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SUMMARY
The SORL1 gene (SORLA) is strongly associated with risk of developing Alzheimer’s disease (AD). SORLA is a regulator of endosomal traf-

ficking in neurons and interacts with retromer, a complex that is a ‘‘master conductor’’ of endosomal trafficking. Small molecules can

increase retromer expression in vitro, enhancing its function. We treated hiPSC-derived cortical neurons that are either fully deficient,

haploinsufficient, or that harbor one copy of SORL1 variants linked to AD with TPT-260, a retromer-enhancing molecule. We show sig-

nificant increases in retromer subunit VPS26B expression. We tested whether endosomal, amyloid, and TAU pathologies were corrected.

We observed that the degree of rescue by TPT-260 treatment depended on the number of copies of functional SORL1 and which SORL1

variant was expressed. Using a disease-relevant preclinical model, our work illuminates how the SORL1-retromer pathway can be thera-

peutically harnessed.
INTRODUCTION

Alzheimer’s disease (AD) is a devastating neurodegenera-

tive disorder with only a very few medications that alle-

viate symptoms and no treatment that effectively

modifies the course of the disorder for more than several

months. Most AD therapies target beta-amyloid (Ab), the

main component of senile plaques, a hallmark AD neuro-

pathology. 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 AD (Cataldo et al., 1996, 2000, 2004). 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 en-

codes the sorting receptor SORLA, which engages with ret-

romer as an adaptor protein for multiple cargo, including

amyloid precursor protein (APP), neurotrophin receptors,

and glutamate receptors (Fjorback et al., 2012; Mishra

et al., 2022; Simoes et al., 2021). SORL1KOneurons derived
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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 neu-

rons 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).

Enhancing endosomal trafficking via targeting the retro-

mer complex, which is intimately associated with SORL1,

may be a feasible therapeutic strategy. Smallmolecule phar-

macologic chaperones that stabilize the cargo recognition

core of retromer increase expression of retromer subunits

(Cheung et al., 2020; Fjorback et al., 2012; Hirayama

et al., 2019; Mecozzi et al., 2014; Young et al., 2018). In

neuronal culture, these molecules reduce amyloidogenic

processing of APP and increase the flow of SORLA through

endosomes (Mecozzi et al., 2014). Retromer chaperones

have been shown to reduce Ab and phospho-TAU in

hiPSC-cortical neurons from AD and controls and promote

neuroprotection in hiPSC-motor neurons from amyotro-

phic lateral sclerosis patients (Muzio et al., 2020; Young

et al., 2018). Retromer chaperones are being continuously

developed (Chen et al., 2021), but how they affect endoso-

mal pathologies in AD models has not been shown.

We used our previously published SORL1 deficient hiPSC

cell lines (SORL1KO) (Knupp et al., 2020) and new lines en-

gineered to have loss of SORL1 on one allele (SORL1+/�) or
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to have one copy of an AD-associated SORL1 variant

(SORL1Var) to investigate whether enhancing retromer-

related trafficking using TPT-260, a small molecule that in-

creases expression of retromer subunits (Mecozzi et al.,

2014), can improve endosomal phenotypes. We report

that in neurons derived from SORL1+/� and SORL1Var lines,

we observe enlarged early endosomes, altered endosomal

localization of cellular cargo, and deficits in endosomal re-

cycling. We show that treatment with TPT-260 signifi-

cantly increases expression of VPS26B, a subunit of the

retromer cargo recognition core, and rescues these pheno-

types. However, the degree of rescue of these endosomal

phenotypes is variable, depending onwhich SORL1 variant

was tested and the number of functional copies of SORL1

were present. Recent work has begun to suggest that

SORL1 variants may differ in their pathogenicity (Holstege

et al., 2022) and that different classes of SORL1 variants

may emerge (Andersen et al., 2023). Our data support the

idea that there may be different mechanisms of pathoge-

nicity for SORL1 variants.

We also show that in addition to rescuing endo-lyso-

somal phenotypes, TPT-260 lowers Ab and phosphorylated

TAU (p-TAU) in all SORL1 conditions, suggesting that this

molecule can improve multiple cellular phenotypes in

AD. Loss of one copy of SORL1 has been shown to be caus-

ative for AD (Andersen et al., 2022; Scheltens et al., 2021)

and, in light of pathogenic variants in SORL1 that continue

to be identified (Fazeli et al., 2023; Jensen AM et al., 2023),

our data suggest that the SORL1-retromer axis is important

for future therapeutic development in AD.
RESULTS

SORL1+/� and SORL1Var hiPSC-derived neurons have

swollen early endosomes and increased Ab secretion

Variants in the VPS10 domain of SORL1 have been shown

to be damaging (Holstege et al., 2017) and have been iden-

tified in early-onset AD families that do not have familial
Figure 1. SORL1+/� and SORL1Var hiPSC-derived neurons have swo
(A) Representative immunofluorescent images of wild-type (WT), hete
Scale bar, 5 mm.
(B) The size of early endosome marker, EEA1 puncta is larger in SORL1Va

