemental 

procedures.  

Confocal microscopy, Image processing and colocalization analysis.  

All microscopy and image processing were performed under blinded conditions. Confocal z stacks 

were obtained using a Nikon A1R confocal microscope with x63 and x100 plan apochromat oil 

immersion objectives or a Nikon Yokogawa W1 spinning disk confocal microscope and a 100X 

plan apochromat oil immersion objective. Image processing was performed using ImageJ 

software (Schindelin et al., 2012). For endosome analysis, 10-20 fields were analyzed for a total 

of 10-58 cells. To investigate colocalization of APP and VPS35 with early endosomes, hiPSC-

derived neurons were co-labeled with either APP or VPS35 and early endosome marker EEA1.  

A minimum of 10 fields of confocal were captured. Median filtering was used to remove noise 

from images and Otsu thresholding was applied to all images. Colocalization was quantified using 

the JACOP plugin in Image J software and presented as Mander’s correlation co-efficient. More 

details can be found in the supplemental methods. 

Transferrin recycling assay 

To measure recycling pathway function, we utilized transferrin recycling assay as previously 

described (Sakane et al., 2014)(Mishra et al., 2022). More details are described in the 

supplemental methods.  
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Western Blotting  

Details of western blotting used in this study are described in the supplemental methods. 

Measurement of secreted Amyloid Beta 1-40 and 1-42 

Aβ peptides were measured using an MSD Ab V-PLEX assay (Meso Scale Discovery #151200E-

2) following manufacturers protocols. 

Measurement of phosphorylated and total tau by ELISA 

Phosphorylated tau protein were measured using a Phospho(Thr231)/Total Tau ELISA plate ( # 

K15121D-2; Meso Scale Discovery) following manufacturers protocols. 

Quantification and statistical analysis  

The data here represent, when possible, multiple hiPSC clones. This includes two or three WT 

clones, two SORL1KO clones and one SORL1+/- clone. Only one SORL1+/- clone was recovered 

during the gene-editing process. For the SORL1Var lines and experiments we analyzed two E270K 

clones, two G511R clones, and one Y141C clone. Only one Y141C clone was recovered during 

the gene-editing process. All data represents three independent experiments per clone. 

Experimental data was tested for normal distributions using the Shapiro-Wilk normality test. 

Normally distributed data was analyzed using parametric two-tailed unpaired t tests, one-way 

ANOVA tests, or two-way ANOVA tests. Significance was defined as a value of p > 0.05. All 

statistical analysis was completed using GraphPad Prism software. Further details of 

quantification and statistical analysis for all experiments are provided in the supplemental 

procedures.  
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FIGURE LEGENDS 

Figure 1. SORL1+/- and SORL1Var hiPSC-derived neurons have swollen early endosomes 

and increased Aβ secretion (A) Representative immunofluorescent images of WT, 

heterozygous SORL1Var, SORL1+/-, and SORL1 KO hiPSC-derived neurons. Scale bar: 5 μm. (B) 

The size of EEA1 puncta is larger in SORL1Var, SORL1+/-, and SORL1 KO neurons than in WT 

neurons, indicated by asterisks. The difference between SORL1 KO, SORL1+/-, and SORL1Var is 

indicated by hashmarks. (C-D) Heterozygous SORL1Var, SORL1+/-, and SORL1 KO hiPSC-derived 

neurons secrete increased levels of (C)Aβ40 and (D)Aβ42 as compared to WT controls (asterisks). 

SORL1 KO neurons secrete increased levels of Aβ40 and Aβ42 as compared to SORL1Var and 

SORL1+/- hiPSC-derived neurons. (hashmarks). For imaging experiments, 10-15 images and 1-3 

clones per genotype were analyzed per genotype. For Aβ secretion experiments, 1-3 clones per 

genotype and 3 independent experiments per clone per genotype were used. Data represented 

as mean ± SD. Data was analyzed using parametric one-way ANOVA. Significance was defined 

as a value of *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.  
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Figure 2. Retromer enhancement with TPT-260 reduces AD pathological phenotypes  

Representative immunofluorescent images of TPT-260 and DMSO-treated WT, heterozygous 

