© Copyright 2021

Allison E Knupp



Probing the Role of SORLI and Endolysosomal Network Dysfunction in
Alzheimer’s Disease

Allison E Knupp

A dissertation
submitted in partial fulfillment of the

requirements for the degree of

Doctor of Philosophy

University of Washington

2021

Reading Committee:
Jessica Young, Chair
Daniel Promislow

Suman Jayadev

Program Authorized to Offer Degree:

Molecular Medicine and Mechanisms of Disease






University of Washington

Abstract
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Allison E Knupp

Chair of the Supervisory Committee:
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Alzheimer’s disease (AD) is a progressive neurodegenerative disorder, and the most common
cause of dementia among adults. There is currently no treatment that halts disease progression.
There is ample pathological and biological evidence for endolysosomal network (ELN)
dysfunction in AD, and emerging genetic studies repeatedly implicate ELN genes such as SORL1
as associated with increased AD risk. The SORLI gene encodes the protein SORLA, a sorting
receptor involved in retromer-related endosomal traffic. Many SORL genetic variants increase
AD risk, and rare loss-of-function truncation mutations have been found to be causal of AD. To
model the causal loss-of-function mutations, we used CRISPR/Cas9 technology to deplete
SORLI in human induced pluripotent stem cells (hiPSCs) to test the hypothesis that loss of

SORLI (SORLI KO) contributes to AD pathogenesis by leading to dysfunction in ELN



trafficking. We additionally used CRISPR/Cas9 to insert AD-risk variants in the VPS10 domain
of SORL1 (SORLIV™) in hiPSCs to test the hypothesis that these VPS10 variants result in loss of
SORLA function and lead to ELN dysfunction. We report that loss of SORLI as well as SORL1
VPS10 variants in hiPSC-derived neurons leads to early endosome enlargement, a cellular
phenotype that is indicative of ‘traffic jams’ and is now considered a hallmark cytopathology
AD. We further report trafficking defects in the recycling and degradative pathways of the ELN
in SORL1 KO neurons. Finally, we determine that retromer stabilizing small molecules reduce
early endosome enlargement in both SORLI KO and SORL 1V neurons. Collectively, and
together with other recent observations, these findings suggest that SORL! is a key and broad
regulator of ELN trafficking in neurons, a conclusion that has both pathogenic and therapeutic
implications. Moreover, demonstrating a partial rescue of cellular phenotypes in SORL1 deficient

neurons will contribute to the development of new and precision treatments for AD.



TABLE OF CONTENTS

LIST O FIZUIES ...viieieieeciiee ettt ettt e ettt e et e e et e e et e e s saaeeessaeessseeesnseeennseeeanseeennseeens vi
Chapter 1. INtrOAUCION ......veieiiie ettt e e st e et e et e e etaeeessaeeensaeeensneesnseeennseeenns 12
1.1 AlZDETMET’S DISEASE .....eeeutieiieiiiieiie ettt ettt st ebe e 12
1.1.1  Alzheimer’s Disease Prevalence............ccocoeiiiiiiiiiiiiiiiiiiiceeeeeeeee 12
1.1.2  Alzheimer’s Disease Pathophysiology .........ccccuieiiiieiiiiiiiieeiiecee e 13
1.1.3  Alzheimer’s DiSease GENELICS .......cccueeuiiriiiiiiiiiiieiieeiieet ettt 16

1.2 The Endolysosomal NetWork...........cccvieeiiiiiiiiieiie e 17
1.2.1 Normal Endolysosomal Network Function ...........cccceccuvevviieeniieniieeeieeeeeeeeeee 17
1.2.2  Endolysosomal Network Dysfunction in Alzheimer’s Disease..........ccccceeeueeveennne 19

1.3 SORLT <.ttt ettt et et e st et e e nt e et et e eneeeneenteeneeeaeenee 22
1.3.1  SORLT FUNCHONS ..eeutieiiiiiieiieeteeite ettt st ettt et e s ens 22
1.3.2  SORLT and AlZheimer’s DISEASE ........c.eeruieriiieriieiiiiiieeieeite ettt 23

1.4  Human Induced Pluripotent Stem Cell Models of Disease ..........cccceeeevieecveeecneeennnenn. 25
1.4.1 Generating hiPSC MOdEIS........coeeeiiiiiiiiieeiieeeee e 25
1.4.2 hiPSC Models of Neurodegenerative DiS€ases.........cccvveeerveeerveeeiieeeiieeeieeeeveeenenes 26

1.5 RETEIEIICES ...ttt et ettt e 29

Chapter 2. Depletion of the AD Risk Gene SORL1 Selectively Impairs Neuronal Endosomal

Traffic Independent of Amyloidogenic APP Processing.........cccocvveeviieeriieeiieeeiieeeie e 43
2.1 INETOAUCTION ...ttt et e et e et e e e e estaeeessaeesnsaeesnseeesnseeenns 43
2.2 RESUILS ... et e e e e e et e e et e e enbae e ennaeeenreeens 45



2.2.1 Loss of SORLI1 in hiPSC-Derived Neurons Results in Enlarged Early Endosomes 45
2.2.2  Enlarged Early Endosomes in the Context of SORL1 Depletion Occur Independent
of Amyloidogenic APP PrOCESSING......c.uiiiiiieiiieeeiie ettt et eaee e e e 46
2.2.3 Enlarged Early Endosomes in SORL1 Deficient Cells are Present in hiPSC-Derived
Neurons, But Not Microglial-Like Cells ..........cocoiiiiiiiiiiiiiiiecieeeeeeeeee e 46

2.2.4 Loss of SORLI in hiPSC-Derived Neurons Alters APP Trafficking and Processing

in the Endosomal NetWork..........coouiiiiiiii e 47
23 DIISCUSSION ..ttt ettt ettt et e bt e sa bt e bt e sab e e beesabe e bt e eabeenbeesaeeenbeesaee 58
2.4 MEENOMS. ..ottt et ettt et en 61

2.4.1 CRISPR/Cas9 Genome Editing .........ccccuveeiiiiiiiiieniiieciieeeiee et 61

2.4.2 CRISPR/Cas9 gRNA, ssODN, and Primer Sequences..........cccceeevveeerveeecureercneeennes 62

2.43  WesStern BIOtNG ...cc.veiiiiiiiiie ettt ettt et e e e e e s 62

2.4.4 hiPSC Neuronal Differentiation.............ccoocuieieeiiiiiiiinieiieieeceee e 63

2.4.5 Purification 0f NEUIONS. ....c...eeiiiiiiiiiiiiee et 64

2.4.6 hiPSC Microglial-like Cells Differentiation ............ccooceeieiiiiiiiiniiiiiencceeeeeee, 64

2.47 Amyloid Beta and SAPP Measurements...........ccceecuveerieeeniieenieeenieeeeeeeieeesvee e 66

2.4.8  IMMUNOCYLOCHEMISITY ...veiiiiiiiiiieeiiie et e eiee et e et e et eeste e et eeesaeeeaaeeenneeesnseeenanes 66

2.49 Confocal Microscopy and Image Processing...........cccccveevveeerieeenieeenieesieeesveeeeenes 67

2410  BACEI INMIDItION w.euviiiieiiieiiesiieie ettt et 68

2.4.11  SORLI1 shRNA Design and Transtection..........cccceecuveeriieeniieenieeeieeciiee e 68

2.4.12  Quantification and Statistical ANalysiS........cccceevieeriiiieriiieeiiie e 68
2.5 RETEIEIICES ...ttt ettt e 70

1



Chapter 3. The Alzheimer’s Gene SORLI is a Key Regulator of Endosomal Recycling in Human

INUTOTIS .ttt ettt e ettt e bt et e bt e e e bt e e e bt e e sabteesabteesabteesabeeesabeeenane 74
3.1 INEOAUCTION ...ttt ettt et e be e 74
3.2 RESUIES et ettt e 76

3.2.1 SORLI Depletion Increases Neuronal Cargo Localization in Early Endosomes..... 76

3.2.2 SORLI Depletion Mis-traffics Cargo Throughout the Endolysosomal Network .... 77

3.2.3 SORLI Depletion Targets the Endosomal Recycling Pathway.............ccccuveeennennnnne. 79
3.2.4 SORLI Depletion Reduces Cell Surface Levels of Cargo ........cccccveevevveeeciveenneeenee. 80
3.2.5 SORLI Overexpression Enhances Endosomal Recycling...........cccoevevvvevciviennnnnee. 81
3.2.6 SORLI Depletion Affects Gene EXpression.........ccveecveeeeieeerieeeiieeniieesieeeevee e 82
33 DIISCUSSION ..ttt ettt et e b e s et e bt e s et e beesabe e bt e sabeenbeesaeeenbeesaee 98
34 MEEROAS. ..ttt ettt 102
3.4.1 Cell Lines Generated by CRISPR/Cas9 Gene Editing Technology ....................... 102
3.4.2 CRISPR/Cas9 gRNA, ssODN, and Primer Sequences...........cccceeeveercveeercrveenineennns 102
3.4.3 SORLI Overexpression Cell LINes.........cccvuiieriiieiiieiiiieeiee e 103
3.4.4 hiPSC Neuronal Differentiation............coooeerieriiinieiiiiieiieee e 103
3.4.5 Purification Of NEUIONS.......coiiiiiiiiiiiiie et 104
3.4.6 DQ Red BSA Assay for Visualization of Lysosomal Degradation........................ 105
347  IMMUNOCYLOCHEMISIIY ..vviiiiiiiiiiiieeiieeeieeeeiee et e et e e ete e et ee e e e sneeeeseeesaeeesnseeenns 105
3.4.8 Colocalization ANALYSIS ....ccueieeiuiieiiieeiiieeeieeesieeerteeeteeeaeeeeeeesaeeesaeeesaeeesseeens 106
3.4.9  Cell SUIface STAINING .....ccevcviieeiieeeiieeeiteeeiee et e et e ereeeeaeeeeaeesseeeeseeesnseeesseeens 106
3410 ANUDOGIES ...t 107
3.4.11  Transferrin RECYCING ASSAY....cccuviiriiiiiiieeiie ettt eee e eaee e 107



3.4.12  Measurement of Lysosome and Recycling Endosome Size ...........cccccecuvveennennnn. 108

3.4.13  StatiStical ANALYSIS...uuiiiiiiiiiiieeiiie ettt aee e 108
3.4.14  RINA EXEFACHON .oouuiiiiiiiiiiiiieie ettt sttt sttt 109
3.4.15 RNA Library Prep and SeqUencCing ...........cccceeevvieeeieeeiieeeiee e eee e 109
3416  RNAseq Data ANALYSIS ....ccecouiiiiiieeiiieeciie ettt eeee et see e sree e saeeeeaee e 109
3.5 RETEIENICES ...ttt e 111

Chapter 4. Pharmacologic Stabilization of Retromer Rescues Endosome Enlargement in Human

Neuronal Models 0f AIZNeIMET™S DISEASE ....ccoveeemeeeee e eeeeeeeeeeeaennas 117
4.1 TIEEOAUCTION ..ottt e e e e e e e e e e e e e eeeeeeeeeaaraaaeeaeaenes 117
4.2 R ESULES et et e e e e e e e e et e e e e e e e e e e raaaeaaeaaae 119

4.2.1 SORL1Y* Neurons Show Altered APP Processing............cccoeveeerevvereeeereveeeenennns 119

4.2.2 SORLI1 Haploinsufficient and SORL1Y* Neurons Exhibit Enlarged Early
ENOSOMES ...ttt ettt sttt 120

4.2.3 Pharmacologic Stabilization of Retromer Reduces Pathogenic AP and pTau and

Enlarged Early Endosomes in SORL1VY# and SORL1 Deficient Neurons ......................... 121
43 DISCUSSION ...t ettt ettt ettt et e b e et e e s bt e ebeesaeeeaeeas 129
A4 MEENOMS. ...ttt et st st aeas 131

4.4.1 CRISPR/Cas9 Genome Editing .........ccccueeeiiiiiiiiiiiiieciie et 131

4.4.2 CRISPR/Cas9 gRNA, ssODN, and Primer Sequences..........cccceeerveeeruveencuveerineeenns 132

4.4.3 hiPSC Neuronal Differentiation............ccceoeeriiiiiiniiiiieiiieeeeeeee e 133

4.4.4  Cortical Neuron Purification..........coceeviieiiiiiiiiiieiiceeeeee e 134

4.4.5 WeStern BIOtHNG ..cccuveieiiiieiie ettt ettt e e e aee e 135

v



4.4.6 Amyloid Beta and Phosphorylated Tau Measurements...........c.cccccveeeeveeeiveereneeens 135

4.477  TPT260 Treatment.....cccceiiiiiiiiiiiiiee ettt ettt siee e 136
4.4.8 IMMUNOCYLOCHEIMISITY ...vviiiiieiiiieeiiie et e et et e et e esae e e veeeeaeeesaeeesaeesnaneesnseeenns 136
4.49 Confocal Microscopy and Image Processing............ccecveereveeerieeerieennieesieesieeenns 137
4.4.10  Quantification and Statistical ANalysiS........cccceeevieriiiieriiieeriie e 137

4.5 RETEIENICES ...ttt e 139
Chapter 5. CONCIUSION. ....ccuuiiiiiiieeiiie et e et et e et e e s iee e e teeesteeessaeeesaeeesseeesseesssseesnseeesssaeennseens 141
5.1 INEPOAUCTION ...ttt 141

5.2 Depletion of the AD Risk Gene SORLI Selectively Impairs Neuronal Endosomal
Traffic Independent of Amyloidogenic APP Processing.........ccocveeevveeviieerieeeiieeeieeeeeee 142
53 The Alzheimer’s Gene SORLI is a Key Regulator of Endosomal Recycling in Human
INEUTOMS ..t ettt sttt e s e e s e e eae 143

5.4  Pharmacologic Stabilization of Retromer Rescues Endosome Enlargement in Human

Neuronal Models 0f AIZNEIMET’™S DISEASE ... ..eeeeeeeeeeeeee e e e e reeeeeeaeaees 144
5.5 CONCIUSION ettt e e e e e e e e e e e e e e e e e e e ee e eaeeeeeeeeraennaaaeeas 145
5.6 RETEIEIICES ..o e e e e e e e e e e e e e e e e e e e e e eeaaaaeeeaeaeaee 146



LIST OF FIGURES

Figure 2.1. Depletion of SORL1 leads to enlarged early endosomes in hiPSC-derived

neurons but not microglial-like cells, independent of amyloidogenic APP processing.

Figure 2.2. SORL]1 depletion in hiPSC-derived neurons alters APP localization in the

endosomal network and increases amyloidogenic processing of APP. .............. 52
Figure 2.3. SORL1 KO gene editing and validation. ......................ccceeviiiniienceennn.. 54
Figure 2.4. SORL1 depletion in hiPSC-derived neurons does not alter EEA1 or APP

[0 4 1] T T1) | PRSP SRPPSPRRRP 55
Figure 2.5. SORL]1 depletion leads to enlarged early endosomes. .............................. 56
Figure 2.6. SORL1 KO microglia-like cells express microglia markers. .................... 57

Figure 3.1. Loss of SORL1 expression leads to increased TRKB and GLUAT1 localization in
€ArlY €NAOSOMES. ......cc.eviiiiiiiiiie et e e e e e aees 84

Figure 3.2. Loss of SORL1 expression impairs trafficking to late endosomes and lysosomes.

................................................................................................................................... 85
Figure 3.3. Loss of SORL1 impacts the cell surface recycling pathway...................... 87
Figure 3.4. Loss of SORL1 expression impairs recycling to the cell surface. ............. 89
Figure 3.5. Overexpression of SORL1 enhances endosomal recycling........................ 90

Figure 3.6. Analysis of bulk RNA-sequencing data indicates alterations in cell surface and

extracellular trafficking, receptor-ligand and channel activity.......................... 92
Figure 3.7. Loss of SORL1 alters lysosome Size................cccccoooieniiiiieniiinnienieeeeneeene 94
Figure 3.8. SORL1 overexpression alters degradative pathway trafficking............... 95
Figure 3.9. Analysis of bulk RNAseq data from SORLIKO neurons. ........................ 97

Figure 4.1. SORL1 VPS10 domain variants alter APP processing, but not tau....... 123

Figure 4.2. hiPSC-derived neurons containing SORL1 VPS10 domain variants have
enlarged early endosomes...............ccccooiiiiiiiiiiiiiiiie e 124

Figure 4.3. Retromer chaperone reduces AP secretion and pTau:tTau ratios in hiPSC-

derived neurons containing SORL1 VPS10 variants. ..............cc.ccccovvevevrennnnns 125

vi



Figure 4.4. Retromer chaperone reduces endosome size in hiPSC-derived neurons
containing SORLI VPS10 variants..............ccccceeviiiiiiiniiiieeeiiee e 126

Figure 4.5. Genomic sequence of cell lines containing SORL1 VPS10 domain variants.

Figure 4.7. Retromer chaperone increases expression of retromer component VPS35.128

vil



ACKNOWLEDGEMENTS

First and foremost, I would like to thank my advisor, Dr. Jessica Young. I was so excited
to work in your lab that I tried to start a rotation before the lab was even finished being set up.
I’m so glad I was able to eventually start working with you. It has been incredibly fun to see the
lab grow from just a few people to the current size. Your mentorship and training have been
invaluable, and I’'m grateful for all of your time and efforts to help me reach this stage in my
career.

I thank my doctoral supervisory committee members, Dr. Dirk Keene, Dr. Suman
Jayadev, Dr. Daniel Promislow, and Dr. Elizabeth Nance. You have all been incredibly
supportive, especially during the more challenging portions of my PhD. Dr. Promislow, you
served as my senior mentor and helped me to navigate my program. Dr. Keene, you helped me to
participate in the collection of leptomeningeal tissues and gave me perspective on
neuropathology techniques. Dr. Jayadev, you helped me attend clinic hours and see the human
side of neurodegenerative research. Dr. Nance, you have been incredibly supportive and helpful
as I began to think about the next stages of my career. Thank you all. Special thanks to Dr.
Promislow, Dr. Jayadev, and Dr. Young for serving as my reading committee.

I thank all past and present members of Jessica’s lab. You have been colleagues, mentors,
and friends to me over the past five years, and I am incredibly grateful for all of you. Special
gratitude to Refugio Martinez, Chizuru Kinoshito, Shannon Rose, Dr. Bonnie Berry, and Dr. Jaki
Braggin. Thank you to Dr. Swati Mishra, who collaborated with me on all things, and who taught

me so much about how good science is done.

viil



Thank you to all the members of the M3D program, especially Dr. William Mahoney and
Megan Barker for your guidance. Thank you also to the members of my cohort, Dr. Chelsea
Fortin, Dr. Emily Kohlbrenner, and Michael Kiflezghi. I wouldn’t have survived our first year
without you. Thank you to Dr. Nick Crispe and his lab members, who took me in when I knew
nothing about biology. Thank you for taking a chance on me, and for helping me get from
neophyte to graduate student.

I owe so many thanks to my family for the love and encouragement you have always
shown me. To my parents, Ralph and Andrea, and my siblings, Peter and Sarah, I’'m so thankful
for your perpetual support for my somewhat varied ventures. To my partner, Bob Sweeny, thank

you for being you.

X



DEDICATION

For K and S, who make studying more fun.



CONTRIBUTIONS

Chapter 1: Portions of this chapter have been modified from the following publications:
D'Souza, G.X., Rose, S.E., Knupp, A., Nicholson, D.A., Keene, C.D., and Young, J.E. (2021).
The Application of in vitro-derived Human Neurons in Neurodegenerative Disease Modeling. J
Neurosci Res 99, 124-140.

Szabo, M., Mishra, S., Knupp, A., and Young, J.E. (2021). The Role of AD Risk Genes in

Endolysosomal Pathways. Neurobiology of Disease — in review

Chapter 2: This chapter has been published as the following work:

Knupp, A.*, Mishra, S.*, Martinez, R., Braggin, J.E., Szabo, M., Kinoshita, C., Hailey, D.W.,
Small, S.A., Jayadev, S., and Young, J.E. (2020). Depletion of the AD Risk Gene SORL1
Selectively Impairs Neuronal Endosomal Traffic Independent of Amyloidogenic APP
Processing. Cell Rep 317, 107719.

Chapter 3: This chapter has been submitted for publication as the following work:
Mishra, S.*, Knupp, A.*, Szabo, M., Kinoshita, C., Hailey, D.W., Wang, Y., and Young, J.E.
(2021). The Alzheimer’s Gene SORL1 is a Key Regulator of Endosomal Recycling in Human

Neurons. Cellular and Molecular Life Sciences. — in review

Chapter 4: This chapter will be submitted for publication in Cell Reports Medicine.

xi



Chapter 1. INTRODUCTION

1.1  ALZHEIMER’S DISEASE
1.1.1 Alzheimer’s Disease Prevalence

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder, and the most
common cause of dementia(Barker et al., 2002). There are currently approximately 5.8 million
Americans living with AD, and that number is expected to more than double by 2050. The US
healthcare costs associated with AD, including long-term and hospice care, are expected to
increase from $305 billion in 2020 to $1.1 trillion in 2050(2020). Prevalence rates of AD
increase with age, particularly over age 60, with a 15-fold increase in the rates of AD between
individuals aged 60 and 85(Mayeux and Stern, 2012). With an aging US population, it is critical
to address the social, economic, and healthcare burden associated with AD(Davidson and
Schnaider Beeri, 2000).

Clinically, AD is characterized by an impairment of short-term memory interfering with
daily activities, progressing to impairment of other cognitive functions such as language,
judgement, and executive function(Cappa, 2018; Graham et al., 2017; Masters et al., 2015;
Querfurth and LaFerla, 2010). Although several classes of medications are approved to treat AD
symptoms, there are currently no treatments that substantially reverse or affect the progression of
the disease, no reliable early diagnostic approaches for AD, and no effective preventative
approaches(Cummings et al., 2019). The lack of effective therapies is, at least in part, related to

the fact that biology of AD is only incompletely understood.
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1.1.2 Alzheimer’s Disease Pathophysiology

The hallmark neuropathological features of AD include extracellular plaques comprised
of amyloid-3 (AB) peptides and intracellular neurofibrillary tangles (NFTs) containing
hyperphosphorylated tau proteins. AP peptides are formed during the proteolytic processing of
the Amyloid Precursor Protein (APP). APP cleavage can be either amyloidogenic or non-
amyloidogenic(Wilquet and De Strooper, 2004). During non-amyloidogenic processing, APP is
exported from the trans-Golgi network (TGN) to the cell surface where it is cleaved by a-
secretase enzymes. o-secretase cleavage prevents amyloidogenic processing. During
amyloidogenic cleavage, full-length APP is endocytosed from the cell surface into the
endolysosomal network (ELN)(Kinoshita et al., 2003). Within the ELN, APP is cleaved by the 3-
and y-secretase complexes to produce various A} peptides. The two forms of A} thought to be
most relevant to AD study are 40- and 42-amino acid length peptides, known as AP0 and A4,
respectively, although longer peptides are present and may show increasing toxicity.

