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About our research:
1. Use stem cell models to understand human AD risk

Young Laboratory
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Neurons from this patient
MAY generate a phenotype!

Neurons from this patient
MAY respond differently to 
drugs in clinical trials!

SORL1: An AD risk gene that 
functions in APP trafficking and
intracellular sorting. 

vLoss of  SORL1 leads to early-onset
AD in some families

v Identified via GWAS as a late-onset risk gene

2. Use stem cell models to test whether manipulation
of  the endocytic network is a viable therapeutic target
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Figure 1. Retromer Stabilizing Chaperone R33 Lowers Ab Peptides in hiPSC-Derived Neurons
(A) Schematic diagram of experimental design. hiPSCs were generated from fibroblast biopsies of six NDCs and seven probable SAD patients
from the UCSD ADRC. These lines have been previously published and characterized in Israel et al. (2012) and Young et al. (2015). FACS
purified neural stem cells and purified neurons were generated following previously published methods (Israel et al., 2012; Yuan et al.,
2011).
(B and C) Ab1-40 (B) and Ab1-42 (C) peptides in purified neurons derived from NDC individuals treated with vehicle (dots) or R33 (squares)
for 72 hr.
(D and E) Ab1-40 (D) and Ab1-42 (E) peptides in purified neurons derived from SAD patients treated with vehicle (dots) or R33 (squares)
for 72 hr.
(F and G) Ab 42:40 ratios in purified neurons derived from NDC (F) or SAD (G) patients treated with vehicle (dots) or R33 (squares) for 72 hr.
n = 6 NDC individuals (represented by dots/squares); two to four independent experiments/individual/treatment. n = 7 SAD individuals
(represented by dots/squares); two to four independent experiments/treatment.
Non-normally distributed data (A–E) were analyzed by Wilcoxon test. *p < 0.05. Normally distributed data (F and G) were analyzed by two-
tailed t test. NS, nonsignificant. All error bars represent SD. See also Figures S1 and S2.

1048 Stem Cell Reports j Vol. 10 j 1046–1058 j March 13, 2018

Retromer Stabilizer

v Retromer is a multi-protein trafficking complex
v APP is retromer cargo via SORL1/SORLA

vStabilizing retromer reduces Ab and pTau
vDe-stabilizing retromer increases Ab and pTau
vChanges in pTau due to retromer manipulation are APP independent
vEndocytic Dysfunction may be an upstream driver of pathology that affects Ab and pTau independently

Young et al., 
Cell Stem Cell, 2015

Young et al., 
Stem Cell Reports, 2018

SORL1 locus

Hypothesis:  Genetic Variation in Endosomal Network Genes is a 
Molecular Driver of  AD Pathogenesis and Predicts Cellular and AD-
Relevant Phenotypes in Human Neurons. 

v Endocytic network pathology is apparent in AD

v Genes associated with endosomal trafficking are
strongly associated with AD pathogenesis

v We can interrogate endocytic function and pathology
in living human neurons (and other CNS cell types).

1. Use CRISPR/Cas9 genome engineering to generate null and     
AD-associated variants in SORL1.

Loss of  SORL1 does not affect neuronal differentiation

SORL1 null neurons have enlarged early endosomes

SORL1 Y141C Heterozygous Mutation

Nucleotide change: 422A->G

A. B. 

TGCTGCCGCCCGGAGCTCTCTGCGAAGTCTGGACGAGAGGCTGCACGGCGGCAGCGCGCCCTTGC

TAGcTGAcTGAc

SORL1:	exon	1
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3X	stop:
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2. Generate hiPSC-derived and directly reprogrammed neurons
from pathologically characterized tissue.  

SORL1 Variant Genotype Clones
Isogenic Wild-type SORL1 +/+ 5

SORL1 Null SORL1 -/- 4

SORL1 Het SORL1 +/- 1

E270K (VPS10) domain) E270K +/- 2

G511R (VPS10 domain) G511R +/-, G511R +/+ 2,2

Y141C (VPS10 domain) Y141C +/-, Y141C +/+ 1,1 Acknowledgements and Funding
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Conclusions and Future Directions

Determine Genotype-Phenotype Relationships

A. Reprogrammed hiPSC-Ns and Directly Converted iNs from dermal fibroblasts 

Patient 
Fibroblasts

~1-2 months

bIII Tubulin

28 days

hiPSCs: Patient-derived
or Gene-edited

Dual SMAD inhibition 
promotes neuroectoderm:
SORT: CD24/184+; 
CD44/271- neural stem 
cells

Withdrawal of FGF, addition of BDNF, GDNF
dbcAMP. SORT: CD24+;CD184/44- neurons.
Neurons show cortical layer markers.

