Cell Reports

PICALM Rescues Endocytic Defects Caused by the
Alzheimer’s Disease Risk Factor APOE4

Graphical Abstract

APOE4
Human \W
iPSC-derived <
astrocytes + PICALM X@
Defective endocytosis Functional endocytosis
Plasma Membrane Plasma Membrane
_—
N
Early Endosome E: Early Endosome 2
Baker’s U
- @ + YAP1802 @
Highlights

APOE4 disrupts early endocytic trafficking in iPSC-derived

astrocytes

We establish an APOE4 yeast model in which APOE4 affects

early endocytic trafficking

Yap 1802, the yeast homolog of human PICALM, suppresses

endocytic defects in APOE4 yeast

Increasing PICALM expression reverses endocytic defects in

APOE4 astrocytes

Narayan et al., 2020, Cell Reports 33, 108224
October 6, 2020 © 2020 The Author(s).

https://doi.org/10.1016/j.celrep.2020.108224

Authors

Priyanka Narayan, Grzegorz Sienski,
Julia M. Bonner, ...,

M. Inmaculada Barrasa, Li-Huei Tsai,
Susan Lindquist

Correspondence
Ihtsai@mit.edu

In Brief

APOE4 is the strongest genetic risk factor
for late-onset Alzheimer’s disease (AD).
Narayan and Sienski et al. find that
APOE4 disrupts early endocytosis, a
process by which cells take up external
material. By increasing the levels of
another AD risk factor, PICALM, the
authors are able to reverse these
disruptions.

¢? CellPress



Cell Reports

¢? CellPress

OPEN ACCESS

PICALM Rescues Endocytic Defects Caused
by the Alzheimer’s Disease Risk Factor APOE4

Priyanka Narayan,'-%>¢7 Grzegorz Sienski,"-”-¢ Julia M. Bonner,"? Yuan-Ta Lin,? Jinsoo Seo,? Valeriya Baru,’

Aftabul Haque,! Blerta Milo,? Leyla A. Akay,”> Agnese Graziosi,” Yelena Freyzon,' Dirk Landgraf,” William R. Hesse,’
Julie Valastyan,! M. Inmaculada Barrasa,’ Li-Huei Tsai,?3'%* and Susan Lindquist’-4-5-°

Whitehead Institute for Biomedical Research, Cambridge, MA 02142, USA

2Picower Institute for Learning and Memory, Massachusetts Institute of Technology, Cambridge, MA 02139, USA

3Department of Brain and Cognitive Sciences, Massachusetts Institute of Technology, Cambridge, MA 02139, USA

4Department of Biology, Massachusetts Institute of Technology, Cambridge, MA 02139, USA

SHoward Hughes Medical Institute, Cambridge, MA 02139, USA

6Genetics and Biochemistry Branch, NIDDK, National Institutes of Health, Bethesda, MD 20814, USA

"These authors contributed equally

8Present address: Discovery Biology, Discovery Sciences, BioPharmaceuticals R&D, AstraZeneca, Gothenburg, Sweden

9Deceased

10 ead Contact

*Correspondence: |htsai@mit.edu
https://doi.org/10.1016/j.celrep.2020.108224

SUMMARY

The ¢4 allele of apolipoprotein E (APOE4) is a genetic risk factor for many diseases, including late-onset
Alzheimer’s disease (AD). We investigate the cellular consequences of APOE4 in human iPSC-derived astro-
cytes, observing an endocytic defect in APOE4 astrocytes compared with their isogenic APOE3 counter-
parts. Given the evolutionarily conserved nature of endocytosis, we built a yeast model to identify genetic
modifiers of the endocytic defect associated with APOE4. In yeast, only the expression of APOE4 results
in dose-dependent defects in both endocytosis and growth. We discover that increasing expression of the
early endocytic adaptor protein Yap1802p, a homolog of the human AD risk factor PICALM, rescues the
APOE4-induced endocytic defect. In iPSC-derived human astrocytes, increasing expression of PICALM
similarly reverses endocytic disruptions. Our work identifies a functional interaction between two AD genetic
risk factors—APOE4 and PICALM—centered on the conserved biological process of endocytosis.

INTRODUCTION

Defective intracellular trafficking is a hallmark of neurodegener-
ative diseases, including Alzheimer’s disease (AD) (Neefjes and
van der Kant, 2014; Nixon, 2005). Multiple genes identified in
genome-wide association studies for late-onset AD implicate
endocytosis as a key risk-related process (Lambert et al.,
2009, 2013; Naj et al., 2011). Endocytic defects are evident in
preclinical stages of sporadic AD, particularly in APOE4 carriers
(Cataldo et al., 2000). Impaired endocytosis in AD is most
commonly associated with dysregulated production or poor
clearance of B-amyloid (Ap) (Koo and Squazzo, 1994; Lah and
Levey, 2000; Thinakaran and Koo, 2008; Vassar et al., 1999).
However, endocytic defects can appear before significant amy-
loid deposition (Cataldo et al., 2000), suggesting that endocytic
processes represent a critical node and possible target for ther-
apeutic intervention.

The €4 allele of the APOE gene (APOE4) encoding apolipopro-
tein E (APOE) is a major genetic risk factor for late-onset AD
(Lambert et al., 2009; Strittmatter et al., 1993). The human
APOE gene exists in three common alleles that differ from one
another at just two amino acid positions (112 and 158). These
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alleles are present in the population at the following frequencies:
8.4% (APOE2, Cys112/Cys158), 77.9% (APOE3, Cys112/
Arg168), and 13.7% (APOE4, Arg112/Arg158). Individuals car-
rying one APOE4 allele are 3-4 times more likely to develop AD
than those without (Corder et al., 1993; Liu et al., 2013).