AP peptides tend to aggregate, first accumulating into insoluble fibrils and then into
neuritic or non-neuritic plaques. Neuritic plaques have a clear association with AD progression
and are required for the post-mortem diagnosis of AD(Montine et al., 2012). Consisting of
dystrophic neurites, microglia, and a dense core of AP4> peptides, neuritic plaques are found in
conjunction with neuronal injury, synaptic dysfunction, and glial inflammation(Masliah et al.,
1993; Masliah et al., 1990; Terry et al., 1991). In addition to neuritic plaques, non-neuritic
accumulations of A also occur, including diffuse plaques, cotton-wool plaques, and amyloid
lakes. Different types of plaques tend to accumulate in different brain regions(Dickson, 1997),

but non-neuritic plaques are not considered diagnostic of AD(Braak and Braak, 1991).
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Formation of intracellular NFTs of hyperphosphorylated tau protein is another hallmark
of AD pathology. Tau is a microtubule binding protein containing 45 phosphorylation
sites(Hanger et al., 2009). Controlled phosphorylation of tau is critical for normal binding to
microtubules(Liu et al., 2007). During AD, tau becomes hyperphosphorylated, which interferes
with microtubule binding. Hyperphosphorylated tau dissociates from microtubules and
accumulates into NFTs(Mondragon-Rodriguez et al., 2010; Mondragon-Rodriguez et al., 2008).
NFTs develop in a well-defined pattern through the brain, with stages of pathological
progression correlating well with clinical progression and neurodegeneration(Braak and Braak,
1991; Hyman et al., 2012). NFTs can be observed in the entorhinal cortex in the earliest stages of
disease, spreading to the hippocampus and amygdala as disease progresses, and ultimately
reaching the cortex during late-stage disease(Braak and Braak, 1991).

While the presence of neuritic plaques and NFTs are required for the diagnosis of AD,
the neuropathology that correlates best with cognitive impairment is synapse loss(Blennow et al.,
1996; Terry et al., 1991; Yu and Lu, 2012). The loss of synapses is present in the early stages of
AD(Masliah et al., 2001; Selkoe, 2002), seen in regions of the cortex and particularly in the
hippocampus(Clare et al., 2010; Scheff et al., 1993). The number of synapses does decrease in
aging brains, but AD exacerbates this loss(Bertoni-Freddari et al., 1990). The direct cause of
synapse loss is unclear, and interactions of AD hallmarks A and tau with synapses requires
more investigation. Studies have identified the simultaneous presence of A and tau in synapses,
indicating a role for the pathologic proteins(Fein et al., 2008; Takahashi et al., 2010). Oligomeric
forms of AP and tau have been shown to be toxic to synapses, but it is still unclear how the
aggregate forms might interact(Guerrero-Muiioz et al., 2015; Tu et al., 2014; Walsh et al., 2002;

Wang et al., 2017).
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Widespread inflammatory responses, including activated microglia and astrocytosis, are
also characteristic of the AD brain(Akiyama et al., 2000; Combs et al., 2000). Acute
inflammation is an effective response against infection and injury, but the sustained immune
response seen in AD can result in chronic neuroinflammation(Ferreira et al., 2014). GWAS have
consistently identified inflammatory genes as risk factors(Lambert et al., 2013; Naj et al., 2011),
and genetic studies have found that mutations in the gene triggering receptor expressed on
myeloid cells 2 (TREM?) substantially increase AD risk(Guerreiro and Hardy, 2014; Jonsson et
al., 2013). TREM?2 encodes a cell membrane receptor involved in signaling pathways required for
the activation of microglia and other immune cells. Disruption to TREM2 function has been
shown to result in aberrant immune response(Jay et al., 2015; Jiang et al., 2014). Inflammatory
responses in AD are not thought to be causative in isolation, but neuroinflammation can
exacerbate A} and tau pathologies(Zotova et al., 2010).

Ultimately in AD, pathologic proteins and loss of synapses combine to result in
neurodegeneration. Progression of cognitive impairment accompanies a widespread shrinking of
the cortex, indicative of neuronal death(Giraldo et al., 2014). Neurodegeneration in AD has been
observed in the frontal, temporal, and parietal lobes of the brain as well as the entorhinal cortex
and the hippocampus(Gomez-Isla et al., 1996; Simi¢ et al., 1997; Whitehouse et al., 1981). The
pattern of neuronal death in AD is distinct from that of normal aging, confirming that although
advanced aging is a risk factor, AD is not simply an acceleration of brain aging(Mattson, 2004).
AD hallmark proteins may contribute to neurodegeneration, with abnormal tau shown to result in
neuronal death(Gendron and Petrucelli, 2009) and AP shown to induce apoptosis in neurons in

vitro(Eckert et al., 2003; Mattson, 2000).
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1.1.3 Alzheimer’s Disease Genetics

Early-onset AD (EOAD) manifestations, characterized by onset of clinical symptoms
before age 65, constitute roughly 1-5% of all AD cases(Bekris et al., 2010). Many EOAD cases
arise from highly penetrant, autosomal dominant mutations in the APP, presenilin 1 (PSENI),
and presenilin 2 (PSEN2) genes(Goate et al., 1991; Levy-Lahad et al., 1995; Rogaev et al., 1995;
Sherrington et al., 1995). PSENI and PSEN2 encode major components of the y-secretase
enzymatic complex and play a critical role in the cleavage of APP. Mutations in APP and PSENI
are typically fully penetrant, while mutations in PSEN2 are roughly 95% penetrant(Goldman et
al., 2011; Sherrington et al., 1996). Approximately 300 pathogenic mutations in these three genes
have been identified, but novel mutations continue to be described(Giau et al., 2019).

Late-onset AD (LOAD) is characterized by age of onset after age 65, and accounts for
roughly 95% of AD cases(Reitz et al., 2011). While the neuropathological features of EOAD and
LOAD are similar, LOAD is far more genetically complex, with heritability estimated at
approximately 80%(Gatz et al., 2006). The apolipoprotein E (4POE) gene accounts for roughly
25% of heritable AD risk, making it the largest genetic risk factor for LOAD(Gatz et al., 2006).
Several large genome-wide association studies (GWAS) have been completed to identify
remaining heritability, altogether identifying about 25 independent loci reaching genome-wide
significance(Harold et al., 2009; Hollingworth et al., 2011; Lambert et al., 2013; Naj et al., 2011;
Seshadri et al., 2010). LOAD risk genes fall into 4 pathways — APP processing, cholesterol

metabolism, immune response, and endolysosomal network function(Kunkle et al., 2019).
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1.2  THE ENDOLYSOSOMAL NETWORK

1.2.1 Normal Endolysosomal Network Function

The ELN consists of intracellular membranous organelles which interconvert in a
dynamic fashion. Proteins associated with these organelles in the ELN can distinguish the main
components such as early endosomes (EEs), recycling endosomes (REs), late endosomes (LEs),
autophagosomes and lysosomes. These proteins are widely used as markers for discreet
structures within the ELN, although the network itself is fluid and dynamic. The ELN actively
participates in internalization of various macromolecules and fluid into the cell through a process
called endocytosis, transport of these materials through endosomes and lysosomes, and release of
selected cellular contents into the extracellular environment through a process called exocytosis.
Additionally, the ELN is involved in the specialized degradative process, autophagy, wherein
damaged cellular contents are degraded.

Endocytosis regulates several processes initiated at the plasma membrane including
receptor mediated cell signaling and nutrient uptake. Depending on the cargo, specialized
vesicles are formed at the plasma membrane of either a large size (>500nm in diameter) to
internalize larger cargo or smaller size (<500 nm in diameter) to internalize fluid, solutes and
other cargo(Kunkle et al., 2019; Swanson, 2008). Clathrin mediated endocytosis (CME) is a
common type of endocytosis that internalizes a wide range of smaller sized (<200nm in
diameter) cargo. This process starts with cargo recognition, which leads to membrane bending
and the formation of specialized ‘pits’ called clathrin coated pits. Clathrin forms a complex
lattice like structure around vesicles formed by membrane invaginations(Marsh and McMahon,
1999; Merrifield et al., 2005; Pearse, 1976; Ungewickell and Hinrichsen, 2007). Formation of

these vesicles and the linking of cargo to the clathrin coat and intracellular cytosolic regulatory
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machinery requires the recruitment of various cytosolic proteins including adaptor and scaffold
proteins. Adaptor proteins can be either heterotetrameric such as the Adaptor protein 2
complex(AP2)(Kadlecova et al., 2017; Kelly et al., 2014) or monomeric such as
Phosphatidylinositol Binding Clathrin assembly Protein (PICALM)(Miller et al., 2015). Scission
of these clathrin coated pits from the plasma membrane is caused by a large GTPase,
dynamin(van der Bliek et al., 1993) along with dynamin partners including Bin, amphiphysin
and Rvs (BAR) domain proteins(Daumke et al., 2014; Takei et al., 1999). These vesicles then
fuse with pre-existing EEs for subsequent intracellular trafficking(Choudhury et al., 2005;
Ungewickell et al., 2004). Several clathrin independent pathways also exist(Mayor et al., 2014;
Sandvig et al., 2018; Shafaq-Zadah et al., 2020).

After endocytosis, the compartment in the ELN that first receives cargo that has entered
the cell is the EE(Huotari and Helenius, 2011). The EE is the sorting hub for cellular cargo and is
marked by GTP-binding protein Rab5 and/or its effector protein, early endosome antigen 1
(EEAT)(Behnia and Munro, 2005; Zerial and McBride, 2001). Several other cytosolic proteins
associate transiently with EE to execute downstream trafficking to other compartments of the
ELN(Christoforidis et al., 1999; Lakadamyali et al., 2006; Miaczynska et al., 2004). After rapid
sorting at the EE, cargo is either directed to LEs and lysosomes(Luzio et al., 2007; Poteryaev et
al., 2010) for degradation or recycled back to the plasma membrane(Maxfield and McGraw,
2004). Recycling can occur either directly from the EE to the plasma membrane or via another
specialized endosomal compartment called RE, marked by the GTPase Rab11(Pasqualato et al.,
2004; Sonnichsen et al., 2000). Conversion of EE to downstream endosomal compartments in the
ELN occurs through a process called endosomal maturation that involves a series of fusion

events, dynamic association and dissociation of several Rab proteins and their effectors, and
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additional regulatory cytosolic proteins and gradual acidification of the lumen(Huotari and
Helenius, 2011). LEs are subcellular membrane bound organelles that transport selected cargo
from EE into lysosomes(Rink et al., 2005), newly synthesized lysosomal hydrolases from the
TGN into lysosomes, and selected cargo from LE to TGN(Zhang et al., 2009). Transport from
LE and EE to the TGN occurs via the large multiprotein complex retromer(Rojas et al., 2008).
LEs are typically marked by the GTPase Rab7 and biogenesis of these vesicles depends on
activity of receptors of certain signaling pathways, suggesting that this process is subject to
alterations depending on cellular activity(1992). LEs eventually mature to form the most acidic
intracellular compartments of the ELN, lysosomes, which are marked by membrane proteins like
Lysosomal-associated membrane protein 1 (LAMP1) and have a lumen composition comprised
of enzymes active only at acidic pH, acid hydrolases(Maxfield and Yamashiro, 1987).
Cathepsins, a group of proteases, are the most abundant lysosomal acid hydrolases and Cathepsin
D is one of the most abundant aspartic proteases mainly within lysosomes(Mason, 1996).
Continuous endocytic trafficking into lysosomes is crucial to maintain lysosome morphology, pH

and intracellular localization(Bucci et al., 2000).

1.2.2 Endolysosomal Network Dysfunction in Alzheimer’s Disease

Through coordination of these multiple complex intracellular pathways, the ELN
maintains cellular homeostasis and dysfunction of this network can result in disease phenotypes
in distinct cell types. Early reports of ELN dysfunction in AD were closely associated with the
trafficking and cleavage of the amyloid precursor protein, APP. Studies showed that that APP
localizes within vesicle-like structures in cells(Ferreira et al., 1993) and these vesicles and
endocytic pathways were identified as locations where APP cleavage could occur, increasing A3

peptides and plaque formation(Roher et al., 1988).
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Early clinical studies suggested a pathogenic role for the ELN in AD. Schwagerl et al.,
measured the levels of Cathepsin D (Cat-D), a major lysosomal protease, in the cerebrospinal
fluid (CSF) of patients with AD. Cat-D was presumed to enter the CSF following neuronal death
and measured levels were approximately 4-times higher than healthy control levels, and also
higher than the corresponding levels in patients with other neurodegenerative diseases such as
Huntington’s disease(Schwagerl et al., 1995). This study and others suggested that dysfunction
of the lysosome could lead to neuronal cell death associated with various neurodegenerative
diseases including AD(Nixon and Cataldo, 1995). Further work showed hippocampal and
prefrontal cortex cells from AD patients contained 2-8-fold more hydrolase-positive vacuolar
compartments than healthy control brains, suggestive of distinct physiologic differences in ELN
components in AD that were unrelated to normal aging(Cataldo et al., 1996). In addition to
lysosomal defects, enlarged EEs are also markers of ELN dysfunction, indicative of delayed
maturation or a block in the endocytic pathway(Kaur and Lakkaraju, 2018). Elegant work in the
late 1990s and early 2000s demonstrated that enlarged EEs preceded canonical AD pathology in
patient brains, indicating that ELN dysfunction occurs early in the course of disease(Cataldo et
al., 1997; Cataldo et al., 2004; Cataldo et al., 2000).

Further studies have shown alterations in multiple genes that regulate endosomal
pathways in both autosomal dominant EOAD and in LOAD. In EOAD, mutations in the APP,
PSENI, and PSEN2 genes disrupt various components of the ELN. EOAD mutations in APP
lead to enlarged EEs, can alter interactions between APP and BACE] in endocytic
compartments, affect intracellular sorting and ultimately increase amyloidogenic processing.
PSEN1/2 mutations disrupt lysosome function, alter autophagy, and also result in enlarged

EEs(Bhalla et al., 2012; Das et al., 2016; Fedeli et al., 2019; Hung and Livesey, 2018; Kwart et
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al., 2019). With respect to LOAD, GWAS have consistently implicated endo-lysosomal loci with
increased genetic risk for disease development. Loss of expression of the LOAD risk gene
Sortilin-related receptor 1 (SORL]I) also leads to enlarged EEs and lysosomes(Hung et al., 2021;
Knupp et al., 2020).

The early endosome serves as a hub in which internalized cargo can be retrogradely
transported to the trans-Golgi, recycled back to the cell surface or degraded as endosomes mature
into late endosomes and lysosomes(Mayle et al., 2012). As such, disruptions to EEs may result in
alterations in multiple downstream ELN pathways. Trafficking of substrates out of the early
endosome to late endosomes and, subsequently, lysosomes is important for protein degradation
and has been shown to be disrupted in hiPSC-neurons lacking SORLI expression(Hung et al.,
2021; Knupp et al., 2020). PSEN deficiency and mutations have been linked to impaired
lysosomal acidification(Lee et al., 2010), calcium dysregulation(McBrayer and Nixon, 2013) and
altered acidic vesicle distribution(Bezprozvanny, 2012). Lysosome function can also be affected
by lysosome size, which has been shown to be altered in AD and in cellular models of AD(Hung
et al., 2021; Hwang et al., 2019).

The recycling pathway is a process by which neurons ensure reuse of receptors, maintain
membrane protein and lipid composition and regulate activation of several signaling pathways.
This pathway is known to regulate crucial neuronal functions including synaptic plasticity and
neurotrophic signaling (Dittman and Ryan, 2009; Itofusa and Kamiguchi, 2011; Kennedy and
Ehlers, 2006; Winckler and Mellman, 2010). Specifically, Rab11, the GTPase that labels
recycling endosomes has been shown to influence synaptic activity and neurite growth (Sann et
al., 2009; Siri et al., 2020; Takano et al., 2012; Villarroel-Campos et al., 2016). Rab11 has been

identified as a regulator of AP production(Udayar et al., 2013), and increased colocalization of
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APP and Rabl1 is associated with elevated Ab production(Kyriazis et al., 2008). Additionally,
retromer-dependent recycling is critical for the insertion of glutamate receptors at
synapses(Temkin et al., 2017), which is a key component of synaptic plasticity. The loss of cell
surface glutamate receptors in AD brains results in synaptic dysfunction and ultimately synaptic
loss(Selkoe, 2002). Thus, ELN trafficking and recycling has been referred to as a “hub” that can

reconcile multiple cellular pathologies in AD(Small and Petsko, 2020).

1.3 SORLI

1.3.1 SORL1 Functions

The Sortilin-related receptor 1 (SORLI) gene encodes the protein SORLA, one of five
mammalian sorting receptors that contain a vacuolar protein sorting domain (Jacobsen et al.,
2001; Jacobsen et al., 1996; Willnow et al., 2008; Yamazaki et al., 1996). SORLA is a 250kDa
transmembrane protein originally identified in a screen for novel lipoprotein receptors expressed
in mammalian brains(Jacobsen et al., 1996; Yamazaki et al., 1996). Expression of SORLA is
abundant in neurons in various brain regions, including the cortex, hippocampus, and cerebellum
and the protein primarily localizes to intracellular vesicles in the neuronal soma(Motoi et al.,
1999). Early biochemical characterization revealed a direct interaction between SORLA and
APP and characterized SORLA as a sorting receptor that protected APP from amyloidogenic
processing(Andersen et al., 2005). SORLA has been also been implicated in targeting AP to
lysosomes for degradation(Caglayan et al., 2014).

SORLA has a variety of ligands beyond APP and AP, and can act as a receptor or co-
receptor for cell signaling cascades. As it is expressed in a variety of cell types in addition to

neurons, SORLA is involved in many cellular processes(Talbot et al., 2018). SORLA serves as an
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adaptor protein for the retromer complex, playing a critical role in retrograde sorting and recycling
of various cargoes(Andersen et al., 2016; Fjorback et al., 2012). As a regulator of lipoproteins and
lipolytic activity, SORLA has been identified as a risk factor for atherosclerosis and obesity
(Klinger et al., 2011; Nilsson et al., 2008; Schmidt et al., 2017). SORLA is also implicated in
inflammatory processes, particularly in the regulation of IL-6 cytokine family signaling and
turnover(Larsen and Petersen, 2017). Importantly for synaptic function, SORLA is involved
neurotrophin signaling as a sorting receptor for tyrosine kinase-B (TRKB). TRKB belongs to the
tyrosine kinase family of neurotrophin receptors(Huang and Reichardt, 2001) and regulates
neuronal survival and synaptic health through its neurotrophin ligand, BDNF (Patapoutian and

Reichardt, 2001).

1.3.2 SORL1 and Alzheimer’s Disease

Prior to genetic associations with AD, early studies described a 2.5-fold decrease in
SORLA expression in the cortex and hippocampus of LOAD brains(Dodson et al., 2006;
Scherzer et al., 2004). Following this finding, a candidate gene study implicated two haplotypes
in SORL 1 that were associated with increased AD in several population groups(Rogaeva et al.,
2007), indicating that SORL I might be considered an AD risk gene. A large GWAS in 2013
associated SORLI as a susceptibility locus in LOAD and this association has been consistently
replicated(Lambert et al., 2013; Miyashita et al., 2013; Raghavan et al., 2018). SORLI has also
been shown to be associated with EOAD, with exome sequencing studies identified rare coding
variants in SORLI present in families with early-onset AD without known mutations in APP or
PSENI/2(Holstege et al., 2017; Pottier et al., 2012). SORLI is a large gene and this in-depth

analysis has also found variants that occur in controls; however, the highly pathogenic frameshift
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variants that lead to premature stop codons and therefore haploinsufficiency of SORLI appear to
only occur in in AD cases(Holstege et al., 2017; Raghavan et al., 2018).

Along with genetic studies, functional analyses have continued to indicate the important
role SORLI plays in AD pathogenesis. SORLA has been reported to traffic AB peptides to
lysosomes for degradation(Caglayan et al., 2014), and manipulating SORLA expression in non-
neuronal and neuronal cells directly impacts APP processing to A peptides(Rogaeva et al.,
2007; Young et al., 2015). In addition to a direct role in APP processing, SORLA traffics
receptors for the neurotrophins BDNF and GDNF (Geng et al., 2011; Glerup et al., 2013; Rohe et
al., 2013) and SORLA expression may impact synaptic function. Synapsins are a family of
proteins that are involved with the regulation of neurotransmitter release at synapses, and thus
are essential in the processes of endo- and exocytosis. Deletion of SORLA in mice resulted in an
accumulation of phosphorylated synapsins in various regions of the brain, indicating that
SORLA may have a direct effect on the degradation of synapsins, which, in turn, could impact
on synaptic vesicle endocytosis(Hartl et al., 2016). Additionally, Huang and colleagues used
SORLA transgenic mice to demonstrate an interaction with the ephrin receptor EphA4, which is
important for synaptic structure and function(Huang et al., 2017). Aberrant EphA4 activation by
Ab has been described in AD(Fu et al., 2007; Vargas et al., 2018) and SORLA association with
EphA4 was show to suppress synaptotoxic activation of this receptor(Huang et al., 2017). Taken
together, the above studies clearly suggest that the SORL1 gene and SORLA protein may have a
direct role in ELN function and in AD pathogenesis and may have the potential to lead to future

diagnostic or therapeutic approaches in AD.

24



1.4 HUMAN INDUCED PLURIPOTENT STEM CELL MODELS OF DISEASE

1.4.1 Generating hiPSC Models

The development of safe and effective treatments for age-associated neurodegenerative
disorders is an on-going challenge. Key to the development of such therapies is the appropriate
selection of laboratory models in which to investigate disease mechanisms and test candidate
interventions. Models that incorporate the complexity of human genetics, include disease-
relevant cellular phenotypes, and can be utilized in therapeutic screens represent powerful tools
in understanding and treating neurodegenerative disorders such as AD.

