DIGITAL ACCESS o0 HARVARD
SCHOLARSHIP sr HARVARD LIBRARY

DASH.HARVARD.EDU

Building in vitro human iPSC-derived
motor neuron systems to explore cell
autonomous mechanisms and
modifiers of TDP-43 perturbation
associated neurotoxicity

Citation

Gill Jr, Stanley Pernell. 2023. Building in vitro human iPSC-derived motor neuron systems
to explore cell autonomous mechanisms and modifiers of TDP-43 perturbation associated
neurotoxicity. Doctoral dissertation, Harvard University Graduate School of Arts and
Sciences.

Link
https://nrs.harvard.edu/URN-3:HUL.INSTREPOS:37377878

Terms of use

This article was downloaded from Harvard University’'s DASH repository, and is made

available under the terms and conditions applicable to Other Posted Material (LAA), as set

forth at
https://harvardwiki.atlassian.net/wiki/external/NGY5NDE4ZjgzNTc5NDQzMGIzZWZhMGFIOWI2M2EwYTg

Accessibility
https://accessibility.huit.harvard.edu/digital-accessibility-policy

Share Your Story

The Harvard community has made this article openly available.
Please share how this access benefits you.l Submit a story |



https://dash.harvard.edu/submit-story?publicationId=5497cd75-2592-49ad-a552-24258d3e0e29

HARVARD
Kenneth C. Griffin

o0
—
&
s
GRADUATE SCHOOL
OF ARTS AND SCIENCES

DISSERTATION ACCEPTANCE CERTIFICATE

The undersigned, appointed by the

Division of Medical Sciences
in the subject of Biological and Biomedical Sciences

have examined a dissertation entitled

Building in vitro human iPSC-derived motor neuron systems to explore
cell autonomous mechanisms and modifiers of TDP-43 perturbation
associated neurotoxicity

presented by Stanley P Gill Jr

candidate for the degree of Doctor of Philosophy and hereby
certify that it is worthy of acceptance.

Wade tHarver

Signature_' Wade Harper (Oct 25, 2023 14:31 EDT)

Typed Name:  Dr. J.Wade Harper

, Mel Feany
Slgnature.‘ Mel Feany (Oct 24, 2073 16:34 EDT)

Typed Name:  Dr. Mel Feany

Signature: m * y

Typed Name:  Dr. Rosalind Segal

Otezgn Frinren
Signature_' Susan Birren (Oct 24, 2023 16:35 EDT)

Typed Name: Dr. Susan Birren

Date: October 24, 2023



This page intentionally left blank



Building in vitro human iPSC-derived motor neuron systems to explore cell autonomous

mechanisms and modifiers of TDP-43 perturbation associated neurotoxicity

A dissertation presented

by

Stanley P Gill Jr

to

The Division of Medical Sciences

in partial fulfillment of the requirements

for the degree of

Doctor of Philosophy

In the subject of

Biological and Biomedical Sciences

Harvard University

Cambridge, Massachusetts

October 2023



© 2023 Stanley P Gill Jr

All rights reserved.



Dissertation Advisors: Lee Rubin and Kevin Eggan Stanley P Gill Jr

Building in vitro human iPSC-derived motor neuron systems to explore cell autonomous

mechanisms and modifiers of TDP-43 perturbation associated neurotoxicity

Abstract

Transactive Response DNA Binding Protein 43 (TDP-43) is a ubiquitously expressed
nucleic acid transport and processing factor that is essential for normal cellular development and
function. Disruptions to TDP-43 function in neurons, particularly in the form of aggregation in the
cytoplasm, have been associated with the development of several neurodegenerative diseases,
including Amyotrophic Lateral Sclerosis (ALS). Approximately 97% of ALS patients will develop
hyper-phosphorylated, hyper-ubiquitinated inclusions of TDP-43 in spinal cord motor neurons.
While experimental models of TDP-43 perturbation relevant to ALS have been actively studied by
many groups, many of these models are non-human, non-neuronal, inefficient to generate, or a
combination of those qualities. These shortcomings limit the efficacy of these cellular systems for
use as platforms for future therapeutic development at scale. This dissertation describes the
development of genetically engineered human induced pluripotent stem cell (iPSC)-derived motor
neuron models of TDP-43 overexpression and mislocalization as well as implementation of these

models to elucidate mechanisms of ALS-relevant neurodegenerative processes.

To begin, we demonstrate that these engineered motor neuron systems recapitulate key
gain-of-function properties of TDP-43 perturbation upon induction, such as visible aggregation of
TDP-43, re-localization of TDP-43 to the cytoplasm, and loss of cellular viability. We will then
examine the physiologic effects of persistent cytoplasmic localization of TDP-43. Specifically, we

will examine how cytoplasmic localization of TDP-43 changes the neuronal response to oxidative



stress as well as which transcriptomic pathways are modulated by this disease-associated re-
localization. Furthermore, we will use similar assays to examine the effect of genetic knockout of
a proposed modifier of TDP-43 neurotoxicity, Ataxin-2 (ATXN2). We will establish that ATXN2
knockout rescues the neurotoxic effect of TDP-43 overexpression as well as positively modulates

the stress response of neurons to proteotoxic and oxidative stress.

In summary, this dissertation describes an efficient and expandable human iPSC-derived
neuronal platform that provides insights to the mechanisms of neurodegeneration. These
discoveries have the potential to be starting points for the design of future pharmacological and

genetic treatments for ALS and other TDP-43 associated neurologic conditions.
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Chapter 1: Introduction



Amyotrophic Lateral Sclerosis (ALS)

Amyotrophic Lateral Sclerosis (ALS) — also known as Lou Gehrig’s Disease or Motor
Neuron Disease — is a rapidly progressing neurodegenerative disease that affects both upper
(cortical) and lower (spinal cord) motor neurons. Patients often initially present with limb
weakness, stiffness, and/or trouble speaking or swallowing that progresses into general paralysis
and muscle wasting as the condition advances (Kiernan et al. 2011). This paralysis will progress
until the patients are unable to speak, move or breathe without mechanical assistance. Most ALS
patients will die from respiratory failure (Leigh et al. 2003; Wijesekera and Nigel Leigh 2009).
The average survival time from diagnosis is approximately 2.67 years in North America (Xu et al.

2020a).

ALS is frequently billed as one of the top 5 most common neurodegenerative diseases
alongside Alzheimer's Disease, Parkinson’s Disease, Huntington’s Disease, and Frontotemporal
Dementia (FTD) (Lamptey et. al 2022). The mean age of onset is estimated to be anywhere from
40 — 63 years old depending on family history, with a slightly higher risk in men than women
(Mehta et al. 2016; Xu et al. 2020a). ALS has an approximate global prevalence of 4 in 100,000
people (Xu et al. 2020a). Like the neurodegenerative conditions listed above, public awareness of
ALS is quite high thanks to the visibility of some that were afflicted by the condition such as Lou
Gehrig and Steven Hawking as well as initiatives such as the viral Ice Bucket Challenge in 2014
(Wicks 2014). However, there are only about 20 — 30,000 people in the US living with ALS at any
given time (Mehta et al. 2022) compared to approximately 5 million patients with Alzheimer’s
(Hao and Friedman 2016). This qualifies ALS as a rare disease under the US Food and Drug
Administration’s (USFDA) Orphan Drug Act, which provides a variety of incentives for the

development and approval of therapies indicated to treat the condition (Miller et al. 2021).



ALS is a heterogenous disease in its presentation and treatment regimens are highly
personalized to the individual patient. Many pharmacological agents and assistive interventions
can be employed to manage symptoms. Examples include anti-spasticity agents for limb stiffness
such as baclofen (McClelland III et al. 2007), anticholinergics for excessive saliva production such
as amitriptyline (Mercadante et al. 2023), motorized wheelchairs and/or limb braces for mobility,
and voice banking so that the patient can continue to communicate vocally with the assistance of
a computer after they lose the ability to efficiently speak. However, these symptomatic treatments

are not disease-modifying.

There are currently seven USFDA approved drugs indicated for the treatment of ALS
(Table 1.1). Three of these are alternative formulations of the same compound, Riluzole, which
was the first drug approved for the condition in 1995 (Bensimon et al. 1994; Doble 1994). Of the
remaining four, two are specifically indicated for the general treatment of ALS (Relyvrio
(Paganoni et al. 2020a) and Radicava (Yoshino et al. 2006)), one — Qalsody — is an antisense
oligonucleotide therapy specifically for SODI mutant ALS (Smith et al. 2006), and the final drug
— Nuedexta — is indicated for the treatment of pseudobulbar affect (frequent involuntary episodes
of crying or laughing discordant with emotion that commonly occurs secondary to ALS and other
neurologic conditions (Brooks et al. 2004; Green et al. 2018). Relyvrio and Qalsody were USFDA
approved in 2022 and 2023 respectively. With the exception of Qalsody, which is only effective in
ALS patients with an SOD/ mutation which comprises only about 2% of all cases (Berdynski et.
al 2022; Ling et al. 2013), the therapeutic mechanisms of the approved pharmacological
interventions have yet to be fully elucidated. Although these treatments have been shown to be
effective in increasing patient quality of life, none of them increase average patient survival for

longer than 8 — 9 months (Paganoni et al. 2020b). There remains an unmet need to learn more



about the mechanisms of neurodegeneration associated with ALS so that a true disease-modifying

therapy can be developed.

Table 2.1: Overview of the seven current pharmacological treatments for ALS

Compound(s)

Trade Name

Approval Year

Proposed Mechanism of Action

Riluzole

Rilutek

1995

Tiglutik

2018

Exservan

2019

Neurotoxicity blocker by inhibiting glutamatergic
transmission by blocking presynaptic release of
glutamate. Tiglutik is a thickened formulation for
patients with difficulty swallowing the original oral
pill formulation. Exservan is further optimized for
patient delivery — it is an oral film placed on your
tongue that will dissolve. All formats have similar
pharmacology. Prolongs patient survival by 2 - 3
months on average (Bensimon et al. 1994; Doble
1994; Miller et al. 2012; Rothstein 1996; Wymer et
al. 2023)

Dextromethorphan
and Quinidine

Nuedexta

2010

Primarily indicated for the treatment of
Pseudobulbar Effect, which occurs secondary to
ALS in ~50% of patients. Dextromethorphan is a
weak non-competitive NMDA-glutamate receptor
antagonist; Quinidine Sulfate is a Cytochrome P450
inhibitor  that increases  dextromethorphan's
bioavailability by blocking first-pass hepatic
metabolism. Effectively suppresses episodes of
situationally inappropriate emotion when no mood
disorder is present. Also, may improve speech
and/or have a positive impact on other bulbar
functions - such as swallowing (Brooks et al. 2004;
Fang et al. 2017; Green et al. 2018).

Edaravone

Radicava

2017 (1V), 2022
(Oral)

Reduces oxidative stress by scavenging free
radicals. Reduces neuroinflammation. Reduces
functional decline and improves patient quality of
life but does not extend survival beyond treatment
with Riluzole alone. (Abe et al. 2017; Cruz 2018;
Johnson et al. 2022; Yoshino et al. 2006)

Sodium
Penylbutyrate and
Taurursodiol

Relyvrio

2022

Reduces neuronal cell death by lowering
endoplasmic reticulum stress and mitochondrial
dysfunction. Prolongs patient survival by about 6.5
months compared to Riluzole only treated placebo
group (Del Signore et al. 2008; Kusaczuk 2019;
Paganoni et al. 2020a; Paganoni et al. 2020b).

SOD1 Antisense
Oligonucleotide

Qalsody/Tofersen

2023

Blocks pathogenic aggregation of SOD1 by
reducing total SOD1 protein levels using an
antisense oligonucleotide targeting SOD1 mRNA.
Only effective in SOD1 Mutant patients (Blair 2023;
Smith et al. 2006)




Furthermore, about 15% of ALS patients also experience degeneration of neurons in the
prefrontal and temporal cortex, which may lead to a concurrent diagnosis of FTD (Ling et al. 2013;
Ringholz et al. 2005). Many who study neurodegeneration have hypothesized that ALS and FTD
are closely related conditions given this evidence of co-existence and the discovery of common
genetic variants that are associated with the development of both conditions (Ling et al. 2013).
Given this relationship, it stands to reason that understanding the mechanisms of

neurodegeneration in ALS may also benefit therapeutic development for patients with FTD.

Genetic risk factors for ALS

There is no single distinct cause that drives the onset or progression of ALS. Broadly, ALS
cases are classified as familial or sporadic. Roughly 10% of ALS cases are familial, usually
following an autosomal dominant inheritance pattern (Ghasemi and Brown 2018; Laferriere and
Polymenidou 2015). Within familial ALS, approximately 80% of cases can be explained by a
mutation in one or more ALS-associated genes, the most common of which is C9orf72 (40-50%
of familial ALS cases) (Ghasemi and Brown 2018; Renton et al. 2011). The remaining 90% of
ALS cases are sporadic, occurring without a family history. A genetic cause can be identified in

about 10% of sporadic cases as well, with most cases remaining unexplained (Figure 1.1).
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Figure 2.1: A Summary of the Genetics of ALS. Adapted from Laferriere and Polymenidou
2015.




At least 25 genes have been reproducibly associated with risk for ALS across several
different functional areas including protein turnover, RNA processing, and cytoskeletal structure
(Abel et al. 2012; Figure 1.2) While great strides have been made in the last 30 years to discover
more genetic variants associated with risk for ALS, comparatively few studies have explored the
mechanisms of why any given variant is pathogenic. Fewer still have hypothesized potential
therapies for patients expressing these variants. This dissertation will focus on one ALS-associated

gene in particular, TARDBP, which encodes Transactive Response DNA-binding Protein 43 (TDP-

43).
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Figure 1.2: ALS Gene Discovery from 1990 — 2017. 25 genes are listed here across three different
functional domains. Adapted from Brown and Al-Chalabi. 2017.

TDP-43 Structure and Function
TDP-43 was originally discovered as a transcriptional repressor that suppresses the
expression of the gene HIV-1 (Human immunodeficiency virus type 1 - Ou et al. 1995). It is now

understood to be a ubiquitously expressed, multifunctional nucleic acid transport and processing



protein that is required for normal development (Buratti and Baralle. 2012; Kraemer et al. 2010).
The protein contains a Nuclear Localization Sequence (NLS), a Nuclear Export Sequence (NES),
two nucleic acid binding domains, and a C-terminal Glycine rich, relatively disordered region
(Figure 1.3). Most of the clinically relevant TDP-43 mutations occur in this C-terminal disordered

region (Buratti 2015).

K263E, N267S, G287S, G290A, S292N,
G294V, G294A, G295S, G295R, G295C
G298S, M311V, A315E, A315T, A321V.

A321G, Q331K, S332N, G335D, M337V.
Q343R, N345K, G348C, G348V, G348R,
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Figure 1.3: Structure of TDP-43 protein and known ALS patient mutations. RRM1 and RRM2
are the nucleic acid binding domains. Mutations are all missense mutations except for the bolded
locations. Adapted from Buratti 2015.

Under normal conditions, TDP-43 is primarily localized to the nucleus, though a small
amount will transiently be in the cytoplasm at any given moment as a function of its roles in RNA
transport. In its role as an RNA binding and processing factor, TDP-43 is known to bind to UG-
rich regions in transcripts representing over 4,000 genes, including its own (Sephton et al. 2011;
Tollervey et al. 2011). TDP-43 also interacts with translation initiation machinery, elongation
factors, and ribosomal subunits, suggesting that cytoplasmic TDP-43 plays a role in regulating

translation (Birsa et al. 2020; Freibaum et al. 2010; Lee et al. 2021). As evidenced from its capacity

to self-regulate, regulation of TDP-43 levels seems to be important to cellular health as both



knockdown and overexpression have profoundly negative effects in multiple cell types (Klim, et
al. 2019; Lee et al. 2012; Nonaka et al. 2008; Winton et al. 2008a).

In multiple cell types, TDP-43 is also associated with the process of forming stress granules
(Lin-Yesucevitz et al. 2010; Markmiller et al. 2018). Stress granules are small, membrane-less
organelles that form in the cytoplasm in response to disturbances in cellular homeostasis. One
primary function of stress granules is to gather proteins to illicit acute translational stalling as part
of the adaptive cellular stress response (Kedersha and Anderson 2002). In response to cellular
disturbances such as increased reactive oxygen species levels (Markmiller et. al 2021), proteotoxic
stress (Klim et al. 2019), or physical damage (Sato et al. 2009), TDP-43 will exit the nucleus and
co-localize with stress granule-associated proteins such as TIA-1 and G3BP1 (Lee et al. 2012;
Markmiller et al. 2021) in the cytoplasm. After the stress is relieved, under normal conditions,
TDP-43 will return to the nucleus (Klim et al. 2019; Sato et al. 2009). This suggests that transient

cytoplasmic localization of TDP-43 plays an important role in the cellular stress response.