Previous studies on the role of APOE4 in AD risk implicate both
AB-dependent and AB-independent pathways (Cataldo et al.,
2000; Liu et al., 2013; Mahley and Rall, 2000; Yu et al., 2014).
APOE4 has been reported to interact with the microtubule-asso-
ciated protein tau (Shi et al., 2017), a key player in many
neurodegenerative diseases like AD and Parkinson’s disease
(Simon-Sanchez et al., 2009). APOE4 also increases risk for
dementia with Lewy bodies (Tsuang et al., 2013). In addition,
APOE4 impairs recovery from traumatic brain injury (Friedman
etal., 1999; Houlden and Greenwood, 2006) and has been impli-
cated in the dysfunction of the blood-brain barrier (Blanchard
et al., 2020; Zlokovic, 2013).

Although the strong genetic association between APOE4 and
disease risk has been recognized for more than 20 years, the
question of how APOE4 increases disease risk remains unre-
solved (Yamazaki et al., 2019). APOE4’s profound effect on AD
risk and the early appearance of disrupted endocytosis in the
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Figure 1. APOE4-Expressing iPSC-Derived Astrocytes Exhibit a Defect in Early Endocytosis

(A) Differentiation of iPSCs to astrocytes.
(B) Astrocytes stained for S1008 and GFAP. Scale bar, 100 um.
(C) Schematic of endocytosis steps probed in human APOE astrocytes.

(D) Levels of Rab5 (left) and EEA1 (right) staining an isogenic pair of APOE astrocytes. Mean + SD shown of 80-100 cells per sample for n = 3 samples.

(E and F) Representative images of (E) Rab5 staining and (F) EEA1 staining in APOE astrocytes. Scale bar, 50 um.

(G) Quantification of microscopy images of the number of EGF puncta per cell (left) or the internalization of transferrin per cell (right) in one isogenic pair of APOE
astrocytes (APOE3 parental line). Mean + SD shown of 30-50 cells per sample for n = 12 samples.

(H and I) Representative images displaying (H) EGF endocytosis and (I) transferrin endocytosis in human APOE astrocytes. Scale bar, 50 um.

See also Figures S1 and S2.

pathogenesis of AD motivated us to (1) characterize the impact
of APOE4 expression on disrupted endocytosis and (2) identify
genetic means to reverse these disruptions.

RESULTS

APOE4 Disrupts Endocytosis in iPSC-Derived
Astrocytes

Induced pluripotent stem cell (iPSC)-derived cells have been
used to recapitulate many molecular aspects of various human
diseases (Devine et al., 2011; Park et al., 2008; HD iPSC Con-
sortium, 2012) including AD-relevant consequences of APOE4
(Lin et al., 2018). We used two independent pairs of cells that
are isogenic at all loci except for APOE, where they are either
APOE3 or APOE4. The pairs were generated using one APOE3
homozygous parental line and one APOE4 homozygous parental
line (Figure S1A). All iPSC lines used in this study exhibited a
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normal karyotype (Figure S1B). Our previous work has shown
that APOE expression in APOE4 astrocytes is lower than in
isogenic APOES astrocytes (Lin et al., 2018). In addition, we
have described abnormal EEA1 staining in iPSC-derived
APOE4 neurons (Lin et al., 2018), suggesting APOE4 could affect
endocytic processes.

We chose to focus our study on iPSC-derived astrocytes
(Chen et al., 2014) (Figure 1A), because astrocytes are the pre-
dominant source of APOE in the human brain (Liu et al., 2013).
We confirmed that our astrocytes were positive for the astrocytic
markers S1008 and GFAP (Figure 1B) and do not express
markers of other potentially contaminating cell types (Fig-
ure S1C). We systematically interrogated multiple stages of the
endocytic pathway to identify whether APOE4 astrocytes dis-
played endocytic perturbations when compared with their
isogenic APOE3 counterparts (Figure 1C). We first examined
immunofluorescence staining of Rab proteins and Rab effector
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proteins that specifically mark early, late, and recycling endo-
somes. We visualized the number of early endosomes directly
using immunofluorescent probes against the early endosome-
associated proteins Rab5 and EEA1. We observed that the num-
ber of both Rab5-positive and EEA1-positive puncta were
decreased in APOE4 compared with APOE3 astrocytes (Figures
1D-1F). We used a similar approach to examine late endosomes
(Rab7 positive) and recycling endosomes (Rab11 positive). In
contrast to our finding in early endocytic effectors, we noted
no difference in Rab11 (recycling endosome) levels between as-
trocytes of the APOE3 and APOE4 genotype (Figures S2A and
S2B). APOE4 astrocytes also exhibited a trend toward lower
late endosomal and lysosomal numbers when compared with
APOES3 astrocytes in both isogenic pairs (Figures S2C-S2F).
These findings were not a result of differential expression of
these endosomal markers between APOE3 and APOE4 astro-
cytes (Figure S2G). In fact, EEA1 levels detected by western
blot were considerably lower in APOE4 astrocytes than in their
APOES3 counterparts (Figure S2H), suggesting that changes in
levels of endocytic proteins result from altered recruitment and
turnover of these proteins. These results reveal that early endo-
cytosis is the most affected stage of endocytosis when
comparing APOE4 and APOES3 astrocytes.