The generation of hiPSCs first requires the introduction of exogenous transcription
factors into fully differentiated cells, thus reverting the cells back to an embryonic-like
state(Mahmoudi and Brunet, 2012). This technology was pioneered by Takahashi and Yamanaka
who demonstrated that expression of four transcription factors (OCT4, SOX2, KLF4, and c-
MYC, termed the “Yamanaka factors™) could successfully reprogram mouse and human
fibroblasts into pluripotent cells with a gene expression profile, morphology and growth profile
similar to that of embryonic stem cells (ESCs)(Takahashi et al., 2007; Takahashi and Yamanaka,
2006). Ensuing protocols included the additional transcription factors NANOG and LIN28(Yu et
al., 2007). Current protocols for generating hiPSCs largely use non-integrating methods to ensure
that the reprogramming factors are not permanently established in the host genome. hiPSC
technology has rapidly progressed with hiPSCs being derived from somatic cell sources as
diverse as keratinocytes from hair(Linta et al., 2012), CD34+ cells from peripheral blood(Loh et
al., 2009) and renal proximal epithelial cells from urine(Zhou et al., 2011). hiPSCs have also
been established from postmortem tissue including dura mater(Bliss et al., 2012; Sproul et al.,

2014) and leptomeninges(Rose et al., 2018). As the field has expanded, multiple protocols have
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been developed to differentiate central nervous system cell types, including various neuron
subtypes, astrocytes, oligodendrocytes, and microglia, from hiPSCs using small molecule-based
methods and transcription factor-based methods(Abud et al., 2017; Ehrlich et al., 2017; Ladewig

et al., 2012; Perriot et al., 2018), and this remains a very active area of ongoing research.

1.4.2 hiPSC Models of Neurodegenerative Diseases

hiPSCs are an attractive in vitro model for neurodegenerative diseases because of their
human patient-specific origin, expandability, and ability to differentiate into diverse human cell
types(Shi et al., 2017). This approach is invaluable for studies exploring the mechanistic aspects
of human neurons, as it is challenging to isolate and expand human primary neurons from the
brain. hiPSC-derived neurons (hiPSC-Ns) have been used to study multiple neurodegenerative
diseases, including AD, Parkinson’s disease (PD), and Amyotrophic Lateral Sclerosis
(ALS)(Berry et al., 2018; Penney et al., 2020; Zhang et al., 2020). Such hiPSC models have
helped elucidate the pathogenesis of sporadic forms of neurodegenerative diseases and
contributed to drug discovery, with compounds identified using hiPSC-N models of AD(Bright
et al., 2015) and ALS(Wainger et al., 2014) progressing to phase II clinical trials.

An ongoing challenge in neurodegenerative disease modeling is the ability to understand
selective vulnerability, in which a specific neuronal subtype is more affected than others.
Refinements in neuronal differentiation protocols have made significant advances in producing
distinct neuronal subtypes such as CA3 hippocampal neurons(Sarkar et al., 2018), cortical
interneurons(Nestor et al., 2015), medium spiny neurons (MSNs)(Stanslowsky et al., 2016),
dopaminergic neurons(Mahajani et al., 2019; Theka et al., 2013), motor neurons(Hester et al.,
2011; Shimojo et al., 2015), and Purkinje neurons(Watson et al., 2018). Furthermore, studies that

transplant hiPSC-Ns into slice cultures show that the transplanted cells take on the specific
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properties of the region where they were transplanted, such as CA1 or the dentate gyrus(Hiragi et
al., 2017). Large-scale single cell transcriptome studies of the human brain, such as those done
by Hodge and colleagues(Hodge et al., 2019), provide data about specific neuronal subtypes and
will certainly influence hiPSC differentiation protocols to further refine in vitro cell types.

hiPSCs have great utility as a tool to generate neurons to model neurodegenerative
diseases; however, as with any model there are important limitations to consider. The generation
of hiPSCs can be expensive and labor-intensive(Nicholas et al., 2013; Schlachetzki et al., 2013).
hiPSCs also have potential for tumorigenicity(Miura et al., 2009) and aberrant genetic and
epigenetic modifications(Gore et al., 2011; Lister et al., 2011). While many cell types of the CNS
can be differentiated from hiPSCs, including neurons, astrocytes, oligodendrocytes, and
microglia, protocols vary widely in their ease and efficiency; many differentiation protocols can
take weeks to months to generate the cell type of interest(Espuny-Camacho et al., 2013; Krencik
etal., 2011; Nicholas et al., 2013; Wang et al., 2013).

The strongest risk factor for most neurodegenerative diseases is age(Niccoli and
Partridge, 2012), and modeling age-related neurodegenerative disorders using hiPSCs presents a
unique set of challenges. hiPSC-Ns are fetal in nature and gene expression profiles are
characteristic of an early embryonic stage(Israel et al., 2012). Despite this, phenotypes classically
associated with age-related neurodegenerative disease have been consistently reported in
experiments using hiPSC-Ns. Recent work demonstrates that hiPSC-derived neural cells show
APOE genotype-dependent phenotypes consistent with AD pathophysiological changes,
including tau phosphorylation, endosome enlargement, and impaired AP clearance in hiPSC-
derived neurons, astrocytes, and microglia(Lin et al., 2018; Wang et al., 2018). This work

highlights the utility of using hiPSC-derived cells to understand cell type-specific mechanisms,
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especially those that may have a genetic driver. Aging is a multifactorial process driven by
genetics and environment and affects diverse cellular pathways(Lopez-Otin et al., 2013;
Rodriguez-Rodero et al., 2011). Similarly, the progressive dysfunction of neurons in age-
associated neurodegenerative diseases is also multifactorial and takes decades to develop.
Because reprogramming protocols appear to reverse many of the cellular and molecular
hallmarks of aging, hiPSCs may not effectively model all aspects of neurodegenerative
diseases(Lo Sardo et al., 2017; Mertens et al., 2015; Studer et al., 2015). If and how cells age in
vitro is not well understood and has prompted an intriguing line of research to introduce the
effects of aging into hiPSC-derived cellular models of neurodegenerative disease(Miller et al.,
2013; Tagliafierro et al., 2019).

Finally, while simple monogenetic diseases can often be modeled using a single cell type
with a defined phenotype, modeling multifactorial neurodegenerative diseases is more
challenging. In more complex diseases, factors contribute to development of the phenotype and
pathology that often cannot be modelled in a single cell type. To more closely replicate the
environment in the brain, there may be value in coculturing patient-derived hiPSC-Ns with other
cell types. With the development of protocols to generate patient-specific microglia(Abud et al.,
2017) and patient-specific astrocytes(Caiazzo et al., 2015), these cells could be cocultured
together with patient-specific hiPSC-Ns in a three-dimensional culture to capture the
spatiotemporal context of the brain environment. This 3D culture system could either be an
engineered system, in which cells are cultured on a supporting material such as a biodegradable
scaffold(Kim et al., 2015; Soman et al., 2012; Zhang et al., 2014); or a structure-free system,
whereby the different cell types form self-organizing, discrete structures for example, spheroids

or organoids(Lancaster et al., 2013; Qian et al., 2016; Raja et al., 2016).
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Chapter 2. DEPLETION OF THE AD RISK GENE SORLI
SELECTIVELY IMPAIRS NEURONAL
ENDOSOMAL TRAFFIC INDEPENDENT OF
AMYLOIDOGENIC APP PROCESSING

2.1  INTRODUCTION

Alzheimer’s disease (AD) is the most common neurodegenerative disorder in the elderly
affecting nearly 40 million people worldwide(2019) and there is no treatment that alters disease
progression. Recent therapeutic designs have focused on the main neuropathologic hallmarks of
AD, accumulations of amyloid beta (A) in senile plaques and abnormally phosphorylated tau
protein in neurofibrillary tangles. The nearly universal failures of these trials to date, the vast
majority of which have focused on removing or modulating A, argues that other cellular
pathways should be mechanistically studied for therapeutic development. Both genetics and
pathology point to endosomal abnormalities and dysfunction as an early pathway in AD
pathogenesis(Cataldo et al., 2000; Karch and Goate, 2015; Offe et al., 2006; Rogaeva et al.,
2007). In particular, the SORLI gene, which encodes the sorting protein SORLA, is highly
relevant, being associated with both late-onset and early-onset forms of AD(Bettens et al., 2008;
Holstege et al., 2017; Pottier et al., 2012; Reitz et al., 2011; Rogaeva et al., 2007). SORLA, first
identified as a neuronal sorting receptor(Andersen et al., 2005; Hermans-Borgmeyer et al.,
1998), is expressed in nearly all central nervous system (CNS) cell types(Zhang et al., 2014) and
has multiple roles in endocytic sorting(Dumanis et al., 2015; Glerup et al., 2013; Herskowitz et
al., 2012; Klinger et al., 2011; Nielsen et al., 2007), retromer-dependent retrograde

trafficking(Fjorback et al., 2012), and amyloid precursor protein (APP) processing
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regulation(Andersen et al., 2005; Mehmedbasic et al., 2015; Rogaeva et al., 2007; Young et al.,
2015). SORLA expression decreases in sporadic AD (SAD)(Dodson et al., 2006; Ma et al., 2009;
Sager et al., 2007), and protein coding variants identified in early-onset AD families may lead to
functional defects in the sorting of AP in cells(Caglayan et al., 2014). Rare loss-of-function
truncation mutations have been found to be causal of late-onset AD(Holstege et al., 2017;
Raghavan et al., 2018). We previously evaluated SORL! activity in human induced pluripotent
stem cell (hiPSC)-derived neurons from AD patients and controls and demonstrated that SORL1
expression induction with neurotrophic factors and its subsequent effect on neuronal A} peptides
can be impacted by the presence of AD-associated risk variants(Young et al., 2015).

Due to its role as a sorting receptor and because it may be decreased in AD, we
hypothesized that SORL deficiency would impact endosome pathology and, by default,
trafficking of cargo in the endo-lysosomal network. To evaluate this hypothesis, we generated
SORL]1 deficient hiPSC lines using CRISPR/Cas9 genomic editing. We examined endosomal
size in two cell types differentiated from these hiPSCs-- neurons and microglia. We also tested
whether inhibiting amyloidogenic processing of APP by inhibiting BACE modulated endosome
enlargement in hiPSC-derived neurons. In this study, we report that loss of SORLI by itself
induces enlarged endosomes in hiPSC-derived neurons and this phenotype is not altered by
BACE inhibition. We also observe that SORLI deficiency alters APP localization within the
neuronal endosomal network. Interestingly, SORLI loss does not induce endosome enlargement
in hiPSC-derived microglial-like cells, suggesting cell-type specific differences in this early AD
cytopathology. Taken together, our data suggest that loss of the known AD risk gene SORL1
induces early AD cytopathology in neurons and that, while it impacts trafficking of APP, the

endosomal pathology occurs in an amyloid-independent manner. We observe important
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endosome pathology differences in two CNS cell types, underscoring the complexity of this

cellular pathway in the brain.

2.2  RESULTS

2.2.1 Loss of SORL1 in hiPSC-Derived Neurons Results in Enlarged Early Endosomes

We hypothesized that depletion of SORLI in human neurons would allow us to
investigate early features of AD that may involve endosomal network dysfunction. We
established isogenic SORLI KO and WT hiPSC lines using CRIPSR/Cas9 technology. We
targeted exon 6 of the SORLI gene, inducing indels that disrupted the reading frame, leading to
complete loss of SORLA protein (SORL1 KO) (Figure 2.3). In neurons differentiated from the
SORL1 KO hiPSC lines, we quantified staining of endogenous EEA1 and Rab5 (markers of early
endosome morphology) using confocal microscopy. We observed significantly increased
fluorescence intensity from EEA1+ puncta (Figure 2.1A-B) and Rab5+ puncta (Figure 2.5C) in
SORLI KO neurons. Western blot analysis showed no change in total EEA1 protein between WT
and SORLI KO neurons (Figure 2.4), suggesting that the increased fluorescence intensity is due
to enlarged or fused early endosomes. We quantified endosome size and binned populations
based on >0.5 mm? or <0.5 mm? area distributions (Figure 2.1C). We observed significantly
more endosomes >0.5 mm? (Figure 2.1C), and a significant increase in the mean EEA 1+ puncta
area in SORLI KO neurons (Figure 2.1D-E). Interestingly, we also noticed significantly
enlarged endosomes in neural progenitor cells (NPCs) from the SORLI KO lines (Figure 2.5A)
suggesting that loss of SORL impacts endosome morphology early in the neural lineage, after
hiPSCs are driven to neuroectoderm. Finally, we also tested an shRNA against SORLI in WT
neurons and again observed significantly enlarged endosomes (Figure 2.5B), suggesting that an

acute reduction of SORL 1 expression also leads to this phenotype.
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2.2.2 Enlarged Early Endosomes in the Context of SORLI Depletion Occur Independent of
Amyloidogenic APP Processing

Recent work has shown that neurons with introduced familial AD (FAD) mutations also
show enlarged endosome morphology that is FAD gene-dose dependent(Kwart et al., 2019). In
Kwart et al.’s study, endosome enlargement was dependent on b-secretase processing of APP. To
test whether amyloidogenic processing of APP also contributed to early endosome enlargement
in the context of SORLI loss, we treated SORLI KO and isogenic WT neurons with a BACE
inhibitor (BACEi), effectively reducing A} peptide levels in our neurons (Figure 2.2G-H).
There was no difference in endosome size nor EEA1 intensity in WT cells treated with BACE1
compared to DMSO (Vehicle control) (Figure 2.1F-J.) Interestingly, in BACEi treated SORL 1
KO neurons we observed an even stronger increase in mean EEA1 intensity (Figure 2.1F,G) and
no amelioration of early endosome enlargement compared to SORLI KO cells treated with
DMSO (Figure 2.1H,1,J). These data suggest the mechanism by which loss of SORLI
expression induces endosome enlargement is independent of amyloidogenic APP processing and

differs from how FAD mutations impact the endosomal network.

223 Enlarged Early Endosomes in SORLI Deficient Cells are Present in hiPSC-Derived
Neurons, But Not Microglial-Like Cells

AD-associated risk genes and their biological pathways may function differently between
unique CNS cell types. Indeed, recent work using hiPSC-derived, gene-edited cells demonstrates
that the strongest AD genetic risk factor, APOE &4, impacts different cellular AD phenotypes in
a cell type-specific manner(Lin et al., 2018; Wang et al., 2018). Microglia, the innate immune

cells of the CNS, also express SORLI(Zhang et al., 2014) but the role of SORLI in microglia is
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undefined and functionality of the endosomal network is likely very different in these highly
phagocytic cells compared with neurons, which are professional secretory cells. We
differentiated SORLI KO hiPSCs to microglial-like cells using a previously published
protocol(McQuade et al., 2018) (Figure 2.6) and analyzed endogenous EEA1 staining using
similar protocols as used with hiPSC-derived neurons and NPCs. Surprisingly, we did not
observe differences in EEA1 fluorescence intensity (Figure 2.1K,L) or puncta size (Figure
2.1M,N) when we compared WT and SORL 1 KO microglial-like cells. Microglia are derived
from mesoderm/hematopoietic lineages while NPCs and neurons are derived from neural
ectoderm. Our findings suggest that the endosomal trafficking and sorting functions of SORL 1
may depend on cell lineage and that SORL I-dependent early endosome pathology is specific to

neuronal cells.

2.2.4 Loss of SORLI in hiPSC-Derived Neurons Alters APP Trafficking and Processing in
the Endosomal Network

Enlarged endosomes are indicative of endosomal traffic jams and may delay the proper
maturation and progression of vesicles and cargo for processing and degradation(Kaur and
Lakkaraju, 2018). One well-characterized cargo of SORL I-dependent trafficking is
APP(Fjorback et al., 2012). We quantified the localization of APP in various compartments of
the endo-lysosomal network in SORL deficient neurons using confocal microscopy. We
observed an increase in colocalization of APP with EEA1 (Figure 2.2A-B) and a decrease in
colocalization of APP with TGN38, a marker for the trans-Golgi network (TGN) (Figure 2.2C-
D), demonstrating reduced retrograde transport of APP in the absence of SORLI. We also
observed decreased colocalization of APP with Rab7, a marker of maturing endosomes (Figure

2.2E-F), suggesting that in the context of SORL deficiency, vesicles with APP cargo are either
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not maturing into late endosomes/lysosomes, or that the trafficking of APP itself to these
compartments is impaired. Although the enlarged endosome morphology we observe is amyloid
independent, downstream amyloidogenic cleavage of APP occurs in acidic early
endosomes(Small and Gandy, 2006), where we document increased localization of APP.
Previous studies have shown that molecules that enhance retrograde trafficking away from the
early endosome towards the Golgi or back to the plasma membrane reduce amyloidogenic
cleavage and decrease colocalization of APP with early endosomal markers(Mecozzi et al., 2014;
Young et al., 2018). The impact of SORLI expression on APP processing has been previously
described by us and others in studies showing knock-down of SORLI increases A} peptides in
non-neuronal cells(Rogaeva et al., 2007) and in hiPSC-derived neurons(Young et al., 2015). We
confirmed that SORLI KO neurons have increased AP peptides released into the culture media,
and that both AB1.40 and Ai-42 species were equally increased, without inducing a significant
change in the AP 42:40 ratio (Figure 2.2G-I). We did not observe a change in APP holoprotein
expression in SORL1 KO neurons (Figure 2.4). While BACE:i significantly reduced A levels in
all cell lines (Figure 2.2G,H), there were still detectable A3 peptides in the neuronal media,
showing an incomplete inhibition of BACE. In concordance with an increase of APP in early
endosomes in the absence of SORLI (Figure 2.2A), there were still significantly higher levels of
AP peptides secreted into the culture media in the SORLI KO neurons, even in the presence of
BACE:i (Figure 2.2G). In order to further confirm that our BACE:i treatment was effective, we
measured sAPPP by ELISA assay and -C-terminal fragments (BCTFs) levels by Western blot in
WT and SORLI KO neurons in either BACEIi conditions or DMSO controls. We observed a
significant reduction in sAPPJ levels and in BCTFs upon application of the BACEi1 in both WT

and SORLI KO neurons (Figure 2.2J,K,M). We did not observe a significant increase in BCTFs
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in SORL1 KO neurons in control conditions (Figure 2.2K). Together, these data support our
hypothesis that, in SORL deficient conditions, the enlarged endosome phenotype is independent
of amyloidogenic cleavage of APP. Interestingly, we observed an increase in aCTFs in WT
neurons under BACEi conditions, suggesting that a cleavage may be exacerbated under these
conditions as a and P secretase have been shown to have competitive activity(Netzer et al., 2017;
Skovronsky et al., 2000). We did not observe an increase in aCTFs in SORL KO neurons
(Figure 2.2L). These data are consistent with the observation that loss of SORLI retains APP in

the early endosome, where it is unavailable for a cleavage.
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Figure 1
Figure 2.1. Depletion of SORL1 leads to enlarged early endosomes in hiPSC-derived neurons
but not microglial-like cells, independent of amyloidogenic APP processing. (A)
Representative immunofluorescence images of WT and SORLI KO neurons stained with EEA1
(green), MAP2 (red), and DAPI (blue). White boxes indicate regions of interest (ROIs) magnified
in insets. Arrows indicate enlarged EEA1+ puncta. Scale bars are 5 um. (B)Quantification of

immunofluorescence images demonstrates increased EEA1+ puncta fluorescence intensity in
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SORL1 KO neurons compared to WT. n=10 images (18-22 cells). (C)Size distribution of EEA1+
puncta in SORLI KO neurons compared to WT demonstrates increased frequency of EEA1+
puncta >0.5 um? in SORLI KO neurons. n=10 images (18-22 cells) (D)Quantification of mean
EEA1+ puncta area in WT compared with SORLI KO neurons demonstrates increased mean
EEAI1+ puncta area in SORLI KO neurons compared to WT. n=10 images (18-22 cells).
(E)Normalization of mean EEA1+ puncta area by cell area in WT compared with SORLI KO
neurons. n=10 images (18-22 cells). (F)Representative immunofluorescence images of WT and
SORL1 KO neurons treated with either DMSO or BACEi for 72 hours. Neurons were stained with
EEA1 (green), MAP2 (red), and DAPI (blue). White boxes indicate regions of interest (ROIs)
magnified in insets. Arrows indicate enlarged EEAI1+ puncta. Scale bars are Sum.
(G)Quantification of immunofluorescence images demonstrates increased mean EEA 1+ puncta
intensity in BACEi treated SORLI KO neurons compared to DMSO treated controls. n=10-20
images (42-58 cells). (H)Size distribution of EEA1+ puncta in SORLI KO neurons compared to
WT neurons with and without BACEi treatment. n=10-20 images (42-58 cells). (I)Quantification
of immunofluorescence images demonstrates enlarged EEA1+ puncta area in BACEi treated
SORLI KO neurons compared to DMSO treated controls. n=10-20 images (42-58 cells).
(J)Normalization of mean EEA 1+ puncta area by cell area in BACEi treated WT and SORLI KO
neurons. n=10 images (18-22 cells). (K)Representative immunofluorescence images of WT and
SORLI KO microglial-like cells stained with EEA1 (red), Ibal (green), and DAPI (blue). White
boxes indicate regions of interest (ROIs) magnified in insets. Scale bars are 5 um.
(L)Quantification of immunofluorescence images demonstrates no significant change in mean
EEA1+ puncta intensity in SORLI KO microglial-like cells compared to WT. n=10 images (10-
14 cells). (M)Quantification of immunofluorescence images demonstrates no significant change
in EEA1+ puncta area in SORLI KO microglial-like cells compared to WT. n=10 images (10-14
cells). (N)Normalization of mean EEA1+ puncta area by cell area in WT compared with SORL
KO microglial-like cells. n=10 images (18-22 cells). All experiments represent two isogenic clones
of each genotype (four total). All values represent mean +/- SEM. Normally distributed data (B,
C,D, E, H, L, M, N) were analyzed by parametric statistical tests. Non-normally distributed data
(G, I, J) were analyzed by non-parametric statistical tests. *p<.05, **p<.01, ***p<.001I,
*Exkp<.0001 by two-tailed unpaired t-test (B, D, E, L, M, N); by two-way ANOVA (C, H); or by
Kruskal-Wallis test (G, I, J).
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Figure 2.2. SORLI depletion in hiPSC-derived neurons alters APP localization in the
endosomal network and increases amyloidogenic processing of APP. (A)SORLI depletion
results in APP accumulation in EEA1+ early endosomes. Representative immunofluorescence
images of WT and SORL 1 KO neurons stained with EEA1 (red), APP C-terminal antibody (green),
MAP?2 (far-red) and DAPI (blue). Arrows indicate colocalization of EEA 1+ puncta with APP and
APP fragments. Scale bars are 5 um. (B)Quantification of colocalization of EEA1 with APP, n=10-
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20 images. (C)SORLI KO neurons show reduced colocalization of APP and APP fragments with
Rab7+ puncta. Representative immunofluorescence images of WT and SORL 1 KO neurons stained
with Rab7 (red), APP C-terminal antibody (green), MAP2 (far-red), and DAPI (blue). Arrows
indicate colocalization of Rab7+ puncta with APP and APP fragments. Scale bars are 5 pum.
(D)Quantification of colocalization of Rab7 with APP, n=10-20 images. (E)SORLI KO neurons
show reduced colocalization of APP and APP fragments with TGN38+ puncta. Representative
immunofluorescence images of WT and SORLI KO neurons stained with TGN38 (red), APP C-
terminal antibody (green), MAP2 (far-red), and DAPI (blue). Arrows indicate colocalization of
TGN38+ puncta with APP and APP fragments. Scale bars are 5 um. (F)Quantification of
colocalization of TGN38 with APP, n=10-20 images. (G-H)SORL! KO neurons secrete higher
levels of APi-40 and AB1-42 peptides than WT cells, indicated by asterisks (*). BACE:i significantly
reduces these peptides in both genotypes compared to DMSO controls, indicated by hashmarks
(#). In the presence of BACEi, SORLI KO neurons still secrete increased levels of APi-40 and AP-
42 peptides, indicated by asterisks (*). n=2 biological replicates per genotype, 3-6 technical
replicates. (I)Neither SORLI KO nor treatment with BACEi changes the ratio of ABi-42:AB1-40
peptides. n=2 biological replicates per genotype, 3-6 technical replicates. (J)Representative
Western blot of full length (FL) APP and APP CTFs in WT and SORL1 KO cell lines treated with
BACEi or DMSO control. n=2 biological replicates. (K) BCTFs of APP are significantly reduced
in BACE:I treated neurons as determined by Western blot. n=2 biological replicates. (L)aCTFs of
APP are significantly higher in WT neurons treated with BACE1 but unchanged in SORLI KO
neurons treated with BACE1, as determined by Western blot. n=2 biological replicates. (M)sAPPf3
fragments are significantly reduced in WT and SORLI KO neurons with BACEi treatment, as
determined by ELISA assay. n=2 biological replicates per genotype, 3-6 technical replicates. All
experiments represent two isogenic clones of each genotype (Four total). All values represent mean
+/- SD. All normally distributed data were analyzed by parametric statistical tests. *p<.05,
*Ep<.01, ***p<.001, ****p<.0001 by two-tailed, unpaired t-test (B, D, F); by two-way ANOVA
(G, H), or by one-way ANOVA (K, L, M)
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Figure 2.3. SORLI KO gene editing and validation. (A)Schematic drawing representing
CRISPR/Cas9 depletion of SORLI in hiPSCs. The gRNA (underlined) was targeted to exon 6 in
the SORLI coding sequence. The light blue shading, marked by arrowheads, indicates a
synonymous SNP present in the donor hiPSC line that differs from the reference genome. The two
KO clones used in this study show an insertion (clone E1) and a deletion (clone E4) three bases
upstream from the PAM site that lead to a frameshift and premature stop codon. (B)Representative
Western blots and quantitation show reduction of SORLA protein levels to nearly zero in the KO
hiPSCs, NPCs, and neurons. Quantification for all cell types includes two biological replicates
(clones) per genotype, n=6 biological replicates. All values represent mean +/- SD. All normally
distributed data were analyzed by two-tailed unpaired t-test. *p<.05, **p<.01, ***p<.001,
*kxkp< 0001
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Figure 2.4. SORLI depletion in hiPSC-derived neurons does not alter EEA1 or APP