TDP-43 mutation, mislocalization, and aggregation in ALS

TARDBP mutation occurs in approximately 4% of familial ALS cases and 2% of sporadic
ALS cases (Ghasemi and Brown 2018; Ingre et al. 2015). Although many of these mutations have
limited experimental characterization, the results from the variants that have been characterized
show similar functional effects. Mutations in TDP-43 are generally toxic upon knock-in or ectopic
expression (Barmada et al. 2010; Johnson et al. 2008; Xu et al. 2010). While TDP-43 mutations
generally do not change the proteins that TDP-43 interacts with (Freibaum et al. 2010), changes in
transcript abundance of TDP-43 target RNAs have been observed in the context of these mutations
(Klim et al. 2019). Alteration of transcript abundance in this fashion of certain factors is proposed

as a contributing mechanism to neurodegeneration (Klim et al. 2019). ALS-associated mutations



also increase TDP-43’s aggregation propensity, possibly by promoting misfolding and/or prion-
like association of the disordered C-terminal region between proteins (Nonaka et al. 2009). This
process is thought to be a driving cause for the formation of cytoplasmic TDP-43 aggregates that

are hypothesized to be pathogenic.

Interestingly, 7TARDBP mutation is not required for TDP-43 mislocalization and
aggregation in the cytoplasm. 97% of ALS patients will develop insoluble TDP-43 aggregates in
degenerating motor neurons regardless of whether they have a TARDBP mutation or not (Ling et
al. 2013). Mutation-independent mechanisms of TDP-43 aggregation have yet to be fully explored.
As the cell attempts and fails to process these aggregates, TDP-43 becomes hyper-phosphorylated
and hyper-ubiquitinated (Hasegawa et al. 2008; Neumann et al. 2006; Nonaka et al. 2016); staining
for phosphorylated TDP-43 is a common method for determining aggregate presence. Cells will
also attempt proteolytic cleavage of TDP-43, which results in the build-up of C-terminal fragments
of varying size contained in these aggregates, which are also used as a biomarker for aggregating
protein (Igaz et al. 2008; Xiao et al. 2015). Studies have been undertaken on the composition of
these aggregates and found that they also contain nuclear pore complex proteins,
nucleocytoplasmic transport machinery, translational processing components, and more (Chou et
al. 2018). While there is still much to learn about the pathogenicity of TDP-43 aggregates, it is
known that, in addition to depleting local functional TDP-43 levels, their presence negatively
affects proteosome-mediated degradation (Riemenschneider et al. 2022) and autophagy (Ormeno

et al. 2020; Torres et al. 2017), further limiting the cell’s capacity to process and clear them.

Reasonably, dispersing TDP-43 aggregates has long been considered to be a potential
therapy for ALS, though little headway has been made in developing a method to achieve this.

Mechanisms driving the liquid-liquid phase separation of TDP-43 aggregates have been explored



by multiple groups (Babinchak et al. 2019; Mann et al. 2019; Suk and Rousseaux 2020), with the
one hypothesis being that TDP-43 was more likely to phase separate and become insoluble if it
was not bound to RNA or DNA (Mann et al. 2019). However, given that an equilibrium of bound
and unbound TDP-43 is essential for TDP-43’s ability to transport and process RNAs, simply
forcing TDP-43 to assume the bound state more often is not a viable therapeutic strategy.
Recruiting deubiquitinases (Hans et al. 2014), ubiquitin ligases to facilitate proteasome
degradation (Tseng et al. 2023; Uchida et al. 2016), or phosphatases targeting TDP-43 (Eck et al.
2021; Liachko et al. 2016) have all shown promise in vitro in decreasing aggregate burden,
however these methods and models do not explain nor treat the underlying cause driving why the

aggregates formed.

Previously developed models of TDP-43 disruption for the study of neurodegeneration

Many in vitro and in vivo models have previously been interrogated to characterize and
explain the effects of TDP-43 overexpression, knockdown, or persistent cytoplasmic localization
(Barmada et al. 2010; Klim et al. 2019; Walker et al. 2015; Winton et al. 2008a; Wils et al 2010).
Commonly used in vitro models include HEK293 (Human Embryonic Kidney), SHSYS5Y (Human
Neuroblastoma), and NSC-34 (Mouse Motor Neuron-like) immortalized cell lines engineered to
contain an additional copy of TDP-43 wild-type or a mutant variant (Ding et al. 2021; Nonaka et
al. 2008; Winton et al. 2008a). Similar to the effect of expressing of an ALS-associated TDP-43
mutant, wild-type TDP-43 overexpression alone is sufficient to drive the formation of cytoplasmic
and nuclear TDP-43 aggregates and induce cell death (Xu et al. 2010). Expressing a TDP-43
variant with a non-functional Nuclear Localization Sequence (TDP-43ANLS) is also an
established method for forcing cytoplasmic localization of the protein and inducing aggregate

formation (Barmada et al. 2010; Winton et al. 2008a). While much has been learned about TDP-
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43 proteinopathy from these models, their efficacy is limited for exploring cell autonomous effects
that are specific to motor neurons. These mechanisms are important to understand particularly for

studying the progression of ALS because it is a condition that preferentially affects motor neurons.

Primary neurons isolated from humanized TDP-43 mutant mice are also frequently
employed in studying the biochemistry of TDP-43 perturbation (Alami et al. 2014; Barmada et al.
2010; Feiler et al. 2015). While examining interactions in a neuronal context is generally more
applicable than a focus on other cell types, such models derived from mouse also carry the problem
that the source organism is not human. ALS is a uniquely human disease — mice that these primary
cultures are derived from do not get ALS or a condition that resembles this without the transgenic
introduction of a human causal genetic variant (Fisher et al. 2023; Phillips and Rothstein 2015),
which also functionally means that any in vivo study is better equipped to tackle mechanisms
behind familial ALS rather than sporadic ALS. Additionally, discoveries of hypothesized ALS-
relevant neurodegenerative mechanisms in primary and in vivo models have repeatedly failed to
translate into viable human therapies (Fisher et al. 2023; Ittner et al. 2015). There remains an unmet

need for better platforms on which ALS therapeutic discovery projects can be reliably built on.

To address these shortcomings, ALS patient-derived iPSCs differentiated into neurons are
becoming an increasingly popular method of studying the disease. However, this is not without its
drawbacks. Reprogramming iPSCs from patient skin or blood samples is a well-established, but
labor-intensive process (Malik and Rao 2013). Until initiatives were established such as the
Answer ALS consortium in 2016, which now maintains a cell bank of ALS patient-derived iPSCs
available to procure for study (Baxi et al. 2022), the only way to acquire iPSCs was to have the
necessary permissions, patient access, and equipment to derive them yourself. The cost of iPSC

derivation and maintenance reagents are also substantially higher than commonly used cell culture
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medias (for example, a bottle of mMTESR Plus Basal Stem Cell Media used to maintain pluripotent
stem cells is, at the time of this writing, $360 USD from Stem Cell Technologies, over ten times
the cost of a standard bottle of Dulbecco’s Modified Eagle Medium (DMEM) from Thermo Fisher

Scientific, which costs about $30 USD), further limiting widespread use.

Neurons differentiated from induced pluripotent stem cells (iPSC) derived from patients
harboring TDP-43 mutations may recapitulate aggregation phenotypes associated with ALS at
baseline (Bilican et al. 2012; Burkhardt et al. 2012; Egawa et al. 2012; Zhang et al. 2013b). There
are many different protocols for the derivation of neurons of different types from iPSCs
(Giacomelli et al. 2022; Klim et al. 2019; Limone et al. 2023; Nehme et al. 2018; Xue et al. 2013;
Zhang et al. 2013a). Several of these protocols rely on spontaneous differentiation of iPSCs
followed by isolation of neurons or neural progenitor cells (Bossolasco et al. 2018; Liyang et al.
2014). These processes have relatively low efficiency in terms of the number of neurons generated
and can take as long as 30 days or more to generate neurons stable enough to be used in additional
experiments. Additionally, to increase experimental throughput, many groups in the past did not
limit their studies to putative motor neurons — mixed neuron populations or cortical neuron models
are still in use for the study of ALS-associated neurodegenerative mechanisms (Ma et al. 2022;
Mennini et al. 2006; Wen et al. 2014). Similar to the drawback of using non-neuronal models, the
efficacy of non-motor neuron studies to investigate cell autonomous mechanisms of motor neuron
degeneration is limited. Recent advances in differentiation methods have made studying cultures
of iPSC-derived motor neurons more tractable. I will explain the pros and cons of different motor

neuron differentiation protocols later in this chapter.

Regardless of the experimental methods used to generate the models of TDP-43

proteinopathy, they broadly fall into two camps representing the hypothesized primary driver of

12



pathology — loss-of-function models centered around loss of TDP-43’s splicing and processing
functions in the nucleus and gain-of-function models centered around disruptions to essential

cellular functions caused by the presence of the insoluble TDP-43 aggregates (Figure 1.4)
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Figure 1.4: Overview of hypothesized loss-of-function and gain-of-function mechanisms of
TDP-43 mediated neurodegeneration. The TDP-43 loss-of-function hypothesis states that TDP-
43 depletion from the nucleus leads to RNA splicing and transport defects. The TDP-43 gain-of-
function hypotheses center around aggregates of TDP-43 (which may begin as stress granules)
disrupt cellular processes, including mitochondrial function and protein turnover. Adapted from de
Boer et al. 2020

Hypothesized neurodegenerative mechanisms in TDP-43 Loss-of-Function Models
The primary purpose of developing TDP-43 loss-of-function models is to explore drivers
of neurodegeneration that may be applicable in the case where much of the functional TDP-43 in

the cell becoming trapped in the cytoplasmic aggregates, leaving its functions in the nucleus unable
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to be completed. In other words, this is akin to the end state of ALS wherein there is evidence of
near complete TDP-43 depletion from the nucleus. Experimental methods to develop these models
often center around transient knockdown of TDP-43 (e.g., by siRNA) as persistent TDP-43

knockout is not tolerated in most conditions because it is an essential gene (Kraemer et al. 2010).

In recent years, the loss-of-function hypothesis as the primary driver of TDP-43 mediated
neurodegeneration has gained traction due to the discovery and validation of several transcripts
including STMN2 (Klim et al. 2019; Melamed et al. 2019) and UNC134 (Ma et al. 2022), which
have functional roles essential to human neurons and are mis-spliced to contain cryptic exons
(exons that would generally not be included in the mature mRNA during normal conditions) in the
context of TDP-43 mutation and knockdown that ablate the function of the translated protein.
Furthermore, for STMN2, it was shown that knockout in mice was sufficient to induce motor
neuropathy (Krus et al. 2022), further suggesting that loss of TDP-43 is a valid model for
discovering factors that are essential to normal function of motor neurons which may be

compromised in ALS.

Hypothesized neurodegenerative mechanisms in TDP-43 Gain-of-Function Models

The primary purpose of examining TDP-43 gain-of-function models is to explore the
pathogenic mechanisms that may arise from the presence of the insoluble TDP-43 aggregates.
Because aggregation of mislocalization of TDP-43 may occur before full depletion of TDP-43
from the nucleus at the end state (Nilaver and Urbanski 2023), these models may hold additional
efficacy in exploring mechanisms of disease progression rather than only being powered to assess
the terminal end state as loss-of-function models commonly are. Experimental models to explore
these mechanisms are developed through expression of additional wild-type or mutant copy of

TDP-43 in vitro or in vivo, examining animal models with a knock-in of an ALS-relevant mutation,
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or interrogating iPSCs (and subsequently differentiated neurons from those iPSCs) that are

reprogrammed from ALS patient tissue.

In addition to the effects of aggregates on protein turnover previously discussed earlier in
this chapter, persistent cytoplasmic localization and aggregation of TDP-43 is also associated with
mitochondrial dysfunction (Dafinca et al. 2021; Wang et al. 2019). Mitochondrial dysfunction may
lead to motor neuron degeneration by sensitizing the neurons to calcium-mediated excitotoxicity
(Aggad et al. 2014), increasing the generation of reactive oxygen species (Wang et al. 2019), and/or
initiating intrinsic apoptotic pathways (Suzuki et al. 2011). It has additionally been established that
both CYorf72 expansion-associated ALS and TDP-43 mutations or aggregates may perturb
mitochondrial membrane potential and/or reduce calcium buffering capacity of the cells, which
are both processes that may activate pro-apoptotic signals, among other effects (Dafinca et al. 2020;
Dafinca et al. 2021). TDP-43 aggregates may also localize to mitochondria and directly induce
mitochondrial depolarization and/or defects in morphology and transport (Hong et al. 2012; Shan

et al. 2010; Wang et al. 2013).

Some groups have also suggested that TDP-43’s propensity to co-localize with stress
granules may be a driver of neurodegeneration. The prevailing hypothesis is that the stress granules
are the seeds on which larger aggregates form (Dewey et al. 2012; Fang et al. 2019). Additionally,
compounds that reduced the number of stress granules in vifro in the context of oxidative stress
were shown to reduce the number of TDP-43 aggregates in response to that same stress (Fang et
al. 2019). This suggests that reducing the number of TDP-43-containing stress granules or
otherwise modulating stress granule dynamics in the context of TDP-43 perturbation may be a

potential therapeutic angle to explore.
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ATXN?2 Structure and Function

One protein that is also closely associated with stress granule formation that I will also be
examining over the course of this dissertation is Ataxin-2 (ATXN2). ATXN2 contains an N-
terminal like-Sm (Lsm) and an Lsm-associated domain (LsmAD), both of which are responsible
for ATXN2’s interaction with RNAs similar to other proteins that contain those domains (Lee et
al. 2018; Nonhoff et al. 2007; Tharun 2009). ATXN2 also contains a poly-Q tract that is associated
with the development of ALS in cases of intermediate expansion (27-33 repeats) (Hart and Gitler
2012) and directly correlated with the development of Spinal Cerebellar Ataxia Type 2 in cases of
large expansions (33+ repeats). ATXN2 plays a role in a diverse set of cellular functions including
mRNA stabilization (Yokoshi et al. 2014), miRNA mediated gene silencing (Su et al. 2011),
translational activation (Lee et al. 2017; Lim and Allada 2013), and regulation of cellular growth
and metabolism via the mTOR pathway (Bar et al. 2016; Lastres-Becker et al. 2008). In the context
of stress granules, ATXN2, similar to TDP-43, co-localizes with stress granule machinery
components (e.g., G3BP1) in response to many forms of stress including heat shock and oxidative
stress (Nonhoff et al. 2007). Clip-seq analysis of ATXN2 RNA binding partners discovered that
ATXN2 binds primarily to 3’ Untranslated Regions of RNAs that contain the consensus motif
AUUUN (Yokoshi et al. 2014). ATXN2 was found to interact with transcripts coding
approximately 4000 different genes, including TDP-43 (Yokoshi et al. 2014). Examination of
protein-protein interactions in iPSC-derived excitatory neurons also revealed a relationship

between TDP-43 and ATXN2 (Pintacuda et al. 2021).

ATXN?2 as a modifier of ALS-associated neurodegeneration
ATXN2 was first linked to TDP-43-associated toxicity from an initial discovery in a yeast

two-hybrid screen that knockout of the yeast ortholog of ATXN2, pbp1, was sufficient to reduce

16



toxicity conferred by TDP-43 overexpression (Elden et al. 2010). Several years later, the same
group also demonstrated that mice with transgenic TDP-43 overexpression — which generally only
live for about 24 days (Wils et al. 2010) — would survive significantly longer (300+ days) in the
context of an additional transgenic knockout of ATXN2 (Becker et al. 2017). The Eggan lab also
independently performed and verified the results of this experiment (Figure 1.5). One hypothesized
mechanism of why ATXN2 provides neuroprotection in the context of TDP-43 perturbation is that
ATXN2 knockout may suppress the formation of pathogenic TDP-43 foci, which supports the
stress granule seeding model of neurodegeneration mechanisms (Becker et al. 2017). However,
this hypothesis has not been confirmed in a human-derived model system.