To determine whether the differences observed in the accu-
mulation of early endocytic vesicles resulted in functional de-
fects in early endocytosis, we used fluorescently tagged ligands
(epidermal growth factor [EGF] and transferrin [Tf]) to examine
the early stages of clathrin-mediated internalization (Harding
et al., 1983). By exposing cells to a 5-min pulse of fluorescent
EGF, we directly visualized the EGF taken up by the early endo-
cytic machinery (Figures 1C, 1G, and 1H). APOE4 astrocytes
trend toward internalizing less EGF (Figures 1G and 1H). Using
fluorescently tagged Tf, we again observed that APOE4 astro-
cytes internalized less Tf than APOE3 astrocytes. Altogether,
these data suggest that APOE4 astrocytes display lower rates
of early endocytosis than APOE3 astrocytes (Figures 1G and
11). Previously generated transcriptomic data on these cells
confirmed that the effects were not due to decreased expres-
sion of the EGF or Tf receptors in the APOE4 astrocytes when
compared with their APOE3 counterparts (Figure S2G) (Lin
et al., 2018). These results were confirmed in astrocytes derived
from an independent iPSC line (Figure S1A) (Lin et al., 2018), in
which we again observed that APOE4 astrocytes exhibit a
similar genotype-dependent decrease in early clathrin-medi-
ated endocytosis (Figure S2I), as well as a trend toward
decrease in late endosome number (Figure S2C). Altogether,
our results show that APOE4 disrupts early endocytosis in hu-
man astrocytes.

To assess whether the perturbations to early endocytosis
were due to a toxic gain of function or loss of function, we
used an APOE knockout line generated from the parental
APOES3 line used in our study. This knockout line resulted from
an early stop codon and produced no detectable APOE mRNA
or protein (Blanchard et al., 2020; Lin et al., 2018). In contrast
to our APOE4 lines, APOE knockout-derived astrocytes did not
exhibit early endocytic perturbations (Figures S2J-S2M). There-
fore, we conclude that the endocytic dysfunction results from a
toxic gain of function of the APOE4 isoform.

¢ CellP’ress

A Yeast APOE Model Displays Endocytic Abnormalities
in Processes Disrupted in Human Astrocytes

To explore the consequences of APOE4 on endocytosis in
greater detail, we constructed a model of APOE biology in
baker’s yeast, taking advantage of the evolutionary conservation
of mediators and modulators of endomembrane trafficking
within eukaryotes (Boettner et al., 2011; Goode et al., 2015;
Kachroo et al., 2015). Our yeast model contained stably inte-
grated constructs at known genomic loci under the control of
an estradiol-inducible promoter (Aranda-Diaz et al., 2017; Mcl-
saac et al., 2013) expressing the human APOE isoforms (Figures
2A, S3A, and S3B). We engineered the construct to include a
secretory pathway signal sequence to ensure the APOE4 protein
would experience an environment in yeast that is similar to that
which it encounters in human cells. APOE isoforms tagged
with GFP within our yeast model display endoplasmic reticulum
(ER) localization with some puncta in the case of APOE4 yeast
(Figure S3D). Using semi-native gel electrophoresis, we
confirmed that unlike another yeast model expressing the toxic
AB42 peptide using the same promoter and signal sequence
(Treusch et al., 2011), APOE4 does not accumulate in protein
aggregates (Figure S3E). This finding suggests that the cellular
phenotypes we observed are not responses to aberrant protein
aggregation and therefore reflect biology relevant to APOE4.

Given our observation in iPSC-derived astrocytes, we asked
whether our yeast model showed endocytic defects. Early endo-
somes were indeed abnormal in our APOE4 yeast model, which
displayed disrupted levels and localization of endogenously
tagged Rab5 homologs, YPT5 and VPS21 (Figures 2B and 2C),
compared with APOE3 yeast. Using the trafficking of endoge-
nously tagged Ste3p and Mup1p, which serve as sentinels for
early endocytic disruption, we again observed defects associ-
ated only with expression of APOE4 (Figures S3E-S3I). We
also observed disruptions to late endosomal levels and localiza-
tion in APOE4 yeast (Figure S3J). While we observed a decrease
in Rab5 and EEA1 in human iPSC-derived APOE4 astrocytes
(Figures 1D-1F), the levels of the yeast homologs were increased
in APOE4 yeast (Figures 2C and 2D). We have previously shown
that human iPSC-derived APOE4 neurons present increased
EEA1 staining (Lin et al., 2018), and others have demonstrated
a range of endocytic defects associated with APOE4 (Nuriel
et al.,, 2017), suggesting that cell type can greatly influence
APOE4 defects and that our yeast model may reflect aspects
of multiple human cell types.

To specifically interrogate early endocytosis, we used a quanti-
tative invertase assay (Burston et al., 2009) to assess endocytic ef-
ficiency in APOE3- and APOE4-expressing yeast. This assay uses
a transmembrane chimeric protein reporter (GSS) made of an
extracellular sucrose invertase enzyme, the yeast protein Sncip,
and a cytosolic GFP. Accumulation of GSS on the cell surface
due to impaired endocytosis leads to increased invertase activity,
whereas an exocytosis or recycling defect results in a reduction in
GSS at the cell surface and thus lower invertase activity.
Endocytic efficiency is assessed via an enzymatic assay with a
colorimetric readout (Burston et al., 2009; Dalton et al., 2015; Dar-
sow et al., 2000) (Figure 2D). As a control, the deletion of a key
early endocytosis factor, SLA7, resulted in increased cell
surface GSS and therefore a higher invertase signal (Figure 2E).
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Figure 2. A Yeast Model Faithfully Recapitulates APOE4-Associated Endocytic Defects

(A) Estradiol-inducible promoter system used in the APOE yeast model.