SORL1Var, SORL1+/- and SORL1 KO hiPSC-derived neurons. Scale bar: 5 μm. (B) TPT-260 

treatment reduces endosome size in SORL1Var, SORL1+/-, and SORL1 KO neurons (indicated by 

asterisks). Endosome size in TPT-260 treated SORL1 KO neurons is significantly different from 

SORL1Var and SORL1+/- neurons (indicated by hashmarks). N=10-20 images analyzed per 

genotype. Data represented as mean ± SD.  (C-D) Levels of secreted Aβ 1-40 (C) and Aβ 1-42 

(D) are reduced with TPT-260 treatment in all genotypes, compared to DMSO, except secreted 

Aβ 1-42 in SORL1 KO neurons (indicated by asterisks). The % decrease in Aβ 1-40 and Aβ 1-42 

levels of TPT-260 treated cells is greater in SORL1Var and SORL1+/- neurons as compared to 

SORL1 KO neurons (indicated by hashmarks). For all experiments, 1-3 clones per genotype and 

3 independent experiments per clone per genotype were used. Data represented as mean ±SD. 

(E-G) Tau phosphorylation on three epitopes was examined in response to TPT-260 treatment. 

(E) Thr 231 epitope levels, as measured by ELISA assay, is reduced in all the genotypes treated 

with TPT-260 relative to WT DMSO controls (F) The PHF-1 (Ser396/Ser404) and the (G) 

AT8(Ser202/Thr305) epitopes as measured by western blot is decreased in TPT-260 treated 

SORL1 KO hiPSC-derived neurons relative to WT DMSO controls. 1-3 clones were analyzed per 

genotype. For all experiments, 1-3 clones per genotype and 3 independent experiments per clone 

per genotype were used. Data represented as mean ± SD. Normally distributed data was 

analyzed using parametric two-way ANOVA. 1-3 clones were analyzed per genotype. 

Significance was defined as a value of *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. 

ns=not significant.  

 

Figure 3. TPT-260 treatment reduces localization of APP and VPS35 in early endosomes. 

(A-B) Co-localization of VPS35 (green) with EEA1 (red) is increased in SORL1+/- and SORL1 KO 

neurons and TPT-260 reduces co-localization (asterisks). In SORL1+/- and SORL1 KO neurons, 
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treatment with TPT-260 colocalization of VPS35 and EEA1 is not different than in WT cells (white 

arrows, ns).  (C-D) Co-localization of APP (green) with EEA1 (red) co-localization is increased in 

SORL1+/- and SORL1 KO neurons and TPT-260 reduces co-localization (asterisks). Treatment 

with TPT-260 reduces APP/EEA1 colocalization to a greater extent in SORL1 +/- neurons such 

that it is not different from WT neurons treated with TPT-260 (white arrows, ns). However, in 

SORL1 KO neurons, APP/EEA1 colocalization is still significantly increased compared to WT cells 

(white arrows, asterisks).  Scale bar: 5µm.  For co-localization analysis, 10-15 images per clones 

and 1-2 clones per genotype were analyzed per genotype and 3 independent experiments per 

clone per genotype were performed.  Data represented as mean ± SD. Data was analyzed using 

parametric one-way ANOVA. Significance was defined as a value of *p < 0.05, **p < 0.01, ***p < 

0.001, and ****p < 0.0001.  

 

Figure 4. Retromer enhancement with TPT-260 enhances lysosomal degradation and 

endosomal recycling in SORL1 KO neurons. (A-B) TPT-260 rescues degradation of DQ-Red 

BSA. (A) Representative images of WT and SORL1 KO neurons treated with DQ-Red-BSA for 

24 hours. (B)TPT-260 rescues lysosomal degradation shown by increased fluorescence intensity 

of DQ-Red BSA after 24 hrs in TPT-260 treated SORL1 KO neurons as compared DMSO. There 

is no difference between DMSO treated and TPT-260 treated WT hiPSC-derived neurons. Scale 

bar: 5 μm. (C) Representative images of WT, SORL1+/-, and SORL1 KO neurons labeled with 

fluorescent transferrin. (D) TPT-260 only partially rescues endosomal recycling in SORL1 KO 

neurons. TPT-260 treated SORL1 KO neurons (dark orange) do not recycle transferrin as 

efficiently as WT neurons (black/gray). Asterisks indicate a statistical difference between WT 