asterisks. Each datapoint on the graph represents mean early endoso
compared with SORL1 KO is indicated by hashmarks.
(C and D) Heterozygous SORL1Var, SORL1+/�, and SORL1 KO hiPSC-der
compared with WT controls (asterisks). SORL1 KO neurons secrete i
SORL1+/� hiPSC-derived neurons. (hashmarks). For imaging experime
notype. For Ab secretion experiments, one to three clones and three
resents Ab levels measured from the media per clone/per well.
Data represented as mean ± SD. Data were analyzed using parametric
**/##p < 0.01, ***/###p < 0.001, and ****/####p < 0.0001. ns, not s
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ADmutations in theAPP genes or in the presenilin 1/prese-

nilin 2 genes (PSEN1/2) (Pottier et al., 2012). The VPS10

domain of SORLA is characterized as a ligand-binding

domain and has been shown to bind amyloid beta (Ab)

peptides (Caglayan et al., 2014). Using CRISPR-Cas9

genome editing, we generated isogenic human induced

pluripotent stem cell (hiPSC) lines containing either het-

erozygous AD-associated variants in the VPS10 domain:

E270K, Y141C, and G511R (SORL1Var) or heterozygous

knockout SORL1 (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),

although the E270K variant has been found in control

cases (Holstege et al., 2022). Western blot analysis revealed

that SORL1Var neurons do not have a loss of SORLA protein

expression as these missense variants do not introduce

a frameshift or destabilize the protein enough for it

to be degraded (Figure S1). SORL1+/� neurons have 50%

of SORLA expression compared with isogenic wild-type

(WT) controls (Figure S1).

We and others have previously observed enlarged early

endosomes in homozygous SORL1 KO hiPSC-derived neu-

rons (Hung et al., 2021; Knupp et al., 2020). We hypothe-

sized 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 for EEA1 tomark early en-

dosomes, imaged cells using confocal microscopy, and

quantified early endosome size 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 with isogenic WT controls

(Figures 1A and 1B). 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 unable to be trafficked

from early and recycling endosomes where it is more
llen early endosomes and increased Ab secretion
rozygous SORL1Var, SORL1+/�, and SORL1 KO hiPSC-derived neurons.

r, SORL1+/�, and SORL1 KO neurons than in WT neurons, indicated by
me area/image. The difference between SORL1+/� and SORL1Var as

ived neurons secrete increased levels of (C) Ab40 and (D) Ab42 as
ncreased levels of Ab40 and Ab42 as compared with SORL1Var and
nts, 10–15 images and one to three clones were analyzed per ge-
replicates per clone per genotype were used. Each data point rep-

one-way ANOVA. Significance was defined as a value of */#p < 0.05,
ignificant.
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readily processed to Ab (Das et al., 2016; Knupp et al., 2020;

Mishra et al., 2022; Tan and Gleeson, 2019; Toh et al.,

2018). We have previously reported increased secreted Ab

in SORL1 KO neurons (Knupp et al., 2020) and here we

observed an increase in secreted Ab peptides in SORL1+/�

or SORL1Var neurons compared with WT neurons. Consis-

tent with having one functional copy of SORL1, the in-

crease in Ab was not as pronounced as with the full

SORL1 KO (Figures 1C and 1D).

TPT-260 treatment increases VPS26B expression and

reduces endosome size in SORL1 KO, SORL1+/�, and
SORL1Var neurons

We next tested whether enhancing endo-lysosomal func-

tion via small molecules could rescue pathological pheno-

types. We chose to study the effects the retromer com-

pound, TPT-260 (also called R55), which has been shown

to stabilize and enhance retromer by binding the VPS35-

VPS26-VPS29 trimer in the cargo recognition core of the

multi-subunit retromer complex (Mecozzi et al., 2014). Pre-

viously, we have shown that a similar molecule, TPT-172

(also called R33), was effective at reducing Ab and p-TAU

levels in hiPSC-derived neurons from AD patients and con-

trols (Young et al., 2018). First, we tested whether TPT-260

treatment enhances expression of retromer components.