Nestin
100	ms

10
	m
V

Human induced 
pluripotent stem cells
(hiPSCs): Patient-derived
or Gene-edited

Neural Stem Cells (NSCs) hiPSC-derived neurons (hiPSC-Ns)

Ctip2/bIII Tubulin

Used in: 
Aim 1 and 2

iNs

hiPSC-Ns

B. Reprogrammed hiPSC-Ns and Directly Converted iNs from autopsy leptomeninges

Used in: 
Aim 3

Once individuals with high and low ePRS are defined we will generate cell lines 
and perform functional assays: endosome size, endocytic recycling, Ab, 
phospho-Tau.

Gene-edited lines serve as 
assay controls: range of phenotypesDirect Transdifferentiation: 

• Preserves some epigenetics
• May be more indicative of 

cellular age

Rose et al., JNEN, 2018

Human Leptomeningeal Cells: Age > 65 years 
VimentinDNA

iNs: Neuron Transdifferentiation:
• May retain aging transcriptome

hiPSC-Ns: Human induced pluripotent stem-cell
derived neurons

Endosome enlargement

Ab
pTau

Rose et al., JNEN 2018

Nanog

3. Generate hiPSC lines and neural cells from subjects with high and
and low AD polygenic risk.  

Modulating SORL1 expression alters subcellular localization 
of  APP and implicates various trafficking pathways 

Gene SNPs

ABCA7 rs3764650, rs4147929

BIN1 rs6733839, rs744373

CD2AP rs10948363

CD33 rs3865444

CLU rs1136000

EPHA1 rs11771145

HLA-DRB1 rs9271192

MEF2C rs190982

MS4A4E rs670139

PICALM rs10792832

PTK2B rs28834970

SNX1 rs1802376

SORL1 rs11218343

4. These cell lines will be an important resource for many 
collaborative projects 
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PiggyBac Expression system to overexpress SORL1 cDNA
in hiPSCs

v Differentiate to neurons
v Both CRISPR KO and PiggyBac OE yield clonal and

isogenic cell lines

FIGURE 2. Leptomeningeal cells generate neurons by human-induced pluripotent stem cell (hiPSC)-directed differentiation and
direct conversion protocols. (A, B) Immunohistochemistry analysis of prefrontal cortex. (A) Subject 6679 shows primary age-
related tauopathy, with negative Ab (6E10 antibody) and phosphorylated tau (p-tau) pathology (Tau2 antibody). (B) Subject
6661 shows high Alzheimer disease (AD) pathology, with dense core and diffuse Ab plaques (6E10 antibody) and p-tau-positive
neurofibrillary tangles and neuritic plaques (Tau2 antibody). Scale bar¼50 lm. (C) Immunocytochemistry using neuronal
marker MAP2 of hiPSC-generated neurons from subjects 6679 and 6661. Scale bar¼50 lm. (D) Patch-clamp electrophysiology
of neurons derived from 6661 hiPSC line shows action potentials after a depolarizing pulse (top). Repetitive firing was recorded
in response to 1-, 2-, 3-, and 4-Hz stimulations (bottom) but not in response to a single depolarizing current (middle). (E) Ab
peptides 1-40 and 1-42 were measured from hiPSC-differentiated neuron culture media for both nondemented and AD subjects
(6679 and 6661), and Ab 42:40 ratio calculated. Phospho (Thr231) and total tau proteins were measured from the hiPSC-
differentiated neuronal lysates and the pTau/tTau ratio calculated. (F) Neurons directly converted from leptomeningeal cells
(subject 6686) are positive for the neuronal-specific marker bIII-tubulin. Scale bar¼10 lm.
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Ab

pTau

Ø Loss of  SORL1 phenocopies an early AD 
cytopathology

Ø Modulating SORL1 expression in human 
neurons demonstrates opposing effects on 
APP intracellular trafficking