Therapeutic reduction of ataxin 2 extends

lifespan and reduces pathology in TDP-43 mice
Becker et al.
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Figure 1.5: Transgenic ATXN2 knockout increases lifespan of TDP-43 overexpressing mice.
The Eggan Lab was able to independently verify that TDP-43 overexpressing mice that would
normally survive for about 24 days now survive at least 100 days with ATXN2 knockout. Reported
p-values are output from the survdiff() R function, which performs a Cochran-Mantel-Haenszel
method statistical test of the data input to generate the Kaplan-Meier Curves (Becker et al. 2017).
Data from the Eggan Lab generated by Joanie Mok, Alexander Couto, and Alexander Dorr.
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As previously stated, intermediate length ATXN2 poly-Q expansion repeats are associated
with the development of ALS (Hart et al. 2012). One mechanistic hypothesis as to why this occurs
is because cells harboring this intermediate expansion also have higher basal Caspase-3 activation,
suggesting that they may be more susceptible to completing the process of apoptosis than a cell
without that mutant expansion (Hart and Gitler 2012). Although this mechanism of pathogenesis
is likely independent of its other roles as a modifier of disease in the context of TDP-43 disruption,
this is further evidence that ATXN2 is likely a contributing factor to multiple reasons why
neurodegeneration may begin and/or progress, which bolsters the value of understanding more

about its neurobiological functions and relationships.

LiMoNes: A new protocol for differentiating iPSCs into spinal cord motor neurons

A key issue limiting the development of human stem cell-derived motor neuron models to
study ALS is the efficiency of current protocols to generate these motor neurons. There is no
accepted standard protocol for motor neuron differentiation, so it is a frequent occurrence that even
papers contemporary to each other will cite drastically different methods of differentiation (Klim
et. al 2019; Melamed et. al 2019; Vandoorne et al. 2019). Capitalizing on the discovery that
overexpression of the transcription factor Neurogenin-2 (NGN2) is effective in accelerating
development of stem cells into neurons (Zhang et al. 2013a), the Eggan lab developed a new
differentiation protocol for rapid and efficient generation of spinal cord motor neurons, which we
coined LiMoNes (Lower Induced Motor Neurons) (Limone, et al. 2023). This method, similar to
a method the group previously developed for rapid generation of upper cortical neurons (Nehme
et al. 2018), combines overexpression of NGN2 with dual-SMAD inhibition (which directs iPSCs
to develop towards the neuroectoderm lineage (Chambers et al. 2009)) and patterning morphogens

— Retinoic Acid and Smoothened Agonist — that direct the cells to develop in a context as if they
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were in the spinal cord (Amoroso et al. 2013). This strategy is effective in generating near pure
cultures of motor neurons from iPSCs within the span of one week. As soon as halfway through
the differentiation protocol, cells show high expression of motor neuron specific factors such as
ChAT and HOXC6. Over 85% of cells on average from any given differentiation will stain positive
for these and other markers of putative motor neurons such as Isletl (Figure 1.6a, b). The levels of
motor neuron specific factors in neurons derived using LiMoNes are on par with or higher than
levels from neurons isolated from a different differentiation protocol that does not depend on
NGN2 overexpression (Figure 1.6c). Furthermore, upon interrogation by single cell RNA
sequencing, our group determined that neurons generated by the LiMoNes method contain markers
for a diverse set of motor neuron subtypes that are found in the spinal cord, further cementing the
value of the method in generating a physiologically relevant neuronal model to examine

generalized spinal cord degeneration (Limone et al. 2023).

Motor neurons generated using this method are recoverable upon freeze-thawing
immediately after differentiation, amenable to in vitro culture in all size formats that were tested
(up to 10cm plates) and can be maintained in culture for over 40 days. Given the technical
advantages in time, efficiency, and quality over other established motor neuron differentiation
protocols, I chose to make the LiMoNes differentiation method my primary technique for

generating motor neurons.

Dissertation Overview and Significance

This dissertation showcases the development and implementation of an engineered iPSC-
derived human motor neuron system to validate previous findings about and discover novel
mechanisms of ALS-relevant neurodegeneration. To date, little work has been done to examine

cell autonomous mechanisms of neurodegeneration tied to a specific genetic perturbation in a
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human motor neuron system. This work aims to fill that gap and contribute to our understanding
of human motor neuron biology in neurodegenerative conditions, including how the effects of
those conditions can be managed, so that we may be better positioned to initiate rationally designed
therapeutic development programs for the treatment of ALS or other neurological diseases

associated with TDP-43 proteinopathy.

My perturbation of choice to represent the neurodegenerative condition is TDP-43
overexpression via inducible expression from a bespoke vector that I generated for this purpose or
constitutive expression as conferred by lentiviral infection on differentiated motor neurons. Given
that TDP-43 perturbation by aggregation is the most common pathologic feature in ALS, I believe
that models that faithfully represent this condition are excellent starting points for study. To that
end, [ will show that my models reproduce core aspects of TDP-43 proteinopathy and are amenable
to be rapidly assayed for biochemical and phenotypical features correlated with neurodegeneration.
In examining those features, I will explore the effect of TDP-43 perturbation though cytoplasmic
restriction (TDP-43ANLS) as week as in the context of a potential rescue condition — knockout of
the proposed neurotoxicity modifier ATXN2. The goal of these studies is, specifically in a human
motor neuron system, to elucidate mechanisms in both TDP-43ANLS expression and ATXN2
knockout conditions that can be therapeutically leveraged to reduce the pathologic burden of TDP-

43 dysregulation.
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Chapter 2: Development of in vitro human iPSC-derived models of
TDP-43 perturbation
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Abstract

Transactive Response DNA-binding protein 43 (TDP-43) is a multifunctional nuclear
protein ubiquitously expressed in all tissues. Although it is primarily nuclear, Amyotrophic Lateral
Sclerosis (ALS) patients frequently present with cytoplasmic aggregates of TDP-43 in motor
neurons upon post-mortem examination. Although only about 5% of all ALS patients have a
TARDBP mutation (Ghasemi and Brown 2018; Ingre et al. 2015), which is known to cause these
insoluble cytoplasmic aggregates, 97% of ALS patients will develop cytoplasmic, insoluble TDP-
43 aggregates regardless of whether they have a mutation in ZARDBP or not (Ling et al. 2013).
This suggests that there are mutation-independent mechanisms that drive pathogenic aggregation
of TDP-43. Most existing models to study TDP-43 proteinopathy in vitro are non-neuronal or non-
human, limiting the efficacy of these models to elucidate cell autonomous mechanisms that may
be contributing to neurodegeneration. In this chapter, I will show that I have built several in vitro
models of TDP-43 proteinopathy by successfully incorporating an inducible TDP-43 variant
construct or a constitutive TDP-43 variant lentivirus into iPSCs or differentiated motor neuron
cultures as appropriate. These cell line models comprise an isogenic series beginning from a
healthy male donor iPSC line, allowing for focus on the direct effects of TDP-43 overexpression-
mediated proteinopathy without additional confounding variables of differing or uncharacterized
genetic contexts. [ will begin by showing proofs of concept that my expression systems work at
the HEK293 and undifferentiated iPSC contexts. I will continue by showing that iPSC-derived
motor neurons differentiated using the LiMoNes method (Limone et al. 2023) and harboring my
custom expression systems can recapitulate core features of TDP-43 proteinopathy, including
exploring questions about preferential motor neuron sensitivity to TDP-43 variants compared to

other neuron types. These models fill a core need of the field for additional robust and expandable
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models of TDP-43 proteinopathy. The result of these experiments is the generation of a scalable
human iPSC-derived platform for in vitro neurodegeneration research that can be swiftly adjusted
for implementation of exploring a variety of cellular mechanisms, a sampling of which will be

explored in the following chapters of this dissertation.

Introduction

Transactive Response DNA-binding protein 43 (TDP-43) is a nuclear protein ubiquitously
expressed in all tissues and required for normal development (Buratti and Baralle. 2012; Kraemer
etal. 2010). TDP-43 is involved in a variety of cellular processes including RNA transport, splicing,
and translational regulation (Birsa et al. 2020; Freibaum et al. 2010; Lee et al. 2021; Sephton et al.
2011). TDP-43 is of particular interest to the study of Amyotrophic Lateral Sclerosis (ALS)
because 97% of ALS patients will exhibit cytoplasmic, insoluble aggregates of TDP-43 in motor
neurons upon post-mortem examination (Ling et al. 2013). Given that there are few available
therapies for the treatment of ALS, there is a need for better models of the disease that can be
interrogated to learn more about mechanisms of neurodegeneration that may be therapeutically

tractable for future treatment development.

TDP-43 proteinopathy and associated neurodegenerative effects can be readily induced by
overexpression of TDP-43 in vitro and in vivo (Wils et al. 2010; Xu et al. 2010). However, most
of the existing models of TDP-43 proteinopathy to date are non-human or non-neuronal (Ding et
al. 2021; Nonaka et al. 2008; Wils et al. 2010; Winton et al. 2008a). This presents a challenge to
investigating cell autonomous motor neuron-centered mechanisms of neurodegeneration because
other models simply do not represent this context. Experimental validation and perspective in a
motor neuron system is particularly important for ALS because it is a condition that preferentially

affects motor neurons over other cell types (Ragagnin et al. 2019). Given the failure of recent
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therapies derived from discoveries in other models to translate into successful clinical trials (Fisher
et al. 2023), it seems rational that one approach to bolster the success and discovery rate of
therapeutic, disease-relevant mechanisms is to build and explore a model that is more
physiologically relevant to the condition being researched. This is especially relevant for ALS
research because it is a uniquely human condition — all model organisms available for the study of
the disease are derived using our knowledge of genetic mutations associated with familial ALS
(Fisher et al. 2023; Phillips and Rothstein 2015). Without these transgenic modifications,

commonly used non-human model organisms will not develop sporadic ALS.

To meet this challenge, we developed a bespoke inducible vector system for the
overexpression of TDP-43 from the AAVS1 safe harbor locus (Smith et al. 2007). Expressing from
AAVSI has an advantage over transient transfections or lentiviral mediated transfection as it
allows for stable expression while mitigating the likelihood of randomly silencing another gene
through random integration (Smith et al. 2007). This is important to consider in ALS because the
genetic landscape (in terms of modifiers and causal genes) is still an active area of discovery. In
order to clearly define the parameters of my engineered TDP-43 perturbation model, I desired a
system wherein everything else was as close to the original genetic context as possible except for
my designed change of TDP-43 variant expression. Furthermore, genetic integration in this fashion
results in a stable cell line after antibiotic selection, which is advantageous for distribution of
reagents I generate during this study. I will show that this inducible expression system is active in
HEK293, iPSCs, and iPSC-derived motor neurons as well as exhibit that TDP-43 expressed in this
fashion leads to decrease in cell viability and induces cytoplasmic re-localization of TDP-43, both

of which are characteristic features of the TDP-43 mediated neurodegeneration condition.
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Results

TDP-43 overexpression is achievable in HEK293s using a custom inducible vector system

The first goal in building a system for interrogating TDP-43 proteinopathy was to achieve
inducible overexpression of the protein in iPSCs. At the time this project was conceived, there was
no commercially available all-in-one Tet-On inducible vector plasmid for recombination to the
AAVSI safe harbor locus. The plasmids that were available either were not inducible (which was
undesirable because constitutive overexpression of TDP-43 is toxic) or required a second
transduction to acquire the rtTA protein needed for the function of the Tet-On inducible system
(Das et al. 2016). Thus, I set on a path to create a new system, derived from components from the
AAVSI1-Neo-m2rtTA plasmid procured through Addgene (DeKelver et al. 2010), pLIX 403 — an
inducible lentiviral vector from the Broad Institute’s Genetic Perturbation Platform DNA vector
collection — and a collection of TDP-43-YFP fusion cDNAs also procured from Addgene (Elden
et al. 2010). Using PCR, blunt-end cloning, and gateway cloning techniques, I was able to generate
the plasmid and verify presence of my inserts using Sanger Sequencing. I then electroporated the
cells to deliver this vector alongside a TALEN targeting AAVSI to achieve stable recombination
of my vector (Hockemeyer et al. 2009; Lombardo et al. 2011). I selected for successful
transductants using Neomycin resistance conferred by the plasmid. I first examined the properties
of TDP-43 expressed in this fashion using an easy to transfect line — HEK293 (Figure 2.1). I was
able to establish that, upon induction with doxycycline, I could get robust expression of TDP-
43:YFP by western blot and qRT-PCR in both the TDP-43:YFP and TDP-43ANLS:YFP conditions
(Figure 2.1a, c¢). I used flow cytometry to establish that the TDP-43 construct I expressed was
readily targetable by an siRNA against TDP-43 by showing that YFP expression was ablated upon

treatment with siTDP-43 (Figure 2.1b). These facts established that I could successfully get
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Figure 2.1: Inducible TDP-43 vector characterization in HEK293 cells. (a) Whole cell western
blot of engineered cells with and without doxycycline (b) YFP Flow Cytometry results of HEK293
cells harboring inducible TDP-43:YFP treated with doxycycline concurrent with siRNA
knockdown of TDP-43 for 48 hours (¢) Immunofluorescence of HEK293 cells expressing TDP-
43:YFP (i) or TDP-43ANLS:YFP (ii) for DAPI and YFP (left image of each set) or total TDP-43
(right image of each set) (d) qRT-PCR results of engineered cells with and without Doxycycline
using primers targeting TDP-43 (n = 3 technical replicates) (e) Cell Titer Glo viability experiment
luminescent results 8 days after plating YFP+ FACS sorted HEK293 cells harboring YFP, TDP-
43:YFP, or TDP-43ANLS:YFP inducible systems treated with doxycycline for 24 hours pre-sort.
Significance calculated by t-tests of pairwise comparisons between YFP and each of TDP-43:YFP
and TDP-43ANLS:YFP (**** = p<(0.0001) (n = 5 biological replicates).
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expression of a TDP-43 construct that enhanced the levels of bona-fide TDP-43 expression upon

treatment with doxycycline.

I additionally showed that the visible YFP fusion tag was localized to the nucleus upon
expression of TDP-43:YFP (Figure 2.1c-i) and to the cytoplasm upon expression of TDP-
43ANLS:YFP (Figure 2.1c-ii). I also noted that TDP-43ANLS:YFP expression had the capacity to
drive clearance of endogenous TDP-43 from the nucleus as can be seen when immunostaining for
total TDP-43 (Figure 2.1c-ii), which has been previously reported to occur in TDP-43ANLS
engineered systems (Winton et al. 2008a). Lastly, I was able to establish that expression of TDP-
43:YFP or TDP-43ANLS:YFP led to a decrease in cell viability as measured by Cell Titer Glo
(Figure 2.1e). Taken together, these observations firmly support that the inducible vector system I
created robustly expresses TDP-43, localizes to the expected location, and is toxic upon

overexpression as expected.

TDP-43 overexpression is achievable in iPSCs using the inducible vector system

After establishing the proof of concept that I could get inducible expression of TDP-43 in
HEK?293 cells, I moved to generate engineered iPSCs also using the co-electroporation method of
the AAVS1 TALEN with the donor inducible vector template. The iPSC line I chose to engineer
was the healthy patient line 11a. To ensure sufficient enrichment in the culture of cells successfully
transduced with the inducible system vector, I also performed single cell cloning after the initial
antibiotic selection. I nominated clones for continued study based on whether the visible YFP tag
was detectable upon imaging (Figure 2.2a) and biochemical confirmation of TDP-43
overexpression (Figure 2.2b). The result was that I was able to generate 2 - 3 clones for each
expression condition (e.g., TDP-43, TDP-43ANLS) that I use at various points throughout the

study.
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Figure 2.2: Inducible TDP-43 vector characterization in iPSCs (a) Fluorescent Imaging of
iPSCs harboring inducible YFP or TDP-43:YFP 48 hours with or without exposure to doxycycline.
Cells were fixed and counterstained with DAPI. (b) qRT-PCR results of YFP+ FACS sorted iPSCs
using primers targeting TDP-43 (n = 3 technical replicates) (¢) Colony Formation Assay plate
pictures and quantification to assess viability of iPSCs after induction of TDP-43 overexpression.
These plates show that after six days, there is substantially reduced viability of TDP-43:YFP
expressing iPSCs compared to YFP expressing iPSCs. Significance calculated using a t-test (****=
p<0.0001) (n = 3 biological replicates) (d) Cell Titer Glo viability measurement of engineered
iPSCs after exposure to Doxycycline to induce TDP-43 overexpression, also for 6 days.
Significance calculated using t-tests compared to the YFP sample (** = p<0.01) (n = 3 biological
replicates).