SORLA directly interacts with VPS26 (Fjorback et al.,

2012), therefore we analyzed VPS26B protein expression

as this component of the retromer is an isoform that is en-

riched in neurons (Simoes et al., 2021). We show that in

all conditions (SORL1 WT, SORL1 KO, SORL1+/�, and

SORL1Var), treatment with TPT-260 significantly increases

VPS26B protein expression (Figures 2A and 2B). We next

examined whether TPT-260 treatment influences early

endosome size. In SORL1 KO, SORL1+/�, and SORL1Var

neurons, treatment with TPT-260 reduced endosome

size compared with vehicle (DMSO)-treated controls

(Figures 2C and 2D). In TPT-260 treated SORL1+/� and

SORL1Var neurons, endosome size was not significantly
Figure 2. Retromer enhancement with TPT-260 rescues enlarged
(A and B) Western blot showing increased protein expression of retrom
and SORL1 KO hiPSC-derived neurons. (A) Representative western blo
Quantification of protein expression of VPS26B observed in (A) using
SORL1 KO, G511R+/�, and E270K+/�, and two replicates/clone were us
three replicates/clone were used.
(C) Representative immunofluorescent images of TPT-260 and DMSO-t
derived neurons. Scale bar, 5 mm.
(D) TPT-260 treatment reduces endosome size in SORL1Var, SORL1+/�, a
260 treated SORL1 KO neurons is significantly different from SORL1Var

the graph represents mean early endosome area/image. N = 10–20 im
Data represented as mean ± SD. For all experiments, one to three clon
distributed data were analyzed using parametric two-way ANOVA. O
defined as a value of */#p < 0.05, **/##p < 0.01, ***/###p < 0.001, a
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different fromWTneurons treated with TPT-260. However,

while endosome size was also reduced in neurons with full

SORL1 KO, it was not reduced toWT levels, indicating that

without at least one copy of SORL1, this phenotype cannot

be fully resolved (Figure 2D). 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.

TPT-260 treatment reduces secretedAb levels andpTAY

levels in SORL1 KO, SORL1+/�, and SORL1Var neurons

We also determined that TPT-260 treatment reduces Ab

peptides in SORL1 KO, SORL1+/�, or SORL1Var neurons.

From TPT-treated cultures, we measured secretion of Ab

peptides into culture medium. In all cell lines we observed

decreased secreted Ab peptides. In TPT-260-treated neurons

with full SORL1 KO, Ab 1–40 levels were significantly

higher than in the other treated conditions, although still

reduced from non-treated conditions. (Figure 2A). Interest-

ingly, Ab 1–42 levels were not changed in SORL1 KO neu-

rons, although they were reduced to WT levels in all cell

lines with one copy of WT SORL1 (Figure 2B).

Accumulation of phosphorylated TAU protein is a signif-

icant neuropathological hallmark in AD and retromer

chaperones have been reported to decrease p-TAU levels

(Young et al., 2018). In our hiPSC-neuronal model,

we did not detect significant changes in p-TAU in

neurons without SORL1 or in any of our SORL1Var neurons

(Figures S2A–S2C), 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 p-TAU (Lee et al., 2023).

Despite this, when we treated all genotypes of neurons

with TPT-260, we observed that treatment did significantly

reduce p-TAU at several epitopes and there was no differ-

ence in the level of reduction relative to whether neurons

were fully deficient in SORL1 or harbored an AD risk variant

(Figures 3C–3E).
early endosome phenotype
er subunit VPS26B upon TPT-260 treatment of SORL1Var, SORL1+/�,
t images of DMSO and TPT-260 treated hiPSC-derived neurons. (B)
ImageJ. For this experiment, N = 4; two clones/genotype of WT,
ed. For Y141C+/� and SORL1+/� cell lines, one clone/genotype and

reated WT, heterozygous SORL1Var, SORL1+/�, and SORL1 KO hiPSC-

nd SORL1 KO neurons (indicated by asterisks). Endosome size in TPT-
and SORL1+/� neurons (indicated by hashmarks). Each datapoint on
ages analyzed per genotype.
es and three replicates per clone per genotype were used. Normally
ne to three clones were analyzed per genotype. Significance was
nd ****/####p < 0.0001. ns, not significant.