expression. (A)WT and SORLI KO neurons show no significant difference in EEA1 protein

expression as measured by Western blot. (B)WT and SORLI KO neurons show no significant

difference in full-length APP expression as measured by Western blot. Quantification includes two

biological replicates (clones) per genotype, n=3-6 biological replicates. All values represent mean

+/- SD. All normally distributed data were analyzed by two-tailed unpaired t-test. *p<.05, **p<.01,
*REP<.001, ****p<.0001
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Figure 2.5. SORL1 depletion leads to enlarged early endosomes. (A)Representative
immunofluorescence images and quantitation of enlarged EEA 1+ early endosomes in SORLI KO
and isogenic WT NPCs. NPCs were stained with EEA1 (green), Nestin (red), and DAPI (blue).
Two biological replicates (clones) per genotype, n=7 images (24-26 cells). (B)Representative
immunofluorescence images and quantitation of enlarged EEA1+ early endosomes in WT hiPSC-
derived neurons treated with a SORLI shRNA. Neurons were stained with EEA1 (red), scrambled
(SCR) and SORL1 shRNA (green), and DAPI (blue). n=9 images (36-48 cells). (C) Representative
immunofluorescence images and quantitation of enlarged Rab5+ early endosomes in SORLI KO
and isogenic WT hiPSC-derived neurons. Neurons were stained with Rab5 (green), MAP2 (red),
and DAPI (blue). Two biological replicates (clones) per genotype, n=7 images (22-26 cells). All
values represent mean +/- SEM. All normally distributed data were analyzed by two-tailed

unpaired t-test. *p<.05, **p<.01, ***p<.001, ****p<.0001
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Figure 2.6. SORLI KO microglia-like cells express microglia markers. Representative
immunofluorescence images and Western blot of SORLI KO and isogenic WT microglial-like
cells differentiated from hiPSCs. Microglia-like cells show expression of microglial markers IBA1

(green) and CX3CRI1 (far red). SORLI KO microglia-like cells show no SORLA staining (red)
and no SORLA expression by Western blot. Scale bars are 20um.
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2.3 DISCUSSION

Endosome enlargement is an early cytopathology in AD(Cataldo et al., 2000) and
abnormalities in the endolysosomal network are prevalent throughout human neurodegenerative
disorders(Vagnozzi and Pratico, 2019). Multiple genetic studies also identify risk loci in or near
genes involved in endosomal trafficking(Van Acker et al., 2019). This points to protein
trafficking as an important, and potentially modifiable, pathway for AD and related disorders. As
defects in the endosomal network are an early event in AD pathogenesis, this is an important
target whose modulation may impact downstream pathologies. Indeed, our previous work has
shown that molecules that enhance endosomal trafficking pathways affect Ap and tau
independently, supporting the premise that trafficking dysfunction is an early driver of AD
(Young et al., 2018). In this study, we used hiPSC and CRISPR/Cas9 technology to ask whether
loss of an established AD risk gene, SORL 1, induces early endosome pathology in neurons and
other cell types affected in AD. We document significantly enlarged endosomes in hiPSC-
derived neurons lacking SORL I, demonstrating that loss of this sorting receptor is sufficient to
induce this pathology in neurons (Figure 2.1A-E).

Endosome dysfunction is seen prior to AP} accumulation in AD brains(Cataldo et al.,
2000) and previous studies have established that the APP BCTFs are toxic and can themselves
cause endosomal enlargement(Kim et al., 2016; Kwart et al., 2019; Xu et al., 2016). Recently, in
a large cohort of FAD hiPSC-derived neurons, endosome enlargement due to FAD mutations
was rescued by BACEi treatment(Kwart et al., 2019). In our study, BACEi treatment reduced Af3
peptides but did not ameliorate, and in fact exacerbated, endosomal size increases induced by
loss of SORL1 in hiPSC-derived neurons (Figure 2.1F-J). This suggests endosomal homeostasis

may require a delicate balance of cargo, and that endosome pathology is a global event in AD
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pathogenesis impacted by many different factors, which likely differ between early and late onset
forms of the disease.

The genetic mutations causing FAD (in APP or PSEN genes) affect APP processing. In
contrast, genetic studies of SAD have identified approximately two dozen associated candidate
genes, a group of which converge around vesicular trafficking and endocytosis pathways.
Among these, SORLI is common and truncation mutations causing loss-of-function of the
SORLA protein are shown to be causal for late-onset AD(Holstege et al., 2017; Raghavan et al.,
2018) making SORL1 depletion a reliable approach for studying this pathway. Taken together
with other recent findings(Kwart et al., 2019), our study establishes that two causative pathways
in AD—APP cleavage and endosomal trafficking— independently cause AD’s hallmark
cytopathology.

Enlarged early endosomes were first reported in neurons in post-mortem brain(Cataldo et
al., 2000) and models using hiPSCs with FAD mutations or from SAD patients have also shown
endosome enlargement in neurons(Israel et al., 2012; Lin et al., 2018; Raja et al., 2016). In
addition to neurons, microglia are also highly reliant on the endosomal network for the
trafficking of internalized substrates(Sole-Domenech et al., 2016). We differentiated microglial-
like cells from our SORLI deficient hiPSCs and performed the same analysis as with hiPSC-
derived neurons. Interestingly, we did not observe significant endosome enlargement in SORL ]
deficient microglial-like cells (Figure 2.1K-N). These data demonstrate that loss of SORL!
impacts microglial-like cells differently than neuronal cells, emphasizing important differences
in cell-type specific responses to insults involving the endosomal network. For example, recent
work reported that loss of the endosomal adaptor protein TOM1 in microglia led to reduced

microglial branching and impaired phagocytosis, while in neurons it resulted in upregulation of
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inflammatory signaling genes(Martini et al., 2019). Due to the vastly different roles microglia
and neurons play in the CNS, future work on analyzing the functionality of endosomal
trafficking, in addition to endosome size, in SORLI deficient microglial-like cells is warranted.
In neurons, one of the best-characterized cargos of SORLI is APP. The protein SORLA
directly binds APP(Andersen et al., 2006) and serves as an adaptor molecule, via
VPS26, in retromer-dependent retrograde trafficking of APP(Fjorback et al., 2012). We observed
that loss of SORL1 alters APP trafficking in the endosomal network, leading to increased
colocalization of APP in early endosomes and a decrease in its localization in late endosomes
and the TGN (Figure 2.2A-F). Thus, we confirm in human neurons that SORL! functions as a
retromer-receptor that traffics APP out of endosomes, and that by increasing the resident time of
APP in endosomal membranes SORLI deficiency accelerates amyloidogenic APP cleavage. We
also observe decreased APP localization in Rab7+ late endosomes/lysosomes, which suggests a
defect in either endosomal maturation or trafficking of APP towards degradative compartments.
Interestingly, in SORLI KO neurons the BCTF of APP is not significantly increased compared to
WT (Figure 2.2J, K). We also document even more significant reduction of BCTFs under
BACE:i conditions in SORLI KO cells. Together, these data indicate that the enlarged endosome
phenotype we observe is independent of amyloidogenic processing of APP and is directly tied to
the loss of an endosomal sorting receptor. We do observe an increase in AP} peptides in SORL]
deficient neurons, as has been seen in other models(Andersen et al., 2005; Rogaeva et al., 2007).
Therefore, it is plausible that the increase in AP peptides in SORLI KO neurons may be due, in
part, to reduced trafficking of AP or APP to lysosomes. Indeed, previous studies have
demonstrated that the VPS10 region of SORLI is important for trafficking A to lysosomes for

degradation(Caglayan et al., 2014)
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Taken together, our work confirms the importance of SORL I in modulating processing
APP and suggests that it may have a broader role in regulating endosomal network function. Our
data support the idea that endosome pathology is an upstream event from amyloidogenic APP
cleavage and AP generation and suggest that further disruptions of endosomal cargo processing
or homeostasis (such as BACE inhibition) can enhance traffic jams or delay maturation in the
absence of SORLI. Finally, our work demonstrates that hiPSC-derived neuronal models are
valuable tools for dissecting early pathogenic events in AD and may help to clarify the molecular

mechanisms that underlie therapeutic failures.

2.4  METHODS

2.4.1 CRISPR/Cas9 Genome Editing

All genome editing was performed in the previously published and characterized CV
background human induced pluripotent stem cell line(Young et al., 2015). This cell line is male
and has a APOFE &3/ &4 genotype(Levy et al., 2007). Genome edited lines were generated using
published protocols(Young et al., 2018). Briefly, guide RNAs (gRNAs) to SORLI were
generated using the Zhang Lab CRISPR Design website at MIT (crispr.mit.edu) and selected to
minimize off-target effects. gRNAs were cloned into vector px458 that co-expresses the Cas9
nuclease and GFP, and hiPSCs were electroporated with the plasmid. Electroporated hiPSCs
were FACS sorted for GFP, plated in 10 cm plates at a clonal density (~1x10"4 cells/plate), and
allowed to grow for roughly 2 weeks. Colonies were picked into 96 well plates and split into two
identical sets. One set was analyzed for sequence information by Sanger sequencing and one set
was expanded for cell line generation. Four clones were chosen for experiments reported in this

publication. Two wild-type clones, designated clone A6 and clone A7, and two SORLI KO
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clones, designated clone E1 and clone E4, were selected. Sequencing data for all cell lines was
confirmed by measuring protein expression using western blot techniques (Figure 2.3B). All

four clones were shown to have normal karyotypes. Authentication: Sequencing data confirms

CV cell lines by presence of a SNP unique to this genetic background (Figure 2.3A). All cell
lines are routinely karyotyped by Diagnostic Cytogenetics, Inc. (Seattle, WA), and tested for

mycoplasma (MycoAlert).

2.4.2 CRISPR/Cas9 gRNA, ssODN, and Primer Sequences

gRNA: ATTGAACGACATGAACCCTC

ssODN:
GGGAATTGATCCCTATGACAAACCAAATACCATCTACATTGAACGACATGAACCCTC
TGGCTACTCCACGTCTTCCGAAGTACAGATTTCTTCCAGTCCCGGGAAAACCAGGAA
G

Forward primer: ctctatcctgagtcaaggagtaac

Reverse primer: ccttccaattcctgtgtatge

PCR amplifies 458 bp sequence

243 Western Blotting

Cell lysates were run on 4-20% Mini-PROTEAN TGX Precast Protein Gels (#4561096;
BioRad) or 16.5% Criterion™ Tris-Tricine Gel (#3450063; BioRad) and transferred to PVDF
membranes. Membranes were probed with antibodies to Sortilin-related receptor 1 (SORLA) at
1:1000 (BD 611860 and abcam ab190684), B-actin (ACTB) at 1:2000 (EMD Millipore Corp
MABI1501), early endosome antigen 1 (EEAT1) at 1:5000 (BD 610456), and amyloid precursor

protein (APP) at 1:500 (Invitrogen 14-9749-80) and APPY 188 (Ab32136 Rabbit Y188; Abcam)
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at 1:1000. Imaging was performed with a BioRad ChemiDoc system and quantification was

performed using ImageJ software.

2.4.4 hiPSC Neuronal Differentiation

All cell lines were maintained at 37C in a 5% CO: incubator. hiPSCs were differentiated
to neurons using previously described dual-SMAD inhibition techniques(Rose et al., 2018).
Briefly, hiPSCs were plated on Matrigel (Growth factor reduced basement membrane matrix; #
356231; Corning) coated 6-well plates at a density of 3.5 million cells per well and fed with
Basal Neural Maintenance Media (1:1 DMEM/F12 (#11039047 Life Technologies) + glutamine
media/neurobasal media (#21103049, Gibco), 0.5% N2 supplement (# 17502-048; Thermo
Fisher Scientific,) 1% B27 supplement (# 17504-044; Thermo Fisher Scientific), 0.5% GlutaMax
(# 35050061; Thermo Fisher Scientific), 0.5% insulin-transferrin-selenium (#41400045; Thermo
Fisher Scientific), 0.5% NEAA (# 11140050; Thermo Fisher Scientific), 0.2% [3-
mercaptoethanol (#21985023, Life Technologies) + 10 uM SB-431542 + 0.5 uM LDN-193189
(#1062443, Biogems). Cells were fed daily for seven days. On day eight, cells were incubated
with Versene (#15640066, Gibco), gently dissociated using cell scrapers, and split 1:3. On day
nine media was switched to Basal Neural Maintenance Media + 20 ng/mL FGF (R&D Systems,
Minneapolis, MN) and fed daily. On day sixteen, cells were passaged 1:3. Cells were fed until
approximately day twenty-three. At this time, cells were FACS sorted to obtain the
CD184/CD24 (#557145/561646 BD Pharmingen) positive, CD44/CD271 (#555479/557196 BD
Pharmingen) negative neural precursor cell (NPC) population(Yuan et al., 2011). Following
sorting, NPCs were expanded for neural differentiation. For cortical neuronal differentiation,
NPCs were plated out in 10 cm plates at a density of 6 million cells/plate. After 24 hours, cells

were switched to Neural Differentiation media (DMEM-F12 + glutamine, 0.5% N2 supplement,
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1% B27 supplement, 0.5% GlutaMax) + 0.02 pg/mL brain-derived neurotrophic factor (#450-02
PeproTech) + 0.02 ng/mL glial-cell-derived neurotrophic factor (#450-10 PeproTech) + 0.5 mM
dbcAMP (#D0260 Sigma Aldrich). Media was refreshed twice a week for three weeks. After

three weeks, neurons were selected for CD184/CD44 negative population by magnetic-activated

cell sorting and plated for experiments.

2.4.5 Purification of Neurons

Following three weeks of differentiation, cells were dissociated with Accutase (#AT104-
500 Innovative Cell Tech) and resuspended in IMAG solution (PBS + 0.5% bovine serum
albumin [Sigma Aldrich] + 2 mM ethylenediaminetetraacetic acid [ThermoFisher]). Following a
modification of Yuan et al., 2011(Yuan et al., 2011), cells were incubated with PE-conjugated
mouse anti-Human CD44 and mouse anti-Human CD184 antibodies (BD Pharmingen) at a
concentration of 5 uL./10 million cells. Following antibody incubation, cells were washed with
IMAG solution and incubated with anti-PE magnetic beads (BD Pharmingen) at a concentration
of 25 uL/10 million cells. Bead-antibody complexes were pulled down using a rare earth magnet,

supernatants were selected, washed, and plated at an appropriate density.

2.4.6 hiPSC Microglial-like Cells Differentiation

SORL1 KO and WT hiPSCs were differentiated into microglial-like cells as previously
described(McQuade et al., 2018). Briefly, hiPSCs were plated in mTESR™ 1 medium
(STEMCELL Technologies) supplemented with ROCK Inhibitor (Y-27632; Apex Bio) on
Matrigel (Growth factor reduced basement membrane matrix; # 356231; Corning) coated 6 well
plates (#657160; CELLSTAR) at a dilution of 1:30. To begin hematopoietic progenitor

differentiation, these cells were passaged to get a density of ~100 colonies (~150 cells per colony
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of iPSCs) per well of a 6 well plate. On day 0, mnTESR™ 1 medium was replaced with
STEMdiff™ Hematopoietic Supplement A medium from the STEMdiff™ Hematopoietic kit (#
05310; STEMCELL technologies). On day 3, when colonies became flattened, medium was
replaced with STEMdiff™ Hematopoietic Supplement B medium from the STEMdiff™
Hematopoietic kit (# 05310; STEMCELL technologies). Cells remained in this medium for 7
additional days. By day 10, non-adherent hematopoietic progenitor cells (HPCs) coming off from
the flattened colonies were harvested by removing medium. Any remaining HPCs/floating cells
were collected by gentle PBS washes. At this point, HPCs were either frozen using Bambanker
cell freezing medium (#BBHO1; Bulldog-Bio) or plated at a density of 0.2 M cells per well of a
Matrigel coated (1:60 dilution) 6 well plate in microglia differentiation medium for 25 days.
Microglia differentiation medium comprised of DMEM-F12 (#11039047; Thermo Fisher
Scientific), Insulin-transferrin-selenite (#41400045; Thermo Fisher Scientific), B27 (# 17504-
044; Thermo Fisher Scientific), N2 (# 17502-048; Thermo Fisher Scientific), glutamax (#
35050061; Thermo Fisher Scientific), non-essential amino acids (# 11140050; Thermo Fisher
Scientific), monothioglycerol (# M1753; Sigma), Insulin (# 12643; Sigma) freshly supplemented
with TGF-B (#130-108-969, Miltenyl) , IL-34 (# 200-34; Peprotech) and M-CSF (#PHC9501;
Thermo Fisher Scientific). On day 25, this medium was supplemented with CD200 (#C311;
Novoprotein) and CX3CL1 (#300-31; Peprotech) for maturation of microglial-like cells. Cells
remained in this medium for 3 days. On day 28, microglial-like cell differentiation was complete,
and these cells were plated in laminin (#L2020; Sigma) coated coverslips (12mm diameter,
#1760-012; cglifesciences) in a 24 well plate for immunocytochemistry with appropriate

antibodies.
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2.4.7 Amyloid Beta and sAPP Measurements

AP peptides and phosphorylated tau were measured as previously described (Young
2015). Briefly, purified neurons were seeded at a density of 200,000 cells/well of a 96-well plate
and maintained in culture for 5 days. Medium and lysates were harvested from triplicate wells.
To measure secreted AP} peptides, media was run on an A} Triplex ELISA plate (Meso Scale
Discovery #151200E-2). To measure sAPPf3, media was run on a sSAPPa/sAPPB ELISA plate

(Meso Scale Discovery #K15120E-1).

2.4.8 Immunocytochemistry

Purified neurons were seeded at a density of 500,000 cells per well of a 24-well plate on
glass coverslips coated with Matrigel. After 5 days in culture, cells were fixed in 4%
paraformaldehyde (PFA, Alfa Aesar, Reston, VA) for 15 minutes. Cells were incubated in
blocking buffer containing 2.5% bovine serum albumin and 0.1% Triton X-100 (Sigma Aldrich,
St Louis, MO) for 30 minutes at room temperature then incubated in a primary antibody dilution
in blocking buffer for 2 hours at room temperature. Cells were washed 3x with PBS + 0.1%
Triton X-100 and incubated with a secondary antibody dilution in blocking buffer for 1 hour at
room temperature. Cells were washed 3x in PBS and mounted on glass slides with ProLong Gold
Antifade mountant (ThermoFisher, Waltham, MA). The following primary antibodies were used:
Ras-related protein Rab-5A (RABS5A) at 1:500 (Synaptic Systems 108 011); early endosome
antigen 1 (EEA1) at 1:500 (BD 610456); amyloid precursor protein (APP) at 1:250 (Abcam
ab32136); microtubule-associated protein 2 (MAP2) at 1:1000 (Abcam ab92434); Nestin (NES)

at 1:1000 (Santa Cruz Biotechnology sc23927); Trans-Golgi network integral membrane protein
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(TGN38) at 1:250 (Santa Cruz sc-166594); Ras-related protein Rab-7a (Rab7) at 1:1000 (Abcam

ab50533); DAPI at 1 pg/mL final (Alfa Aesar).