(B) Fluorescence microscopy of the mNeonGreen-tagged Vps21p. Scale bar, 5 um.
(C) Mean fluorescent signal from mNeonGreen-tagged Vps21p and Ypt53p quantified by flow cytometry, 10,000 cells per sample.

(D) Adapted schematic of the GSS invertase assay.

(E) Glucose signal from invertase assays of the indicated APOE-expressing strains and a TDP43-expressing strain. One-way ANOVA followed by Tukey’s multiple

comparison test (****p < 0.0001). Mean + SD for n = 3 independent colonies.
See also Figure S3.

APOE4-expressing yeast display a clear increase in the invertase
signal compared with APOE3 or wild-type yeast (Figure 2E). Yeast
expressing another neurodegenerative disease-associated pro-
tein, TDP-43 (Johnson et al., 2008), displayed no significant
reduction in invertase activity, suggesting the defect in endocy-
tosis is specific to APOEA4.

Our yeast APOE4 model thus reflects disruption in endocytic
processes, particularly in endocytic uptake, similar to those
observed in our human iPSC-derived astrocytes and may there-
fore be used as a tool to identify genetic and chemical factors
that could modify this effect of APOE4. However, validation
and further analysis of specific mechanisms and pathways
must be done in a human cell type-specific manner. We there-
fore used our yeast model to identify potential genetic modifiers
of the early endocytosis disruption in APOE4, which we could
then investigate in our human iPSC astrocyte system.

YAP1802, the Yeast Homolog of PICALM, Reverses
APOE4-Induced Endocytic Disruptions

In our yeast model, a growth defect accompanied APOE4-
induced perturbations to endocytosis (Figures 3A, 3B, S4A,

4 Cell Reports 33, 108224, October 6, 2020

and S4B). Despite being expressed at similar levels, APOE3
did not cause a growth defect (Figures 3A, 3B, S3A, S3B, S4A,
and S4B).

We performed a screen for suppressors of the APOE4-
induced growth defect and then examined their effects on our
endocytic phenotypes. First, we profiled a set of 34 proteins
involved in all stages of endocytic trafficking (Table S1) (Lu
et al., 2016). When overexpressed, only Yap1802p significantly
affected the APOE4 yeast growth phenotype (Figure 3C, high-
lighted in yellow). Yap1802p is an early endocytic adaptor pro-
tein that participates in the budding of early endocytic vesicles.
We also observed that two other early endocytic proteins,
Ede1lp and Aps2p, displayed non-significant trends toward
modification of the APOE4 yeast growth phenotype. Together,
these data suggest that disruptions to the endocytic pathway
observed in our yeast and iPSC models arise at least partly
from defects in early endocytosis and that, in yeast, this is suffi-
cient to modulate growth.

We asked whether increasing expression of YAP7802 altered
levels of APOE4 by immunoblotting or fluorescence of a
GFP-tagged APOE construct (Figures S4D and S4E). Because
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Figure 3. APOE4-Associated Endocytic Defects in Yeast Can Be Rescued by Increased Expression of YAP1802
(A and B) Growth of APOE yeast strains on (A) solid inducing (75 nM estradiol) or non-inducing media (no estradiol) and (B) liquid inducing (7.5 nM estradiol) or

uninduced (no estradiol) media. Error bars are SD of n = 4 trials.

(C) Area under the growth curves for overexpressed endocytosis-related proteins on an APOE4 background. Ordinary one-way ANOVA followed by Dunnett’s
multiple comparison test (*p < 0.05), n = 4 transformants per modifier, min to max with line at median.

(D) Mean fluorescent signal of mMNeonGreen-tagged Rab5 homologs, quantified by flow cytometry. 10,000 cells per sample, 2 samples per condition shown. Two-
way ANOVA followed by Tukey’s multiple comparison test (****p < 0.0001, **p < 0.01).

(E) Fluorescence microscopy of mNeonGreen-tagged Vps21p. Scale bar, 5 um.

(F) Glucose signal from invertase assays of the indicated APOE-expressing strains with and without co-expression of YAP71802 and a TDP43-expressing strain.
One-way ANOVA followed by Tukey’s multiple comparison test (****p < 0.0001). Mean + SD for n = 3 independent colonies.

See also Figure S4 and Table S1.

we did not observe a change in APOEA4 levels in these assays, we
concluded that increasing YAP1802 expression can uncouple
the presence of APOE4 from its detrimental effects.

We examined whether overexpression of Yap1802p could
modify the dysregulation observed in Rab proteins. Increasing
expression of Yap1802p restored the accumulated levels of
Rab5 homologs observed in the APOE4-expressing strains to
lower, APOE3-like levels (Figure 3D). Increasing Yap1802p
expression also restored the localization of Vps21p, a Rab5 ho-
molog, to a less diffuse, APOE3-like pattern (Figure 3E).

Finally, we asked whether the growth defect rescue
by Yap1802p was accompanied by a rescue of the APOE4-
induced defect in early endocytosis. Indeed, overexpression of
Yap1802p resulted in significant reduction of the GSS invertase
signal, indicating that Yap1802p expression can functionally
rescue APOE4-induced trafficking defects (Figure 3F).

PICALM Overexpression Rescues an APOE4-Induced
Disruption of Endocytosis in iPSC-Derived Astrocytes
Our APOE4 yeast model suggested that YAP71802 is a robust ge-
netic modifier of the APOE4-induced endocytic defect. The hu-
man homolog of YAP1802 is PICALM, which is itself implicated

in AD. We therefore examined whether PICALM could modify
APOE4 phenotypes in iPSC-derived human astrocytes.