Figure 3. Retromer enhancement with TPT-260 reduces AD pathological phenotypes
(A and B) Levels of secreted Ab 1–40 (A) and Ab 1–42 (B) are reduced with TPT-260 treatment in all genotypes, compared with DMSO,
except secreted Ab 1–42 in SORL1 KO neurons (indicated by asterisks). The % decrease in Ab 1–40 and Ab 1–42 levels of TPT-260-treated
cells is greater in SORL1Var and SORL1+/� neurons as compared with SORL1 KO neurons (indicated by hashmarks). For all experiments, one to
three clones and three replicates per clone per genotype were used. Each data point represents Ab levels measured from the media per
clone/per well. Data represented as mean ± SD.
(C–E) TAU phosphorylation on three epitopes was examined in response to TPT-260 treatment. (C) Thr 231 epitope levels, as measured by
ELISA assay, is reduced in all the genotypes treated with TPT-260 relative to WT DMSO controls. Each datapoint represents total TAU or
phospho-TAU levels measured from the cell lysate per clone/per well. (D) The PHF-1 (Ser396/Ser404) and the (E) 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. One to
three clones were analyzed per genotype. Each datapoint represents total TAU or phospho-TAU levels measured from the cell lysate per
clone/per well.
Data represented as mean ± SD. Normally distributed data were analyzed using parametric two-way ANOVA. One to three 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.
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Figure 4. Retromer enhancement with
TPT-260 rescues enlarged endosome
phenotype in G511R+/� hiPSC-derived
neurons and enhances lysosomal degra-
dation in SORL1 KO neurons
(A and B) Lysosome size measured using
lysosome-specific marker LAMP1 in WT,
SORL1Var, and SORL1+/� hiPSC-derived neu-
rons. (A) Representative images showing
no difference in lysosome size of SORL1+/�,
E270K+/�, and Y141C+/� hiPSC-derived
neurons as compared with WT hiPSC-derived
neurons. Scale bar, 5 mm. (B) Quantification
of lysosome size observed in (A) as indicated
by LAMP1 puncta size/mm2 using Cell Profiler
software.
(C and D) Retromer enhancement with
TPT-260 rescues enlarged lysosome size in
G511R+/� hiPSC-derived neurons. (C) Repre-
sentative images showing rescue of enlarged
lysosome size in G511R+/� hiPSC-derived
neurons and (D) quantification of lysosome
size observed in (C) using Cell Profiler
software. Each data point on the graphs
indicates mean LAMP1 puncta size/image
normalized to mean cell area/image. Two
clones/genotype were used for the experi-
ments mentioned above. Scale bar, 5 mm.
(E and F) TPT-260 rescues degradation of DQ-
Red BSA in SORL1 KO hiPSC-derived neurons.
(E) Representative images of WT and SORL1
KO neurons treated with DQ-Red-BSA for 24
h. (F) TPT-260 rescues lysosomal degradation
shown by increased fluorescence intensity of
DQ-Red BSA after 24 h in TPT-260 treated
SORL1 KO neurons as compared with DMSO.
There is no difference between DMSO-treated
and TPT-260-treated WT hiPSC-derived neu-
rons. Scale bar, 5 mm. One to two clones/
genotype and at least 10 images/clone were
used for this experiment. Each datapoint on
the graph indicates mean fluorescence in-
tensity of DQ-BSA/image.

Data represented as mean± SD. Normally distributed data were analyzed using parametric two-way ANOVA. One to three clones were analyzed
per genotype. Significancewas defined as a value of */#p < 0.05, **/##p < 0.01, ***/###p < 0.001, and ****/####p < 0.0001. ns, not significant.
Lysosomal stress and degradation are improved by

TPT-260 treatment

We previously demonstrated that SORL1 KO neurons also

have enlarged lysosomes and impaired lysosomal degrada-

tion (Mishra et al., 2022). Here we examined lysosome

size in SORL1+/� and SORL1Var neurons. Interestingly,

in SORL1+/� and in two of the variant lines (Y141C

and E270K) we did not observe enlarged lysosomes

(Figures 4A and 4B). However, in a different variant cell

line, G511R, we did document a significantly increased

lysosome size that is reduced after TPT-260 treatment
2440 Stem Cell Reports j Vol. 18 j 2434–2450 j December 12, 2023
(Figures 4C and 4D). To test whether impaired lysosomal

degradation in SORL1 KO neurons can be rescued by retro-

mer enhancement, we used the DQ-Red-BSA assay (Mar-

waha and Sharma, 2017). We observed a significant reduc-

tion in DQ-Red-BSA fluorescence, indicating impaired

degradation, at 24 h in DMSO-treated SORL1 KO neurons,

consistent with our previous observations (Mishra et al.,

2022). In TPT-260 treated neurons, we document a com-

plete rescue of this phenotype (Figures 4E and 4F), suggest-

ing that retromer enhancement can promote this pathway,

even in the absence of SORL1.
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Endosomal mis-localization of retromer and APP

proteins is fully or partially rescued by TPT-260

treatment, depending on whether one WT copy of

SORL1 is present

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 anal-

ysis for EEA1 (early endosomes) and VPS35, we observed

that SORL1+/� neurons also had increased VPS35 accu-

mulation in early endosomes (Figures 5A and 5B). Treat-

ment with TPT-260 completely rescued VPS35/EEA1

colocalization in SORL1+/� and SORL1 KO neurons, indi-

cating that this treatment was able to mobilize retromer

away from early endosomes even in the absence of

SORL1 (Figures 5A and 5B). SORL1+/� neurons also have

increased colocalization of APP with EEA1; however,

upon TPT-260 treatment while APP/EEA1 colocalization

was completely resolved in SORL1+/� neurons, there

was still significantly more APP in early endosomes in

treated SORL1 KO neurons, even though total APP

expression is not different (Figures 5C, 5D, S2D, and

S2E). This observation is consistent with SORL1 being a

main adaptor protein for APP and retromer via VPS26

(Fjorback et al., 2012) and could also explain why the

reduction of Ab 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 Ab. Because we observed