DMSO and SORL1 KO DMSO neurons. Hashmarks indicate a statistical difference between TPT-

260 treated SORL1 KO and TPT-260 treated WT neurons. (E) TPT-260 completely rescues 

endosomal recycling in SORL1+/- neurons (light orange) compared to DMSO (dark orange). There 

is no difference between TPT-260 treated SORL1+/- neurons and TPT-260 WT neurons (gray 
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lines). Asterisks indicate a statistical difference between WT DMSO and SORL1+/- DMSO; NS 

indicates a non-significant difference between SORL1+/- +TPT-260 and WT+TPT-260.  Scale bar: 

5 μm. Data represented as transferrin intensity normalized to time 0. 10 images per clone per 

genotype per timepoint were analyzed. 1-2 clones per genotype were analyzed and 3 

independent experiments per clone per genotype were performed. Data represented as mean +/- 

SD. Data represented as mean ± SD. Normally distributed data was analyzed using parametric 

two-way ANOVA. Significance was defined as a value of *p < 0.05, **p < 0.01, ***p < 0.001, and 

****p < 0.0001. ns= not significant.  
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Supplemental Figures  
 
 

  
 
 
Figure S1. Characterization of SORL1Var and SORL1+/- cell lines.  
A) Sanger sequencing showing heterozygous base-pair change for each SORL1Var hiPSC line. * indicates 
a synonymous SNP that is present in the genetic background of this hiPSC line. The E270K edit (G to A) 
is highlighted next to this SNP. B) Representative Western blots showing that SORL1Var hiPSCs have 
equivalent levels of SORLA protein expression to WT. C) Quantification of Western blots; E270K analysis: 
2 WT and 2 E270K clones, 2 independent replicates per clone;Y141C analysis: 2 WT clones and 1 Y141C 
clone, 2 independent replicates per clone for WT and 4 independent replicates per clone for Y141C; G511R 
analysis: 1 WT clone, 3 independent replicates per clone. 1 G511R clone, 3 independent replicates per 
clone. D) Sanger sequencing showing heterozygous insertion/deletion (indel) leading to SORL1+/- hiPSC 
line. E) Representative Western blots showing that SORL1+/- hiPSCs have less SORLA protein expression 
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than WT hiPSCs. F) Quantification of Western blots; SORL1+/- analysis: 2 WT clones, 3 independent 
replicates per clone. 1 SORL1+/- clone, 6 independent replicates per clone. 
 
 
 

 
 
 
 
 
Figure S2. Phospho-tau levels in SORL1KO, SORL1Var and SORL1+/- neurons. Related to Figure 2. 
A-C) No significant change in phospho-tau at two epitopes was detected in SORL1 KO, SORL1Var, or 
SORL1+/- neurons. A) Representative Western blot of PHF-1 phospho-tau epitope. B) Quantification of 
Western blot; WT - 2 clones, 2 independent replicates for clone 1 (A7) and 3 independent replicates for 
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clone 2 (A6); E270K : 2 clones, 2 independent replicates per clone; Y141C : 1 clone, 3 independent 
replicates per clone; G511R : 2 clones, 2 independent replicates per clone; SORL1+/- : 1 clone, 3 
independent replicates per clone; SORL1 KO : 2 clones, 2 independent replicates per clone                                                 
C) ELISA assay of Thr 231 phospho-Tau epitope; WT : 2 clones, 3 independent replicates per clone; E270K: 
2 clones, 3 independent replicates per clone; Y141C : 1 clone, 3 independent replicates per clone 
G511R: 2 clones, 3 independent replicates per clone; SORL1+/-: 1 clone, 3 independent replicates per clone; 
SORL1 KO : 2 clones, 3 independent replicates per clone                                                                                                                   
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Table S1. Key Resources Table (related to experimental procedures and 

supplemental experimental procedures) 

REAGENT or RESOURCE SOURCE IDENTIFIER 
Antibodies 
Rabbit monoclonal anti-SORLA Abcam Cat#ab190684 
Rabbit monoclonal anti-APP (clone Y188) Abcam Cat#ab32136; 