Having confirmed that endogenous expression of PICALM
was not significantly different between APOE3 and APOE4 as-
trocytes (Figure S4F), we treated APOE3 and APOE4 astrocytes
with a lentivirus driving the expression of PICALM expressed
with a hemagglutinin (HA) tag (PICALM-HA) under an astro-
cyte-specific GFAP promoter (Figures 4A and 4B). Because
modifying endocytosis may enhance or reduce rates of internal-
ization, recycling, or degradation of proteins (Antonescu et al.,
2014), we confirmed that expression of PICALM did not change
APOE levels (Figures 4C and 4D).

To examine the effect of PICALM overexpression on APOE4-
induced endocytic disruptions, we again used the fluorescent
ligands, EGF and Tf, as probes of the early endocytic process.
We found that overexpression of PICALM increased EGF uptake
(Figures 4A, 4E, and 4F) and Tf uptake (Figures 4G and 4H), sug-
gesting restoration of early endocytic capacity. Although not sig-
nificant, we observed a trend toward increased EEA1-positive
puncta volume and intensity in APOE4 astrocytes with increased
expression of PICALM (Figures S4H and S4l). We observed that
PICALM overexpression induced an endocytic defect in APOE3

Cell Reports 33, 108224, October 6, 2020 5
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Figure 4. Increasing PICALM Expression Rescues APOE4-Induced Endocytic Defect in iPSC-Derived Astrocytes

(A) Schematic assays fluorescent epidermal growth factor (EGF) or transferrin (Tf).

(B) Western blot of PICALM-HA in iPSC-derived human astrocytes after transduction with a lentivirus expressing PICALM tagged with an HA tag.

(C and D) Western blot (C) and quantification (D) of APOE levels in primary human astrocytes treated with PICALM and GFP viruses (MOI 5). Mean + SD of n = 3.

Student’s t test (**p < 0.01, ***p < 0.001), n = 3 experiments.

(E and F) Quantification (E) of the intensity of EGF puncta per cell and representative images (F). Mean + SD of 80-100 cells per sample. Scale bar,

50 um.

(G and H) Quantification (G) of Tf internalization and representative images (H) with and without GFAP-PICALM-HA virus. Tukey’s multiple comparison test. Mean

+ SD of 80-100 cells per sample. Scale bar, 50 pm.
See also Figure S4.

astrocytes (Figure S4G). This concurs with previous work that
noted overexpression of PICALM in a normal context may impair
endocytosis (Tebar et al., 1999). These results suggest that the
PICALM-mediated rescue observed for APOE4 is allele specific.
Altogether, these results demonstrate that increasing the cellular
dose of PICALM uncouples the presence of APOE4 from its
detrimental effects on endocytosis.

DISCUSSION

In this study, we apply genetic and functional analysis in iPSC-
derived astrocytes and yeast to characterize a conserved
perturbation to endocytosis associated with APOE4. Through
these studies, we identify PICALM as a modifier of APOE4-
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associated defects. These findings align well with previous
work showing that SNPs that lower expression of PICALM are
associated with AD risk, whereas SNPs that increase PICALM
expression decrease AD risk (Morgen et al., 2014; Parikh
et al., 2014; Zhao et al., 2015).

Genetic links between APOE4 and PICALM have been previ-
ously described (Harold et al., 2009; Lambert et al., 2009;
Morgen et al., 2014). However, no clear functional connection
has been reported between these risk factors. Given the shared
action of these two risk factors on endocytosis, targeting of this
cellular pathway could serve as a potential therapeutic avenue.

Prior studies examining APOE4’s role in trafficking have
largely focused on the trafficking of specific AD-associated pro-
teins like APP and its cleavage product, AB. In this study, we
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show that APOE4 can disrupt endocytosis independent of APP
or AB. This finding suggests that disruptions to endocytosis
could be a common defect among the many diseases for which
APOE4 increases risk.

In neuronal and glial cell types in which endocytic trafficking is
critical to cellular function, even a mild disruption to endocytosis
may profoundly change intracellular dynamics of many sub-
strates. Chronic perturbation of trafficking pathways over the
lifetime of an individual could lead to a disease-vulnerable
cellular environment, which could be exacerbated by other envi-
ronmental or other genetic factors. Broad endocytic disruption
may manifest as different phenotypic consequences in different
cell types or brain regions, which may then lead to disease-spe-
cific consequences of APOE4.

This study examined the cellular consequences of the APOE4
allele in comparison to the APOE3 allele, considered the neutral
allele with respect to AD risk. The APOE2 allele, which is consid-
ered protective with respect to AD risk, may act on similar or
different pathways. We anticipate that future studies of
APOE2, especially in the context of early endocytic disruptions,
will expand our understanding of risk for or resilience to AD.