Similar to HEK293s, I also assessed the viability of iPSCs after induction of TDP-43
overexpression. | showed that by a colony formation viability assay (Figure 2.2¢) and by Cell Titer

Glo comparison (Figure 2.2d) that viability of TDP-43:YFP expressing iPSCs was significantly



lower than YFP only expressing iPSCs after six days in culture. These data show that the inducible
system of TDP-43 expression was continuing to function as intended in iPSCs. This paved the way

for continued study in motor neurons derived from these engineered iPSCs.

Inducible TDP-43 overexpression persists upon differentiation into motor neurons

I generated motor neurons from the previously engineered iPSCs using the LiMoNes
method (Limone et al. 2023; Figure 2.3a). To facilitate NGN2 overexpression, I infected the
engineered iPSC cultures with an NGN2 lentivirus to generate a stable inducible NGN2 line that
could be used for subsequent differentiations. After differentiation and a five-day incubation for
the culture to mature and stabilize, I assessed the neurons to confirm visibility of the YFP fusion
tag (Figure 2.3b) and biochemical detection of TDP-43 using qRT-PCR (Figure 2.3c) and western
blot (Figure 2.3d). For this western blot method, I used a cellular fractionation kit to chemically
separate each cellular compartment so they can be individually assessed for the presence of protein.
Using this, I was able to show that TDP-43 is detectable in the cytoplasmic fraction upon
overexpression, further confirming that TDP-43 overexpression using my inducible vector system

is a viable method for modeling TDP-43 proteinopathy.

One caveat of using the engineered inducible TDP-43 system I developed is that both
NGN2 expression and expression of the inducible plasmid payload are controlled by doxycycline.
Because the only copy of rtTA is on the inducible TDP-43 plasmid and not on the NGN2 plasmid,
there is an advantage in coupling expression of the two constructs as it ensures the composition of
the neuronal culture after differentiation still expresses the TDP-43 variant in a majority of cells.
iPSCs that may have silenced the vector will fail to differentiate and be selected out in the

differentiation process. However, this means that it is not possible to decouple TDP-43 variant
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expression from the differentiation process, which means I need an alternative method to explore

how established motor neurons may react to a TDP-43

a) Passage/Freeze Characterization
Neurons Timepoint
Days | | I | | | | 3% | Culture 40+ Days
if needed
& |—1—2—3—4—5—6—7 { g _ [needed

Continue Dox for inducible construct expression !

iPSCs

N2 + dual-Smad inhib. B27 + N2 + BDNF + CNTF + GDNF

Puromycin

DAPI/BIII-Tubulin

Total TDP43 Merge

b)

YFP

TDP43:YFP

c) Day 12 Neurons d)
TDP43 qPCR

TDP43:YFP

SE — — — ToP4
ok 50 " ———— DP43
e § 37
o
il 7 TDP43:YFP
22 ——— — :
RS 50
% E- 37
®5 — YFP
& 20
© 15 = — Histone H3
& ,:AQQ n;\ 10
* — GAPDH

Figure 2.3: Differentiation and characterization of motor neurons derived from engineered
iPSCs (a) Timeline of LiMoNes differentiation protocol (b) Confocal images of motor neurons
derived from engineered iPSCs immunostained for total TDP-43 and the neuronal cytoskeletal
marker BIII-Tubulin. Scale bars are 100uM (c¢) gRT-PCR of motor neurons five days with primers
targeting TDP-43 (n = 3 technical replicates) (d) Cellular fractionation western blot of motor
neurons. Note the presence of TDP-43 in the cytoplasmic and insoluble fractions upon
overexpression.
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perturbation. To meet this challenge, I also cloned a constitutive lentivirus plasmid with the same
TDP-43 variant cDNA used in the inducible plasmid system (Figure 2.4). This alternative construct
was similarly able to express TDP-43:YFP and YFP as observed by microscopy (Figure 2.4b) and
western blot (Figure 2.4c) when used to infect motor neurons that were not previously engineered

to harbor a TDP-43:YFP or YFP expression construct.
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Figure 2.4: Testing TDP-43 lentivirus as an alternative expression system in motor neurons
(a) Timeline of motor neuron differentiation and infection (b) YFP channel images of two neuronal
cultures infected with pLX313-YFP and pLX313-TDP-43:YFP accordingly (¢) Western blot of
neuronal cultures seven days after infection with either pLX313-YFP or pLX313-TDP-43:YFP,
confirming expression of the lentivirally delivered constructs.

Overexpression of TDP-43 is sufficient to induce death in iPSC-derived motor neurons
The final test in assessing this model of engineered iPSCs before going on to deploy it to
explore questions of neurodegenerative mechanisms was to verify that expression of TDP-43:YFP

was toxic to motor neurons as it had been to HEK293s (Figure 2.1) and iPSCs (Figure 2.2).
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Unfortunately, a first pass attempt at differentiating the engineered iPSCs and then continuing to
culture them for up to 28 days did not yield positive results (Supplementary Figure 2.1). I
hypothesized that this may be because TDP-43 overexpression could be killing a significant
population of the TDP-43 perturbed cells much earlier than anticipated. To investigate this
possibility, I developed a short-term differentiation viability assay, wherein I assessed
differentiating cultures of iPSCs using Cell Titer Glo every day for the second half of the
differentiation protocol (i.e., after the cells have already committed to a neuronal identity and begin
to express markers of putative motor neurons (Figure 1.6)). Using this assay, [ was able to observe
that at every point during the 2™ half of the differentiation, TDP-43:YFP expressing cells had
significantly lower viability than expected compared to YFP expressing control differentiations
(Figure 2.5a-i1). The largest magnitude of viability decrease occurred between days 5 and 6. To
control for the possibility that this was a technical artifact of differing degrees of NGN2 or
inducible vector transduction, I used immunofluorescence to assess the number of differentiable
cells at Day 2 of the differentiation protocol in the TDP-43:YFP and YFP engineered cultures. I
found the levels to be comparable (Supplementary Figure 2.2), suggesting that the viability effect
seen in the short-term differentiation assay results was indeed a biological effect. To further
validate the toxic effect of TDP-43 overexpression in motor neurons, I also infected un-engineered
motor neurons with lentivirus containing the constructs for TDP-43:YFP or YFP and cultured the
neurons for 28 additional days. Upon measurement by Cell Titer Glo, I observed that there was
also a decrease in viability in neuron cultures that had been transduced with TDP-43:YFP
compared to those transduced with YFP alone (Figure 2.5b-ii). These observations together

continue to support the notion that I have developed a robust human neuronal platform to
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investigate mechanisms of neurodegeneration that are relevant in the context of TDP-43

proteinopathy.
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Figure 2.5: TDP-43 overexpression in motor neurons is toxic in the short-term and long-term
(a) Assessment of inducible TDP-43 toxicity in a short-term differentiation assay of engineered
iPSCs converting to motor neurons. (i) Experimental timeline (ii) Results. Significance calculated
using a t-test for each pairwise comparison (* = p<0.05) (n = 3 biological replicates) (b)
Assessment of TDP-43 overexpression toxicity as conferred by a lentivirus infecting established
motor neurons (i) Experimental timeline (ii) Results. Significance calculated using a t-test for each
pairwise comparison (* = p<0.05) (n = 3 biological replicates).

Motor and cortical neurons are more sensitive to TDP-43 perturbations than unenriched
neuronal cultures

Although it is very clear through the physiological course of ALS that motor neurons are
profoundly affected in the condition, it remains an open question what the mechanisms of this
specificity are. Given that familial ALS mutations are heritable, it stands to reason that tissue

specific mutation in motor neurons to acquire TDP-43 mutation is an unlikely explanation for the
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sensitivity of motor neurons to the proteinopathy compared to other cell types. Using the neuronal
platform I generated, we can begin to make progress towards discovering what some of these
sensitivity mechanisms may be by assessing whether cultures of motor neurons compared to other
iPSC-derived neuronal cultures are preferentially sensitive to TDP-43 perturbation by wild-type
overexpression or cytoplasmic mutant expression. By taking advantage of the lentiviral-mediated
expression of TDP-43, I have established models of TDP-43 proteinopathy in different neuronal

differentiation contexts and assessed the viability of the cultures using Cell Titer Glo (Figure 2.6).

From this investigation, I concluded that motor neurons displayed a particular sensitivity
to expression of TDP-43ANLS after 14 days compared to two differentiation methods not enriched
for a particular neuron subtype (Zhang et al. 2013a), which would be expected from previous work
indicating that cytoplasmic TDP-43 expression is neurotoxic to neurons after an extended period
of time (Winton et al. 2008a, Barmada et al. 2010). 14 days was not sufficient to see toxicity of
wild-type TDP-43, but this would be in line with my previous results in Figure 2.3 and Figure 2.5.
If a significant driver of neurotoxicity is cytoplasmic TDP-43 expression and the cytoplasmic
TDP-43 expression driven by TDP-43ANLS is more severe than by overexpressing the wild-type
nuclear version, I would expect for toxic effects to occur at a later timepoint, as I observed in the
previously presented viability experiments (Figure 2.5). The average observed viability loss in
motor neurons in the presence of TDP-43ANLS was larger than in cortical neurons, though cortical
neurons showed a statistically significant viability difference to both TDP-43 and TDP-43ANLS
lentivirus (Figure 2.6b). This is not entirely surprising however given that TDP-43 proteinopathy
in cortical neurons has also been linked to Frontotemporal Dementia (Ling et al. 2013). Sensitivity
of cortical neurons to TDP-43 disruption as well supports the notion that this method of TDP-43

perturbation could be a viable strategy for examining cell autonomous mechanisms in both the
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Figure 2.6: Motor and Cortical neurons are more sensitive to TDP-43 perturbation than
mixed neuron differentiations (a) Experimental overview and summary of differentiation
methods (b) Viability results as measured by Cell Titer Glo 14 days after infection with lentivirus.
Significance calculated using a one-way ANOVA with Dunnett’s multiple comparisons test for
pairwise relationships (* = p<0.05; **= p<0.01) (n = 3 biological replicates).
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motor neuron context for the treatment and study of ALS-specific drivers or cortical neuron context
for the treatment and study of FTD-specific factors. For the remainder of this study, I will focus
on motor neurons as I continue to explore ALS-specific neurodegenerative mechanisms and

modifiers.

Discussion

In this chapter I sought to establish a human iPSC-derived neuronal platform for the
continued study of TDP-43 perturbation-associated neurodegeneration. I developed and
characterized two different methods for generating this engineered cellular platform of TDP-43
proteinopathy, an inducible vector driven method that expresses TDP-43 as the neurons
differentiate and develop (Figure 2.3) and a lentiviral vector that can deliver TDP-43 after the core
differentiation procedure is complete (Figure 2.4). These systems have an advantage over
previously developed in vitro systems in that they exist in a context that is both neuronal and
representative of a condition where the core perturbation is TDP-43 proteinopathy without any
additional uncharacterized confounding factors that may influence the study, such as would be a
concern in examining TDP-43 mutant harboring iPSC-derived neurons. Indeed, characterizing the
effects of TDP-43 proteinopathy in the absence of Z4ARDBP mutations is important given that most

ALS patients develop TDP-43 aggregates without a mutation (Ling et al. 2013).

I was able to show that motor neurons derived using both methods described faithfully
represent many features of the TDP-43 proteinopathy condition including viability loss upon TDP-
43 perturbation and biochemical evidence of overexpression (Figures 2.3, 2.4, and 2.5). One
feature that I did not show in this chapter is the propensity of overexpressed TDP-43 to form
spontaneous cytoplasmic aggregates. Although I showed evidence of cytoplasmic translocation of

TDP-43 upon overexpression (Figure 2.3d), my engineered TDP-43 overexpression neurons do
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not generally form visible TDP-43 cytoplasmic foci without an additional stressor that drives the
formation of TDP-43 containing stress granules (Becker et al. 2017). Taking a closer look at the
qRT-PCR data from Figure 2.1, we observe that expression of TDP-43 mRNA in the TDP-43ANLS
is nearly three-fold higher than in the wild-type TDP-43. In the next chapter, I will show that TDP-
43ANLS expressing neurons do undergo spontaneous formation of cytoplasmic TDP-43 foci at
baseline. Taken together, this suggests that wild-type TDP-43 overexpression may simply not be
meeting the threshold for forming spontaneous aggregates that evade the cell’s endogenous protein
turnover machinery (e.g., autophagy or proteasome mediated degradation). The fact that TDP-43
also has the capacity to bind to and regulate the levels of its own transcript (Sephton et al. 2011)
lends credence to a potential ability of cells to self-regulate nuclear overexpression of the protein,
which would support why a wild-type TDP-43 overexpression model, being primarily nuclear,
would not necessarily achieve as high levels of expression, even given a similar transduction rate

of the delivery vector (Figure 2.2).

One caveat of the design of the inducible vector system I designed is that expression of
TDP-43 cannot be decoupled from expression of NGN2 in the LiMoNes differentiation paradigm.
This understandably raises questions about toxicity conferred by TDP-43 in this manner being
truly relevant to adult-onset neurodegeneration as opposed to representing a model of neural
development instead. Because the lentivirus experiment in Figure 2.5b gave similar results to the
viability experiment using the inducible vector system in the short-term, I believe that the effects
of TDP-43 overexpression as captured by the inducible system are still relevant. Additionally, there
continues to be robust expression of the engineered TDP-43 construct after differentiation is
complete — the neurons do not seem to be compensating for the overexpression by successfully

downregulating the levels of endogenous TDP-43 production during the developmental process,
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which one may expect of surviving cells (Figure 2.3c). I will also show in the following chapters
that the majority of motor neurons in the differentiated culture are YFP+ after passaging, in part
because the rtTA required for Doxycycline activation of both the NGN2 and inducible TDP-43
construct is located only on the inducible TDP-43 plasmid. Taken together, I believe these cellular
models that I have generated are very relevant to the continued study of TDP-43 proteinopathy-

associated mechanisms.

Lastly, these cellular models represent a key advantage of building platforms using the
LiMoNes protocol. The fact that this protocol does not require an enrichment step to pull motor
neurons from the culture as previous protocols had means that the LiMoNes differentiation method
and models built on it are much more amendable to large scale, high throughput experiments.
Previously, performing high throughput compound or genetic screens would not be feasible on
motor neurons. Now that these models can be generated at scale in a week’s time, the potential for

screening assay development is within reach.
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Materials and Methods

Cell Culture Conditions — HEK293 and iPSCs

HEK293 cells were maintained in Dulbecco’s Modified Eagle Medium (DMEM)
supplemented with 10% Tet System Approved Fetal Bovine Serum (FBS) (Takara #631368) to
facilitate culture with inducible vector system components. Media was changed every 3 — 4 days
and cells were passaged using Trypsin (Gibco #25200056) as needed. Cells were maintained in a

37°C, 5% COz incubator.

The 11a iPSC line was derived from a biopsy from a 37-year-old healthy male patient as
previously described in Boulting et al. 2011. iPSCs were maintained in mTESR1 or mTESR Plus
(Stem Cell Technologies #85850, #100-0276) on Matrigel (Corning #354277) or Geltrex (Gibco
#A1413201) coated tissue culture plates. Matrigel coatings were prepared by diluting 600uL. of
concentrate (prepared according to the dilution factor on the certificate of analysis for that lot of
reagent) diluted in 24mL of DMEM/F12. Geltrex coatings were prepared by diluting thawed
Geltrex 1:100 in Minimal Essential Media (MEM — Gibco #11095080). Coated plates were cured
at 37°C for at least one hour and the coating media was aspirated immediately prior to cell addition.
Media was changed every 1 — 2 days (mMTESR1) or 2 — 3 days (mTESR plus). Cells were passaged
using Accutase (Stem Cell Technologies #07920) as needed. On thaw and passage, media was also
supplemented with 10uM Rock Inhibitor (Y-27632 — Stemgent #04-0012) to facilitate adherence

and survival. Cells were maintained in a 37°C, 5% CO2 incubator.

When needed, aliquots of HEK293s or iPSCs were cryopreserved using CryoStor® CS10

Freeze Media (BioLife Solutions #210502) and stored in -80°C or vapor phase liquid nitrogen.

Molecular Cloning of Plasmid Vectors
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AAVSI-Neo-TRE-DEST-m2rtTA

All DNA components used to create the new inducible vector system were procured
through Addgene. AAVS1-Neo-m2rtTA was a gift from Rudolf Jaenisch (Addgene plasmid #
60843; http://n2t.net/addgene:60843; RRID:Addgene 60843). pLIX 403 was a gift from David
Root (Addgene plasmid # 41395; http://n2t.net/addgene:41395; RRID:Addgene 41395). Upon
receipt of bacterial stabs, AAVS1-Neo-m2rtTA bacteria were amplified in an overnight LB media
suspension culture at 37°C; pLIX 403 bacteria were amplified in a similar culture at 30°C.
Plasmids were purified the next day Qiagen HiSpeed Plasmid Midi Prep kits (Qiagen #12643).