2.4.9 Confocal Microscopy and Image Processing

All microscopy and image processing were performed under blinded conditions.
Confocal z-stacks were obtained using a Nikon A1R confocal microscope with x63 and x100
plan apochromat oil immersion objectives. 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. Maximum intensity projections of confocal stacks were generated, and
background was subtracted using the rolling ball algorithm. Endosome channels were enhanced
using contrast limited adaptive histogram equalization algorithms (CLAHE) and masked using
cell body stains. Size and intensity measurements were performed using CellProfiler
software(McQuin et al., 2018). Individual puncta were identified using automated segmentation
algorithms. Mean intensity of each puncta was measured and has been presented as a mean value
over all puncta per field. Similarly, pixel area of each puncta was measured and has been
presented as a mean area over all puncta per field. Finally, mean puncta area normalized by total
cell area calculated from cell body stains is also presented. For colocalization analysis, a
minimum of 10 fields of confocal z-stacks were captured using the x100 plan apochromat oil
immersion objective. Median filtering was used to remove noise from images and manual
thresholding was applied to all images. The colocalization of APP with endocytic markers was
quantified using JACOP plugin (Bolte and Cordelieres, 2006) in Image J and presented as

Mander’s correlation coefficient.
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2.4.10 BACE] Inhibition

Purified neurons derived from SORL1 KO and WT hiPSCs were plated on a matrigel
coated 96 well plate at a density of 2x10° cells per well. After 5 days, cells were treated with
either 25 nM [-secretase inhibitor (BACEi; LY2886721; # HY-13240; MedChemExpress) or
DMSO (as a vehicle control) for 72h. All experiments were performed after 72 hours of drug
treatment. At this point, medium from DMSO or BACE:I treated neurons was harvested for
quantification of ABi-40, APi-42, and SAPPJ peptides secreted by neurons by ELISA.
Additionally, cell lysates were harvested for determining protein levels of B-C terminal fragment

(BCTF) of amyloid precursor protein (APP) by western blot.

2.4.11 SORL1 shRNA Design and Transfection

Sequences for SORLI shRNA and a scrambled (SCR) shRNA were designed
previously(Young et al., 2015) and cloned into the pSICOR-GFP plasmid(Ventura et al., 2004).
Plasmids were packaged into lentivirus using HEK293FT cells. Virus was purified using PEG-it.
Following differentiation and purification of neurons, 5ul of purified virus was added to cells for

72 hours. Knockdown of SORLI was confirmed by western blot.

2.4.12 Quantification and Statistical Analysis

We used two independent clones of homozygous knockout cell lines and two independent
clones of isogenic WT cell lines (cells that underwent the CRISPR/Cas9 transfection and sub-
cloning process, but in which editing events did not occur). For all imaging experiments the data
was analyzed in a blinded manner. Experimental data was tested for normal distributions using
the Shapiro-Wilk normality test. Normally distributed data was analyzed using parametric two-

tailed unpaired t-tests, one-way ANOVA tests, or two-way ANOVA tests. Non-normally
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distributed data was analyzed by non-parametric Kruskal-Wallis tests. Significance was defined
as a value of p>0.05. All statistical analysis was completed using GraphPad Prism software.
Statistical details of individual experiments, including biological and technical replicate

information, can be found in figure legends.
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Chapter 3. THE ALZHEIMER’S GENE SORLI IS AKEY
REGULATOR OF ENDOSOMAL RECYCLING
IN HUMAN NEURONS

3.1 INTRODUCTION

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder and the most
common cause of dementia. The underlying contributors to AD pathology encompass several
biological pathways, including endosomal function, amyloid precursor protein (APP) processing,
immune function, synaptic function, and lipid metabolism(Karch and Goate, 2015). Among
these, endosomal dysfunction in neurons is emerging as a potential causal mechanism(Small and
Petsko, 2020). Mutations in the amyloid precursor protein (4PP) and the two presenilins (PSEN1
and PSEN?) lead to early-onset autosomal dominant AD. When these mutations are modelled in
human neurons and other systems they cause endosomal swelling, indicative of traffic jams, a
phenotype that is a cytopathological hallmark of AD(Cataldo et al., 2000; Choi et al., 2013;
Kwart et al., 2019). Recent genetic studies have identified a fourth gene, the trafficking receptor
‘sortilin related receptor 1’ (SORLI), which, when harboring frame-shift mutations leading to
premature stop codons, is described as causal for AD(Holstege et al., 2017; Raghavan et al.,
2018; Scheltens et al., 2021). Interestingly, SORL1 is also linked to the more common, late-onset
form of AD(Lambert et al., 2013; Rogaeva et al., 2007b) and its expression is lost in sporadic
AD brains (Dodson et al., 2006; Thonberg et al., 2017). When modelled in human neurons,
SORLI depletion phenocopies APP and PSEN mutations by causing endosomal swelling(Hung
etal., 2021; Knupp et al., 2020).

The SORLI gene codes for the protein SORLA, which functions as part of the retromer

trafficking complex (Fjorback et al., 2012; Rogaeva et al., 2007a; Small and Gandy, 2006).
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Retromer recycles cargo out of the early endosome, either from the endosome to the trans-Golgi
network or, with greater importance for neurons, back to the cell surface(Fjorback et al., 2012;
Seaman, 2012). To date, the best evidence for SORLI’s role in retromer-dependent endosomal
recycling comes from studies investigating APP trafficking(Fjorback et al., 2012; Schmidt et al.,
2007; Willnow and Andersen, 2013). Our previous work demonstrated that SORL depletion
retains APP in early endosomes, which may contribute to endosomal swelling by blocking
recycling(Knupp et al., 2020).

Retromer-dependent trafficking in neurons, however, also recycles cargo other than APP.
For example, retromer is required for the normal recycling of glutamate receptors, a trafficking
event that mediates synaptic plasticity and synaptic health, and this dependency occurs
independent of retromer’s role in APP recycling(Park et al., 2004; Temkin et al., 2017).
Neurotrophin receptors are also trafficked through the endosomal system, in a retromer-
dependent manner, and are important for synaptic health(Klinger et al., 2015; Patapoutian and
Reichardt, 2001; Rohe et al., 2013).

Here we used human induced pluripotent stem cell derived-neurons (hiPSC-Ns) to test
the hypothesis that SORLI plays a broader role in neuronal endosomal recycling. We use our
previously described SORLI-depleted hiPSC lines to generate hiPSC-Ns, which model the loss
of SORL1 expression that occurs in AD(Knupp et al., 2020). Furthermore, we used previously
established cell lines engineered to overexpress SORL1 2-3-fold over wild-type levels(Young et
al., 2015) to test the effects of enhanced SORL I expression in hiPSC-Ns on these trafficking
pathways. Importantly, all cell lines are isogenic. We map the trafficking effects these
manipulations have on three specific receptors, APP, the GLUA1 subunit of the AMPA receptor,

and neurotrophin receptor TRKB, all of which are implicated in AD (Devi and Ohno, 2015;
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Dewar et al., 1991; Ginsberg et al., 2019; Martin-Belmonte et al., 2020; Wakabayashi et al.,
1999; Yasuda et al., 1995).

Finally, we performed RNA-sequencing on the SORLI depleted cell lines to explore an
unbiased transcriptomics analysis induced by SORLI depletion. The results generally confirmed
our hypothesis, showing that SORL] is a key and broad regulator of endosomal recycling in

neurons, a conclusion that has both pathogenic and therapeutic implications.

3.2 RESULTS

3.2.1 SORLI Depletion Increases Neuronal Cargo Localization in Early Endosomes

Using CRISPR/Cas9 genome editing techniques, we previously generated hiPSC-derived
neurons (hiPSC-Ns) deficient in SORLI expression due to indels introduced in exon 6. We
demonstrated that loss of SORL expression in these neurons leads to enlarged early endosomes
and an increased colocalization of APP within early endosomes, indicative of endosomal traffic
jams(Knupp et al., 2020). We utilized these same cell lines (hereafter referred to as SORLIKO
and their guide-matched isogenic wild-type clones referred to as WT) to examine localization of
the BDNF receptor TRKB and the GLUA1 subunit of the neuronal AMPA receptor. TRKB has
been shown to bind to SORLA and this interaction mediates trafficking of TRKB to synaptic
plasma membranes(Rohe et al., 2013). GLUAI is trafficked via the retromer complex, of which
SORLA is an adaptor protein(Fjorback et al., 2012; Temkin et al., 2017) and both of these cargo
are important in maintaining healthy neuronal function. Because we previously observed an
increase in APP localization in early endosomes, resulting in a decrease in localization in
downstream vesicles such as Ras-related protein (Rab)7+ late endosomes with SORL 1
depletion(Knupp et al., 2020), we performed an immunocytochemical analysis of both TRKB

and GLUAI1 localization with the early endosome marker EEA1. Similar to our previous
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observations for APP, we documented significantly increased localization of both TRKB (Figure
3.1A) and GLUALI (Figure 3.1B) in early endosomes in SORL /KO neurons as compared to
isogenic WT control neurons. Accumulation of neuronal cargo in early endosomes is indicative
of endosomal traffic jams, which are thought to impact the transit of cellular cargo through other

arms of the endolysosomal network.

322 SORLI Depletion Mis-traffics Cargo Throughout the Endolysosomal Network

The early endosome serves as a hub in which internalized cargo can be retrogradely
transported to the trans-Golgi, recycled back to the cell surface or degraded as endosomes mature
into late endosomes and lysosomes(Mayle et al., 2012). We have previously observed that APP
localization within the trans-Golgi network was decreased in SORL /KO neurons(Knupp et al.,
2020). Here we tested whether trafficking to the degradative arm of the endo-lysosomal network
was affected in our SORL /KO neurons. Trafficking of substrates out of the early endosome to
late endosomes and, subsequently, lysosomes is important for protein degradation and SORLA
has been previously implicated in promoting AP degradation via lysosomes(Caglayan et al.,
2014). We treated SORL 1 deficient neurons with DQ Red BSA, a proteolysis sensitive
fluorogenic substrate that generates fluorescence only when enzymatically cleaved in
intracellular lysosomal compartments. Since substrate degradation primarily occurs in
lysosomes, altered fluorescence intensity of this reagent is a readout of altered lysosomal
degradation(Marwaha and Sharma, 2017). We analyzed DQ Red BSA treated neurons for
fluorescence intensity using confocal microscopy. Consistent with loss of SORLI leading to
endosomal traffic jams, we observed a significant reduction of DQ Red BSA fluorescence
intensity in SORL /KO neurons compared to isogenic WT controls (Figure 3.2A). We next

performed immunocytochemical staining to quantify the colocalization of our selected neuronal
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cargo with Rab7, a marker of late endosomes, and LAMP1 (Lysosomal Associated Membrane
Protein 1), a lysosome marker. We show a significant decrease in co-localization of TRKB
(Figure 3.2B) and GLUA1 (Figure 3.2C) with Rab7. This result is consistent with our previous
observation for APP (Knupp et al., 2020). We analyzed colocalization of these cargo with
LAMPI1 and we observed a significant decrease with APP (Figure 3.2D) and TRKB (Figure
3.2E) and a trend of a decrease with GLUA1 (Figure 3.2F). These data indicate some fluidity in
the network but suggest that trafficking of APP, TRKB and GLUALI to late
endosomes/lysosomes is all decreased by SORL /KO, although GLUA1 may be more likely to be
trafficked to cell surface pathways or utilizes other adaptor proteins for late endosome to
lysosomal trafficking.

Lysosome size can influence lysosome function and is altered in AD(de Araujo et al.,
2020; Hwang et al., 2019). Similarly, location and number of lysosomes within neurons can alter
degradative activity (Cheng et al., 2018; Farfel-Becker et al., 2019; Gowrishankar et al., 2015;
Yap et al., 2018) and in some cases, altered lysosomal distribution may represent an early
neuropathological defect(Zigdon et al., 2017). Recently, loss of SORLI in hiPSC neurons was
shown to contribute to lysosome dysfunction as indicated by both increased lysosome size and
number as well as decreased cathepsin-D activity(Hung et al., 2021). Therefore, we first
analyzed LAMPI-immunopositive puncta and also documented a significant increase in
lysosome size and number in our SORLIKO neurons (Figure 3.7A).

Retromer trafficking is required to deliver one of the most abundant lysosomal proteases,
pro-cathepsin D, to lysosomes via the mannose-6-phosphate receptor (M6PR)(Qureshi et al.,
2018; Seaman, 2004). The SORLA protein has GGA domains similar to that of M6PR(Spoelgen

et al., 2006), and mis-trafficking of Cathepsin-D to lysosomes could affect the maturation and
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degradative capacity of these organelles. Therefore, we analyzed co-localization of Cathepsin-D
and LAMP1 to determine if loss of SORLI expression leads to altered Cathepsin-D trafficking in
neurons. However, we did not observe a change in Cathepsin-D colocalization between WT and
SORL1KO (Figure 3.7B). Taken together, our data suggest that SORLI loss in neurons reduces
trafficking of cargo out of the early endosome to the late endosome and lysosome, contributing
to lysosome stress as evidenced by an increase in size and number in these conditions while the
decreased cathepsin-D activity observed upon SORLI loss(Hung et al., 2021) may not be due to

impairment of lysosomal trafficking of the enzyme.

323 SORLI Depletion Targets the Endosomal Recycling Pathway

Another route out of the early endosome is via the endocytic recycling complex (ERC)
which can send cargo either to the cell surface or to the trans-Golgi network(Grant and
Donaldson, 2009; Mallard et al., 1998; Marsh et al., 1995; Maxfield and McGraw, 2004). To
directly examine if SORLI expression alters recycling function, we performed a transferrin
recycling assay using confocal microscopy. Transferrin can be recycled via a fast pathway within
approximately 5-10 minutes after being internalized or via a slower pathway involving the ERC
over longer periods of time(Ouellette and Carabeo, 2010; Sonnichsen et al., 2000). We examined
the fluorescence intensity of Alexa Fluor 647-conjugated transferrin over a 40-minute time
course in WT and SORL /KO neurons and observed that a higher percentage of intracellular
fluorescent transferrin persisted in SORL KO neurons at both early and later time points as
compared to WT neurons, indicating reduced recycling pathway function (Figure 3.3A). Cargo
destined for the cell surface can transit to the ERC via Rab11+ recycling endosomes (Ren et al.,
1998). Altered size of recycling endosomes can be indicative of dysfunctional recycling of cargo

through these compartments. We tested whether loss of SORL1 expression affected the size of
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Rab11+ recycling endosomes. Interestingly, we observed a significant increase in the size of
Rab11+ recycling endosomes in the SORLIKO neurons (Figure 3.3B), suggesting that this
endosomal compartment is also under stress. To test if increased size is due to abnormal cargo
trafficking through recycling endosomes, we assessed colocalization of APP, TRKB and GLUA1
with Rab11 and observed increased co-localization of all three cargo with Rab11+ structures in
SORLIKO neurons compared to WT neurons (Figure 3.3C-E). Together, these data demonstrate
that loss of SORL impacts neuronal recycling endosome pathways by causing traffic jams in the

recycling endosomes, similar to the effect that SORLI loss has on early endosomes.

324 SORL]1 Depletion Reduces Cell Surface Levels of Cargo

Together, our data indicate that SORL /KO neurons have impaired cargo recycling with
increased retention of cargo in recycling endosomes. These observations led us to test whether
this cargo was indeed trafficked to the cell surface. A portion of APP has been shown to return to
the cell surface via recycling endosomes(Das et al., 2016) and SORLA can interact with the
sorting nexin SNX27 to return APP to the cell surface(Das et al., 2016; Huang et al., 2016),
although in that study the exact compartment was not described. Furthermore, recycling
endosomes are the source for AMPA receptors during long-term potentiation(Park et al., 2004).
We therefore examined cell surface levels of APP and GLUA1 using immunofluorescence and
confocal microscopy. We documented a significant decrease in cell surface staining of both APP
(Figure 3.4A) and GLUAI (Figure 3.4B) in SORLIKO neurons as compared to WT, consistent

with our hypothesis that SORLA is involved in regulating traffic from recycling endosomes.
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3.2.5 SORL1 Overexpression Enhances Endosomal Recycling

Defects in cell surface recycling have severe consequences in neurons, especially as these
processes are necessary for healthy neuronal function. Synapse loss is a main component of AD
neurodegeneration and enhancing pathways that support healthy synaptic function may be
beneficial. We utilized previously generated cell lines that overexpress SORLI cDNA using the
piggybac transposon system(Young et al., 2015) to test whether increased SORLI expression
may enhance the trafficking pathways that are impaired in the SORL /KO neurons. Importantly,
the SORL1 overexpressing (SORLIOE) cell line and control were generated in the same genetic
background as our SORL /KO and isogenic WT cell lines. While we found no effect of enhanced
SORL]1 expression on DQ Red BSA signal in SORLIOE neurons (Figure 3.8A), we did observe
increased localization of the three tested cargo (APP, TRKB, and GLUA1) in late endosomes
and lysosomes in these cells (Figure 3.8B-D and 3.8E-G), suggesting that increased SORL
expression may enhance cargo trafficking to the degradative pathway.

We analyzed recycling function using the transferrin recycling assay and observed that
SORL10E neurons showed significantly faster transferrin recycling (Figure 3.5A). We next
tested whether colocalization of cargo with recycling endosomes and cell surface recycling was
altered between SORLIOE and WT neurons. Interestingly, the size of Rab11+ recycling
endosomes was significantly smaller in SORLIOE neurons (Figure 3.5B) possibly indicating
that increased SORL 1 expression is clearing cargo more rapidly from this compartment. We
observed a significant increase in localization of cargo with Rab1 1+ recycling endosomes
(Figure 3.5C-E). While this result was initially surprising, as we also saw increased
colocalization with Rab11+recycling endosomes in our SORL /KO neurons (Figure 3.3C-E), we

further documented a significant increase of APP and GLUA1 on the cell surface compared to
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WT neurons with only endogenous SORL I expression (Figure 3.5F and 3.5G), as opposed to
decreased APP and GLUA1 localization on the cell surface in SORLIKO neurons (Figure 3.4A
and 3.4B). These results suggest that cell surface trafficking via a Rab11 pathway is enhanced
by increased SORL expression and that a crucial action of SORLA is the trafficking out of
recycling endosomes. Thus, our data support a critical role for SORLA for trafficking cargo from
recycling endosomes to the cell surface. In addition, we show for the first time that SORLA

levels may regulate cell surface recycling of AMPA receptor subunits in human neurons.

3.2.6 SORLI Depletion Affects Gene Expression

To determine a more global effect of chronic SORLI loss in human neurons, we
performed bulk RNA sequencing of SORL /KO neurons compared to WT neurons. Interestingly,
we observed that there were significantly more down-regulated genes in SORL KO neurons than
upregulated ones (Figure 3.9B). While none of the cargo we explicitly studied in this work was
differentially expressed, GO analysis showed that the top downregulated molecular function
pathways in the SORLIKO cells were related to receptor-ligand activity and extracellular matrix
organization (Figure 3.6A). The top upregulated molecular function pathways were related to
ion channel activity (Figure 3.6B). To understand these data in the context of an integrated
network, we used an analysis method that infers ligand receptor interactions from bulk RNA-seq
data(Ramilowski et al., 2015; Wang et al., 2020). We observed several nodes of altered receptor-
ligand interactions that indicate altered cell surface recycling and neurotrophic activity (Figure
3.6C). These include alterations in b-integrin signaling, which is consistent with previous work
showing reduced b-integrin on the cell surface in SORLIKO cancer cells(Pietila et al., 2019), and
altered interactions in ephrins/ephrin receptors, also corroborating previous work implicating

SORL]1 expression in ephrin signaling and synapse regulation(Huang et al., 2017). Our analysis
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also showed nodes with alterations in nerve growth factor/nerve growth factor receptor
(NGF/NGFR) and fibroblast growth factor/fibroblast growth factor receptor (FGF/FGFR)
signaling, indicating alterations in neurotrophin and growth factor signaling and suggesting that
the presence of endosomal traffic jams in SORL /KO neurons may ultimately impact multiple

pathways important for neuronal health and development.
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Figure 3.1. Loss of SORL1 expression leads to increased TRKB and GLUAI
localization in early endosomes. Representative immunofluorescent images of WT and
SORLIKO neurons showing increased colocalization of (a) TRKB (green) and (b) GLUAI
(green) with EEAT1 (red). All neurons were immunolabeled with MAP2 (far-red) and
counterstained with DAPI (blue). Scale bar: 10um. In all cases, quantification of colocalization
was represented as Mander’s correlation co-efficient (MCC). 10-20 images were analyzed per
genotype. Two isogenic clones of each genotype were used in all experiments. Data represented
as mean = SD. Normally distributed data was analyzed using parametric two-tailed unpaired t
test and non-normally distributed data was analyzed by non-parametric Mann Whitney test.