RRID: AB_2289606 
Mouse monoclonal anti-EEA1 BD Biosciences Cat#610456; RRID: 

AB_397829 

Rabbit polyclonal anti-VPS35 Abcam Cat#ab97545; 
RRID: 
AB_10696107 

Mouse monoclonal anti-Actin (clone AC-15) Millipore Sigma  Cat#A5441; RRID: 
AB_476744 

Mouse monoclonal anti-Phospho-Tau (AT8) Thermo Fisher 
Scientific  

Cat#MN1020; 
RRID: AB_223647 

Rabbit monoclonal anti-GAPDH (14C10) Cell Signaling  Cat#2118; RRID: 
AB_561053 

Chicken polyclonal anti-MAP2  Abcam Cat#92434; 
RRID:AB_2138147  

PHF-TAU antibody  Gift from Dr. Peter 
Davies 

non-commercial 
antibody 

Chemicals, peptides, and recombinant proteins 
TPT-260 (hydrochloride) Cayman Chemical Cat#16079 
DQ-BSA  Thermo Fisher 

Scientific  
Cat#D12051 

Critical commercial assays 
Amyloid-beta V-PLEX Panel ELISA Meso Scale 

Discovery 
Cat#K15200E-2 

MULTI-SPOT Phospho (Thr231)/total tau assay Meso Scale 
Discovery 

Cat#K15121D-2 

Experimental models: Cell lines 
Human Wildtype clone A6 iPSC cell line Knupp et al 2020 N/A 
Human Wildtype clone A7 iPSC cell line Knupp et al 2020 N/A 
Human SORL1 Knockout clone E4 iPS cell line Knupp et al 2020 N/A 
Human SORL1 Knockout clone E1 iPS cell line Knupp et al 2020 N/A 
Human SORL1 variant E270K SORL1Var iPS cell line (2 
clones) 

This paper N/A 

Human SORL1 variant G511R SORL1Var iPS cell line (2 
clones) 

This paper N/A 

Human SORL1 variant Y141C SORL1Var iPS cell line (1 
clone) 

This paper N/A 

Human SORL1 heterozygous SORL1+/- iPS cell line (1 
clone) 

This paper N/A 

Oligonucleotides 
E270K SORL1Var gRNA targeting sequence: 

ATTGAACGACATGAACCCTC 

 

Knupp et al 2020 N/A 
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E270K SORL1Var ssODN 

GGGAATTGATCCCTATGACAAACCAAATACCATCTAC

ATTGAACGACATGAACCCTCTGGCTACTCCACGTCTT

CCGAAGTACAGATTTCTTCCAGTCCCGGGAAAACCAG

GAAG 
 

Knupp et al 2020r N/A 

E270K SORL1Var Forward primer: 

ctctatcctgagtcaaggagtaac 

 

Knupp et al 2020r N/A 

E270K SORL1Var Reverse primer: ccttccaattcctgtgtatgc 

 

Knupp et al 2020 N/A 

Y141C SORL1Var gRNA targeting sequence: 

GTACGTGTCTTACGACTA 

This paper N/A 

Y141C SORL1Var ssODN: 

GAAAGATCTTTCTGCCAGTTTCTCACCAACTCTTTCTT

TTTCATCTCCTTTTCTCTGTATTCCAGGTGTACGTGTC
TTACGACTGTGGAAAATCATTCAAGAAAATTTCAGACA

AGTTAAACTTTGGCTTGGGAAATAGGAGTGAAGCTG 

 

This paper N/A 

Y141C SORL1Var Forward primer: gtggcaggtgcctgtaatcc 

 

This paper N/A 

Y141C SORL1Var Reverse primer: cacagagagcgccatctcc 

 

This paper N/A 

G511R SORL1Var and SORL1+/-gRNA targeting sequence: 

CTCTTGCATTTTAGGCTCAG 

This paper N/A 

G511R SORL1Var ssODN: 
CTGACATATTCTTGAAATTAAAAATAATTATTTCTCTTG

CATTTTAGGCTCAGTGCGAAAGAACTTGGCTAGCAAG

ACAAACGTGTACATCTCTAGCAGTGCTGGAGCCAGG

TGGCG 

 