that treatment with TPT-260 can improve lysosomal

degradation in SORL1 KO neurons using DQ-Red-BSA,

we tested whether the small reduction in APP colocaliza-

tion with EEA1 observed in SORL1 KO neurons after

TPT-260 treatment could be due to changes in the degra-

dative capacity of lysosomes. We treated SORL1 KO+TPT-

260 neurons with Bafilomycin-A, which disrupts lyso-

somal acidity, and tested whether the partial rescue of

APP colocalization observed with TPT-260 was reversed.

We determined that treatment with Bafilomycin-A did
Figure 5. TPT-260 treatment reduces localization of APP and VPS
(A and B) Colocalization of VPS35 (green) with EEA1 (red) is increas
neurons. In SORL1+/� and SORL1 KO neurons, treatment with TPT-260
(white arrows). Scale bar, 5 mm.
(C and D) Colocalization of APP (green) with EEA1 (red) colocalization
260 reduces APP/EEA1 colocalization to a greater extent in SORL1+/�

TPT-260 (white arrows). However, in SORL1 KO neurons, APP/EEA1 co
Scale bar, 5 mm. For colocalization analysis, 10–15 images per clone a
on the graph indicates Mander’s correlation coefficient measured/ima
Data represented as mean ± SD. Data were analyzed using parametric
**/##p < 0.01, ***/###p < 0.001, and ****/####p < 0.0001. ns, not s
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indeed impair lysosomal degradation (Figure S3A);

however, it did not affect the colocalization of APP in

SORL1 KO cells (Figures S3B and S3C). This suggests

that in SORL1 KO+TPT-260 neurons, the small reduction

of APP in early endosomes is not due to increased lyso-

somal degradation.

Impaired endosomal recycling in SORL1+/� neurons is

improved with TPT-260 treatment

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).

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). We found that in SORL1 KO neurons, TPT-260

treatment only partially rescued endosomal recycling

(Figures 6A and 6B). However, when TPT-260-treated

SORL1+/� neurons were analyzed, we document a complete

rescue of transferrin recycling (Figures 6A and 6C). These

data suggest that enhancing retromer can promote endoso-

mal recycling but at least one functional copy of SORL1 is

needed to recycle cargo as efficiently as in WT neurons.

We next tested cell surface levels of GLUA1, a subunit of

excitatory AMPA receptors and an important protein in

neurotransmission. Previous work has demonstrated that

in conditions of both SORL1 and VPS26B deficiency, there

is a reduction in cell surface levels of GLUA1 subunits in

neurons that adversely affects their physiology (Mishra

et al., 2022; Simoes et al., 2021). In SORL1 KO, SORL1+/�,
and G511R variant neurons, we observed significantly

reduced levels of GLUA1 on the neuronal surface

(Figures 6D and 6E). We did not observe changes in surface

GLUA1 levels in Y141C and E270K variant neurons. Treat-

ment with TPT-260 increased levels of GLUA1 on the cell

surface in SORL1+/� neurons but not in SORL1 KO neurons

(Figures 6D and 6E). Interestingly, TPT-260 did not rescue

cell surface levels of GLUA1 in G511R variant neurons,

even with one copy of the WT allele.
35 in early endosomes
ed in SORL1+/� and SORL1 KO as compared with WT hiPSC-derived
colocalization of VPS35 and EEA1 is not different than in WT cells

is increased in SORL1+/� and SORL1 KO neurons. Treatment with TPT-
neurons such that it is not different from WT neurons treated with
localization is still significantly increased compared with WT cells.
nd one to three clones were analyzed per genotype. Each data point
ge using ImageJ.
one-way ANOVA. Significance was defined as a value of */#p < 0.05,
ignificant.



Figure 6. Retromer enhancement with TPT-260 enhances transferrin recycling and surface GLUA1 expression in SORL1+/� hiPSC-
derived neurons
(A–C) The transferrin recycling assay shows a complete rescue of endosomal recycling in SORL1+/� neurons treated with TPT-260 (light
orange) compared with DMSO (dark orange). (A) Representative images showing transferrin recycling in WT, SORL1+/�, and SORL1 KO
hiPSC-derived neurons. (B and C) There is no difference between TPT-260-treated SORL1+/� neurons and TPT-260 WT neurons (gray lines).
Asterisks indicate a statistical difference between WT DMSO and SORL1+/� DMSO; NS indicates a non-significant difference between

(legend continued on next page)
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DISCUSSION