Significance was defined as a value of *p < 0.05, **p <0.01, ***p <0.001, and ****p <0.0001
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Figure 3.2. Loss of SORL1 expression impairs trafficking to late endosomes and lysosomes.
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(a) SORLIKO neurons show reduced lysosomal proteolytic activity as measured by DQ Red

BSA. Representative immunofluorescent images of WT and SORL /KO neurons showing double
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immunolabeling for MAP2 (green) and DQ Red BSA (red). Scale bar: 10um Quantification of
fluorescence intensity of DQ Red BSA using Imagel software. (b-f) SORLIKO neurons show
reduced colocalization of cargo with late endosomes and lysosomes. Representative
immunofluorescent images of WT and SORL /KO neurons showing reduced colocalization of (b)
TRKB (green) and (¢) GLUA1 (green) with Rab7 positive late endosomes (red) in SORLIKO
neurons. Representative immunofluorescent images of WT and SORL /KO neurons showing
reduced colocalization of (d) APP (green) and (e) TRKB (green) and (f) GLUA1 (green) with
LAMPI positive lysosomes (red) in SORLIKO neurons. Scale bar: 10um. In all cases,
quantification of colocalization was represented as Mander’s correlation co-efficient (MCC). 10-
20 images were analyzed per genotype. Two isogenic clones of each genotype were used in all
experiments. Data represented as mean + SD. Normally distributed data was analyzed using
parametric two-tailed unpaired t test and non-normally distributed data was analyzed by non-
parametric Mann Whitney test. Significance was defined as a value of *p < 0.05, **p < 0.01,

*#%p <0.001, and ****p <0.0001.
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Figure 3.3. Loss of SORLI impacts the cell surface recycling pathway. (a) SORL /KO neurons
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show slower rate of transferrin recycling. Quantification of fluorescence intensity of intracellular
transferrin at different time points after treating cells with Alexa Fluor 647-conjugated transferrin
for 15 mins, using ImagelJ software. Data represented as percent of time 0 fluorescence intensity.
(b) SORLIKO neurons show larger recycling endosomes. Representative immunofluorescent
images of WT and SORL /KO neurons labeled with antibodies for MAP2 (red) and Rab11
(green). Nuclei were counterstained with DAPI (blue). Scale bar: Sum. Quantification of size of
Rabl11 labeled recycling endosomes using CellProfiler software. Representative
immunofluorescent images of WT and SORL /KO neurons showing increased colocalization of

(c) APP (green), (d) TRKB (green) and (e¢) GLUA1 (green) with Rab11 positive recycling
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endosomes (red) in SORL /KO neurons. Scale bar:10um In all cases, quantification of
colocalization was represented as Mander’s correlation co-efficient (MCC). 10-20 images were
analyzed per genotype. Two isogenic clones of each genotype were used in all experiments. Data
represented as mean = SD. Normally distributed data was analyzed using parametric two-tailed
unpaired t test and non-normally distributed data was analyzed by non-parametric Mann Whitney
test. Significance was defined as a value of *p < 0.05, **p <0.01, ***p <0.001, and ****p <

0.0001.
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defined as a value of *p < 0.05, **p <0.01, ***p <0.001, and ****p < 0.0001
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Figure 3.5. Overexpression of SORL1 enhances endosomal recycling. (a) SORLIOE neurons
show faster rate of transferrin recycling. Quantification of fluorescence intensity of intracellular
transferrin at different time points after treating cells with Alexa Fluor 647-conjugated transferrin

for 15 mins, using ImagelJ software. Data represented as percent of time 0 fluorescence intensity.
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(b) SORL 10E neurons show reduced size of recycling endosomes. Representative
immunofluorescent images of WT and SORL /OE neurons labeled with Rab11 (green) and
MAP?2 (red) showing smaller Rab11 positive recycling endosomes in SORL/OE neurons. Nuclei
counterstained with DAPI (blue). Quantification of Rab11+ recycling endosome size performed
using Cell Profiler software and represented as area of Rab11+ vesicles. Scale bar: Sum.
Representative immunofluorescent images of WT and SORL/OE neurons showing increased
colocalization of (¢) APP (green), (d) TRKB (green) and (e) GLUA1 (green) with Rab11 (red)
positive recycling endosomes. SORL IOE neurons and controls have endogenous GFP expression
due to the piggybac vector system. GFP fluorescence is pseudo-colored (Far-red) and was used
to outline cell bodies. Quantification of colocalization with Rab11 represented as Mander’s
Correlation Co-efficient (MCC). Scale bar: 10pum. Representative immunofluorescent images of
WT and SORLIOE neurons showing increased cell surface expression of (f) APP (red) and (g)
GLUAI1 (red) in SORLIOE neurons. Scale bar: Sum Fluorescence intensity of APP and GLUAI
measured using ImagelJ software. Data is presented as a ratio of surface intensity to total
intensity. Nuclei counterstained with DAPI. Two isogenic clones of each genotype were used in
all experiments. Data represented as mean + SD. Normally distributed data was analyzed using
parametric two-tailed unpaired t test. Significance defined as a value of *p < 0.05, **p <0.01,

*#%p <0.001, and ****p <0.0001
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Figure 3.6. Analysis of bulk RNA-sequencing data indicates alterations in cell surface and
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(b) molecular function terms in SORL /KO neurons. GO annotation terms are listed on the y-axis,

adjusted p-value is shown on the x-axis. (¢) Ligand-receptor network changes in SORLIKO
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neurons, identified if genes are more than 1.5-fold increased or decreased in SORL /KO neurons
with an adjusted p-value less than 0.05. Circles denote ligands, squares denote receptors, blue
indicates genes expressed significantly lower in SORLIKO neurons, red indicates genes
expressed significantly higher in SORLIKO neurons. Arrows point from ligand to receptor,
denoting receptor-ligand interactions. Black arrows denote consistent expression changes
between ligand and receptor, indicating that both genes in the pair are either upregulated or
downregulated. Gray arrows denote inconsistent changes between ligand and receptor. Clusters
impacted by cell surface recycling (b-integrins, ephrins) or neurotrophic signaling (FGF/FGFR,
NGF/NGFR) are indicated by green dotted arrows.
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Figure 3.7. Loss of SORL1 alters lysosome size. (a) SORLIKO neurons show larger lysosome
size and increased lysosome number. Representative immunofluorescent images of WT and
SORLIKO neurons labeled with LAMP1 (green) and MAP2 (red) showing increased LAMP1
positive vesicle size in SORLIKO neurons. Quantification of LAMP1 size and number was
performed using Cell Profiler software. LAMPI size is represented as area of LAMP1 positive
vesicles, and LAMP1 number is represented as number of LAMP1 positive vesicles per square
micron of cell area. Scale bar: Sum (b) SORLIKO neurons show no change in colocalization of
lysosomes with the lysosomal enzyme Cathepsin D. Representative immunofluorescent images
of WT and SORL KO neurons labeled with antibodies for LAMP1 (green), Cathepsin D (red)
and MAP2 (Far-red) showing no alteration in colocalization of Cathepsin-D with LAMP1 in
SORLIKO neurons. Nuclei counterstained with DAPI (blue). Scale bar: 10um Quantification of
colocalization of LAMP1 with Cathepsin-D represented as Mander’s correlation coefficient
(MCC). 10-20 images were analyzed per genotype. Two isogenic clones of each genotype were
used in all experiments. Data represented as mean + SD. Significance was determined using two-
tailed unpaired Student’s t-test and defined as a value of *p < 0.05, **p < 0.01, ***p < 0.001,
and ****p < 0.0001.
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Figure 3.8. SORL1 overexpression alters degradative pathway trafficking. (a) SORLIOE
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Representative immunofluorescent images of WT and SORL IOE neurons showing double

95



immunolabeling for MAP2 (green) and DQ Red BSA (red). Scale bar: 10um. Quantification of
fluorescence intensity of DQ Red BSA using ImageJ software. Representative
immunofluorescent images of WT and SORLIOE neurons showing increased colocalization of
APP, TRKB and GLUAI (green) with Rab7 (red) (b-d) and LAMP1 (red) (e-g) in SORLIOE
neurons. SORL IOE neurons and controls have endogenous GFP expression due to the piggybac
vector system. GFP fluorescence is pseudo-colored (Far-red) and was used to outline cell bodies.
Scale bar: 10um. Nuclei are counterstained with DAPI (blue). In all cases, quantification of
colocalization was represented as Mander’s correlation co-efficient (MCC). 10-20 images were
analyzed per genotype. Two isogenic clones of each genotype were used in all experiments. Data
represented as mean + SD. Significance was determined using two-tailed unpaired Student’s t-

test and was defined as a value of *p < 0.05, **p <0.01, ***p <0.001, and ****p < 0.0001.
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Figure 3.9. Analysis of bulk RNAseq data from SORLIKO neurons. (a) Principle component
analysis (PCA) plot of all RNAseq samples using all expressed genes. Samples are color coded
by differentiation batch. Triangles represent WT samples, circles represent SORLIKO. Genotype
accounts for the highest variance (37%, PC1, x-axis). b) Volcano plot. Log2 fold change
between SORLIKO and WT is shown along the x-axis. Statistical significance is shown along
the y-axis and is measured by adjusted p-value. Genes upregulated in SORL /KO neurons are
shown by red circles, genes downregulated in SORL /KO neurons are shown by blue circles. We
observed 6643 DEGs, with 2819 upregulated and 3824 downregulated. There are significantly
more down regulated genes than upregulated genes (p<2.2e-16). Grey circles represent genes

that are not significantly differentially expressed.
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3.3  DISCUSSION

Trafficking through the endo-lysosomal network regulates intra-cellular location of
proteins, dictating their homeostasis, function and influence on cellular physiology. Functional
studies by our group and others document endosomal abnormalities in hiPSC-derived neuronal
models of AD(Hung et al., 2021; Knupp et al., 2020; Kwart et al., 2019). Emerging from this
evidence is the role of SORLI as an endosomal gene that plays essential roles in mediating cargo
trafficking. Recent work has implicated SORLI as AD’s fourth causal gene(Olav M. Andersen,
2021; Scheltens et al., 2021), and of these genes it is the only one linked to the common late-
onset form of the disease. Understanding SORLI’s function is paramount for understanding
AD’s pathogenic mechanisms and for potential therapeutic interventions.

Acting as a receptor of the retromer trafficking complex, SORLA has already been
pathogenically linked to AD by its role in recycling APP out of endosomes(Andersen et al.,
2005; Herskowitz et al., 2012; Offe et al., 2006). This current work and our previous
study(Knupp et al., 2020) shows that SORL1 depletion leads to increased APP localization in
early and recycling endosomes. By lengthening the residence time of APP in these endosomal
compartments, accelerated amyloidogenic cleavage of APP occurs due to the close proximity of
APP and BACE1(Sun and Roy, 2018). Indeed, loss of SORLI leads to the accumulation of Ab
peptides, an antecedent of ‘amyloid pathology’ (Andersen et al., 2005; Knupp et al., 2020;
Rogaeva et al., 2007b). We hypothesized that loss of SORLI in neurons would impact other
cargo important for healthy neuronal function. To test this hypothesis, in addition to APP, we
examined localization of the neurotrophin receptor TRKB and the GLUA1 subunit of the AMPA
receptor. These cargo link to another key pathology of AD: neurodegeneration, a slowly

progressive process that begins with synaptic dysfunction characterized by glutamate receptor
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loss, which then progresses to synaptic loss before ultimately, over years, leading to widespread
neuronal cell death (Selkoe, 2002).

Our experiments point to SORLI’s key role in cell surface recycling. By using a
prototypical cargo, transferrin, we demonstrate a reciprocal role between loss and enhancement
of SORLI expression in cell surface recycling. Specifically, by showing that SORL plays a role
in recycling glutamate receptors, a trafficking event critical for preventing synaptic dysfunction
and synaptic loss, our results link SORLI to AD’s early-stage neurodegenerative process. Since
retromer-dependent glutamate receptor recycling has been shown to occur independent of
APP(Temkin et al., 2017), our results suggest that SORL I mutations can, at least in principle,
drive two key AD pathologies, amyloid pathology and synaptic pathology, through parallel
mechanisms(Small and Petsko, 2020).

Interestingly, AD’s defining cytopathology, swollen endosomes, also seems to occur
independent of AP peptides. In the case of early-onset causal genes, studies have shown that
APP and PSEN mutations lead to endosomal swelling even when the production of AP} peptides
are arrested, but is driven instead by an APP intermediate, the  -C-terminal fragment produced
by BACEI cleavage(Kwart et al., 2019). We previously demonstrated that endosomal swelling
occurs in SORLIKO neurons even when BACEI is inhibited(Knupp et al., 2020). However, a
recent study showed that there is a reduction in endosomal swelling when total APP expression
is reduced(Hung et al., 2021). One interpretation that reconciles these findings is that reduction
of cargo in general, especially one as abundant as APP, may relieve some of the stress on
neuronal endosomes induced by SORLI deficiency. Collectively, however, our data suggest that
AD’s core histopathology, amyloid plaques, and cytopathology, swollen endosomes, occur

through parallel events.
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To test the hypothesis that SORL 1 functions more broadly in neuronal endosomal
recycling, we measured recycling endosome size and showed that, in addition to APP and
GLUALI, the neurotrophin receptor TRKB, is dependent on SORL/ for normal endosomal
trafficking. TRKB is part of a different family of proteins that depend on retromer-dependent
endosomal recycling for its normal trafficking, and one that has been linked to synaptic
health(Klinger et al., 2015; Rohe et al., 2013) (Patapoutian and Reichardt, 2001).

Our unbiased transcriptomic screen further supported that neurotrophic signaling and cell
surface recycling pathways are impacted by SORL deficiency. Our goal for this analysis was to
determine the global effect of SORLI loss on neuronal networks. Indeed, our analysis does not
show that the specific cargo proteins described here are differentially expressed. However, the
analysis does indicate that loss of SORLI in human neurons impacts cell surface networks,
including receptor ligand interactions in neurotrophic and growth factor pathways, b-integrin
signaling, and ephrin signaling. Our analysis corroborates previous work and the altered
networks we observe impact neuronal health, axonal guidance, and synapse formation(Huang et
al., 2017; Huang et al., 2006; Pietila et al., 2019).

The early endosome is considered the central station in the sorting and trafficking of
cargo throughout the many stations of the endo-lysosomal system. While the early endosome is
the station that is affected first and foremost in AD, it is not surprising that a primary dysfunction
in this central station will secondarily influence trafficking throughout the system. Our work,
along with other recent work(Hung et al., 2021) also supports a role for SORLI in lysosomal
trafficking in neurons. We observed an increase in lysosome size and altered localization of
APP, TRKB, and GLUALI in late endosomes and lysosomes in SORL /KO neurons. Hung et al.,

also reported decreased Cathepsin-D activity in SORLI deficient neurons, suggesting that SORL ]
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loss directly impacts lysosome function. We interpret our functional and colocalization data to
suggest that loss of SORLI expression mainly affects trafficking of cargo to lysosomes, but our
data does not rule out a role of SORLA in neuronal lysosome function. While we did not
observe a difference in Cathepsin-D localization to lysosomes, it is important to note that that
LAMP1 only partially colocalizes with Cathepsin-D in neurons (Cheng et al., 2018).
Furthermore, the loss of proteolytic activity evidenced by decreased intensity of DQ Red BSA in
SORLIKO neurons may not be completely due to reduced trafficking to lysosomes but could be
a result of abnormal lysosomal function as DQ Red BSA is internalized by a process called
macropinocytosis wherein macropinosomes can be directly trafficked to lysosomes (Hamasaki et
al., 2004; Lorenzen et al., 2010; Racoosin and Swanson, 1993). Thus, the loss of proteolytic
activity evidenced by decreased intensity of DQ Red BSA in SORLIKO neurons may not be
completely due to reduced trafficking to lysosomes but could also be a result of abnormal
lysosomal function.

In this work, we report that SORLI depletion affects endosomal trafficking by retaining
cargo in early and recycling endosomes and impacts cell surface recycling and lysosomal
trafficking of neuronal cargo. In particular, we demonstrate that SORL expression in neurons
affects cell surface localization of GLUAI, a phenotype that may ultimately impact synaptic
dysfunction and neurodegeneration in AD. Interestingly, increasing SORL1 expression enhances
endosomal recycling and increases cell surface GLUA1. While the secondary downstream
effects induced by SORL1 depletion in the endo-lysosomal system are interesting and likely
relevant to AD’s ultimate pathogenesis, from a therapeutic perspective it is best to target
SORLI’s primary defect, which seems to localize to the endosomal recycling pathway.

Interestingly, recent biomarker studies suggest that defects in retromer-dependent endosomal
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recycling occur in a majority of patients with ‘sporadic’ AD(Simoes et al., 2020), suggesting that
the observed SORL I-induced defects may generalize across early and late onset forms of the
disorder. Collectively, our results support the conclusion that SORL, and the retromer-
dependent pathway in which it functions, is a valid therapeutic target and interventions directed
at this pathway may ameliorate endosomal recycling defects that seem to act as, at least, one

primary driver of AD.

3.4 METHODS

34.1 Cell Lines Generated by CRISPR/Cas9 Gene Editing Technology

The generation of the cell lines used in this paper is described in our previously published
work(Knupp et al., 2020) and consists of four clones: Two wild-type clones, designated clone A6
and clone A7, and two SORLIKO clones, designated clone E1 and clone E4. Cell lines were
generated from our previously published and characterized CV background human induced
pluripotent stem cell line(Young et al., 2015). This cell line is male and has a APOE £3/e4
genotype(Levy et al., 2007). All four clones were shown to have normal karyotypes and are

routinely tested for mycoplasma (MycoAlert).

342 CRISPR/Cas9 gRNA, ssODN, and Primer Sequences

gRNA: ATTGAACGACATGAACCCTC

ssODN:
GGGAATTGATCCCTATGACAAACCAAATACCATCTACATTGAACGACATGAACCCTC
TGGCTACTCCACGTCTTCCGA
AGTACAGATTTCTTCCAGTCCCGGGAAAACCAGGAAG

Forward primer: ctctatcctgagtcaaggagtaac
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Reverse primer: ccttccaattcctgtgtatge
PCR amplifies 458 bp sequence. These sequences have been previously published in (Knupp et

al., 2020)

343 SORLI Overexpression Cell Lines

Isogenic cell lines with overexpression of SORLI were generated as previously
described(Young et al., 2015). These lines are generated from the CV parental line, the same
parental line as the SORLIKO cell lines were made from. Briefly, stable integration of SORL 1
cDNA into the genome was achieved by using piggybac transposon system (Systems
Biosciences). Vector alone (WT) or vector with SORLI cDNA (SORL10E) constructs were
introduced into iPSCs by electroporation and stable cell lines were selected with puromycin
(2ug/ml) treatment. For all overexpression experiments SORL IOE cells were compared to the

vector alone controls.

344 hiPSC Neuronal Differentiation

hiPSCs were differentiated to neurons using dual-SMAD inhibition(Chambers et al.,
2009; Shi et al., 2012). Briefly, hiPSCs were plated on Matrigel coated 6-well plates at a density
of 3.5 million cells per well and fed with Basal Neural Maintenance Media (1:1 DMEM/F12 +
glutamine media/neurobasal media, 0.5% N2 supplement, 1% B27 supplement, 0.5% GlutaMax,
0.5% insulin-transferrin-selenium, 0.5% NEAA, 0.2% B-mercaptoethanol; Gibco, Waltham,
MA) + 10mM SB-431542 + 0.5mM LDN-193189 (Biogems, Westlake Village, CA). Cells were
fed daily for seven days. On day eight, cells were incubated with Versene, gently dissociated
using cell scrapers, and passaged at a ratio of 1:3. On day nine, media was switched to Basal

Neural Maintenance Media and fed daily. On day 13, media was switched to Basal Neural
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Maintenance Media with 20 ng/mL FGF (R&D Systems, Minneapolis, MN) and fed daily. On
day sixteen, cells were passaged again at a ratio of 1:3. Cells were fed until approximately day
twenty-three. At this time, cells were FACS sorted to obtain the CD184/CD24 positive,
CD44/CD271 negative neural precursor cell (NPC) population. Following sorting, NPCs were
expanded for neural differentiation. For cortical neuronal differentiation, NPCs were plated out
in 10cm cell culture dishes at a density of 6 million cells/10cm plate. After 24 hours, cells were
switched to Neural Differentiation media (DMEM-F12 + glutamine, 0.5% N2 supplement, 1%
B27 supplement, 0.5% GlutaMax) + 0.02ug/mL brain-derived neurotrophic factor (PeproTech,
Rocky Hill, NJ) + 0.02ug/mL glial-cell-derived neurotrophic factor (PeproTech) + 0.5mM
dbcAMP (Sigma Aldrich, St Louis, MO). Media was refreshed twice a week for three weeks.
After three weeks, neurons were selected for CD184/CD44/CD271 negative population by

MACS sorting and plated for experiments.

345 Purification of Neurons

Following three weeks of differentiation, neurons were dissociated with accutase and
resuspended in Magnet Activated Cell Sorting (MACS) buffer (PBS + 0.5% bovine serum
albumin [Sigma Aldrich, St Louis, MO] + 2mM ethylenediaminetetraacetic acid [Thermo Fisher
Scientific, Waltham, MA]). Following a modification of (Yuan et al., 2011), cells were incubated
with PE-conjugated mouse anti-Human CD44 and mouse anti-Human CD184 antibodies (BD
Biosciences, San Jose, CA) at a concentration of Sul/10 million cells. Following antibody
incubation, cells were washed with MACS buffer and incubated with anti-PE magnetic beads
(BD Biosciences, San Jose, CA) at a concentration of 25u1/10 million cells. Bead-antibody
complexes were pulled down using a rare earth magnet, supernatants were selected, washed, and

plated at an appropriate density.
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3.4.6 DOQ Red BSA Assay for Visualization of Lysosomal Degradation

Lysosomal proteolytic degradation was evaluated using DQ Red BSA (#D-12051;
Thermo Fisher Scientific), a fluorogenic substrate for lysosomal proteases, that generates
fluorescence only when enzymatically cleaved in intracellular lysosomal compartments. hiPSC-
derived neurons were seeded at a density of 400,000 cells/well of a matrigel coated 48 well plate.
After 24 hours, cells were washed once with DPBS, treated with complete media containing
either 10pg/ml DQ Red BSA or vehicle (PBS) and incubated for 5 hours at 37°C in a 5% CO;
incubator as described in(Marwaha and Sharma, 2017). At the end of 5 hours, cells were washed
with PBS, fixed with 4% PFA and immunocytochemistry was performed as described in
methods. Cells were imaged using a Leica SP8 confocal microscope and all image processing
was completed with ImageJ software. Cell bodies were identified by MAP2 labeling, and
fluorescence intensity of DQ Red BSA was measured in regions of the images containing the

MAP?2 label.

3.4.7 Immunocytochemistry

For immunocytochemistry, cells were fixed with 4% PFA for 20 minutes. Fixed cells
were washed three times with PBST (PBS with 0.05% tween 20), permeabilized with Triton X-
100 in PBS for 15 minutes, washed twice again with PBST, blocked with 5% BSA in PBS at
room temperature for 1h and incubated with appropriate primary antibodies overnight at 4°C.
The next day, cells were incubated with appropriate secondary antibodies and 1pg/ml DAPI for 1
hour at RT, washed three times with PBST and mounted on glass slides with Prolong Gold

Antifade mountant (#P36930; Thermo Fisher Scientific).
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348 Colocalization Analysis

To investigate colocalization with endo-lysosomal compartments, hiPSC-derived neurons
were labeled with markers specific for each intra-cellular compartment (EEA1 for early
endosomes, Rab7 for late endosomes, LAMP1 for lysosomes and Rab11 for recycling
endosomes) using immunocytochemistry. A minimum of 10 fields of confocal z-stack images
were captured under blinded conditions using a Yokogawa W1 spinning disk confocal
microscope (Nikon) and a 100X plan apochromat oil immersion objective. Median filtering was
used to remove noise from images and Otsu thresholding was applied to all images.
Colocalization was quantified using the JACOP plugin(Bolte and Cordelieres, 2006) in Image J
software(Schindelin et al., 2012) and presented as Mander’s correlation coefficient(Dunn et al.,

2011; Manders et al., 1993).

349 Cell Surface Staining

Cell surface expression of GLUA1 and APP was determined using immunocytochemistry
and confocal microscopy. To label proteins at the cell surface, cells were fixed with 4% PFA,
washed and treated with primary and secondary antibodies as described in the
‘Immunocytochemistry’ section of methods. Permeabilization with 0.1% Triton X-100 was not
performed for this experiment. To label total protein levels, cells were fixed with 4% PFA,
washed, permeabilized with 0.1% Triton X-100 and treated with primary and secondary
antibodies as described in the ‘immunocytochemistry’ section of methods. Analysis of
fluorescence intensity was done using Image J software. Cell surface expression was represented
as ratio of fluorescence intensity measured under non-permeabilized conditions and fluorescence

intensity measured under permeabilized conditions.
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3.4.10 Antibodies

The following primary antibodies were used: Early endosome antigen 1 (EEA1) at 1:500
(#610456; BD Biosciences); amyloid precursor protein (APP) at 1:500 (#ab32136; Abcam);
microtubule-associated protein 2 (MAP2) at 1:1000 (ab92434; Abcam); Ras-related protein Rab-
7a (Rab7) at 1:1000 (ab50533; Abcam); Ras-related protein Rab-11 (Rabl11) at 1:250 (#610656;
BD Biosciences); Lysosome associated membrane protein-1 (LAMP1) at 1:250 (#sc 2011; Santa
Cruz); Tropomyosin receptor kinase B (TRKB; # ab18987; abcam) and GLUA1(# MAB2263;

Millipore sigma) at 1:500( DAPI at 1 mg/mL final (Alfa Aesar).