This paper N/A 

G511R SORL1Var Forward primer: cgccactggtaagtgtgcttgc 

 

This paper N/A 

G511R SORL1Var Reverse primer: 

ctggcattactggtctctgccatg 
 

This paper N/A 

SORL1 gRNA targeting sequence: 

ATTGAACGACATGAACCCTC   

Knupp et al 2020  
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SORL1 ssODN: 

GGGAATTGATCCCTATGACAAACCAAATA 

CCATCTACATTGAACGACATGAACCCTCTGGCTACTC

CACGTCTTCCGAAGTACAGATTTCTTCCAGTCCCGGG

AAAACCAGGAAG  

Knupp et al 2020  

SORL1: Forward primer ctctatcctgagtcaaggagtaac Knupp et al 2020  

SORL1: Reverse primer ccttccaattcctgtgtatgc Knupp et al 2020  

   

Software and algorithms   

CellProfiler McQuin et al 2018 https://cellprofiler.or
g/ 

ImageJ/FIJI Schindelin et al 2012 https://imagej.nih.g
ov/ij/ 

JACOP plugin Bolte and 
Cordelieres et al 
2006 

https://imagejdocu.t
udor.lu/_media/plugi
n/analysis/jacop_2.0
/just_another_coloc
alization_plugin/jaco
p_.jar 
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Supplemental Experimental Procedures  
 
Cell lines (CRISPR/Cas9 Genome Editing) 
The Zhang Lab CRISPR Design website (crispr.mit.edu) was used to generate guide RNAs (gRNAs) with 
minimal off-target effects. gRNAs were cloned into the px458 vector that also expresses GFP and the Cas-
9 nuclease. hiPSCs were electroporated with plasmids, sorted by flow cytometry for GFP expression, and 
plated at a clonal density of ~1x10^4 cells per 10cm plate. After approximately two weeks of growth, 
colonies were picked and split into identical sets. Further details of the cell lines are described in the 
supplemental experimental procedures, and Tables S1. One set was analyzed by Sanger sequencing and 
one set was expanded to generate isogenic cell lines.  
 
A total of 8 previously unpublished clones were chosen for experiments contained in this publication: 2 WT 
clones, 2 clones containing the heterozygous SORL1 E270K variant (Figure S1), 1 clone containing the 
heterozygous SORL1 Y141C variant (Figure S1), 2 clones containing the heterozygous SORL1 G511R 
variant (Figure S1), and 1 clone containing a deletion resulting in a heterozygous SORL1 KO (SORL1 +/- ) 
(Figure S2). Also included in this publication are four previously published clones including 2 WT clones 
and 2 homozygous SORL1 KO clones (SORL1 KO)(1, 2). All clones were shown to have normal karyotypes 
and verified to be free of mycoplasma (MycoAlert).  
 
CRISPR/Cas9 gRNA, ssODN, and Primer Sequences 
 
The CRISPR/Cas9 reagents used to generate the E270K cell lines are the same as what was used to 
generate the previously published SORL1 KO hiPSC lines(1). For the SORL1 KO lines, clones were chosen 
that incorporated indels rather than the ssODN sequence.  
 
E270K gRNA: ATTGAACGACATGAACCCTC 
E270K ssODN: 
GGGAATTGATCCCTATGACAAACCAAATACCATCTACATTGAACGACATGAACCCTCTGGCTACTCCA
CGTCTTCCGAAGTACAGATTTCTTCCAGTCCCGGGAAAACCAGGAAG 
E270K Forward primer: ctctatcctgagtcaaggagtaac 
E270K Reverse primer: ccttccaattcctgtgtatgc 
PCR amplifies 458 bp sequence 
 
Y141C gRNA: GTACGTGTCTTACGACTA 
Y141C ssODN: 
GAAAGATCTTTCTGCCAGTTTCTCACCAACTCTTTCTTTTTCATCTCCTTTTCTCTGTATTCCAGGTGT
ACGTGTCTTACGACTGTGGAAAATCATTCAAGAAAATTTCAGACAAGTTAAACTTTGGCTTGGGAAAT
AGGAGTGAAGCTG 
Y141C Forward primer: gtggcaggtgcctgtaatcc 
Y141C Reverse primer: cacagagagcgccatctcc 
PCR amplifies 445 bp sequence 
 