When considering the development of novel therapeutics

for AD, it is critical to examine biologically relevant path-

ways such as protein trafficking through the endo-lyso-

somal network. In particular, trafficking of APP directly af-

fects its processing into Ab. Furthermore, indicators of

endosomal dysfunction are early cytopathological pheno-

types in AD, evident before substantial accumulation of

other neuropathologic hallmarks (Cataldo et al., 2000)

and is therefore a potentially attractive early therapeutic

readout. In order to more fully explore this concept in hu-

man neurons, we used previously published and newly

generated hiPSC lines that are either deficient in SORL1

expression (SORL1KOor SORL1+/�) or that harbor AD-asso-

ciated 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

has been shown to stabilize retromer and enhance its func-

tion (Mecozzi et al., 2014).

We and others have previously reported that heterozy-

gous and homozygous loss of SORL1 results in increased

secretion of Ab and enlarged early endosomes (Hung

et al., 2021; Knupp et al., 2020). In this study, we also

observed increases in secreted Ab and enlarged endosomes

in our SORL1Var lines (Figure 1). Both secreted Ab and

enlarged early endosome phenotypes seem to be depen-

dent 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 SORL1haploinsufficiency is causative for AD (Holstege

et al., 2017; Scheltens et al., 2021), and suggests that certain

AD-associated variants may result in loss of important

SORL1 functions.

Our data provide the first evidence that a small molecule

can correct early endosome enlargement. TPT-260 treat-

ment reduced endosome size in all genotypes; however,

only in neurons with at least one copy of SORL1were endo-
SORL1+/� +TPT-260 and WT+TPT-260. TPT-260 only partially rescues en
neurons (dark orange) do not recycle transferrin as efficiently as W
between WT DMSO and SORL1 KO DMSO neurons. Hashmarks indicate a
260-treated WT neurons. Scale bar, 5 mm. Data represented as transferr
per timepoint were analyzed. One to three clones per genotype were
(D and E) Fluorescence intensity of surface GLUA1 measured in DMSO
neurons. (D and E) Representative images showing decreased fluo
SORL1+/�, and G511R+/� hiPSC-derived neurons as compared with D
hashmarks. TPT-260 rescues surface GLUA1 expression in SORL1+/� hiP
per clone per genotype per timepoint were analyzed. Scale bar, 5 mm;
the graph indicates mean GLUA1 fluorescence intensity/image of non
Data represented as mean ± SD. Normally distributed data were analyz
value of */#p < 0.05, **/##p < 0.01, ***/###p < 0.001, and ****/###

2444 Stem Cell Reports j Vol. 18 j 2434–2450 j December 12, 2023
some sizes fully reduced to WT levels (Figure 2). Impor-

tantly for therapeutic implications, TPT-260 does not

appear to affect endosome size in the WT cell lines at the

concentrations we tested.

SORLA is the main adaptor protein for retromer-depen-

dent trafficking of APP and Ab peptides (Andersen et al.,

2005; Caglayan et al., 2014; Fjorback et al., 2012). There-

fore, in SORL1 KO neurons, there is a smaller effect on

Ab secretion after treatment with TPT-260 (Figure 3). How-

ever, in the more clinically relevant scenario of either

SORL1+/�or SORL1Var, TPT-260 treatment reduced both

Ab40 and Ab42 toWT levels. TPT260 treatment also lowers

phospho-TAU levels on multiple epitopes in this model

(Figure 3). TAU clearance by endo-lysosomal trafficking is

an important aspect of maintaining TAU homeostasis and

efficient clearance of p-TAU is an important step in pre-

venting pathological aggregation (Tang et al., 2019).

One consistent phenotype we observed across our SORL1

KO, SORL1+/�, and SORL1Var cell lines was enlarged endo-

somes, indicative of endosomal traffic jams. Endosomal

traffic jams impact multiple arms of the endo-lysosomal

network. SORL1 KO neurons have enlarged lysosomes

and impaired lysosomal degradation (Mishra et al., 2022).

In this study, we found that only one variant of SORL1,

G511R, demonstrated enlarged lysosomes and that this

phenotype was rescued with TPT-260 (Figures 4C and

4D). When we probed further into the effects of retromer

enhancement on lysosomal degradation using the DQ-

Red-BSA assay, we observed that TPT-260 enhances lyso-

somal degradation in SORL1 KO cells, bringing this func-

tion to WT levels (Figures 4D and 4E). Together, these

data suggest that retromer enhancement of the retrograde

pathway, trafficking from endosome-Golgi-lysosome, can

be restored in SORL1 KO or variant cells.