The identity of each plasmid was confirmed using Sanger Sequencing provided by Genewiz (now

Azenta Life Sciences) with the following sequencing primers: AAVS1-Neo Seq-Fwd: 5’

GGGATTAGATAAATGCCTGCTC — 3% AAVS1-Neo Seqg-Rev: 5 —
CATGAGTGGGAGGAATGAGC — 3% TRE Region Seq-Fwd: 5’ —
GAACGTATGTCGAGGTAGGC — 3% TRE Region Seq-Rev: 5 —

CGGTCTATGCTGTACTGTCG - 3°.

Modification of AAVS1-Neo-m2rtTA was performed via restriction enzyme digestion with
EcoRV (New England Biolabs #R0195) followed by treatment with Alkaline Calf Intestinal
Phosphatase (CIP — New England Biolabs #M0525). The opened vector was then isolated on a 1%
agarose gel containing Ethidium Bromide and purified using the Qiagen Gel Extraction Kit
(Qiagen #28704). Blunt-end ligation of a PCR product containing the Tet-inducible promoter and
Gateway™ cloning insert sites from pLIX 403 was then performed to complete the base vector
assembly. PCR primers used to target pLIX 403 were as follows: Forward Primer: 5° —
CCGCGAATCGATATGTCGAG —3’; Reverse Primer: 5°— GATCCTTAGTGGTGGTGGTG - 3°.

Primers were treated with T4 Polynucleotide Kinase (New England Biolabs #M0201) before
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commencing the PCR reaction. PCR reactions were performed using the Phusion High-Fidelity
PCR Master Mix Kit with GC Buffer (New England Biolabs #M0532) according to manufacturer’s
instructions at an annealing temperature of 58°C for 30 cycles. Ligations of the PCR product to
the opened AAVSI1-Neo-M2rtTA plasmid were performed using Blunt/TA Ligase Master Mix

(New England Biolabs #M0367) according to manufacturer’s instructions.

Ligations were transformed to ccdB survival 2 T1R competent cells (Invitrogen #A10460)
and resultant plasmids were purified using Qiagen Spin Miniprep kits (Qiagen #27104). Plasmids
were screened for correct orientation of insertion using Sanger Sequencing provided by Genewiz

with  the  following  sequencing  primers: AAVS1-Neo  Seq-Fwd: 5 -

GGGATTAGATAAATGCCTGCTC — 3% AAVS1-Neo Seqg-Rev: 5 —
CATGAGTGGGAGGAATGAGC — 3% TRE Region Seq-Fwd: 5’ —
GAACGTATGTCGAGGTAGGC — 3% TRE Region Seq-Rev: 5 —

CGGTCTATGCTGTACTGTCG - 3’; pCAG-F (for rtTA): 5° — GCAACGTGCTGGTTATTGTG
— 3’. Upon identification of a successfully generated clone, the construct was again amplified in
ccdB survival 2 TIR competent cells and purified as a midi prep batch of the final cloned construct
using the Qiagen HiSpeed Plasmid Midi Prep kits. The end result of this effort is the destination
vector on which the cDNAs of interest were expressed in — AAVS1-Neo-TRE-DEST-M2rtTA

(Supplementary Figure 2.3).
TDP-43 and TDP-43ANLS Entry Clones and insertions into AAVSI directed vector

All cDNAs were procured as plasmids from Addgene. pcDNA3.2 YFP was a gift from
Aaron Gitler (Addgene plasmid # 84910 ; http://n2t.net/addgene:84910 ; RRID:Addgene 84910)
pcDNA3.2 TDP-43 YFP was a gift from Aaron Gitler (Addgene plasmid #84911;

http://n2t.net/addgene:84911; RRID:Addgene 84911). pcDNA3.2 TDP-43 NLS1 YFP was a gift
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from Aaron Gitler (Addgene plasmid # 84912;  http:/n2t.net/addgene:84912;
RRID:Addgene 84912). Upon receipt of bacterial stabs, each bacterial sample was amplified in
an overnight LB media suspension culture at 37°C and plasmids from each were purified the
following day using Qiagen Spin Mini Prep Kits. The identity of each plasmid was confirmed
using Sanger Sequencing by Genewiz with the following sequencing primers: CMV-fwd: 5’ —
CGCAAATGGGCGGTAGGCGTG - 3’; EGFP-N-Rev 5~ CGTCGCCGTCCAGCTCGACCA —

3’

The cDNAs in the procured pcDNA3.2 backbones are flanked by Gateway cloning sites.
A BP Clonase reaction (Invitrogen #11789-020) was performed according to manufacturer’s
instructions to transfer YFP, TDP-43:YFP, and TDP-43ANLS each to their own pDONR221 Entry
Vector backbone. DNA from the BP reaction was transformed to Stbl3 Chemically Competent
Bacteria Cells (Invitrogen #C7373-03) under manufacturer’s recommended conditions and
purified using Qiagen Spin Miniprep kits (Qiagen #27104) to generate the Gateway cloning entry
vectors for each of my constructs of interest. Successful transfer of the cDNA insert was verified
by Sanger Sequencing provided by Genewiz using the EGFP-N-Rev 5 —

CGTCGCCGTCCAGCTCGACCA - 3’ sequencing primer.

An LR Clonase (Invitrogen #11791-020) reaction was then performed according to
manufacturer’s instructions using each of the generated entry vector plasmids with AAVS1-Neo-
TRE-DEST-m2rtTA as the destination vector. DNA from the LR reaction was also transformed to
Stbl3 Chemically Competent Bacteria under manufacturer’s recommended conditions and purified
using Qiagen Spin Miniprep kits. Successful transfer of the cDNA insert was verified by Sanger
Sequencing provided by Genewiz using the following sequencing primers: Tight TRESeq-Fwd: 5’

— GTGGGAGGCCTATATAAGCAG - 3’; EGFP-N-Rev 5° — CGTCGCCGTCCAGCTCGACCA
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—3’; V5Seq-Rev: 5~ TTTGGGATTGGCTTTCTGC — 3°. Once a plasmid for each condition was
successfully isolated, a Midi prep was performed using the Qiagen HiSpeed Midiprep Kit to purify

a large amount of the plasmid to facilitate electroporation.
pLX 313 Lentivirus Vectors

Similar to AAVS1-Neo-TRE-DEST-m2rtTA, pLX 313 is also a Gateway cloning
destination vector. The base pLX 313 empty vector was obtained by request from the Broad
Institute Genetic Perturbation Platform. This plasmid DNA sample was transformed to ccdB
survival 2 T1R competent cells, amplified, and re-purified using a Qiagen Spin Mini Prep kit. Using
the same LR Clonase procedure and subsequent transformation as described above, pLX 313-YFP,
pLX 313-TDP-43:YFP, and pLX 313-TDP-43ANLS:YFP were generated from the entry clones
previously used in creating the inducible AAVSI plasmids. Successful cloning was verified using
Sanger Sequencing provided by Genewiz or Psomagen using the EGFP-N-Rev 5° -

CGTCGCCGTCCAGCTCGACCA — 3’ sequencing primer.
Generation of stable engineered cell lines
HEK?293 with AAVSI-inducible inserts

HEK293 cells were co-electroporated with the AAVS1-targeting inducible gene insert
plasmid and a plasmid encoding an AAVS1 TALEN at a mass ratio of 5 donor vector to 1 nuclease
using the Invitrogen Neon™ Transfection system. The conditions for electroporation were 1100V,
20ms pulse width, 2 pulses. Following electroporation, positive transductants were selected by
culturing in DMEM + 10% Tet-Free FBS described above supplemented with 200ug/mL G-418

(Neomycin analog — Gibco #10131035)

iPSCs with AAVSI-inducible inserts
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iPSCs were co-electroporated with the AAVS1-targeting inducible gene insert plasmid and
a plasmid encoding an AAVS1 TALEN at a mass ratio of 5 donor vector to 1 nuclease using the
Invitrogen Neon™ Transfection system. The conditions for electroporation were 1050V, 30ms
pulse width, 2 pulses. Following electroporation, positive transductants were selected by culturing

in mTESR1 or mTESR Plus as described above supplemented with 500ug/mL G-418.

Following selection, single cell clones were generated by plating the cells at a limiting
dilution to achieve substantial separation between growing colonies (e.g. 500 cells total plated on
a 10cm tissue culture dish). Culture media was supplemented with 1uM Rock Inhibitor for up to
one week to increase viability of the sparse culture. Once the colonies were visible under the
microscope, they were manually scraped from the plate using a pipette and transferred to a 24 well
culture dish for continued outgrowth. Clones were expanded up to a 6-well culture before

cryopreservation and subsequent evaluation.

Neuronal Differentiation Protocols

Prior to all differentiations, iPSCs were infected with lentivirus containing TetO-NGN2-
Puro at approximately 2 MOI in a 6 well tissue culture dish. Cells were expanded and

cryopreserved prior to the first differentiation.

LiMoNes Motor Neuron Differentiation

Adapted from Limone et al. 2023. iPSCs were plated in their desired format and grown
until at least 80% confluent. Media changes each day were performed as follows. Day 1: N2 Media
Base — DMEM/F12 Media (Gibco #11320033), 1X GlutaMAX (Gibco #35050061), 0.3% (v/v)
Glucose (Sigma-Aldrich #G7021 — dissolved in PBS before addition), 1X N2 Supplement (Life

Technologies #17502048) — supplemented with 4ug/mL Doxycycline (Sigma Aldrich #D9891 —
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dissolved in water), 200nM LDN-193189 (Stemgent #04-0074-02 — dissolved in DMSO), 10uM
SB-431542 (Tocris #1614 — dissolved in DMSO), 2uM Retinoic Acid (Sigma Aldrich #R2625 —
dissolved in DMSO), and 2uM Smoothened Agonist (SAG — Stem Cell Technologies #73412 —
dissolved in DMSO). Day 2 and 3: N2 Media Base supplemented with 4pg/mL Doxycycline,
Sug/mL Puromycin (Gibco #A11138-03), 100nM LDN-193189, 10uM SB-431542, 1uM Retinoic
Acid, 1uM SAG. Day 4: NBM/B27+ Media Base — Neurobasal Media (Gibco #21103049), 1X
GlutaMAX, 1X MEM Non-Essential Amino Acids (NEAA — Gibco #11140050), 1X N2
Supplement, 1X B27 Plus Supplement (Gibco #A3582801) — supplemented with 4pg/mL
Doxycycline, Spg/mL Puromycin, 1uM Retinoic Acid, 1uM SAG, 10ng/mL recombinant Brain
Derived Neurotrophic Factor (BDNF — R&D Systems #11166-BD — dissolved in 0.1% (w/v) BSA-
PBS), 10ng/mL recombinant Ciliary Neurotrophic Factor (CNTF — R&D Systems #257-NT —
dissolved in 0.1% (w/v) BSA-PBS), and 10ng/mL recombinant Glial Cell Line-derived
Neurotrophic Factor (GDNF — R&D Systems #212-GD — dissolved in 0.1% (w/v) BSA-PBS). Day
5 and 6: NBM/B27+ Media Base supplemented with 4pug/mL Doxycycline, Spg/mL Puromycin,
1uM Retinoic Acid, 1uM SAG, 10ng/mL BDNF, 10ng/mL CNTF, 10ng/mL GDNF, and 1uM EdU
(Invitrogen #A 10044 — dissolved in DMSO). Day 7: Freshly differentiated neurons are passaged
using Accutase in Day 5 differentiation media supplemented with 10uM Rock Inhibitor or
cryopreserved in CryoStor CS10 as desired. Destination plates for passaged neurons are prepared
as follows: plates are coated with Poly-D-Lysine (Gibco #A3890401) at 4°C overnight. Coated
plates are then washed three times with PBS, coated with Natural Mouse Laminin (Gibco
#23017015) diluted 1:200 in PBS and cured at 37°C for at least two hours. Plates are washed three
times with PBS before neurons are seeded. Neurons thawed from frozen are plated using the same

procedure as if they were freshly passaged Day 9+: Media is gently removed (i.e., without the use
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of a vacuum aspirator), and slowly replaced with NBM/B27+ Media Base supplemented with
4ng/mL Doxycycline if needed to maintain expression of inducible vector insert, 10ng/mL BDNF,
10ng/mL CNTF, 10ng/mL GDNF, and 1puM EdU.. For maintenance of neuronal cultures, half-

media changes are performed with the Day 9+ media every 2 — 3 days.

Dox Mixed Neuron Differentiation

Adapted from Limone et al. 2023 and Zhang et al. 2013a. iPSCs were plated in their desired
format and grown until at least 80% confluent. Media changes each day were performed as follows:
Day 1: N2 Type 2 Media Base - DMEM/F12, 1X GlutaMAX, 1X NEAA, 0.5% (v/v) Glucose,
0.5X N2 Supplement — supplemented with 2ug/mL Doxycycline. Day 2 and 3: N2 Type 2 Media
Base supplemented with 2pg/mL Doxycycline and Spg/mL Puromycin. Day 4 thru 7:
NBM/B27noVitA Media Base — Neurobasal Medium, 1X GlutaMAX, 1X NEAA, 0.5% (v/v)
Glucose, 1 X B27 Supplement without Vitamin A (Gibco #12587010) — supplemented with 2pg/mL
Doxycycline, 10ng/mL BDNF, 10ng/mL CNTF, and 10ng/mL GDNF. Cells were passaged 1:2 to
a new Matrigel or Geltrex coated plate on Day 4 using the Day 4 — 7 media recipe additionally
supplemented with 10uM Rock Inhibitor. On Day 7 neurons were passaged to plates coated with
Poly-D-Lysine and Laminin as described in the previous section using the Day 4 — 7 media recipe
additionally supplemented with 10uM Rock Inhibitor or cryopreserved using CryoStor CS10. For
maintenance of differentiated neuronal cultures, half-media changes were performed with the Day

4+ media every 2 — 3 days beginning from Day 9.
LSB Mixed Neuron Differentiation
Adapted from Limone et al. 2023. This differentiation protocol is the same as the Dox

mixed neuron differentiation protocol outlined above, but with the addition of 200nM LDN-
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193189 and 10pM SB-431542 on Day 1; 100nM LDN-193189 and 10uM SB-431542 on Days 2

and 3.
piN Cortical Neuron Differentiation

Adapted from Nehme et al. 2018 and Limone et al. 2023. This differentiation protocol is
the same as the LSB differentiation protocol outlined above, but with the addition of 4uM XAV939

(Stem Cell Technologies #72672) on Day 1 and 2uM XAV939 on Days 2 thru 7.
Lentivirus Production and Infection

Lentivirus was produced according to a protocol provided by the Broad Institute RNAi
Consortium. HEK293T cells (maintained the same as HEK293) were used as the packaging cells.
For 10cm plate virus production runs, HEK293T cells were seeded on 10cm plates at 3.8%10°
cells/mL (10mL per plate) for 24 hours. The plasmid transfection mixture is prepared as follows
for each 10cm plate: 9ug psPAX2 packaging plasmid (gift from Didier Trono (Addgene plasmid
# 12260 ; http://n2t.net/addgene:12260 ; RRID:Addgene 12260)), 0.9ug VSV-G envelope
plasmid (gift from Didier Trono (Addgene plasmid # 12259 ; http://n2t.net/addgene:12259 ;
RRID:Addgene 12259)), 9ug pLX vector of choice, and OPTI-MEM (Gibco #31985062) added
to achieve a total volume of 225uL. The transfection reagent — TransIT-LT1 (Mirus Bio #MIR2300)
—was diluted in OPTI-MEM by adding 54puL TransIT-LT1 to 36uL. OPTI-MEM for a total volume
of 90uL per 10cm plate. Each tube of diluted TransIT-LT1 was added to each of the plasmid
transfection mix dropwise, gently mixed, and incubated at room temperature for 30 minutes. The
final transfection mixes were then added to each cell plate and returned to the incubator overnight.
The next day, the media was changed to 15mL viral harvest media — DMEM + 30% Tet System

FBS — and incubated overnight. Each day for the following two days, virus-containing media was

48



harvested from the plate. On the first day, the harvested media is replaced with the same volume
of fresh viral harvest media. The plates were discarded after the second harvest on the second day.
Harvested lentivirus was concentrated 100-fold using Lenti-X Concentrator (Takara #631232)
according to manufacturer’s instructions. Approximate titers were determined by inoculating cells
at a range of volumes and assessing percentage infection by fixing the neurons using 4%

Paraformaldehyde 7 days after infection and using flow cytometry for YFP+ cells.