G511R gRNA: CTCTTGCATTTTAGGCTCAG 
G511R ssODN: 
CTGACATATTCTTGAAATTAAAAATAATTATTTCTCTTGCATTTTAGGCTCAGTGCGAAAGAACTTGGC
TAGCAAGACAAACGTGTACATCTCTAGCAGTGCTGGAGCCAGGTGGCG 
G511R Forward primer: cgccactggtaagtgtgcttgc 
G511R Reverse primer: ctggcattactggtctctgccatg 
PCR amplifies 413 bp sequence 
 
SORL1+/-: The SORL1+/- line was generated with the same gRNA as the SORL1 G511R line. The PCR 
primers and amplicon are the same as for G511R. 
 
Neuronal Differentiation 
Cortical neurons were differentiated from hiPSCs using the dual-SMAD inhibition technique. hiPSCs were 
plated on 1:20 Matrigel-coated (Growth factor reduced basement membrane matrix; # 356231; Corning) 6-
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well plates at a density of 3.5 million cells per well. Cells were fed with Basal Neural Maintenance Media 
(BNMM) (1:1 DMEM/F12 (#11039047 Life Technologies) + glutamine media/neurobasal media 
(#21103049, Gibco), 0.5% N2 supplement (# 17502-048; Thermo Fisher Scientific,) 1% B27 supplement 
(# 17504-044; Thermo Fisher Scientific), 0.5% GlutaMax (# 35050061; Thermo Fisher Scientific), 0.5% 
insulin-transferrin-selenium (#41400045; Thermo Fisher Scientific), 0.5% NEAA (# 11140050; Thermo 
Fisher Scientific), 0.2% β-mercaptoethanol (#21985023, Life Technologies)) supplemented with 10 μM SB-
431542 and 0.5 μM LDN-193189 (#1062443, Biogems) for seven days. On day 8, cells were incubated with 
Versene (#15640066, Gibco), dissociated with cell scrapers, and passaged 1:3. From days 9-13, cells were 
fed daily with BNMM containing no supplements. On day 13, media was switched to BNMM containing 20 
ng/mL FGF (R&D Systems, Minneapolis, MN). On day 16, cells were passaged 1:3. Cells were fed daily 
until approximately day 23, when cells were FACS sorted to enrich a stable population of CD184/CD24 
(#557145/561646 BD Pharmingen) positive, CD44/CD271 (#555479/557196 BD Pharmingen) negative 
neural progenitor cells(3). After sorting, cells were expanded for cortical neuronal differentiation. Neural 
progenitor cells were plated on Matrigel at a density of 5 million cells per 10cm plate. Media was switched 
to BNMM supplemented with 0.02 μg/mL brain-derived neurotrophic factor (#450-02 PeproTech) + 0.02 
μg/mL glial-cell-derived neurotrophic factor (#450-10 PeproTech) + 0.5 mM dbcAMP (#D0260 Sigma 
Aldrich). Cells were fed twice a week for three weeks. After three weeks, neurons were sorted by magnetic 
activated techniques to enrich the population of CD184/CD44/CD271 negative cells and plated out for 
experiments. All cell culture was maintained at 37C and 5% CO2. 
 
Purification of hiPSC-derived neurons 
Following 3 weeks of differentiation, neurons were dissociated with accutase and resuspended in Magnet 
Activated Cell Sorting (MACS) buffer (PBS + 0.5% bovine serum albumin [Sigma Aldrich, St Louis, MO] + 2 
mM ethylenediaminetetraacetic acid [Thermo Fisher Scientific, Waltham, MA]). Following a modification 
of(3) cells were incubated with PE-conjugated mouse anti-Human CD44 and mouse anti-Human CD184 
antibodies (BD Biosciences, San Jose, CA) at a concentration of 5 µl/10 million cells. Following antibody 
incubation, cells were washed with MACS buffer and incubated with anti-PE magnetic beads (BD 
Biosciences, San Jose, CA) at a concentration of 25 µl/10 million cells. Bead-antibody complexes were 
pulled down using a rare-earth magnet, supernatants were selected, washed, and plated at an appropriate 
density. 
 