SORLA is also heavily involved in the endosomal recy-

cling pathway in neurons. We tested this in two ways, first

by transferrin recycling and then by analysis of cell surface

levels of GLUA1.
dosomal recycling in SORL1 KO neurons. TPT-260-treated SORL1 KO
T neurons (black/gray). Asterisks indicate a statistical difference
statistical difference between TPT-260-treated SORL1 KO and TPT-

in intensity normalized to time 0. Ten images per clone per genotype
analyzed.
and TPT-260-treated WT, SORL1 KO, and SORL1+/� hiPSC-derived

rescence intensity of surface GLUA1 in DMSO-treated SORL1 KO,
MSO-treated WT hiPSC-derived neurons. Significance indicated by
SC-derived neurons. Quantification done using ImageJ. Ten images
one to three clones per genotype were analyzed. Each data point on
-permeabilized cells normalized to mean of permeabilized cells.
ed using parametric two-way ANOVA. Significance was defined as a
#p < 0.0001. ns = not significant.



We observed only a partial rescue of transferrin

recycling in SORL1 KO cells but a full rescue in SORL1+/�

neurons (Figures 6A–6C). In neurons, SORLA interacts

with a neuron-specific isoform of the retromer complex,

VPS26B, to recycle cargo such as GLUA1 (Simoes et al.,

2021) and this process is impaired in SORL1 KO neurons

(Mishra et al., 2022). Therefore, we analyzed cell surface

levels of GLUA1 in SORL1+/� and SORL1Var neurons. In

line with our previous results, we see reduced cell surface

staining of GLUA1 in SORL1 KO, SORL1+/�, and SORL1

G511R variant neurons. Interestingly, two variants,

E270K and Y141C, do not show reduced cell surface stain-

ing and cell surface levels are unchanged after treatment

with TPT-260 (Figures 6D and 6E). Treatment with TPT-

260 rescues GLUA1 surface expression in SORL1+/� neu-

rons, but not in SORL1 KO or G511R variant cells, suggest-

ing that the G511R variant could be further impeding the

function of the WT allele (Figures 6D and 6E). This is the

second example of phenotypic differences between vari-

ants in our study, as only G511R variant cells showed

changes in lysosomal morphology (Figures 4C and 4D).

There are over 500 identified coding variants in SORL1

(Holstege et al., 2023). Our study indicates that not all cod-

ing variants show similar phenotypes and highlights the

need for further studies into the biology and classification

of SORL1 variants.

Endosomal traffic jams can lead to mis-localization of

important cellular proteins. For example, APP and VPS35

are both increased in early endosomes in SORL1 KO neu-

rons (Knupp et al., 2020; Mishra et al., 2022), which could

contribute to increased amyloidogenic processing of APP to

Ab and alterations in normal retromer-related trafficking.

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 5). In neurons with at least one copy of

SORL1 (SORL1+/�) neurons, TPT-260 treatment APP coloc-

alization with early endosomes is similar to WT APP/

EEA1 colocalization (Figures 5A and 5B). However, because

SORLA is a main adaptor protein between retromer

and APP, in full SORL1 KO cells, there is not a full rescue

of endosomal APP localization with TPT-260 treatment

(Figures 5C and 5D). A large part of amyloidogenic cleavage

of APP occurs in the early endosomes, so this finding could

explain why Ab levels in SORL1+/� neurons are completely

rescued with TPT-260 treatment, while Ab levels in SORL1

KO neurons are not.

Our work shows that treatment with a small molecule

that increases retromer expression 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 enhance-

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

ficking of GLUA1 to the neuronal surface, reduction of

amyloidogenic APP processing, and increasing lysosomal

degradative capacity. In the case of AD, all of those sce-

narios can likely be considered neuroprotective, thus

having them in combination makes a strong case that sta-

bilizing retromer is a valid therapeutic strategy. Although

there is one report of a full loss of SORL1 (Le Guennec

et al., 2018), most patients in whom SORL1 is a main risk

factor for disease development still maintain at least one

functional copy of SORL1 and thus may benefit from

enhancement of the SORL1-retromer pathway. However,

our studies also show that different SORL1 variants have

varying phenotypic effects in neurons and also differences

in the degree of rescue by TPT-260. Therefore, it will be

important for future studies to carefully characterize and

classify putative pathogenic variants in SORL1 and specif-

ically targeted therapies could bewarranted.We summarize

the variants we studied, the phenotypes we observed, the

phenotypes that changed with TPT-260 treatment, and

other literature on these SORL1 variants in Figure 7. This

study builds on previous work that has used these and

other retromer-targeting small molecules in animals and

human cells, suggesting that studies such as this could

represent an important preclinical step in identifying

new therapeutic molecules for AD.