For reported experiments, plated cells to be infected were inoculated with lentivirus
directly into freshly changed culture medium to achieve MOI = 1 according to the results of the
titration. Cells were incubated for 48 hours before the next media change, at which point culture

maintenance proceeds as previously described for that cell type.

Representative pictures of TDP-43ANLS expression via lentivirus are provided in

Supplementary Figure 2.4.

FACS and Flow Cytometry

Cells were prepared for flow cytometry sorting or analysis by resuspending freshly a
freshly passaged cell sample in sorting buffer (PBS with ImM EDTA, 15mM HEPES, 1% (w/v)
BSA). Support for FACS experiments was provided by the Department of Stem Cell and
Regenerative Biology Flow Cytometry Core. Live-cell sort experiments were conducted using a
BD FACS Aria II+. For fixed cell flow cytometry experiments, analysis was performed using a

BD LSR II or BD Symphony AS.

RNA Extraction and qRT-PCR

RNA extractions from cultured cells were performed using the Qiagen RNEasy Plus Mini
Kit (Qiagen #74134). QIAshredder columns (Qiagen #79656) were used for homogenization of
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harvested cultures prior to RNA purification. cDNA generation was performed using the iScript
(Bio-Rad #1708890) or iScript Advanced (Bio-Rad #172037) cDNA Synthesis kits with 500ng
RNA input. qRT-PCR was performed using the generated cDNA reactions diluted 1:4 and
combined according to manufacturer’s instructions with iTaq™ Universal SYBR® Green
Supermix (Bio-Rad #1725124). Primers used were as follows: GAPDH-Fwd: 5 -
TTGTCAAGCTCATTTCCTGGTATG - 3; GAPDH-Rev: 5 - TTCTCTTGTGCTCTTGCTGG —
3’; TDP-43 1: 5> — CAGCTCATCCTCAGTCATGTC - 3°; TDP-43 2: 5 -
GATGGTGTGACTGCAAACTTC — 3°. Samples were run as technical triplicates with an
additional no template control. Reactions were performed on a Bio-Rad CFX96 Real-Time PCR
Detection System using the following protocol: 1 step of 95°C 30s followed by 95°C 5s, 60°C 30s

for 40 Cycles.

Western Blots

Whole cell western blots

Protein was extracted from cultured cells using RIPA buffer (Thermo Scientific #89900)
supplemented with 1X Halt™ Protease/Phosphatase Inhibitor Cocktail (Thermo Scientific
#78440). Cells were incubated in a suspension of RIPA buffer on ice for 10 minutes before
centrifugation at maximum speed for 20 minutes followed by collection of the protein containing
supernatant. Protein was quantified using the Pierce™ BCA Protein Assay Kit according to
manufacturer’s instructions (Thermo Scientific #23225). Absorbance of the quantification plate at
562nM was read using a Cytation3 plate reader. 10pug of protein from each sample was
resuspended in Blue Loading Buffer enriched with DTT as the reducing agent (Cell Signaling
Technology #7722). Diluted samples were boiled for 5 minutes at 95°C before being loaded to

Bio-Rad Mini-PROTEAN TGX 4 —20% pre-cast gels (Bio-Rad #4561094). Precision Plus Protein
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Dual Color Standards (Bio-Rad #1610374) was used as the molecular weight ladder. Gels were
run using Tris/Glycine/SDS Running Buffer (National Diagnostics #EC-870) at 200V for 40
minutes. Gels were transferred to a PVDF membrane using the iBlot 2 Dry Transfer system.
Membranes were cut to size and blocked for 1 hour in LI-COR Intercept® Blocking Buffer at
room temperature (LI-COR #927-60001). Primary antibodies were then diluted as appropriate in
5% (w/v) BSA-TBS-T (Tris Buffered Saline with 0.1% (v/v) Tween 20) and added to the
membranes to incubate at 4°C overnight. Primary antibodies utilized were Rabbit anti-TDP43
(G400) (Cell Signaling #3448S) at 1:1000 dilution and Mouse anti-GAPDH (Millipore Sigma
#MAB374) at 1:1000 dilution. The next day, membranes were washed with TBST, incubated with
LI-COR anti-rabbit and anti-mouse IRDye secondary antibodies suspended in Blocking Buffer
supplemented with 0.1% (v/v) Tween 20 and 0.01% (w/v) SDS for 1 hour and then washed again

with TBST before being visualized on the LI-COR Odyssey Imager.

Cellular Fractionation Western Blots

Subcellular protein fractionations were performed using the Subcellular Protein
Fractionation Kit for Cultured Cells (Life Technologies #78840) according to manufacturer’s
instructions. After the fractions were isolated, the same procedure was followed as the whole cell
western blot for BCA quantification of the protein, running the gel, and analyzing the membrane.
Primary antibodies used were Rabbit anti-TDP43 (G400) at 1:1000 dilution, Mouse anti-GAPDH
at 1:1000 dilution, Mouse anti-HistoneH3 (96C10) (Cell Signaling #3638) at 1:1000 dilution and
Chicken anti-GFP (Abcam #ab13970) at 1:5000 dilution. When needed for sequential blotting, |
also used Restore Plus Western Blot Stripping Bufter (Thermo Scientific #46430) to gently remove
the previous antibodies from the membrane. To complete this, the membrane was washed 3 times

with PBS, coated with stripping buffer at room temperature with gentle shaking for 30 minutes,
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washed again 3 times with PBS, then re-blocked with Intercept Blocking Buffer before adding the

primary antibody mix as previously described.

Immunofluorescence and Imaging

All immunofluorescence, including confocal imaging, was performed in Perkin Elmer 96-
well PhenoPlates. Cells to be stained were fixed with 4% Paraformaldehyde for 20 minutes at room
temperature or overnight at 4°C. Fixed cells were briefly washed with PBS and then coated with a
blocking and permeabilization buffer comprised of 0.1% (v/v) Triton X-100-PBS (Sigma Aldrich
#T8787) and 10% Normal Donkey Serum (Jackson ImmunoResarch Laboratories #017-000-121)
for one hour at room temperature. Primary antibodies were then added diluted in the stated
blocking/permeabilization buffer and incubated overnight at 4°C. The following day, the plate was
washed three times with PBS and the Alexa-Fluor conjugated secondary antibodies were added
diluted 1:1000 in PBS for one hour in the dark. Two PBS washes were performed followed by
incubation with 1pg/mL DAPI (Invitrogen #D3571) for 5 minutes in the dark. After two additional
PBS washes, the plates were imaged or stored at 4°C until imaging. Primary antibodies used in the
studies in this chapter are Rabbit anti-TDP43 (G400) at 1:100 dilution, Mouse anti-Tuj1/BIII-
Tubulin at 1:100 dilution (R&D Systems #MABI1195) and/or Rabbit anti-NGN2 (Abcam
#ab109236) at 1:100 dilution. Imaging was performed using either the Zeiss LSM 700 (for high
magnification confocal microscopy), the Molecular Devices IXM (for high throughput confocal
microscopy), or the Nikon Eclipse Ti. Live cell images of neurons expressing YFP conferred by

lentivirus were captured with a Nikon Eclipse TE2000-S.

Colony Formation Assays
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iPSCs were plated at 250,000 cells per well in a 6 well tissue culture plate using standard
methods. 24 hours after plating, media was supplemented with 2 (Figure 2.2) or 4pg/mL
(Supplementary Figure 2.5) Doxycycline for half of the plate each. Cells were maintained in media
with or without doxycycline on the regular feeding schedule for 6 additional days. On the final
day, cells were fixed with ice-cold methanol for 10 minutes on ice and stained with a 0.5% Crystal
Violet solution comprised of water and 25% methanol (VWR #BT144750) with gentle shaking for
at least 20 minutes at room temperature. Plates were scanned using a conventional flat screen
paper scanner to capture images. Crystal Violet levels were quantified after imaging using 10%
Acetic Acid (v/v in water) extraction by coating the wells with the solution, gently shaking for at
least 30 minutes, and then measuring the absorbance of samples from each well at 570nM using a

Cytation3 plate reader.

Cell Titer Glo Viability Assays

For HEK293, iPSC and neuron viability assays iPSCs or neurons were plated on 96 well
tissue culture plates at 5,000 cells per well (HEK293), 10,000 cells per well (iPSCs), or 30,000
cells per well (Neurons) per standard culture methods. HEK293s and iPSCs began 2ug/mL
Doxycycline treatment for selected wells 24 hours after plating. Neurons were infected with a YFP,
TDP-43:YFP, or TDP-43ANLS:YFP lentivirus 7 days after plating. After an additional 6 days
(HEK293, iPSCs), 14 Days (Neurons Figure 2.6), or 28 days (Neurons Figure 2.5), cells were
assayed using Cell Titer Glo 2.0 reagent according to manufacturer’s instructions (Promega

#(G9243). Luminescent readings were captured using a Cytation3 plate reader.

For the short-term differentiation assay, NGN2 infected iPSCs were plated on 96 well tissue
culture plates at 10 — 20,000 cells per well per standard culture methods. LiMoNes motor neuron

differentiation commenced 24 hours after plating until the captured timepoints listed. There was a
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separate 96 well plate for each time point. Undifferentiated samples were exposed to the same
differentiation media as the rest of the plate without Doxycycline, Puromycin, or EAU. On each
read day reported, one plate was assayed using Cell Titer Glo 2.0 reagent according to

manufacturer’s instructions. Luminescent readings were captured using a Cytation3 plate reader.
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Chapter 3: Elucidating effects of cytoplasmic TDP-43 on the health
and function of human motor neurons
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Abstract

Transactive Response DNA-binding protein 43 (TDP-43) is a multifunctional nucleic acid
binding protein ubiquitously expressed in all tissues. Although it is primarily nuclear, Amyotrophic
Lateral Sclerosis (ALS) patients frequently present with cytoplasmic aggregates of TDP-43 in
motor neurons on post-mortem examination. Although only about 5% of all ALS patients have a
TARDBP mutation (Ghasemi and Brown 2018; Ingre et al. 2015), which is known to cause these
insoluble cytoplasmic aggregates, 97% of ALS patients will develop cytoplasmic, insoluble TDP-
43 aggregates regardless of whether they have a mutation in ZARDBP or not (Ling et al. 2013).
This suggests that there are mutation-independent mechanisms that drive pathogenic aggregation
of TDP-43 which have yet to be fully elucidated. In this chapter, I demonstrate that I can use
induced pluripotent stem cell (iPSC)-derived motor neurons in conjunction with inducible
expression of a cytoplasmically locked variant of TDP-43, TDP-43ANLS, to establish a model on
which we can discover what these mutation-independent mechanisms of TDP-43 aggregation
driven neurodegeneration could be. I will show that cytoplasmic TDP-43 fundamentally changes
the cellular response to stress by causing the cell to exhibit more signs of stress at baseline as
measured by a higher increase in the basal number of stress granules and TDP-43 aggregates. |
will then explore several potential mechanisms, including changes in synaptic structure and
apoptotic priming, that could be driving this increase in basal stress level by interrogating
transcriptomic changes during TDP-43ANLS expression using bulk RNA-sequencing. Overall, I
will establish that this cellular platform can substantively contribute to mechanistic discovery
efforts for neurodegeneration that have the potential to be therapeutically actionable and relevant

for a broad population of ALS patients.
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Introduction

Transactive Response DNA-binding protein 43 (TDP-43) is a nucleic acid binding protein
involved in several cellular processes including RNA splicing, nucleocytoplasmic transport of
RNAs, and translational regulation (Birsa et al. 2020; Freibaum et al. 2010; Lee et al. 2021;
Sephton et al. 2011). Although most of TDP-43 is localized to the nucleus at any given time, one
striking feature of TDP-43’s localization dynamics is that it a large amount of TDP-43 will become
temporarily cytoplasmically localized in response to a cellular stress such as free radical exposure
via an oxidative stress (Markmiller et al. 2021), transient proteasome inhibition (Klim et al. 2019),
or axonal injury (Sato et al. 2009). This suggests that transient cytoplasmic localization of TDP-
43 may be beneficial for cells, particularly neurons, in the short-term as part of the canonical

response to internal or environmental stress.

In contrast, it has also been established that persistent cytoplasmic localization of TDP-43,
even in models that did not focus on whether this cytoplasmic localization caused spontaneous
aggregation, is detrimental to cellular health and function (Barmada et al 2010, Walker et al 2016,
Zamani et al. 2022). We additionally know that when TDP-43 does aggregate by virtue of being
in the cytoplasm that these aggregates tend to disrupt protein turnover machinery (Ormeno et al.
2020; Riemenschneider et al. 2022; Torres et al. 2017) and destabilize essential functions of the
mitochondria (Aggad et al. 2014; Dafinca et al. 2021; Hong et al. 2012; Shan et al. 2010; Wang et
al. 2019; Wang et al. 2013). However, these observations to date have only been described in non-
human systems, most of which did not focus on motor neurons. Given that TDP-43 re-localization
and aggregation occurs in 97% of all Amyotrophic Lateral Sclerosis (ALS) patients (Ling et al.

2013), exploring when and how cytoplasmic TDP-43 becomes detrimental to motor neuron health,
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particularly in a human system, is very likely to be informative when developing therapeutic

strategies to attenuate and mitigate the pathogenic effect of cytoplasmic TDP-43 or its aggregates.

One hypothesis of how TDP-43 aggregates may begin to form centers around the
propensity of TDP-43 to co-localize with stress granules (Dewey et al. 2012; Fang et al. 2019).
Because of the link between TDP-43 localization and stress onset, I was also interested in
examining the relationship between cytoplasmic TDP-43 and stress granules to examine if the
presence of TDP-43 in the cytoplasm changed how neurons respond to stress and/or drove the cell
to assume a more stressed state as though cytoplasm TDP-43 could be a signal to the cell that it

needed to drive pathways related to the stress response, even if a stress was not present.

This chapter will describe the process of establishing the human in vitro iPSC-derived
motor neuron system described in Chapter 2 for the study of neurodegeneration as conferred by
cytoplasmic TDP-43 via expression of the TDP-43ANLS variant. I will then show that this model
is powered to phenotypically explore how the number of stress granules changes in response to an
acute oxidative stress when TDP-43ANLS is expressed. Finally, I will showcase and discuss data
from RNA sequencing of TDP-43ANLS motor neurons compared to TDP-43 wild type
overexpressing motor neurons to examine what cellular processes could be preferentially disrupted

in the TDP-43ANLS condition that may merit further study for ALS therapeutic development.

Results

Inducible TDP-43ANLS expression is achievable in motor neurons

Using the same methods as described in Chapter 2, [ was able to electroporate the 11a
healthy control iPSC line with my AAVS1-Neo-TRE-TDPANLS:YFP-rtTA plasmid and select and
screen for successful transductants. I then differentiated those engineered iPSCs into motor

neurons using the LiMoNes method (Limone et al. 2023) and characterized the resultant cultures
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by immunofluorescence (Figure 3.1a), cellular fractionated western blots (Figure 3.1b), and qRT-
PCR (Figure 3.1c). As expected, I was able to achieve robust expression of the TDP-43ANLS
construct and it successfully induces a high level of expression of TDP-43 in the cytoplasm. Of
particular note is that partial nuclear clearance of TDP-43 can be observed by immunofluorescence,

which is supported by the results in HEK293 (Figure 2.1; Winton et al. 2008a).