Our work has set up a paradigm to explore genotype-to-
phenotype relationships. With advances in high-throughput
sequencing, this type of investigation can be extended
to understand particular combinations of polymorphisms
present in various patient populations. Our study identified
the interplay between two AD risk factors, APOE4 and
PICALM. The techniques and systems used in this study
can be used to systematically interrogate combinations of
risk factors or protective factors to understand their impacts
on cell biology. Given the genetic heterogeneity of AD and
other late-onset neurodegenerative diseases, such studies
will offer opportunities for genetic stratification, as well as
the identification of targeted therapies for complex diseases.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal anti-S100B Atlas Antibodies AMAB91038 Cat#: AMAb91038, RRID:AB_2665776
Goat polyclonal anti-GFAP Abcam ab53554 Cat# ab53554, RRID:AB_880202

Mouse monoclonal anti-Rab5 CST 46449 Cat# 46449, RRID:AB_2799303

BD Transduction Laboratories 610457 Cat# 610457, RRID:AB_397830
Rabbit monoclonal anti-Rab7 CST 9367 Cat# 9367, RRID:AB_1904103
Rabbit monoclonal anti-Rab11 CST 5589 Cat# 5589, RRID:AB_10693925
Goat polyclonal anti-APOE AB947 Cat# AB947, RRID:AB_2258475
Rabbit polyclonal anti-PGK1 ABIN568371

Mouse monoclonal anti-EEA1

Millipore Sigma
Antibodies-online.com

Rat monoclonal anti-HA (conjugated to HRP) Roche 12 013 819 001 Cat# 12013819001, RRID:AB_390917
Bacterial and Virus Strains

pLVX-GFAP-PICALM-HA, PICALM overexpression This study N/A

lentivirus

Chemicals, Peptides, and Recombinant Proteins

Transferrin-647 Invitrogen T23366
EGF-555 Invitrogen E35350
Lysotracker Red Invitrogen L7528
B-Estradiol Sigma Aldrich E8875-5G
Propidium iodide Sigma Aldrich P4864

CSM lacking uracil Sunrise Science Products 1004-100
CSM lacking uracil and histidine Sunrise Science Products 1009-100
Experimental Models: Cell Lines

APOE3/APOE3 parental human iPSC line Coriell AG09173
APOE4/APOE4 isogenic human iPSC line Lin et al., 2018 Lin et al., 2018
APOE4/APOE4 parental human iPSC line Coriell AG10788
APOES/APOES isogenic human iPSC line Lin et al., 2018 Lin et al., 2018

Experimental Models: Organisms/Strains
S. cerevisiae: Strain background: W303 ATCC 201238
Recombinant DNA

Invertase GSS reporter construct Conibear lab Burston et al., 2009
PNH603-ApoE3 This study N/A

pNH603-ApoE4 This study N/A

pNH604-ZEM (pJMB102) Kayatekin et al., 2018 Kayatekin et al., 2018
pBY011-YAP1802 (FLEXGene library clone) DNASU.org ScCD00094178

Software and Algorithms

GraphPad Prism
Imaris

ImagedJ

FlowdJo v8

GraphPad Software
Oxford Instruments
Schneider et al., 2012
FlowJo

https://www.graphpad.com/scientific-software/prism/

https://imaris.oxinst.com/
https://imagej.net/Welcome

https://www.flowjo.com/solutions/
flowjo/downloads

RESOURCE AVAILABILITY

Lead Contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Li-Huei

Tsai (tsaiasst@mit.edu).
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Materials Availability
All unique reagents generated in this study are available from the Lead Contact and may require completion of a Materials Transfer
Agreement.

Data and Code availability
No custom code was used in this study.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

iPSC-derived lines were generated from the parent lines Coriell #AG09173 and #AG10788 (both female). Line maintenance and
derivation into various cell types was performed as previously described (Lin et al., 2018). After sorting, astrocytes derived from these
iPSCs were maintained in 100 mm dishes or T75 flasks at 37°C, 5% CO, in Astrocyte Medium (ScienCell, Cat. #1801) with 2% fetal
bovine serum (ScienCell Cat. #0010), 1% astrocyte growth supplement (ScienCell Cat. #1852), and 1% penicillin/streptomycin
solution (ScienCell Cat. #0503). These were split (using TrypLE, GIBCO) and plated at a density of 1 million cells per T75 flask every
7-9 days. All experiments were performed on early passage numbered cells (< P8).

All yeast models described in this paper were constructed in a W303a background. For validation purposes, assays were
performed in different backgrounds (BY4741, W303a) and all results were consistent across the different yeast backgrounds. Unless
otherwise noted, yeast were grown at 30°C in minimal synthetic culture media (Sunrise Science Products) and supplemented with
2% glucose. For all experiments involving overexpression of Yap1802p or any other genetic modifiers, the yeast were switched into
2% (w/v) galactose media upon induction. Prior to switching the carbon source to galactose, the cultures were grown in 2% raffinose
for a day to metabolically adjust to the non-fermentable carbon source. All cultures were grown at 30°C under shaking conditions in
an incubator. Transformations of plasmids into yeast were carried out using a standard lithium acetate protocol (Gietz and Schiestl,
2007). All genetic modifiers tested were from the yeast ORF collection (FLEXgene, Dharmacon).

Inducible expression of APOE isoforms in S. cerevisiae

In order to generate APOE S. cerevisiae models where protein expression could be induced in a variety of carbon sources, we
employed a two-plasmid system adapted from previous work (Aranda-Diaz et al., 2017). Independence of induction reagent from
carbon source was especially crucial in the study of lipid-associated processes like cellular trafficking. One component of the induc-
ible expression system is the transcriptional regulator (ZEM) construct, a fusion of a the Zif268-DNA binding domain, the human es-
trogen receptor, and the Msn2 activation domain. This ZEM was expressed in a constitutive manner from an S. paradoxus ElIFa pro-
moter. When estradiol is added, it binds the ZEM, the complex translocates to the nucleus where it binds to a synthetic promoter (p2),
which is a modified GAL1 promoter that drives the expression of APOE isoforms. To capture the trafficking of APOE through the
secretory pathway, the APOE isoforms were expressed with a secretory signal sequence from the protein Kar2p. The ZEM construct
was singly integrated at either the TRP or YBR0O32W locus. The pZ-Kar2pss-APOE construct was singly integrated at either the HIS or
LEU loci.