Limitations to our study

Our study has certain limitations. First, we focused on var-

iants present in the VPS10 domain of SORL1 (Andersen

et al., 2016; Pottier et al., 2012; Vardarajan et al., 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-char-

acterized,male, hiPSC line (Knupp et al., 2020; Young et al.,

2015). The genetic background of this cell line also harbors

one copy of APOE ε4 and common variants in SORL1 asso-

ciated with increased AD risk in candidate-gene-based

studies (Levy et al., 2007; Rogaeva et al., 2007). Because hu-

mans are genetically heterogeneous, we cannot rule out the

contribution of these other genomic variants to our pheno-

types and acknowledge that this type of treatment may

have varying effects across different individuals. This vari-

ation may also be evident between male vs. female genetic

sex or between different ethnicities. However, rescue of

these specific endo-lysosomal phenotypes using retromer-

enhancing drugs is still an important observation that

may be relevant to both earlier and later-onset forms of

AD and corroborates previous work where similar mole-

cules were tested across multiple human genomes (Young

et al., 2018). While we observe a reproducible increase in

the retromer subunit VPS26B in our study, we also cannot
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Figure 7. Summary of SORL1 variants and phenotypes studied
(A) Schematic of SORLA protein structure depicting location and type of SORL1var mutations used in this study.
(B) Detailed description of SORL1var mutations and previously studied AD-related pathological phenotypes associated with these
mutations.
(C) Schematic showing summary of endo-lysosomal phenotypes observed in SORL1var mutations used in this study and the changes in
phenotypes observed with retromer enhancement (TPT-260).
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rule out off-target effects of the compound. Finally, our

study is focused on neuronal cells. We recognize the

importance of endosomal trafficking and SORL1-retro-

mer-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 pheno-

types in multiple CNS cell types.
EXPERIMENTAL PROCEDURES

Resource availability

Corresponding author

Further information and requests for resources and reagents

should be directed to and will be fulfilled by the corresponding

author, Jessica E. Young (jeyoung@uw.edu).

Materials availability
Cell lines generated in this study will be deposited to the National

Centralized Repository for Alzheimer’s Disease and Related De-

mentias (NCRAD). If possible, cell lines generated in this study

will be made available on request from the corresponding author,

but we may require payment and/or a completed Materials Trans-

fer Agreement.

Data and code availability

No standardized datasets or new code were generated in this study.
Cell lines

CRISPR-Cas9 genome editing

All genome editing was completed in the previously published and

characterized CV background hiPSC 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

(Knupp et al., 2020; Young et al., 2018). 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 (Mishra et al., 2022). Further details about the

neuronal differentiations are described in the supplemental

methods.

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 confocalmicroscope with363 and3100 plan apochromat oil

immersion objectives or a Nikon Yokogawa W1 spinning disk

confocal microscope and a 3100 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. The analysis was focused

on the neuronal soma region. To investigate colocalization of

APP and VPS35 with early endosomes, hiPSC-derived neurons

were colabeled 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 quanti-

fied using the JACOP plugin in ImageJ software and presented as

Mander’s correlation coefficient. More details can be found in

the supplemental methods.

Transferrin recycling assay
To measure recycling pathway function, we utilized transferrin re-

cycling assay as previously described (Mishra et al., 2022; Sakane

et al., 2014). More details are described in the supplemental

methods.

GLUA1 cell surface expression
GLUA1 cell surface expression was quantified as reported previ-

ously (Mishra et al., 2022). In brief, ImageJ software (Schindelin

et al., 2012) was used to measure GLUA1 fluorescence intensity

in maximum z projections. Cell surface expression was reported

as a ratio of non-permeabilized fluorescence to permeabilized

fluorescence.

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
For all Ab assays, terminally differentiated neurons were plated at

the the same cell number (250,000) of cells per well. Ab peptides

weremeasured using anMSDAbV-PLEX assay (Meso Scale Discov-

ery #151200E-2) following the manufacturer’s protocols.

Measurement of phosphorylated and total TAU by

ELISA
For all TAU assays, terminally differentiated neuronswere plated at

the same cell number (250,000) of cells per well. Total and phos-

phorylated TAU protein was measured using a Phospho(Thr231)/

Total TAU ELISA plate (Meso Scale Discovery #K15121D-2)

following the manufacturer’s 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
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during the gene-editing process. For the SORL1Var lines and exper-

iments we analyzed two E270K clones, twoG511R clones, and one

Y141C clone. Only one Y141C clone was recovered during the

gene-editing process. All data represent three independent experi-

ments (called replicates) per clone. Experimental data were tested

for normal distributions using the Shapiro-Wilk normality

test. Normally distributed data were analyzed using parametric

two-tailed unpaired t tests, one-way ANOVA tests, or two-way

ANOVA tests. Significancewas defined as a value of p > 0.05. All sta-

tistical analysis was completed using GraphPad Prism software.

Further details of quantification and statistical analysis for all ex-

periments are provided in the supplemental procedures.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/

10.1016/j.stemcr.2023.10.011.
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