Inducible TDP-43ANLS expression represents a TDP-43 gain of function model because its
expression does not induce changes in splicing of STMN2

To better contextualize the cellular state that the TDP-43ANLS model represents, I decided
to examine whether the cytoplasmic clearance seen by eye in the immunofluorescence images was
sufficient to induce splicing defects similar to TDP-43 loss of function models (Klim et al. 2019,
Melamed et al. 2019). The sentinel mRNA that I used for this analysis was Stathmin-2 (STMN2),
which had previously been shown to experience cryptic exon inclusion in the context of TDP-43
knockdown that truncates the protein (Klim et al. 2019; Melamed et al. 2019). I hypothesized that
if TDP-43ANLS:YFP as expressed from my inducible vector system was sufficient to drive
complete clearance of TDP-43, then I would observe a marked increase in the amount of cryptic
STMN2 mRNA in neurons expressing TDP-43ANLS:YFP compared to YFP. Upon examination
by qRT-PCR, I did not observe a significant increase of cryptic STMN2 mRNA in the TDP-
43ANLS line (Figure 3.2). I also did not observe a substantive decrease in full length STMN2
mRNA levels (Supplementary Figure 3.1). This suggests that the model of TDP-43ANLS I have
is more akin to a gain of function model of TDP-43 as I could establish cytoplasmic localization
of TDP-43 (Figure 3.1a, b) but did not exhibit signs of splicing defects, which is a core feature of

the TDP-43 loss of function model.
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Figure 3.1: Expression and characterization of inducible TDP-43ANLS:YFP in engineered
iPSC-derived motor neurons (a) Representative immunostained confocal images of fixed motor
neurons 12 days after initiation of differentiation (b) Subcellular fractionated western blot of YFP
and TDP-43ANLS:YFP motor neurons 12 days after initiation of differentiation (¢) qRT-PCR of
Day 12 neurons harboring different inducible constructs, now including TDP-43ANLS:YFP (n =
3 technical replicates).
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Figure 3.2: Expression of TDP-43ANLS does not lead to an increase in cryptic STMN2
splicing (a) Experimental schematic, including siRNA treatment timeline of positive controls (b)
Expression of cryptic STMN2 levels as determined by qRT-PCR in motor neurons. Significance
calculated Significance calculated using ANOVA with Siddk’s multiple comparisons test (** =
p<0.01; **** =p<(0.001) (n = 3 technical replicates).

TDP-434ANLS expression is neuroprotective during the short-term differentiation assay

As a final characterization step for the TDP-43ANLS model, I sought to see how the
expression of cytoplasmic TDP-43 affected neuronal viability in the short-term using the short-
term differentiation assay initially described in Figure 2.5. I observed that in this context, TDP-
43ANLS:YFP expression seems to be protective — cells expressing this construct do not experience
the same viability loss that developing neurons expressing wild-type TDP-43 do (Figure 3.3). This
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seems in line with the observed function of cytoplasmic TDP-43 in response to a cellular stress. In
those contexts as well, cytoplasmic TDP-43 was not immediately detrimental to cellular health;
those models showed short-term recovery of TDP-43 localization after the stress was alleviated.
This suggests that during the acute stress phase, cytoplasmic TDP-43 may be exerting a protective
function, which may also manifest itself in looking at a less than seven-day assay like the short-
term differentiation assay is. The following results will begin to make inroads on what some of

those short-term protective and long-term pathogenic mechanisms may be.
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Figure 3.3: TDP-43ANLS expression in the short-term does not result in viability loss in
motor neurons. Using the short-term differentiation assay outlined in Figure 2.5, TDP-
43ANLS:YFP developing motor neurons do not experience a viability drop around Day 6 like the
TDP-43 wild-type expressing motor neurons do. Significance calculated using ANOVA with
Sidak’s multiple comparisons test (**** = p<0.001) (n = 3 biological replicates).

Presence of cytoplasmic TDP-43 increases number of baseline TDP-43 containing stress
granules, but abrogates stress-induced stress granule increase in the context of oxidative stress

To examine how cytoplasmic TDP-43 could potentially be protective or pathogenic, |
decided to explore how cytoplasmic TDP-43 changed motor neurons’ response to stress. Because

a neuron, by virtue of being a post-mitotic cell that is generally not replaceable, must be
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particularly well equipped to handle stress, it stands to reason that modulations in how the stress
response progresses may be detrimental to the health of the neuron in the long-term. Given that
presence of stress granules is a proxy for the cell invoking stress-related cellular processes (the
number of stress granules goes up when the cell is experiencing a stress, as the name suggests) and
that stress granules have been hypothesized to be the seed for pathogenic TDP-43 aggregation
(Dewey et al. 2012; Fang et al. 2019) , I decided to examine how expression of TDP-43ANLS:YFP
changed the number of stress granules in response to an acute oxidative stress, sodium arsenite
exposure, which is a common modality used in the field (Becker et al 2017; Nonhoff at al 2007)
(Figure 3.4). To perform this analysis, I developed an analysis pipeline in the Columbus imaging
software to identify puncta in cells that could correspond to aggregates of TDP-43 or the stress

granule assembly protein G3BP1 (Figure 3.4b, c)

I observed that in the presence of cytoplasmic TDP-43, motor neurons did not show an
increase in stress granules when a stress was applied unlike in the context of no transgene
expression or expression of wild-type TDP-43:YFP (Figure 3.4d). However, the basal number of

stress granules observed in the TDP-43ANLS, unstressed condition was higher than the unstressed

Figure 3.4: TDP-43ANLS expression in the context of oxidative stress increases the baseline
number of stress granules while decreasing the magnitude of stress-responsive increases in
total and TDP-43-containing stress granule number (a) Experimental Outline (b)
Representative confocal images of stressed and unstressed neurons (c¢) Representative
monochrome YFP channel image of the analysis procedure. Circles represent aggregates identified
by the analysis procedure. (d) Results of stress granules per neuron image analysis by captured
field in each neuron line. n = 44 ~ 80. Significance calculated using ANOVA with Sidak’s multiple
comparisons test ( * = p<0.05; ** = p<0.01; **** = p<0.001) (e) Results of TDP-43 aggregates
per neuron images analysis by captured field in each neuron line. n = 43 ~ 80. Significance
calculated using ANOVA with Sidak’s multiple comparisons test (f) Results of TDP-43 containing
stress granules per neuron images analysis by captured field in each neuron line. n = 38 ~ 80.
Significance calculated using ANOVA with Sidak’s multiple comparisons test (¥* = p<0.01).
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Figure 3.4 (Continued)
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state in the other genetic contexts. The same relationship held from the perspective of total number

TDP-43 aggregates (stress granule localization agnostic) (Figure 3.4e).

In interrogating the number of TDP-43 positive stress granules, I noted that although
sodium arsenite oxidative stress generally only resulted in a modest increase of TDP-43 positive
stress granules in the no transgene or TDP-43:YFP expression conditions, there was a decrease in
TDP-43 positive stress granules in response to the oxidative stress application in the context of
TDP-43ANLS:YFP (Figure 3.4f). Taken together, these observations capture the dual-role of
cytoplasmic TDP-43 in short-term protection but suggest a potential longer-term harm to cellular
health. From the observation of a decrease in the amount of TDP-43 positive stress granules in the
short term, it is possible that the presence of cytoplasmic TDP-43 may be acting as a modifier of
its own stress granule aggregation, sequestering excess cytoplasmic TDP-43 out of stress granules
during a stress event such that anything that is not needed may be turned over by endogenous
processes. However, given that the total number of stress granules in the unstressed condition is
higher in the TDP-43ANLS line than the others also suggests that the neurons may be assuming a
more basally stressed state. It is reasonable to expect that the effect of a perceived chronic stress,
wherein the result could be longer than usual translational stalling of mRNAs trapped in stress

granules, may not be healthy for the cell in the long-term.

Transcriptomic analysis of TDP-43ANLS motor neurons reveals changes in pathways
implicated in synapse structure, apoptosis, and the cellular stress response

To further explore the effects of persistent cytoplasmic TDP-43 localization could be, we
performed RNA sequencing on Day 12 (from the start of differentiation) motor neurons containing
the inducible TDP-43ANLS:YFP, TDP-43:YFP, and YFP constructs. We examined the differential

expression of genes in the TDP-43ANLS condition compared to the TDP-43 condition to
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determine what genes and pathways could be specifically implicated in characterizing the cellular
state where TDP-43 is primarily cytoplasmic, not just when TDP-43 is perturbed versus when it is
not (Figure 3.5a). For example, in this comparison, if a genetic factor was driving motor neuron
toxicity because of TDP-43 overexpression, but was agnostic to TDP-43 localization, then by

design it would not score as a strong hit in this analysis.
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Figure 3.5: Transcriptomic effects of TDP-43ANLS expression compared to wild-type TDP-
43 in motor neurons (a) Volcano plot of differentially expressed genes from RNA sequencing.
Highlighted dots represent genes that pass a FDR < 0.05 significance threshold for discovery. (b)
Heatmap of select genes related to synapse organization, apoptosis, and the neuronal oxidative
stress response discovered as significant in the RNAseq experiment. Each column represents a
replicate sample submitted for sequencing. T = TDP-43; N = TDP-43ANLS (c¢) Pathway over-
enrichment analysis results of differentially expressed genes in TDP-43ANLS motor neurons
compared to wild-type TDP-43 overexpressing motor neurons.

We identified 95 transcripts that were enriched in the TDP-43ANLS condition above a log2
fold change threshold of 2 compared to wild-type TDP-43 and 272 transcripts by the same standard
that were enriched in the wild-type TDP-43 condition. A selection of genes of particular interest to
neurobiological functions are presented in the heat map in Figure 3.5b. We also performed an over

enrichment analysis using all genes called as significantly differentially expressed and discovered
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several pathways perturbed in the cytoplasmic versus wild-type TDP-43 comparison including
factors related to synapse organization, apoptosis, and response to oxidative, chemical, and
endoplasmic reticulum stress (Figure 3.5¢). From what we understand about the effect of
cytoplasmic TDP-43 in other non-human systems, it is reassuring that some similar mechanisms
previously hypothesized to influence cytoplasmic TDP-43 pathogenesis, such as by eliciting
changes in mitochondria and driving ER stress (Dafinca et al. 2021), are represented in this

analysis.

Discussion

In this chapter I sought to establish in iPSC-derived motor neuron model of persistent
cytoplasmic TDP-43 expression and examine the features of that model to learn more about
mechanisms of neurodegeneration in the motor neuron context that may be driven by cytoplasmic
TDP-43 localization. My motor neurons differentiated from iPSCs engineered to contain the
inducible TDP-43ANLS construct were able to express TDP-43 localized to the cytoplasm in such
a fashion that seems to be most representative of a gain-of-function TDP-43 model. Similar to the
effect in HEK293s presented in Figure 2.1, I was delighted to observe that TDP-43ANLS
expression in motor neurons retained the ability to form spontaneous cytoplasmic aggregates and
induce partial clearance of nuclear TDP-43. I believe a new model with these features is of
particular benefit to the field because a model that has both a consistently high level of TDP-43 in
the cytoplasm and has the propensity to form spontaneous aggregates (Figure 3.1; Figure 3.4) may
represent a cellular state similar to patients during the course of ALS as opposed to at the end stage
where TDP-43 is completely evacuated from the nucleus like loss of function models emulate.
While examining models of the end stage of disease is fruitful and beneficial, there may be more

opportunities for novel and unique therapeutic mechanism discovery when examining a mid-stage
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or progression model that a TDP-43ANLS motor neuron expression model such as the one I have
made would be powered to find. To date, no such in vitro human motor neuron model had

previously been described.

This model of cytoplasmic TDP-43 expression is additionally unique in that it seems to
show propensity to recapitulate both effects of cytoplasmic TDP-43 that are short-term
neuroprotective (Figure 3.3; Figure 3.4f) and potentially detrimental to cell health in the long term
(Figure 3.4d). This further bolsters the potential of model could for use in deeper mechanistic
study of neurodegeneration since there is evidence of both protective and harmful effects co-
existing induced by cytoplasmic TDP-43. Relatedly, this also increases the power of the RNAseq
dataset as that may be powered to nominate pathways and genes are associated with both acute
protection and chronic toxicity. Indeed, when diving deeper into the sequencing data, this is what
we can begin to observe. For example, at the gene level, BAKI, a pro-apoptotic gene that localizes
the mitochondria (Chittenden et al. 1995), is called as being enriched in the wild-type TDP-43
overexpression condition compared to the TDP-43ANLS, implying that expression of this gene
goes down when TDP-43ANLS is expressed, which could suggest a decrease in pro-apoptotic
signaling when cytoplasmic TDP-43 is present at high levels. This could be a potential mechanism
of acute neuroprotection given that I have chosen to examine the neurons at a relatively young age

of 12 days old counting from differentiation start.

To give an example of a potential long-term negative effector being upregulated by
cytoplasmic TDP-43, the RNAseq data also calls expression of Shisa6, a transmembrane protein
that interacts with auxiliary components of AMPA receptors (Klaassen et al. 2016), as enriched in
the TDP-43ANLS condition. Shisa6 has been reported to play a role in protecting AMPA receptors

from desensitization and stabilization of AMPARs during periods of high synaptic activity
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(Klaasen et al. 2016). It has also been established that glutamate mediated excitotoxicity can be
driven by overactive AMPA receptors that do not undergo desensitization (Guo and Ma 2021;
Jensen et al. 1998). This suggests that upregulating a receptor stabilizing factor like Shisa6 may
be involved in facilitating neurotoxicity mediated cell death in certain conditions. Thus,
upregulation of this factor by cytoplasmic TDP-43 expression may be detrimental to neuronal

health as it may predispose the motor neuron to excitotoxicity mediated neurodegeneration.

However, within these pathway categories, there are also genes with similar degrees of fold
change differential expression that have the opposite effect. The fact that certain pathways were
determined to be differentially over-enriched in the transcriptome in response to TDP-43
perturbation does not imply that all the enriched factors support the same phenotype. For example,
a known ALS gene, SOSTM1 which encodes the protein p62, is linked to neuroprotection and
decrease in protein aggregation when upregulated as well as ER stress and ER stress-mediated
apoptosis when inhibited (Fecto et al. 2011; Jiang et al. 2020). Contrary to the anti-apoptotic effect
of BAKI downregulation, TDP-43ANLS drives SQOSTMI expression down, which would
ostensibly be pro-apoptotic. In the synaptic structure category, expression of PAK3 — which has
been linked to axon guidance and synapse maturation processes (Boda et al. 2004; Lesnick et al.
2008) — was shown to be upregulated in the TDP-43ANLS condition, which in contrast to the effect
of Shisa6, could be neuroprotective as loss-of-function variants of PAK3 have been linked to

defects in dendritic spine dynamics and synaptic plasticity (Duarte et al. 2020).

These competing observations create a complex image of cytoplasmic TDP-43’s effects
that merits further study, perhaps over multiple timepoints of cellular age to determine if the effects
associated with neuroprotection wane over time but the effects associated with potential drivers of

neurotoxicity do not. It is also possible that some of these effects identified may have epistatic
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relationships, for instance driving anti-apoptotic signaling may not matter if the effects of
excitotoxicity mediated neurodegeneration are too large. This motor neuron model of TDP-

43ANLS is well tuned to be used for future mechanistic studies to evaluate these relationships.

In general, it seems that cytoplasmic TDP-43 presence drives the cell to assume a more
stressed state regardless of whether a stressor is present or not. This is supported by the stress
granule analysis (Figure 3.4) and the activation of genes such as NCOA7 that are modulated to
respond to and protect from the effects of exogenous stressors (Figure 3.5; Finelli et al. 2016;
Volkert and Crowley 2020). This suggests that a potential therapeutic angle of mitigating the
damage done by cytoplasmic TDP-43 may be to modulate other features of stress response
pathways so as to prevent the neurons from aberrantly activating them to negative consequence.
In truth, hypothesis is already in part supported though what is known about the recently approved
drug Relyvrio as it is hypothesized to increase survival of ALS patients by decreasing ER-mediated
stress (Del Signore et al. 2008; Kusaczuk 2019). More study is needed to determine whether
additional modulation of different stress sensors, signal transducers, or other pathway components

can be leveraged into therapeutic treatments.

Materials and Methods

iPSC Cell Culture Conditions

The 11a iPSC line was derived from a biopsy from a 37-year-old healthy male patient as
previously described in Boulting et al. 2011. iPSCs were maintained in mTESR1 or mTESR Plus
(Stem Cell Technologies #85850, #100-0276) on Matrigel (Corning #354277) or Geltrex (Gibco
#A1413201) coated tissue culture plates. Matrigel coatings were prepared by diluting 600ul. of

concentrate (prepared according to the dilution factor on the certificate of analysis for that lot of
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reagent) diluted in 24mL of DMEM/F12. Geltrex coatings were prepared by diluting thawed
Geltrex 1:100 in Minimal Essential Media (MEM — Gibco #11095080). Coated plates were cured
at 37°C for at least one hour and the coating media was aspirated immediately prior to cell addition.
Media was changed every 1 — 2 days (mTESRI1) or 2 — 3 days (mTESR plus) and cells were
passaged using Accutase (Stem Cell Technologies #07920) as needed. On thaw and passage, media
was also supplemented with 10uM Rock Inhibitor (Y-27632 — Stemgent #04-0012) to facilitate

adherence and survival. Cells were maintained in a 37°C, 5% CO2 incubator.

When needed, iPSCs were cryopreserved using CryoStor® CS10 Freeze Media (BioLife

Solutions #210502) and stored in -80°C or vapor phase liquid nitrogen.