Ø SAD patients have increased polygenic risk 
in endosome-associated genes

Ø Systematic analysis of  pTau
Ø Can enlarged endosomes be adapted 

into a phenotypic screen?
Ø Analysis of  how altered trafficking 

affects synaptic properties
Ø Test whether endocytic phenotypes are 

stronger with cellular age
Ø 3D organoid models from cell 

lines with high AD risk: 
• Incorporation of  multiple cell types
• Improved neuronal maturation (?)
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vLoss of SORL1 does not impair 
neuronal differentiation from hiPSCs.

vPrevious studies have implicated 
endosome enlargement, indicative of 
traffic jams, as an early phenotype in 
AD.

vSORL1 null cells have more intensely 
stained and larger early endosomes.

vLoss of SORL1 phenocopies an early 
AD cytopathology.

vWe employ a gene-editing pipeline to generate isogenic hiPSCs harboring one or two copies of 
pathogenic SORL1 variants.

vSORL1 null lines are generated in the same editing experiments due to indels leading to frameshifts.

vThese cell lines are differentiated into neurons for functional experiments.

vLoss of SORL1 leads to increased APP in early/late endosomal compartments (EEA1 and Rab7+), 
likely leading to enhanced amyloidogenic processing.

vLoss of SORL1 leads to decreased APP the Golgi and in Rab9+ endosomes that recycle to the Golgi.
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How do endosomal traffic jams 
affect cargo transport through

the endocytic network?

Rogaeva et al., 2007

Andersen, 2016

ing SORLA, we treated SY5Y-WT cells with DAPT in the absence
or presence of chloroquine, leupeptin, and pepstatin A. Com-
bined application of these inhibitors of lysosomal proteolysis in-
creased the intracellular levels of A!40 and A!42 compared with
SY5Y-WT treated with DAPT only (Fig. 7E,F).

Neuronal levels of SORLA GGA were elevated compared
with SORLA WT and SORLA FTAF (Fig. 1D, 3C), suggesting an
increased half-life of SORLA GGA because of the absence of
lysosomal targeting. This hypothesis was substantiated by
pulse-chase experiments in metabolically labeled SH-SY5Y

cells that documented an increased half-life for SORLA GGA

(t!1⁄2" # 7.17 min) compared with SORLA WT (t!1⁄2" # 3.97) and
SORLA FTAF (t!1⁄2" # 3.43 min; p $ 0.05 for SORLA variant,
two-way ANOVA; Fig. 8), and further supported GGA-
mediated anterograde sorting of SORLA (and its cargo A!) to
lysosomes.

Discussion
Considerable evidence implicates GGA and retromer in sort-
ing defects in AD. Impaired activity of the adaptors is pro-
posed to cause SORLA missorting and to enhance the
amyloidogenic burden in sporadic AD (Wahle et al., 2006;
Tesco et al., 2007; Muhammad et al., 2008). However, GGA
and retromer also bind other cargo relevant to AD, including
!-secretase (He et al., 2005; Wahle et al., 2005) or the related
sorting receptors sortilin (Petersen et al., 1997; Nielsen et al.,
2001) and SORCS1 (Lane et al., 2010), complicating the vali-
dation of this hypothesis. Using tailored mouse models ex-
pressing SORLA variants unable to bind GGA or retromer, we
now document the functional interaction of SORLA with ret-
romer and GGA in neurons in the brain. Levels of expression
of other components of the neuronal sorting machinery or of
alternative adaptor cargo were not impacted in these models.
Our findings not only substantiated the relevance of SORLA
and adaptor interaction in vivo, but also uncovered that an-
terograde and retrograde sorting pathways support discrete
receptor activities relevant to AD.

Retromer emerges as a key player in
sorting of proteins important for neuro-
nal functions (Seaman, 2005; Small and
Gandy, 2006; Muhammad et al., 2008;
Siegenthaler and Rajendran, 2012). Dys-
function of this adaptor complex is seen in
AD and PD (Small et al., 2005; Zavodszky
et al., 2014). Binding of SORLA is medi-
ated by the retromer subunit VPS26
(Fjorback et al., 2012), and disruption of
this interaction causes altered localization
and processing of APP in cells (Schmidt et
al., 2007). Also, inactivation of retromer
subunits in flies or mice increases A! lev-
els (Muhammad et al., 2008) whereas
pharmacological stabilization of the adap-
tor complex decreases APP processing
(Mecozzi et al., 2014). In our mouse
model, deletion of the retromer binding
site in SORLA FTAF results in enhanced
proteolytic breakdown of human APP as
judged by the decreased levels of the pre-
cursor (Fig. 6) and a concomitant increase
in all processing products (Fig. 5E,F) in
the 5xFAD line. Accelerated loss of full-
length APP was not obvious for the mu-
rine wild-type protein (Fig. 2A), likely