34.11 Transferrin Recycling Assay

To measure recycling pathway function, we utilized transferrin recycling assay as
previously described(Rapaport et al., 2010). Purified neurons were seeded at 400,000 cells/well
of a 24 well plate containing matrigel coated 12 mm glass coverslip/well. After 5 DIV, cells were
washed once with DMEM-F12 medium and incubated with starving medium (DMEM-F12
medium+25mM HEPES+ 0.5% BSA) for 30 minutes at 37°C in a 5% CO: incubator to remove
any residual transferrin. Thereafter, cells were pulsed with either 100pug/ml transferrin from
human serum conjugated with Alexa Fluor™ 647(#T123366; Thermo Fisher Scientific) or vehicle
(PBS) in ‘starving medium’. At the end of 10 mins, cells were washed twice with ice-cold PBS
to remove any external transferrin and stop internalization of transferrin and washed once with
acid stripping buffer (25mM citric acid+24.5mM sodium citrate+280mM sucrose+0.01mM
Deferoxamine) to remove any membrane bound transferrin. Next, cells were either fixed in 4%
PFA or ‘Chase medium’ (DMEM-F12+50uM Deferoxamine+20mM HEPES+500ug/ml Holo-
transferrin) was added for different time points. Immunocytochemistry was done using MAP2

antibody to label neurons, confocal images were captured using Leica SP8 confocal microscope
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under blinded conditions. Fluorescence intensity of transferrin was measured using ImageJ
software. Recycling function was presented as transferrin fluorescence intensity as a percentage

of the fluorescence intensity measured at time zero.

34.12  Measurement of Lysosome and Recycling Endosome Size

Immunocytochemistry using antibodies for LAMP1 and MAP2 or RAB11 and MAP2
was performed as described above. Using a Leica SP8 confocal microscope with an
apochromatic 63X oil immersion lens, z-stack images were obtained under blinded conditions.
For the LAMP1 analysis, 17-34 fields were analyzed for a total of 45 — 76 cells analyzed. For the
RABI1 analysis, 15-30 fields were analyzed for a total of 59 — 124 cells analyzed. Vesicle size
measurements were performed using Cell Profiler software as previously described (Knupp et
al., 2020) (McQuin et al., 2018). Briefly, the vesicle channel was masked using the MAP2
channel and automated segmentation algorithms were used to identify individual puncta. The

pixel area of each puncta was measured and is presented as mean area of all puncta per field.

3.4.13  Statistical Analysis

For all the experiments, at least two independent clones of each genotype were used. For
all imaging experiments the data was analyzed in a blinded manner. Experimental data was
tested for normal distributions using the ShapiroWilk normality test. Normally distributed data
was analyzed using parametric two-tailed unpaired t tests. Non-normally distributed data was
analyzed by non-parametric Mann-Whitney test. Significance was defined as a value of p > 0.05.
All statistical analysis was completed using GraphPad Prism software. Statistical details of
individual experiments, including biological and technical replicate information, can be found in

the figure legends.
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3.4.14 RNA Extraction

RNA was collected from 3 separate differentiations including a combination of two WT
clones and two SORLIKO clones. Each sample includes 2-3 technical replicates. RNA was
collected from 2 million purified neurons for each sample. Purification of total RNA was
completed using the PureLink RNA Mini Kit (Thermo Fisher 12183018A). Assessment of
purified RNA was completed using a NanoDrop. Final RNA quantification was completed using
the Quant-iT RNA assay (Invitrogen) and RNA integrity analysis was completed using a

fragment analyzer (Advanced Analytical).

3.4.15  RNA Library Prep and Sequencing

Library preparation was completed using the TruSeq Stranded mRNA kit (Illumina RS-
122-2103) per manufacturer instructions. Sequencing was performed on a NovaSeq 6000

instrument.

34.16  RNAseq Data Analysis

Raw reads were aligned to GRCh38 with reference transcriptome GENCODE release 29
using STAR v2.6.1d (Dobin et al. 2013). Gene-level expression quantification is generated by
RSEM v1.3.1(Li and Dewey, 2011). Genes with fewer than 20 normalized reads across all
samples were omitted from further analysis. We did observe variation in the transcriptome based
on differentiation (Figure 3.9A), however this was corrected for using the sva package(Leek et
al., 2012).

To identify differentially expressed genes (DEGs), we used DESeq (Anders and Huber
2010). Briefly, we fit two models: a null model where gene expression only depends on batch

effects (i.e., differentiation), and an alternative model where gene expression depends on both
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genotype (SORLIKO vs. WT) and batch effects. Chi-squared tests were performed to compare
both fits, and we declare a gene as differentially expressed only when the alternative model fits
the expression data better. DEGs are defined as genes with false discovery rate less than 0.05 and
fold change greater than 1.5. The top gene ontology (GO) package (Alexa and Rahnenfuhrer
2021) was used to identify GO terms that were enriched. GO terms were tested according to the
Fisher’s exact test. Finally, we mapped DEGs onto receptor-ligand interaction diagrams
generated by Ramilowski et al(Ramilowski et al., 2015) using the igraph plugin (Csardi and
Nepusz, 2006). To compare the amount of down-regulated vs. up-regulated genes we used a 2-

sample test for equality of proportions with continuity correction in R.
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Chapter 4. PHARMACOLOGIC STABILIZATION OF RETROMER
RESCUES ENDOSOME ENLARGEMENT IN
HUMAN NEURONAL MODELS OF
ALZHEIMER’S DISEASE

4.1 INTRODUCTION

Alzheimer’s disease is a devastating neurodegenerative disorder that affects a growing
population of older adults. There are currently very few medications that alleviate symptoms of
AD and no treatment that effectively modifies the course of the disorder for more than several
months. Most of the available drugs for AD target amyloid beta (Af3), the main component of
senile plaques which are a hallmark AD neuropathology. However, recent genetic studies have
implicated genes associated with increased AD risk in distinct cellular pathways, including
vesicular trafficking, inflammation, and lipid metabolism(Karch and Goate, 2015). Defects in
trafficking through the endo-lysosomal network (ELN) are apparent in AD and enlarged or
swollen endosomes are a hallmark cytopathology of the disorder. Probing ELN dysfunction in
more detail may provide the opportunity to develop more precise therapeutic options for AD.

The well-established AD risk gene SORL1 encodes the sorting receptor SORLA, which
functions in retromer-dependent trafficking of cargo through the ELN. SORL] is a large gene
with a significant amount of genetic variation(Holstege et al., 2017; Rogaeva et al., 2007). Non-
coding variants of low-effect have been implicated by GWAS and candidate-based gene
studies(Lambert et al., 2013; Rogaeva et al., 2007; Scheltens et al., 2016) and coding variants of
high effect size are found throughout the protein(Holstege et al., 2017; Nicolas et al., 2016;
Pottier et al., 2012; Scheltens et al., 2021). Variants that lead to premature stop codons, and thus

haploinsufficiency of SORL1, are considered causative for AD(Holstege et al., 2017; Raghavan
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et al., 2018; Scheltens et al., 2021). Studies have shown that loss of SORLI results in ELN
dysfunction, including APP mislocalization and enlarged early endosomes(Hung et al., 2021;
Knupp et al., 2020).

SORLA engages with retromer as an adaptor protein for various cargo, including
APP(Andersen et al., 2005). The retromer protein complex is critical to proper ELN function,
sorting proteins out of the early endosome to the trans-Golgi network (TGN) or out to the cell
surface(Fjorback et al., 2012; Seaman, 2012). Retromer consists of two major components, the
trimeric cargo recognition complex (VPS35, VPS29 and VPS26) and a membrane-targeting
component consisting of sorting nexins (SNX1, SNX3, SNX5, SNX27). Mutations in retromer or
loss or of retromer expression is documented in several neurodegenerative diseases including
Alzheimer’s disease and Parkinson’s disease(Berman et al., 2015; Muhammad et al., 2008).

Small molecules that stabilize retromer may be a viable therapeutic strategy for
mitigating ELN defects that occur in AD(Berman et al., 2015). These small molecules, termed
retromer chaperones, have been shown to increase transport of APP out of early endosomes and
reduce AP secretion in mouse and human hiPSC-derived cells(Mecozzi et al., 2014; Young et al.,
2018). Retromer chaperones have further been shown to reduce tau phosphorylation
independently of A in iPSC-derived neurons(Young et al., 2018), as well as reducing A and
tau pathology and improving memory in AD transgenic mice(Li et al., 2020). However, the
effect of these chaperones on endosomal morphology and ELN trafficking, pathogenic events
that may occur prior to accumulation of A, has not been analyzed.

In this work we used the small molecule TPT260, a pharmacologic chaperone which
stabilizes and increases levels of the VPS35 subunit of retromer, to test whether endosomal

phenotypes induced by depletion of SORLI or by AD-associated variants in SORLI can be
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rescued by retromer enhancement. We selected three coding variants identified in AD patients
and located in the VPS10 domain of SORLI for further study, the E270K variant, the G511R
variant, and the Y141C variant, all of which have been suggested to be potentially
pathogenic(Pottier et al., 2012; Vardarajan et al., 2015). Using CRISPR/Cas9 genome editing,
we generated isogenic stem cell lines containing these heterozygous variants (SORL1V*) (Figure
4.5) to determine if variants in the VPS10 domain result in loss of certain SORLA functions. We
also generated a heterozygous SORLI knockout line (SORLI*") (Figure 4.6) and included
previously published homozygous SORL knockout lines (SORLIKO) for comparison. In all cell
lines we analyzed endosome size, AP secretion and tau phosphorylation and investigated

whether treatment with retromer chaperones might mitigate those phenotypes.

4.2  RESULTS

4.2.1 SORLI1"™ Neurons Show Altered APP Processing

Some SORLI variants in the VPS10 domain have been shown to alter APP processing. When
expressed in HEK293T cells, the E270K variant has been shown to increase both A secretion
and sAPP secretion(Vardarajan et al., 2015), and the G511R variant has been shown to disrupt
AP targeting to lysosomes(Caglayan et al., 2014). While the Y141C variant has not been
previously studied, it is similarly located within the VPS10 domain. To investigate whether
SORLIV® neurons have altered APP processing, we measured levels of AP secreted from hiPSC-
derived neurons. We confirmed that neurons from all three VPS10 domain variant lines secreted
increased levels of AP4o (Figure 4.1A) and AP4> (Figure 4.1B) as compared to WT neurons
although the ratio of these two peptides did not change (Figure 4.1C). We did not expect a

change in the AP42:AP40 ratio, as we have previously observed that homozygous loss of SORLI
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(SORLIKO) does not alter AP peptide ratios(Knupp et al., 2020). Increases in AP secretion in all
three SORLIV™ lines were similar in magnitude those observed in the SORLI"", but less than the
increase in AP} observed in the full SORLIKO neurons (Figure 4.1A-B). We additionally
assessed the effects of SORLIV™ lines on intracellular tau. It is known that tau is trafficked
through the ELN to the lysosome for degradation(Vaz-Silva et al., 2018), and it is unknown if
SORLA contributes to tau sorting. We did not observe any significant differences in the ratio of
phosphorylated:total tau (pTau:tTau) (Figure 4.1D) in SORLIV*, SORLI"", or SORLIKO

neurons when the Thr 231 phospho-epitope was analyzed.

4.2.2 SORLI Haploinsufficient and SORL1"*" Neurons Exhibit Enlarged Early Endosomes

Enlarged early endosomes have become one of the defining cytopathologies of AD,
indicative of endosomal “traffic jams”(Small et al., 2017). We and others have previously
observed enlarged early endosomes in homozygous SORL /KO hiPSC-derived neurons(Hung et
al., 2021; Knupp et al., 2020). We hypothesized that SORL1V* neurons would similarly contain
enlarged early endosomes, although we predicted that due to the single copy of WT SORLI, the
phenotype could be more subtle. We analyzed confocal images of early endosomes in hiPSC-
derived neurons using CellProfiler software (Figure 4.2A), as described previously(Knupp et al.,
2020). Analyzing early-endosome antigen 1 (EEA1) marked puncta, we quantified puncta
properties including mean size (Figure 4.2B) and mean intensity (Figure 4.2C) per field.
SORLIV* and SORLI"" neurons contained significantly larger and more intense EEA1 puncta
than WT. We also confirmed previous findings that SORL /KO neurons contain significantly
enlarged early endosomes (Figure 4.2B). Interestingly, SORL /KO neurons had significantly
enlarged and more intense EEA1 puncta as compared to the SORL IV neurons. Taken together,
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this data indicates that loss of SORLA function is contributing to endosome enlargement in a
gene dose-dependent manner and that harboring one copy of an AD-associated variant in SORL ]

is sufficient to induce early endosome enlargement in neurons.

423 Pharmacologic Stabilization of Retromer Reduces Pathogenic Af and pTau and
Enlarged Early Endosomes in SORL1V*" and SORLI Deficient Neurons

The retromer complex is critical for the proper function of retrograde sorting pathways.
As a retromer adaptor, SORLA can transport APP from endosomal compartments to the TGN,
reducing amyloidogenic cleavage(Andersen et al., 2016). Retromer stabilizing small molecules
have been identified that increase steady-state concentrations of retromer and prevent its
degradation. These retromer chaperones have also been shown to limit APP processing and
reduce secreted AP in mouse and hiPSC-derived cells(Mecozzi et al., 2014; Young et al., 2018).
We hypothesized retromer chaperones might reduce AP secretion in SORL1V* and SORLI
deficient neurons.

We treated hiPSC-derived neurons with retromer chaperone TPT260 ata 15 uM
concentration or DMSO control. To confirm that TPT260 treatment was effective, we measured
the expression of vacuolar protein sorting-associated protein 35 (VPS35), a core retromer protein
(Figure 4.7), and verified that it was significantly increased. We measured significantly less
secreted AB4o (Figure 4.3A) and AP4; (Figure 4.3B) in media collected from TPT260-treated
WT, SORLIV*, and SORLI"" neurons as compared to their DMSO controls. This indicates that
TPT260 enhances retrograde trafficking of APP in cell lines with at least one WT copy of
SORLI.

SORLA is the main adaptor protein for retromer-dependent trafficking of APP(Andersen
et al., 2005). In the SORL /KO neurons, we expected that there would be a smaller effect on A}
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secretion than in cell lines with one functional copy of SORLI and this is what we observed.
SORLIKO neurons show only slightly reduced AP4o secretion, and no change in AP4; secretion
with TPT260 treatment (Figure 4.3A-B). The slight decrease in AP4o secretion could indicate
that another adaptor protein is also capable of retromer-dependent retrograde transport of APP or
AP in addition to SORLA. Retromer chaperones have also been shown to reduce
phosphorylated:total tau ratios in hiPSC-derived neurons(Young et al., 2018). We analyzed tau
levels following TPT260 treatment and found that TPT260 reduced phosphorylated:total tau
ratios in all cell lines (Figure 4.3C), indicating that enhancement of retromer expression may
facilitate pathogenic tau clearance.

Both SORLA and retromer core components have been shown to be reduced in AD
patient brains(Muhammad et al., 2008; Scherzer et al., 2004), indicating that reduced function of
endolysosomal sorting components may be contributing to enlarged early endosomes. We
hypothesized that treating SORL IV* neurons with retromer chaperones might increase retrograde
sorting of cargo out of early endosomes and reduce the size of enlarged endosomes. Following
TPT260 treatment, we performed immunocytochemistry to identify early endosomes by EEA 1
and analyzed confocal images of EEA1 puncta as above (Figure 4.4A). We observed reductions
in puncta size (Figure 4.4B) and intensity (Figure 4.4C) in TPT260-treated SORL V" neurons,
SORLI1"" neurons, and SORLIKO neurons as compared to their DMSO controls, suggesting that
the retromer chaperone reduces enlarged early endosome size. We did not observe any changes
in EEAL1 puncta size or intensity in WT neurons treated with TPT260, indicating that the

retromer chaperone does not alter the size of endosomes that are not enlarged.
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Figure 4.1. SORL1 VPS10 domain variants alter APP processing, but not tau. Heterozygous
SORLI E270K, Y141C, and G511R variant, SORLI"~ and SORLIKO hiPSC-derived neurons

secrete significantly increased levels of (a)AB40 and (b)AP42 as compared to WT controls,
indicated by asterisks. SORL /KO neurons secrete significantly increased levels of (a) AP0 and
(b)ABa42 as compared to SORLIV* and SORLI*" neurons, indicated by hash marks. SORLI
variants in the VPS10 domain do not alter (¢)AB42: AP4o ratios or (d)pTau:tTau ratios. Data
represented as mean = SD. Normally distributed data was analyzed using parametric one-way
ANOVA. Significance was defined as a value of *p <0.05, **p <0.01, ***p <0.001, and ****p
<0.0001.
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Figure 4.2. hiPSC-derived neurons containing SORL1 VPS10 domain variants have
enlarged early endosomes. (a) Representative immunofluorescent images of WT, heterozygous
SORLI1 VPS10 domain variant, SORLI Het KO, and SORL1 KO hiPSC-derived neurons.
Neurons are stained with EEA1 (green) to mark early endosomes, MAP2 (red) to mark cell
bodies, and DAPI (blue) to mark nuclei. Scale bar: 5 um. SORLIV*, SORLI"", and SORLIKO
neurons have (b) larger and (¢)more intense early endosomes than WT, indicated by asterisks.
SORLIKO neurons have (b) larger early endosomes than SORLIV* and SORLI"" neurons,
indicated by hash marks. 10-20 images were analyzed per genotype. Data represented as mean +
SEM. Normally distributed data was analyzed using parametric one-way ANOVA. Significance
was defined as a value of *p < 0.05, **p <0.01, ***p <0.001, and ****p < (0.0001.
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Figure 4.3. Retromer chaperone reduces AP secretion and pTau:tTau ratios in hiPSC-
derived neurons containing SORL1 VPS10 variants. Retromer chaperone TPT260
significantly reduces (a)AB4o and (b)APB42 in WT, heterozygous SORLI E270K, Y141C, and
G511R variant, and SORL1 Het KO hiPSC-derived neurons as compared to DMSO controls.
TPT260 significantly reduces APa4o, but not A4z in SORLI KO neurons. Retromer chaperone
TPT260 significantly reduces (¢)pTau:tTau ratios in WT, heterozygous SORLI E270K, Y141C,
and G511R variant, SORLI Het KO, and SORL KO hiPSC-derived neurons as compared to
DMSO controls. Data represented as mean + SD. Normally distributed data was analyzed using
parametric two-way ANOVA. Significance was defined as a value of *p < 0.05, **p <0.01,

*#%p <0.001, and ****p <0.0001.
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Figure 4.4. Retromer chaperone reduces endosome size in hiPSC-derived neurons

containing SORL1 VPS10 variants. (a) Representative immunofluorescent images of TPT260-

and DMSO-treated WT, heterozygous SORLI VPS10 domain variant, SORLI Het KO, and

SORL1 KO hiPSC-derived neurons. Neurons are stained with EEA1 (green) to mark early

endosomes, MAP2 (red) to mark cell bodies, and DAPI (blue) to mark nuclei. Scale bar: 5 um.

All TPT260-treated neurons have early endosomes that are (b) smaller and (b)less intense than

the DMSO-treated controls. 10-20 images were analyzed per genotype. Data represented as mean

+ SEM. Normally distributed data was analyzed using parametric two-way ANOVA.
Significance was defined as a value of *p < 0.05, **p <0.01, ***p <0.001, and ****p <0.0001.
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Figure 4.5. Genomic sequence of cell lines containing SORL1 VPS10 domain variants.
Sequencing of cell lines containing heterozygous SORL1 variants (a) E270K, (b) Y141C, and (c¢)
GS11R.
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Figure 4.6. Genomic sequence of heterozygous SORL1 KO (SORL1 Het KO) cell lines.
(a)Sequencing of SORLI"" cell line shows a heterozygous deletion resulting in a premature stop
codon. (b) Representative western blot of SORLI*- hiPSC-derived neurons showing reduced
expression of SORLA as compared to WT. (¢) Quantification of western blots of SORLI*-
hiPSC-derived neurons confirms significantly reduced expression of SORLA protein as
compared to WT neurons. n=6 biological replicates per genotype. Data is presented as mean +
SD. Normally distributed data was analyzed using parametric unpaired two-tailed t-test.

Significance was defined as a value of *p < 0.05, **p < 0.01, ***p <0.001, and ****p <0.0001.
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Figure 4.7. Retromer chaperone increases expression of retromer component VPS35.
(a)Representative western blot of TPT260- and DMSO-treated WT and heterozygous SORL IV
neurons. (b) Quantification of western blots of TPT260- and DMSO-treated WT and
heterozygous SORL IV neurons. TPT260-treated neurons have significantly increased
expression of retromer component VPS35. n=4-5 biological replicates per genotype. Data is
presented as mean = SD. Normally distributed data was analyzed using parametric one-way

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

When considering the development of novel therapeutics for Alzheimer’s disease, it is
critical to examine biologically relevant pathways such as protein trafficking through the ELN in
neurons. In particular, trafficking of APP directly affects its processing into amyloidogenic
forms, such as Ab. Furthermore, indicators of ELN dysfunction, such as enlarged endosomes, are
early cytopathological phenotypes in AD, evident before substantial accumulation of other
neuropathologic hallmarks and thus a potentially attractive therapeutic target(Cataldo et al.,
2000). We examined hiPSC-derived neurons containing heterozygous SORLI VPS10 domain
variants for cellular phenotypes associated with AD. It has been previously reported that
heterozygous and homozygous loss of SORL] result in increased secretion of A and enlarged
early endosomes(Hung et al., 2021; Knupp et al., 2020). We observed similar phenotypes in the
SORL1I VPS10 domain variant lines (Figure 4.1, Figure 4.2). Both secreted A3 and enlarged
early endosome phenotypes seem to be gene dose-dependent, which aligns with previous
reports(Dodson et al., 2008; Hung et al., 2021). This data is also consistent with indications that
SORL ]I haploinsufficiency is causative for AD(Andersen et al., 2021; Holstege et al., 2017), and
suggests that certain rare variants in the VPS10 domain of SORL I may result in
haploinsufficiency leading to AD.