For experiments that involved comparisons with other neurodegenerative disease proteins, similar models were constructed
where the 42-amino acid AB peptide was expressed under the control of the pZ promoter and with a Kar2p signal sequence. The
TDP-43 model referenced was expressed under the same inducible promoter but did not contain a secretory pathway signal
sequence.

Yeast growth curves in liquid media and spotting assays
Yeast were grown overnight to saturation, diluted in the morning and grown to logarithmic phase. Cultures were then diluted to an
0OD600 of 0.05 in inducing media. The OD600 was monitored on a Multiskan GO Microplate Spectrophotometer (Thermo Fischer
Scientific) taking readings every 15 minutes, at a temperature of 30°C with 15 s of shaking prior to every reading. The targeted screen
of endocytic modulators was conducted using the centromeric plasmid yeast ORF library (Dharmacon).

For spotting assays, yeast were grown overnight to saturation, diluted in the morning and grown to logarithmic phase. They were
then normalized to a starting OD600 of 0.5, diluted in five-fold serial dilution and spotted on agar plates with inducing and selective
media. Spots were photographed at 24h, 48h, and 72h after spotting.

Semi-denaturing oligomer blots

Yeast cultures were grown overnight to saturation, then diluted to an OD600 of 0.05 and grown for 8h at 30°C. Then 0.5 OD600 units
of these cultures were plated on agar plates with inducing media and placed at 30°C for 15 hours. Induced yeast was then scraped
from the plates and lysates were prepared using bead-beating for 10 minutes at 4°C in lysis buffer (50 mM HEPES pH 7.5, 150 mM
NaCl, 2.5 mM EDTA, 1% (v/v) Triton X-100, 1 EDTA Free Mini Protease Cocktail Pellet per 5 mL of buffer, 50 mM N-ethyl-maleimide,
1 mM phenylmethylsulfonyl fluoride). Protein concentrations were measured using BCA assay and lysates were then resuspended in
NativePAGE sample buffer (Thermo Fischer Scientific) and run on a 4%-12% Bis-Tris Gel in MES running buffer at 90V, at 4°C. The
gel was then transferred to a PVDF membrane using the iBLOT2 dry blotting system (Thermo Fischer Scientific). Blocking
and antibody incubations were performed in 5% nonfat dry milk in PBS and washes were performed with PBS with 1% (v/v)
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Tween-20. Primary antibody incubations were performed overnight at 4°C. Secondary antibody incubations were performed at room
temperature for 1h.

Western blots
Yeast cultures were grown to logarithmic phase and induced with estradiol for 6-12 hours. Cells were then harvested and the protein
fraction was precipitated from 1.5 units of OD600 (optical density at 600 nm) culture using trichloroacetic acid. The resulting protein
pellets were then resuspended in a urea-based sample buffer (2% SDS, 7M urea, 1 mM TCEP, 200 mM TRIS pH 6.8) and solubilized
at 65°C for 15 minutes. Bis-Tris acrylamide gels were run at 125V and the resulting gels were transferred to nitrocellulose membranes
using the iBLOT2 dry blotting system (Thermo Fischer Scientific). Membranes were blocked with 5% dry milk in PBS, and incubated
overnight with primary antibodies at 4°C. For APOE blots, the polyclonal goat AB947 antibody (Millipore Sigma) at 1:500 dilution was
used. PGK1 was probed using rabbit polyclonal (ABIN568371) (1:5000 dilution) and amyloid-beta was probed using the 6E10 anti-
body (1:1000 dilution). Quantification of blot images from the Gel Doc imaging system (BioRad) was performed using ImageJ (NIH).
Astrocyte cultures were grown to confluence in a 6-well plate. 2 wells of a confluent 6-well plate were combined and used to create
a single lysate. Cells were scraped off the plate in RIPA buffer with HALT protease inhibitors and PMSF. Cold pellets were spun down
at 2000xg and supernatants were boiled with sample buffer (1:6) for western blotting. Blotting was carried out using similar protocol
as for yeast, however, for astrocyte blots, a Transblot (BioRAD) transfer device was used.

Reporter assays

All fluorescent reporters described (except STE3) were tagged at their endogenous loci. Due to its low endogenous expression level,
STE3 was expressed constitutively from the GPD promoter using an episomal plasmid. Tagged Rab constructs were N-terminally
labeled with the mNeonGreen fluorophore, whereas STE3 and MUP1 were tagged C-terminally with mKate2 and mCherry, respec-
tively. All yeast cells were imaged or analyzed in logarithmic growth phase. Images were acquired with a Nikon Plan Apo 100x oil
objective (NA 1.4). For flow cytometry analysis yeast with fluorescent reporters were grown in inducing media to logarithmic phase
and then incubated with propidium iodide (10 ng/mL, Sigma Aldrich) for 5 minutes. 15,000-20,000 cells were measured using the
MACSquant VYB flow cytometer (Miltenyi Biotec). Gating and analysis was performed using FlowdJo v8 (FlowJo LLC).