 
DQ Red BSA assay 
Lysosomal proteolytic degradation was evaluated using DQ Red BSA (#D-12051; Thermo Fisher 
Scientific), a fluorogenic substrate for lysosomal proteases, that generates fluorescence only when 
enzymatically cleaved in intracellular lysosomal compartments. hiPSC-derived neurons were seeded at a 
density of 400,000 cells/well of a Matrigel coated 48-well plate. After 24 h, cells were washed once with 
DPBS, treated with complete media containing either 10 µg/ml DQ Red BSA or vehicle (PBS) and incubated 
for 24 h at 37 °C in a 5% CO2 incubator as described in(4) and(5). At the end of 24 h, cells were washed 
with PBS, fixed with 4% PFA and immunocytochemistry was performed as described  below in 
Supplemental Experimental Procedures. Cells were imaged using a Leica SP8 confocal microscope and 
all image processing was completed with ImageJ software. Cell bodies were identified by MAP2 labeling, 
and fluorescence intensity of DQ Red BSA was measured in regions of the images containing the MAP2 
label. 
 

Transferrin recycling assay 
Purified neurons were seeded at 400,000 cells/well of a 24-well plate containing Matrigel coated 12 mm 
glass coverslips/well. After 5 DIV, cells were washed once with DMEM-F12 medium and incubated with 
starving medium (DMEM-F12 medium + 25 mM HEPES + 0.5% BSA) for 30 min at 37 °C in a 5% CO2 
incubator to remove any residual transferrin. Thereafter, cells were pulsed with either 100 µg/ml transferrin 
from human serum conjugated with Alexa Fluor™ 647(#T23366; Thermo Fisher Scientific) or vehicle (PBS) 
in ‘starving medium’. At the end of 10 min, cells were washed twice with ice-cold PBS to remove any 
external transferrin and stop internalization of transferrin and washed once with acid stripping buffer (25 
mM citric acid + 24.5 mM sodium citrate + 280 mM sucrose + 0.01 mM Deferoxamine) to remove any 
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membrane bound transferrin. Next, cells were either fixed in 4% PFA or ‘Chase medium’ (DMEM-F12 + 50 
µM Deferoxamine + 20 mM HEPES + 500 µg/ml Holo-transferrin) was added for different time points. 
Immunocytochemistry was done using MAP2 antibody to label neurons, confocal images were captured 
using Leica SP8 confocal microscope under blinded conditions. Fluorescence intensity of transferrin was 
measured using ImageJ software.  
 
Western blotting 
Cell lysates were run on 4%–20% Mini-PROTEAN TGX Precast Protein Gels (#4561096; Biorad) or 16.5% 
Criterion Tris-Tricine Gel (#3450063; BioRad) and transferred to PVDF membranes. Membranes were 
probed with antibodies described in the Key resources table. Imaging was performed with a BioRad 
ChemiDoc system and quantification was performed using ImageJ software. For Western blot analysis, 
hiPSC-neurons were washed with PBS and harvested in RIPA buffer containing 1X protease and 1X 
phosphatase inhibitors. Total protein concentration was quantified using Pierce BCA assay kit (#23225; 
Thermo Fisher Scientific).  Cell lysates were separated on a 4-20% Mini-PROTEAN TGX Precast Protein 
Gels (#4561096; Biorad). Proteins were then transferred to PVDF membranes and membranes were 
incubated with antibodies to Sortilin-related receptor 1 (SORLA) at 1:1000 (# ab190684; abcam); Mouse 
monoclonal anti-Actin (clone A4) (#MAB1501; Millipore Sigma) at 1:2000; Mouse monoclonal anti-
Phospho-Tau (AT8) (#MN1020; Thermo Fisher Scientific) and Rabbit monoclonal anti-GAPDH (14C10) 
(#2118; Cell Signaling) and Rabbit polyclonal anti-VPS35 ( #ab97545; Abcam) at 1:1000. For the PHF-Tau 
blots, blots were incubated overnight with PHF-1, Gift from Dr. Peter Davies, mouse 1:1000. After three 
washes with TBST, membranes were incubated with corresponding IRDye fluorescent secondary 
antibodies in intercept blocking buffer (Li-Cor) for 1h and scanned using an Odyssey Clx imaging system 
(Li-Cor). 
 