Deficiency of the multi-protein sorting complex, retromer, is implicated in multiple
neurodegenerative disorders(Carosi et al., 2021). Of relevance to AD, SORLA is a major adaptor
protein for retromer-dependent retrograde trafficking of APP(Andersen et al., 2016). Both loss of
SORLA and loss of retromer subunits increases secretion of AB(Knupp et al., 2020; Young et al.,
2018). We previously reported that treatment with retromer chaperones decrease A in cell lines

derived from SAD and FAD patients(Young et al., 2018). Here we directly tested the effect of
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retromer chaperones on the increased AP} we observe in neurons with loss of SORL 1 expression
or that harbor SORLI VPS10 domain variants. We show that in all cell lines with at least one
WT copy of SORL1, chaperone treatment reduces levels of amyloidogenic AP (Figure 4.3). In
SORLIKO lines, the retromer chaperone provides a slight reduction in AB40, of a much smaller
magnitude that those seen in cell lines with one WT copy of SORL 1, and no significant reduction
in APB42. This data corroborates previous work showing that SORLA is that main retromer
adaptor responsible for sorting APP. With no WT copies of SORLA, the effects of the retromer
chaperone on AP secretion are strongly blunted. However, our data does not rule out and
independent effect of TPT260 on A} secretion that is independent of SORLA.

The early endosome is the sorting hub for cargo in the ELN, and enlarged early
endosomes are indicative of traffic jams in the ELN(Small et al., 2017). Importantly, enlarged
early endosomes are a very early cellular pathology in AD, arising before AP and pTau
pathology(Cataldo et al., 2000). Enlarged early endosomes are also apparent in FAD cell lines,
where altered APP processing is a main disease driver. In these conditions, reducing
amyloidogenic processing by treatment with a B-secretase inhibitor (BACE1) was able to rescue
endosome enlargement(Kwart et al., 2019). In contrast, enlarged endosomes due to loss of
SORL 1 expression were not rescued by treatment with BACEi(Knupp et al., 2020) but were
rescued by total reduction of APP using anti-sense oligos(Hung et al., 2021). Together this set of
data indicates endosome enlargement in SORL1 deficient cells is directly due to loss of a sorting
protein which impacts the flow of proteins through the ELN. Strategies that reduce the total
amount of cargo within early endosomes (such as reduction of total APP) may thus help to
alleviate endosome enlargement. Because SORLA traffics cargo other than APP through the

ELN in a retromer-dependent manner(Rohe et al., 2013), we hypothesized that enhancing
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retromer trafficking might be another effective strategy to reduce cargo in early endosomes. We
show here that the retromer chaperone partially rescues the enlarged endosome phenotype,
reducing mean endosome size in all SORLIV®, SORL1~, and SORLIKO neurons (Figure 4.4).
We hypothesize that this small molecule enhances retrograde sorting of most retromer cargo, not
just those that rely on SORLA as an adaptor, out of the early endosome. This is one explanation
for why the retromer chaperone reduces endosome size in the SORL /KO line, which contains no
wild-type SORLA. Importantly for therapeutic implications, the retromer chaperone does not
appear to affect endosome size in the WT cell lines at the concentrations we tested.

Loss of SORLA and ELN dysfunction have been shown to be one driver of AD
pathogenesis(Holstege et al., 2017; Hung et al., 2021; Knupp et al., 2020). In this work we show
that SORLI VPS10 domain variants result in neuronal phenotypes similar to those resulting from
loss of SORL1, including enlarged early endosomes and increased AP} secretion. We further
show that treatment with the retromer chaperone TPT260 can improve these cellular phenotypes.
Collectively, our data confirm that ELN dysfunction that occurs early in the course of AD is a

viable therapeutic target worth further study.

4.4  METHODS

4.4.1 CRISPR/Cas9 Genome Editing

All genome editing was completed in the previously published and characterized CV
background human induced pluripotent stem cell line(Young et al., 2015), which is male with an
APOE e3/e4 genotype(Levy et al., 2007). Genome editing was performed according to published
protocols(Young et al., 2018). Briefly, the Zhang Lab CRISPR Design website (crispr.mit.edu)

was used to generate guide RNAs (gRNAs) with minimal off-target effects. gRNAs were cloned
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into the px458 vector that also expresses GFP and the Cas-9 nuclease. hiPSCs were
electroporated with plasmids, sorted by flow cytometry for GFP expression, and plated at a
clonal density of ~1x1074 cells per 10cm plate. After approximately two weeks of growth,
colonies were picked and split into identical sets. One set was analyzed by Sanger sequencing
and one set was expanded to generate isogenic cell lines. A total of 6 previously unpublished
clones were chosen for experiments contained in this publication: 2 clones containing the
heterozygous SORLI E270K variant (Figure 4.5A), 1 clone containing the heterozygous SORL 1
Y 141C variant (Figure 4.5B), 2 clones containing the heterozygous SORLI G511R variant
(Figure 4.5C), and 1 clone containing a deletion resulting in a heterozygous SORLI KO
(SORLI"") (Figure 4.6). Also included in this publication are four previously published clones
including 2 WT clones and 2 homozygous SORL KO clones (SORLIKO)(Knupp et al., 2020).
All clones were shown to have normal karyotypes and verified to be free of mycoplasma

(MycoAlert).

4.4.2 CRISPR/Cas9 gRNA, ssODN, and Primer Sequences

E270K gRNA: ATTGAACGACATGAACCCTC

E270K ssODN
GGGAATTGATCCCTATGACAAACCAAATACCATCTACATTGAACGACATGAACCCTC
TGGCTACTCCACGTCTTCCGAAGTACAGATTTCTTCCAGTCCCGGGAAAACCAGGAA
G

E270K Forward primer: ctctatcctgagtcaaggagtaac

E270K Reverse primer: ccttccaattcctgtgtatge

PCR amplifies 458 bp sequence
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Y141C gRNA: GTACGTGTCTTACGACTA

Y141C ssODN:
GAAAGATCTTTCTGCCAGTTTCTCACCAACTCTTTCTTTTTCATCTCCTTTTCTCTGTA
TTCCAGGTGTACGTGTCTTACGACTGTGGAAAATCATTCAAGAAAATTTCAGACAAG
TTAAACTTTGGCTTGGGAAATAGGAGTGAAGCTG

Y 141C Forward primer: gtggcaggtgcctgtaatce

Y 141C Reverse primer: cacagagagcgccatctcc

PCR amplifies 445 bp sequence

G511R gRNA: CTCTTGCATTTTAGGCTCAG

GS11R ssODN:
CTGACATATTCTTGAAATTAAAAATAATTATTTCTCTTGCATTTTAGGCTCAGTGCGA
AAGAACTTGGCTAGCAAGACAAACGTGTACATCTCTAGCAGTGCTGGAGCCAGGTG
GCG

G511R Forward primer: cgccactggtaagtgtgcttgc

G511R Reverse primer: ctggcattactggtctctgecatg

PCR amplifies 413 bp sequence

443 hiPSC Neuronal Differentiation

hiPSCs were cultured and differentiated into neurons using previously published
methods(Knupp et al., 2020; Rose et al., 2018). Briefly, cortical neurons were differentiated from
hiPSCs using the dual-SMAD inhibition technique. hiPSCs were plated on 1:20 Matrigel-coated
(Growth factor reduced basement membrane matrix; # 356231; Corning) 6-well plates at a

density of 3.5 million cells per well. Cells were fed with Basal Neural Maintenance Media
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(BNMM) (1:1 DMEM/F12 (#11039047 Life Technologies) + glutamine media/neurobasal media
(#21103049, Gibco), 0.5% N2 supplement (# 17502-048; Thermo Fisher Scientific,) 1% B27
supplement (# 17504-044; Thermo Fisher Scientific), 0.5% GlutaMax (# 35050061; Thermo
Fisher Scientific), 0.5% insulin-transferrin-selenium (#41400045; Thermo Fisher Scientific),
0.5% NEAA (# 11140050; Thermo Fisher Scientific), 0.2% [-mercaptoethanol (#21985023, Life
Technologies)) supplemented with 10 uM SB-431542 and 0.5 uM LDN-193189 (#1062443,
Biogems) for seven days. On day 8, cells were incubated with Versene (#15640066, Gibco),
dissociated with cell scrapers, and passaged 1:3. From days 9-13, cells were fed daily with
BNMM containing no supplements. On day 13, media was switched to BNMM containing 20
ng/mL FGF (R&D Systems, Minneapolis, MN). On day 16, cells were passaged 1:3. Cells were
fed daily until approximately day 23, when cells were FACS sorted to enrich a stable population
of CD184/CD24 (#557145/561646 BD Pharmingen) positive, CD44/CD271 (#555479/557196
BD Pharmingen) negative neural progenitor cells(Yuan et al., 2011). After sorting, cells were
expanded for cortical neuronal differentiation. Neural progenitor cells were plated on Matrigel at
a density of 5 million cells per 10cm plate. Media was switched to BNMM supplemented with
0.02 pg/mL brain-derived neurotrophic factor (#450-02 PeproTech) + 0.02 pg/mL glial-cell-
derived neurotrophic factor (#450-10 PeproTech) + 0.5 mM dbcAMP (#D0260 Sigma Aldrich).
Cells were fed twice a week for three weeks. After three weeks, neurons were sorted by magnetic
activated techniques to enrich the population of CD184/CD44/CD271 negative cells and plated

out for experiments. All cell culture was maintained at 37C and 5% CO,.

4.4.4 Cortical Neuron Purification

After three weeks of differentiation, neurons were purified to enrich the cortical neuron

population using previously published methods(Knupp et al., 2020; Young et al., 2015). In brief,
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cells were dissociated using Accutase (#AT104-500 Innovative Cell Tech) and resuspended in
IMAG solution (PBS + 0.5% bovine serum albumin [Sigma Aldrich] + 2 mM
ethylenediaminetetraacetic acid [ThermoFisher]). Cells were incubated with PE-conjugated
mouse anti-human antibodies to CD184, CD44, and CD271 (BD Pharmingen) at concentrations
of 5 uL/10 million cells. After antibody incubation, cells were washed using IMAG solution and
incubated with anti-PE magnetic beads (BD Pharmingen) at a concentration of 25 pL/10 million
cells. Complexes of antibodies and beads were pulled down using a rare earth magnet, and the
supernatant containing cells of interested was collected. Cells were counted and plated at

appropriate experimental densities.

4.4.5 Western Blotting

Cell lysates we separated on 4-20% Mini-PROTEAN TGX Precast Protein Gels
(#4561096; Biorad). Proteins were then transferred to PVDF membranes and membranes were
incubated with antibodies to Sortilin-related receptor 1 (SORLA) at 1:1000 (BD 611860 and
abcam ab190684), B-actin (ACTB) at 1:2000 (EMD Millipore Corp MAB1501), early endosome
antigen 1 (EEA1) at 1:5000 (BD 610456), and vacuolar protein sorting-associated protein 35

(VPS35) at 1:1000 (abcam ab97545). All images of blots were quantified using ImageJ software.

4.4.6 Amyloid Beta and Phosphorylated Tau Measurements

AP peptides and phosphorylated tau protein were measured as previously
described(Knupp et al., 2020; Young et al., 2015). Briefly, purified neurons were plated in
96well plates at a density of 200,000 cells per well. Cell lysates and media were harvested from
triplicate wells. To measure AP peptides, an AP Triplex ELISA plate (Meso Scale Discovery

#151200E-2) was used to assess media. To measure phosphorylated and total tau, a
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Phospho(Thr231)/Total Tau ELISA plate (Meso Scale Discovery K15121D-2) was used to

assess cell lysates.

4.4.7 TPT260 Treatment

Purified neurons from all cell lines were plated either in Matrigel-coated 96-well plates at
a density of 2x10e5 or on Matrigel coated coverslips at a density of Sx10e5. After five days, cells
were treated with media containing 15 uM TPT260 (Cayman Chemical 16079) or DMSO
control. All experiments were performed after 72hrs of treatment. At this time point, media was
harvested for quantification of AP0 and AP by ELISA. Cell lysates were harvested for western
blotting and tau quantification by ELISA. Additionally, cells on coverslips were fixed in 4%

paraformaldehyde (PFA, Alfa Aesar, Reston, VA) in preparation for immunocytochemistry.

4.4.8 Immunocytochemistry

Immunocytochemistry was performed as previously described(Knupp et al., 2020). Glass
coverslips were plated in a 24-well plate and coated with Matrigel. Neurons were purified,
seeded at a density of 500,000 per well, and maintained in culture for 5 days prior to
experiments. Neurons were fixed for 15 minutes in 4% paraformaldehyde (PFA, Alfa Aesar,
Reston, VA). Following fixation, neurons were incubated for 30 minutes in blocking buffer
containing 2.5% bovine serum albumin and 0.1% Triton-X (Sigma Aldrich, St Louis, MO) in
PBS. Primary antibodies were diluted in blocking buffer and incubated for 2 hours at room
temperature. Neurons were then washed three times in buffer containing 0.1% Triton-X in PBS
and incubated for 1 hour at room temperature with secondary antibodies diluted in blocking
buffer. Finally, neurons were rinsed three times with PBS. Glass coverslips were mounted on

slides using ProLong Gold Antifade mountant (ThermoFisher, Waltham, MA). The following

136



primary antibodies were used: early endosome antigen 1 (EEAT1) at 1:500 (BD 610456);
microtubule-associated protein 2 (MAP2) at 1:1000 (Abcam ab92434); DAPI at 1 pg/mL final

(Alfa Aesar).

4.49 Confocal Microscopy and Image Processing

All microscopy, image processing, and image analyses were performed under blinded
conditions. Confocal z-stack images were obtained using a Leica SP8 confocal microscope with
x63 apochromat oil immersion lens. Image processing was completed using ImageJ
software(Schindelin et al., 2012). Endosome size analysis was performed as previously
described(Knupp et al., 2020). Briefly, maximum intensity projections of confocal z-stacks were
generated. The rolling ball algorithm was used to subtract background in endosome channel
images. Cell body stains were used to mask endosome channels, and size and intensity
measurements were made using CellProfiler software(McQuin et al., 2018). Automated
segmentation algorithms were used to identify individual puncta, and puncta properties including
area and intensity were calculated. Mean intensity and mean puncta area are presented as a mean

value over all puncta per field.

4.4.10  Quantification and Statistical Analysis

For all experiments, we used two independent clones containing the heterozygous E270K
variant, one clone containing the Y141C variant, two independent clones containing the G511R
variant, one SORL1 heterozygous KO clone, and three independent clones of isogenic WT cell
lines (cells that underwent the CRISPR/Cas9 transfection and sub-cloning process, but in which
editing events did not occur). In addition, we used two independent clones of SORL1

homozygous KO cell lines that were previously published(Knupp et al., 2020). Data was tested
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for normality using the Schapiro-Wilk normality test. Normally distributed data was analyzed
using parametric one-way ANOVA or two-way ANOVA tests. Significance was defined as
p<0.05. All statistical analysis was performed using Graphpad Prism software. Details of
individual experiments, including biological and technical replicates, can be found in figure

legends.
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Chapter 5. CONCLUSION

5.1 INTRODUCTION

AD affects over 5 million adults in the United States(2020), and current therapeutic
options do not halt disease progression(Cummings et al., 2019). There have been hundreds of
failed treatment options, many of which attempt to reduce production of or facilitate clearance of
AB. There is an urgent need for new treatment strategies that do not rely on direct modulation of
AB. ELN dysfunction represents one possible driver of AD pathogenesis upstream from Af3
generation(Small and Petsko, 2020).

ELN dysfunction is an interesting therapeutic target for AD, particularly because
modulating the ELN can directly affect multiple AD pathologies. Because APP is cleaved within
ELN compartments, A} generation can be increased by depletion of SORLA(Knupp et al., 2020)
or decreased by overexpression of SORLA(Young et al., 2015). ELN function also affects tau
generation, as it has been shown that enhancing retromer traffic can reduce tau
phosphorylation(Young et al., 2018). Retromer-dependent recycling is also required for
reinsertion of AMPA receptor subunits into the plasma membrane at post-synaptic sites, which
directly affects long-term synaptic health(Temkin et al., 2017). Collectively, these studies
support the further study of ELN dysfunction as one possible driver of AD pathogenesis and

recommend the development of ELN therapeutics.
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5.2  DEPLETION OF THE AD RISK GENE SORL [ SELECTIVELY IMPAIRS
NEURONAL ENDOSOMAL TRAFFIC INDEPENDENT OF AMYLOIDOGENIC APP

PROCESSING

ELN dysfunction is known to occur in AD brains. GWAS and sequencing studies have
identified many genes in the ELN associated with AD(Lambert et al., 2013; Miyashita et al.,
2013; Raghavan et al., 2018), and enlarged early endosomes have been identified in neurons
prior to the buildup of AB(Cataldo et al., 2000). Because these defects occur early in the course
of disease, the ELN represents a viable therapeutic target for AD.

In this work, we show that loss of SORLA results in ELN dysfunction. In hiPSC-derived
neurons, loss of SORLA results in enlarged early endosomes, the hallmark cytopathology of AD.
EOAD mutations have been similarly shown to result in this phenotype, though interestingly,
enlarged early endosomes from EOAD mutations can be rescued through BACE1
inhibition(Kwart et al., 2019). In contrast, we find that enlarged early endosomes from loss of
SORLA are amyloid-independent. This suggests that ELN homeostasis is a global event in AD
and may be impacted by different factors in the early onset and late onset forms of disease.

We further show that enlarged early endosomes from loss of SORLA are cell-type
specific, and do not occur in hiPSC-derived microglial-like cells. As phagocytic cells, microglia
are highly reliant on ELN function, but loss of SORLA in microglial-like cells does not alter
early endosome size. This emphasizes that cell-type specific differences occur in response to
ELN defects, and further study of the effects of loss of SORLA on microglial ELN is necessary.

Collectively, this data confirms a role for SORLA beyond APP trafficking and suggest
that SORLA may be critical for normal ELN function in neurons. As enlarged early endosomes

due to loss of SORLA are independent from A} generation, this data supports the idea that ELN
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dysfunction in AD occurs long before A build-up begins(Cataldo et al., 2004; Cataldo et al.,
2000). Finally, this work is indicative of the role that hiPSC-derived models can play in

determining the cellular mechanisms of AD pathogenesis.

5.3 THE ALZHEIMER’S GENE SORL1 1S A KEY REGULATOR OF ENDOSOMAL

RECYCLING IN HUMAN NEURONS

SORLA has long been linked to AD for its role in retromer-related trafficking of APP out
of early endosomes(Andersen et al., 2006; Offe et al., 2006). We show that loss of SORLA
results in APP accumulation in early and recycling endosomes, with a corresponding increase in
AP secretion. More broadly, we show that loss of SORLA affects the sorting of additional cargo,
including the BDNF receptor TRKB and the AMPA receptor subunit GLUA1. Mislocalization of
these cargoes links loss of SORLA to synaptic dysfunction, an additional AD pathology.

In this work, we also determine a role for SORLA in retromer-dependent recycling of
cargo to the cell surface. Loss of SORLA results in enlarged recycling endosomes and
accumulation of cargo within them, suggesting traffic jams similar to those occurring in the early
endosome. We also show that loss of SORLA reduces cell surface recycling of GLUA1, which is
critical for synaptic plasticity and long-term synaptic health. As GLUA1 recycling has been
shown to be independent of APP(Temkin et al., 2017), this work shows that SORLA is able to
drive two separate pathologies of AD, APP accumulation and synaptic dysfunction, through
parallel mechanisms.

Overall, we show that loss of SORLA results in accumulation of cargo in early and
recycling endosomes. As the early endosome serves as a sorting hub for neuronal cargo,
downstream trafficking defects are unsurprising. In particular, we report that loss of SORLA
reduces recycling of GLUAL to the cell surface, which may affect long-term synaptic function.
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Collectively, our results indicate that SORLA and retromer-dependent trafficking are worth

exploring as a therapeutic target for AD.

5.4 PHARMACOLOGIC STABILIZATION OF RETROMER RESCUES ENDOSOME

ENLARGEMENT IN HUMAN NEURONAL MODELS OF ALZHEIMER’S DISEASE

Rare coding variants have been found throughout SORL that are associated with
increased risk of AD(Nicolas et al., 2016). Along with truncating variants, variants in the VPS10
domain are thought to be the most pathogenic(Holstege et al., 2017). We show here that variants
in the SORL1I VPS10 domain in hiPSC-derived neurons result in enlarged early endosomes and
increased AP secretion, similarly to neurons with heterozygous or homozygous loss of SORLI.
These cellular phenotypes seem to be gene-dose dependent, which aligns with previous reports
that SORL haploinsufficiency is causative for AD(Andersen et al., 2021; Scheltens et al., 2021).

SORLA serves as a retromer-dependent receptor, trafficking cargo out of the early
endosome(Andersen et al., 2005). Retromer-stabilizing small molecules, termed retromer
chaperones, have been shown to increase trafficking of APP out of the early endosome and
reduce A secretion(Mecozzi et al., 2014). We show that the classic AD cytopathology of
enlarged early endosomes can be mitigated by enhancing retromer expression with chaperones.
We hypothesize that retromer chaperones accomplish this by increasing trafficking of all
retromer cargo out of the early endosome, not just SORLA-dependent cargo.

Loss of SORLA and ELN dysfunction have been shown to be one driver of AD
pathogenesis(Holstege et al., 2017; Hung et al., 2021; Knupp et al., 2020). We show that SORL1
variants in the VPS10 domain result in neuronal phenotypes similar to loss of SORL1, including
enlarged early endosomes and increased A} secretion. These cellular phenotypes can be

ameliorated by treatment with a retromer chaperone. This data confirms that ELN dysfunction
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occurring early in disease pathogenesis is a viable and valuable therapeutic target, and requires

further study in preclinical models.

5.5 CONCLUSION

SORLI haploinsufficiency seems to function as a causal event in EOAD(Andersen et al.,
2021; Holstege et al., 2017; Scheltens et al., 2021). Of the four known causal genes for AD,
SORLI is the only one associated with LOAD as well. Understanding the role of SORLI in ELN
dysfunction is critical for understanding the cellular mechanisms of AD pathogenesis. Here, we
determine that ELN defects such as enlarged early endosomes and increased A secretion occur
from loss of SORLI and from rare AD-associated SORLI variants. We additionally show that we
can rescue some ELN defects occurring from loss of SORLI by enhancing retromer-dependent
retrograde trafficking. Collectively, this work shows that SORLI and retromer-dependent
trafficking are valid therapeutic targets and may ameliorate ELN defects that seem to be a

primary driver of AD.
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