Invertase assay

The invertase construct (pHB4, Addgene # 53462) was inserted at the endogenous SUC2 locus (selection with nourseothricin) of all
strains used. APOE-expressing and control yeast were inoculated into fructose-containing media (SF-CSM or —-URA) (Sunrise Sci-
ence Products) and grown to saturation. Cultures were then inoculated into galactose media (SG-CSM or -URA) and again grown to
saturation to ensure complete metabolic switch and induction of modifier expression. Cultures were then inoculated into SG media at
an optical density (OD600 nm) of 0.1 in the morning and grown for 4-6h until in log phase, then diluted for overnight induction of APOE
or control genes at OD600 nm of 0.05 in SG-URA with OnM or 1nM B-estradiol (Sigma-Aldrich E8875) in a 96-well format. Following
24h induction, cultures were briefly centrifuged and concentrated 2 to 20-fold to roughly equilibrate OD600 before performing the
invertase assay. The liquid glucose invertase assay to assess endocytic defects was performed according to previously published
protocols (Dalton et al., 2015). Glucostat reagent was prepared fresh immediately prior to use (per 96 well plate: 13ml K;HPO4 0.1M
pH7.0 (Sigma-Aldrich P3786), 26.7 pL glucose oxidase 1000U/ml (Sigma-Aldrich G7141), 33.3 uL HRP 1mg/ml (Sigma-Aldrich
P6782), 66.7ul NEM 20mM (Sigma-Aldrich E1271), 200 puL o-dianisidine 10mg/ml (Sigma-Aldrich F5803)). Following sucrose addi-
tion, the glucostat reagent was incubated 7-9 minutes to ensure a final OD540 reading between 0.05-0.3, after which the invertase
reaction was stopped with 6N HCI. Sample readings were calibrated based on freshly prepared glucose standard curves run on the
same assay plate. Three independent colonies were run per yeast genotype on each plate, and each plate was run in technical
duplicate.

iPSC culture, derivation, and lentiviral production

Isogenic iPSC lines were created, maintained, derived and differentiated as described previously (Lin et al., 2018). All iPS cells dis-
played a normal karyotype. Cells were differentiated into astrocytes according to previously published protocols (Chen et al., 2014;
Lin et al., 2018). Following derivation and FACS-based purification, astrocytes were maintained in Astrocyte medium (ScienCell) and
passaged every 5-7 days and re-seeded at a density of 10%~ cells in a T-75 tissue culture flask. All cells were used within 8 passages of
the second GLAST sorting.

Lentivirus encoding PICALM-HA under the control of a GFAP promoter was produced according to standard protocols using lipid-
mediated transient transfection of 293T cells, and standard packaging plasmids (pMD2.G, and psPAX, Addgene 12259, 12260).
Following supernatant collection, the virus was concentrated using LentiX-Concentrator (Clontech, 631231) according to manufac-
turer’s protocol. Viral titers were determined were determined using QuickTiter Lentivirus titer kit (Cell Biolabs) according to manu-
facturer’s protocol.

Immunostaining

All staining of astrocytes for markers of endocytosis were performed in the same manner. Cells were plated in 96-well glass bottom
plates (IBIDI) at a density of 10,000 cells per well. First cells were fixed in 4% paraformaldehyde for 15 minutes at room temperature
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and then permeabilized using 0.2% Triton X-100 for 10 minutes at room temperature, blocked for 1 hour at room temperature using
1% normal goat serum, 1% normal donkey serum in 5% BSA in PBS. Primary antibodies were diluted according to supplier’s sug-
gestions in blocking solution and incubated overnight at 4°C. The next day, cells were washed and incubated with secondary anti-
bodies at 1:1000 dilution for an hour at room temperature and imaged using a Zeiss LSM 710 inverted microscope. Antibodies used
were as follows: EEA1 (mouse BD biosciences 610457, 1:100), Rab5 (rabbit, CST, 1:400), Rab7 (rabbit, CST, 1:100), Rab11 (rabbit,
CST, 1:50). Imaging and quantification criteria are described below.

Transferrin uptake, EGF uptake, and Lysotracker staining
APOE astrocytes were seeded at a density of 10,000 cells per well of a 96-well glass-bottom plate (IBIDI). Then cells were infected
with lentiviruses encoding GFAP-PICALM-HA for 5 days. The cells were then placed on ice for 5 minutes to halt endocytic processes,
and either EGF conjugated to AlexaFluor555 (Thermo Fischer Scientific E35350) or transferrin conjugated to AlexaFluor647 (Thermo
Fischer Scientific T23366) was added to the media at a concentration of 100 ng/mL or 25 ug/mL and the cells were incubated at 37°C
for 5 minutes. Cells were then washed three times with cold PBS and fixed with 4% paraformaldehyde for 20 minutes at room
temperature. The cells were then washed with PBS three times and Hoechst 33342 was added at a final concentration of 2 uM to
each well and imaged using a Ziess LSM 880 Laser Scanning Confocal Microscope taking 1 um sections of 10-15 um Z stacks
and analyzed using Imaris (Bitplane) and Fiji.

Lysotracker staining was performed according to manufacturer’s instructions. Lysotracker Red (Invitrogen) was used at a concen-
tration of 50 nM with an incubation at 37°C for 30 minutes. Cells were then fixed and imaged as described above.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data were processed using Microsoft Excel and statistical analysis was performed using GraphPad Prism. Image data were quan-
tified using Imaris (Bitplane) and Imaged (NIH). For each image quantification, the parameters analyzed (puncta number per cell,
puncta intensity, volume, or overall staining intensity per cell) are specified in the graph y-axis. For measurements of puncta number,
size, or intensity, the Imaris “spots” tool was used. For total intensity of staining, Imaged integrated density value was used. For “per
cell” measurements, the data for the entire image were acquired and divided by the number of nuclei present in the image. Partial
nuclei or cells were not counted as part of the image. All representative images are picked as the image with a quantification value
closest to the mean of the distribution depicted in the graph. Details of statistical analysis for each experiment can be found in the
figure legend (including test details, n, definition of significance, average, and precision metrics).
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