Immunocytochemistry 
Purified neurons were seeded at a density of 500,000 cells per well of a 24-well plate on glass coverslips 
coated with Matrigel. After 5 days in culture, cells were fixed in 4% paraformaldehyde (PFA, Alfa Aesar, 
Reston, VA) for 15 minutes. Cells were incubated in blocking buffer containing 2.5% bovine serum albumin 
and 0.1% Triton X-100 (Sigma Aldrich, St Louis, MO) for 30 minutes at room temperature then incubated 
in a primary antibody dilution in blocking buffer for 2 hours at room temperature. Cells were washed 3x with 
PBS + 0.1% Triton X-100 and incubated with a secondary antibody dilution in blocking buffer for 1 hour at 
room temperature. Cells were washed 3x in PBS and mounted on glass slides with ProLong Gold Antifade 
mountant (#P36930; Thermo Fisher Scientific, Waltham, MA). For details of antibodies used, see table S1.  
 
Confocal microscopy and Image processing 
Confocal z stacks were obtained using a Nikon A1R confocal microscope with x63 and x100 plan 
apochromat oil immersion objectives or a Yokogawa W1 spinning disk confocal microscope (Nikon) and a 
100X plan apochromat oil immersion objective. Maximum intensity projections of confocal stacks were 
generated, and background was subtracted using the rolling ball algorithm. Endosome channels were 
enhanced using contrast limited adaptive histogram equalization algorithms (CLAHE) and masked using 
cell body stains. Size and intensity measurements were performed using Cell Profiler software(6). Individual 
puncta were identified using automated segmentation algorithms. Mean intensity of each puncta was 
measured and has been presented as a mean value over all puncta per field. Similarly, pixel area of each 
puncta was measured and has been presented as a mean area over all puncta per field. Finally, mean 
puncta area normalized by total cell area calculated from cell body stains is also presented 
 
 
Quantification and statistical analysis 
For early endosome size analysis, 3 clones of WT, 2 clones of E270K SORL1var , 1 clone of Y141C 
SORL1var, 2 clones of G511R SORL1var, 1 clone of SORL1+/- and 2 clones of SORL1 KO were used. 10-15 
images per clones were analyzed. For experiments measuring secreted Aβ, 3 clones of WT, 2 clones of 
E270KSORL1var, 1 clones of Y141C SORL1var, 2 clones of G511R SORL1var, 1 clone of SORL1+/- and 1 
clone of SORL1 KO were used. 3 replicates per clone were analyzed for this experiment. For APP/EEA1 
and VPS35/EEA1 colocalization experiments, 2 clones of WT, 2 clones of SORL1 KO and 1 clone of 
SORL1+/- were used. 10 images per clone were analyzed for this experiment. For measurement of 
phosphorylated and total tau experiments, 2 clones of WT, 2 clones of E270K SORL1var-, 1 clone of Y141C 
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SORL1var , 2 clones of G511R SORL1var, 1 clone of SORL1+/- and 2 clones of SORL1 KO were used. 3 
replicates per clone were analyzed for this experiment. For detection of tau using western blotting, 2 clones 
of WT and 2 clones of SORL1 KO were used. 1-2 replicates per clone per condition were analyzed for this 
experiment. For early endosome size analysis with TPT-260 treatment experiments, 2 clones of WT, 2 
clones of E270K SORL1var, 1 clone of Y141C SORL1var, 2 clones of G511R SORL1var, 1 clone of SORL1+/- 
and 1 clone of SORL1 KO were used. 15 images per clone per condition were analyzed for this experiment. 
For DQ-BSA assay, 1 clone of WT and 2 clones of SORL1 KO were used and 10 images per clone per 
time point per condition was analyzed. For transferrin recycling assay, 2 WT clones, 1 SORL1+/-, and 2 
SORL1 KO clones were used and 10 images per clone per time point per condition were analyzed. 
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