because this APP species is less prone to amyloidogenic processing than
the human mutant APPSwe(K670N),Florida(I716V),London(V717I) variant ex-
pressed in the 5xFAD line. In primary neurons, SORLAFTAF is depleted
from the TGN but accumulates in early endosomes (Fig. 4D) support-
ing a model in which retrograde sorting results in sequestration of
SORLA and APP in the TGN, protecting APP from processing in the
secretory compartments (amyloidogenic pathway) and at the cell sur-
face (nonamyloidogenic pathway). An increase in all APP processing
products is also seen when the expression of SORLA is moderately re-

Figure 8. Prolonged half-life of SORLA GGA compared with other receptor variants. Pulse-
chase experiments were performed in SH-SY5Y cells stably transfected with SORLA WT,
SORLA GGA, or SORLA FTAF, and the amount of metabolically labeled SORLA at the chase time
points determined by Western blotting (as exemplified in the inset). Following densitometric
scanning of replicate blots, values were normalized to time point 0 of each experiment (set to
100%). A best-fit, one-phase exponential decay curve (y # Span*e % K*x & Plateau) was de-
termined using GraphPad Prism software, with t!1⁄2" # 0.6932/K. Based on the curve fit, the
protein half-life was t!1⁄2" # 3.97 min for SORLA WT, 3.43 min for SORLA FTAF, but 7.17 min for
SORLA GGA (n # 8 replicates per condition). Data represent the mean ' SEM with the best-fit
lines overlaid. Two-way ANOVA analysis (interaction between time and SORLA variant, n.s.,
time, p $ 0.001, SORLA variant, p $ 0.05) indicated that the SORLA GGA cohort is significantly
different from the other SORLA constructs.

Figure 9. Model of SORLA trafficking pathways in amyloidogenic processes. GGAs mediate anterograde sorting of SORLA and
impact SORLA-directed A! catabolism. An inherited mutation in SORL1 that disrupts A! binding, abrogating SORLA-dependent
lysosomal-catabolism of A!, is implicated in an autosomal-dominant familial form of AD (FAD). Retromer mediates retrograde
sorting of SORLA, and disrupting this pathway reduces APP levels in the TGN and results in overall enhanced APP processing rate.
Low levels of SORLA or retromer components in the brain are considered risk factors promoting late-onset forms of AD (LOAD).
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Retromer Complex
Rab 9+ endosomes
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Dumanis…..Willnow et al., 2015

vColocalization analysis of APP with 
markers of the endo-lysosomal      
network.

EEA-early endosomes
Rab7-late endosomes
Rab9-late endosome/Golgi Recycling
TGN-Golgi

vEnhancing SORL1 expression does not change APP colocalization with early/late endosomes (not shown)
vEnhancing SORL1 expression leads to increase APP in the Golgi and in Rab9+ endosomes that recycle to 

the Golgi, likely leading to decreased amyloidogenic processing.

PB=PiggyBac Vector alone
PBS-PiggyBac-SORL1 cDNA

v We generated matched cell 
lines from patients with a 
comprehensive post-mortem
neuropathologic examination.

v We used leptomeningeal cells 
due to proximity to the brain and 
relative protection from environmental exposures.

v We demonstrated that we can both directly transdifferentiate neurons and reprogram hiPSCs from these 
samples. Direct transdifferentiation may preserve the aged transcriptome and epigenome.

v This gives us a source of “aged” and “rejuvenated” cells to interrogate the effects of brain aging on cellular
phenotypes.

vGenetic contribution to SAD is likely 
a cumulative effect of multiple 
variants.

vWe selected AD risk loci in endocytic 
network genes to determine an ePRS
(endocytic polygenic risk score).

v We genotyped samples from the 
subjects we are generating 
leptomeningeal cell lines from.

v Neuropathologic diagnosis of SAD 
have increased PRS and ePRS.

UW autopsy cohort (n=100):

Total PRS ePRS

Brad Rolf, Liz Blue-University of
Washington
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