Methods for generating the AAVS1-Neo-TRE-TDP-43ANLS-rtTA plasmid and subsequent
generation of the 11a-TRE-TDP-43ANLS iPSC line are described in the Materials and Methods
section of Chapter 2. iPSCs harboring the inducible vector system components (including empty
vector control transductants that contain rtTA but no additional transgene) were maintained in
mTESR1 or mTESR Plus supplemented with 500pug/mL G-418 (Neomycin analog — Gibco

#10131035).

LiMoNes Motor Neuron Differentiation

Adapted from Limone et al. 2023. Prior to all differentiations, iPSCs were infected with
lentivirus containing TetO-NGN2-Puro at approximately 2 MOI in a 6 well tissue culture dish.

Cells were expanded and cryopreserved prior to the first differentiation.

NGN2-infected iPSCs were plated in their desired format and grown until at least 80%
confluent. Media changes each day were performed as follows. Day 1: N2 Media Base —

DMEM/F12 Media (Gibco #11320033), 1X GlutaMAX (Gibco #35050061), 0.3% (v/v) Glucose
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(Sigma-Aldrich #G7021 — dissolved in PBS before addition), 1X N2 Supplement (Life
Technologies #17502048) — supplemented with 4ug/mL Doxycycline (Sigma Aldrich #D9891 —
dissolved in water), 200nM LDN-193189 (Stemgent #04-0074-02 — dissolved in DMSO), 10uM
SB-431542 (Tocris #1614 — dissolved in DMSO), 2uM Retinoic Acid (Sigma Aldrich #R2625 —
dissolved in DMSO), and 2uM Smoothened Agonist (SAG — Stem Cell Technologies #73412 —
dissolved in DMSO). Day 2 and 3: N2 Media Base supplemented with 4ug/mL Doxycycline,
Sug/mL Puromycin (Gibco #A11138-03), 100nM LDN-193189, 10uM SB-431542, 1uM Retinoic
Acid, 1uM SAG. Day 4: NBM/B27+ Media Base — Neurobasal Media (Gibco #21103049), 1X
GlutaMAX, 1X MEM Non-Essential Amino Acids (NEAA — Gibco #11140050), 1X N2
Supplement, 1X B27 Plus Supplement (Gibco #A3582801) — supplemented with 4pg/mL
Doxycycline, Spg/mL Puromycin, 1uM Retinoic Acid, 1uM SAG, 10ng/mL recombinant Brain
Derived Neurotrophic Factor (BDNF — R&D Systems #11166-BD — dissolved in 0.1% (w/v) BSA-
PBS), 10ng/mL recombinant Ciliary Neurotrophic Factor (CNTF — R&D Systems #257-NT —
dissolved in 0.1% (w/v) BSA-PBS), and 10ng/mL recombinant Glial Cell Line-derived
Neurotrophic Factor (GDNF — R&D Systems #212-GD — dissolved in 0.1% (w/v) BSA-PBS). Day
5 and 6: NBM/B27+ Media Base supplemented with 4pug/mL Doxycycline, Spg/mL Puromycin,
1uM Retinoic Acid, 1uM SAG, 10ng/mL BDNF, 10ng/mL CNTF, 10ng/mL GDNF, and 1uM EdU
(Invitrogen #A 10044 — dissolved in DMSO). Day 7: Freshly differentiated neurons are passaged
using Accutase in Day 5 differentiation media supplemented with 10uM Rock Inhibitor or
cryopreserved in CryoStor CS10 as desired. Destination plates for passaged neurons are prepared
as follows: plates are coated with Poly-D-Lysine (Gibco #A3890401) at 4°C overnight. Coated
plates were then washed three times with PBS, coated with Natural Mouse Laminin (Gibco

#23017015) diluted 1:200 in PBS and cured at 37°C for at least two hours. Plates were washed
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three times with PBS before neurons are seeded. Neurons thawed from frozen are plated using the
same procedure as if they were freshly passaged Day 9+: Media was gently removed (i.e., without
the use of a vacuum aspirator), and slowly replaced with NBM/B27+ Media Base supplemented
with 4pg/mL Doxycycline if needed to maintain expression of inducible vector insert, 10ng/mL
BDNF, 10ng/mL CNTF, 10ng/mL GDNF, and 1pM EdU. For maintenance of neuronal cultures,

half-media changes are performed with the Day 9+ media every 2 — 3 days.

siRNA Transfection of Motor Neurons

Adapted from the procedure previously described in Klim et al. 2019. For each well of a
6-well plate of motor neurons transfected, 9uLL Lipofectamine RNAiMAX Transfection Reagent
(Invitrogen #13778075) was diluted in 150uL of OPTI-MEM (Gibco #31985062). Separately,
Negative Control and TDP-43 targeting siRNAs were diluted in 150uL OPTI-MEM such that the
final per well concentration of transfected siRNA was 60nM. These mixtures were combined and
incubated at room temperature for 30 minutes. Following incubation, the combined mixture was
added to neurons fed with fresh media immediately prior to transfection. Neurons were maintained
following transfection according to standard method described in the previous section. The
siRNAs used were the Invitrogen Silencer™ Select Negative Control No. 1 (Invitrogen #4390843)

and siTDP-43 acquired from the same Silencer™ Select collection (Invitrogen # 4392420-s23831).

RNA Extraction and qRT-PCR

RNA extractions from cultured cells were performed using the Qiagen RNEasy Plus Mini
Kit (Qiagen #74134). QIAshredder columns (Qiagen #79656) were used for homogenization of
harvested cultures prior to RNA purification. cDNA generation was performed using the iScript

(Bio-Rad #1708890) or iScript Advanced (Bio-Rad #172037) cDNA Synthesis kits with 500ng

73



RNA input. qRT-PCR was performed using the generated cDNA reactions diluted 1:4 and
combined according to manufacturer’s instructions with iTaq™ Universal SYBR® Green
Supermix (Bio-Rad #1725124). Samples were run as technical triplicates with an additional no
template control. For experiments presented in Figure 3.1, reactions were performed on a Bio-Rad
CFX96 Real-Time PCR Detection System in a 96-well format using the following protocol: 1 step
of 95°C 30s followed by 95°C 5s, 60°C 30s for 40 Cycles. For experiments presented in Figure 3.2
and Supplementary Figure 3.1, reactions were performed on an Applied Biosciences QuantStudio
6 in a 384-well format using Fast SYBR Green Master Mix (Life Technologies #4385614) with

the following protocol: 1 step of 95°C 20s followed by 95°C 1s, 60°C 20s for 40 cycles.

The following primers were used where applicable: GAPDH-Fwd: 5 -
TTGTCAAGCTCATTTCCTGGTATG - 3; GAPDH-Rev: 5°— TTCTCTTGTGCTCTTGCTGG —
3’; TDP-43 1. 5 — CAGCTCATCCTCAGTCATGTC - 3’; TDP43 2: 5 -
GATGGTGTGACTGCAAACTTC - 3> ; FL (Full Length) STMN2-Fwd: 5 -
AGCTGTCCATGCTGTCACTG - 3’; FL-STMN2-Rev: 5" - GGTGGCTTCAAGATCAGCTC —
3’; Cryptic STMN2-Fwd: 5’ — CTTTCTCTAGCACGGTCCCAC —3’; Cryptic STMN2-Rev: 5’ —

ATGCTCACACAGAGAGCCAAATTC - 3.

Immunofluorescence and Imaging

All immunofluorescence presented in this chapter was confocal imaging captured by the

Molecular Devices IXM. Cells were plated and stained in Perkin Elmer 96-well PhenoPlates.

General motor neuron images (Figure 3.1)

Neurons to be stained were fixed with 4% Paraformaldehyde for 20 minutes at room

temperature or overnight at 4°C. Fixed cells were briefly washed with PBS and then coated with a
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blocking and permeabilization buffer comprised of 0.1% (v/v) Triton X-100-PBS (Sigma Aldrich
#T8787) and 10% Normal Donkey Serum (Jackson ImmunoResarch Laboratories #017-000-121)
for one hour at room temperature. Primary antibodies were diluted in the stated
blocking/permeabilization buffer and incubated overnight at 4°C. The following day, the plate was
washed three times with PBS and the Alexa-Fluor conjugated secondary antibodies were added
diluted 1:1000 in PBS for one hour in the dark. Two PBS washes were performed followed by
incubation with 1pg/mL DAPI (Invitrogen #D3571) for 5 minutes in the dark. After two additional
PBS washes, the plates were imaged or stored at 4°C until imaging. Primary antibodies used in the
studies in this chapter were Rabbit anti-TDP43 (G400) at 1:100 dilution, Mouse anti-Tuj1/BIII-
Tubulin at 1:100 dilution (R&D Systems #MAB1195) and/or Rabbit anti-NGN2 (Abcam

#ab109236) at 1:100 dilution.

Oxidative stress application and stress granule imaging (Figure 3.4)

Oxidative stress was applied to neurons plated in a 96-well Perkin Elmer PhenoPlate by
changing the media to fresh culture media additionally supplemented with ImM Sodium Arsenite
and returning the plate to the 37°C incubator for one hour. Following a PBS wash, neurons to be
stained were fixed and permeabilized with ice-cold methanol and incubated on ice for 20 minutes.
Methanol was then gently removed from the plate using a multi-channel pipette. Permeabilized
neurons were blocked using 0.1% (w/v) BSA-PBS for 10 minutes at 4°C. Primary antibodies were
diluted in 0.1% BSA-PBS, added to the neurons, and incubated overnight at 4°C. The following
day, the plate was washed three times with PBS and the Alexa-Fluor conjugated secondary
antibodies were added diluted 1:1000 in PBS for one hour in the dark. Two PBS washes were
performed followed by incubation with 1pug/mL DAPI (Invitrogen #D3571) for 5 minutes in the

dark. After two additional PBS washes the plates were imaged or stored at 4°C until imaging.
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Primary antibodies used in the stress granule experiments were Mouse anti-TDP-43 at 1:150
dilution (Life Technologies #H00023435-M01) and Rabbit anti-G3BP1 at 1:300 dilution

(Proteintech #13057-2-AP).

Imaging analysis was performed using a pipeline generated in the PerkinElmer
Columbus™ image data storage and analysis system. Information from each channel was parsed
in order to identify the nucleus, identify the region around each nucleus to define the approximate
cell area, and then identify spots within this area that were classified as TDP-43 or G3BP1
aggregates based on the channel being visualized. Results by imaged field were exported into
Excel and manually reviewed alongside the captured images. Fields where an analysis was
performed on no viable cells (i.e., attempted to define cell boundaries despite no DAPI signal

visible), were eliminated from the analysis.

Subcellular fractionation western blots

Subcellular protein fractionations were performed using the Subcellular Protein
Fractionation Kit for Cultured Cells (Life Technologies #78840) according to manufacturer’s
instructions. Protein was quantified using the Pierce™ BCA Protein Assay Kit according to
manufacturer’s instructions (Thermo Scientific #23225). Absorbance of the quantification plate at
562nM was read using a Cytation3 plate reader. 10ug of protein from each sample was
resuspended in Blue Loading buffer enriched with DTT as the reducing agent (Cell Signaling
Technology #7722). Diluted samples were boiled for 5 minutes at 95°C before being loaded to
Bio-Rad Mini-PROTEAN TGX 4 — 20% pre-cast gels (Bio-Rad #4561094). Precision Plus Protein
Dual Color Standards (Bio-Rad #1610374) was used as the molecular weight ladder. Gels were
run using Tris/Glycine/SDS Running Buffer (National Diagnostics #EC-870) at 200V for 40

minutes. Gels were transferred to a PVDF membrane using the iBlot 2 Dry Transfer system.
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Membranes were cut to size and blocked for 1 hour in LI-COR Intercept® Blocking Buffer at
room temperature (LI-COR #927-60001). Primary antibodies were then diluted as appropriate in
5% (w/v) BSA-TBS-T (Tris Buffered Saline with 0.1% (v/v) Tween 20) and added to the
membranes to incubate at 4°C overnight. Primary antibodies used were Rabbit anti-TDP43 (G400)

at 1:1000 dilution and Mouse anti-HistoneH3 (96C10) (Cell Signaling #3638).

The next day, membranes were washed with TBST, incubated with LI-COR anti-rabbit and
anti-mouse IRDye secondary antibodies suspended in Blocking Buffer supplemented with 0.1%
(v/v) Tween 20 and 0.01% (v/v) SDS for 1 hour and then washed again with TBST before being

visualized on the LI-COR Odyssey Imager.

When needed for sequential blotting, I also used Restore Plus Western Blot Stripping
Buftfer (Thermo Scientific #46430) to gently remove the previous antibodies from the membrane.
To complete this, the membrane was washed 3 times with PBS, coated with stripping buffer at
room temperature with gentle shaking for 30 minutes, washed again 3 times with PBS, then re-
blocked with Intercept Blocking Buffer before adding the primary antibody mix as previously

described.

Cell Titer Glo Viability Assays for short-term differentiation

NGN2 infected iPSCs were plated on 96 well tissue culture plates at 10 — 20,000 cells per
well per standard culture methods. LiMoNes motor neuron differentiation commenced 24 hours
after plating until Day 6 of the procedure. Undifferentiated samples were exposed to the same
differentiation media as the rest of the plate without Doxycycline, Puromycin, or EQU. On Day 6,
the plate was assayed using Cell Titer Glo 2.0 reagent according to manufacturer’s instructions.

Luminescent readings were captured using a Cytation3 plate reader.
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RNA sequencing

RNA was harvested from Day 12 (Day 5 post-differentiation) motor neurons as described
in the QRT-PCR methods section. Neurons were not sorted prior to RNA harvest because ~80% of
cultures in all assayed conditions were YFP+ as measured by flow cytometry (Supplementary
Figure 3.2). Four biological replicates of RNA per neuron line were submitted for sequencing to
The Bauer Core Facility at Harvard University. RNA integrity was verified using an Agilent
TapeStation system. Sequencing libraries were generated using a Kapa mRNA HyperPrep Kit

(Roche #KK8581). Sequencing was performed on an Illumina NovaSeq system.

Reads were aligned to the reference human genome build GRCh38 r109. Multidimensional
scaling plots were generated from the top 1000 differentially expressed genes (Supplementary
Figure 3.3). Differential gene expression (DGE) analysis was performed using edgeR with
Benjamini-Hochberg FDR correction. Samples input to analysis were filtered to eliminate genes
with less than one count per million in at least 8§ samples. Heatmaps containing selected genes
were derived from the DGE data. All differentially expressed genes with an FDR threshold of 0.05
were input into Over-enrichment analysis (ORA) to determine pathways enriched in the TDP-

43ANLS:YFP compared to TDP-43:YFP condition.

Difterentially expressed genes enriched each of the TDP-43ANLS:YFP compared to TDP-
43:YFP conditions with a log2 fold change >+2 are listed in Supplementary Tables 3.1 and 3.2.
Data is also available for comparisons to YFP expressing neurons and no transgene expressing

(Empty Vector) neurons.
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Chapter 4: Validating and examining mechanisms of ATXN2
knockout-mediated neuroprotection on TDP-43 perturbed human
motor neuron systems
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Abstract

Transactive Response DNA-binding protein 43 (TDP-43) is a multifunctional nuclear
protein ubiquitously expressed in all tissues. Although it is primarily nuclear, Amyotrophic Lateral
Sclerosis (ALS) patients frequently present with cytoplasmic aggregates of TDP-43 in motor
neurons on post-mortem examination. Although only about 5% of all ALS patients have a TARDBP
mutation (Ghasemi and Brown 2018; Ingre et al. 2015), which is known to cause these insoluble
cytoplasmic aggregates, 97% of ALS patients will develop cytoplasmic, insoluble TDP-43
aggregates regardless of whether they have a mutation in TARDBP or not (Ling et al. 2013).
Overexpression of wild-type TDP-43 has previously been shown to be a valid model of inducing
neurotoxicity as well as a limited amount of cytoplasmic re-localization and aggregation
characteristic of ALS (Elden et al. 2010; Wils et al. 2010). In the search for modifiers of toxicity
as conferred by TDP-43 overexpression in these models, knockout of Ataxin-2 (ATXN2) was
proposed as a protective intervention in the context of TDP-43 perturbation in non-human model
systems (Elden et al. 2010, Becker et al. 2017). This promising finding had not previously been
validated in a human motor neuron system, nor had a thorough investigation been conducted to
determine the mechanism of neuroprotection that ATXN2 knockout employs to drive the
therapeutic effect. In this chapter, I will present work on generating an ATXN2 knockout variant
of my in vitro motor neuron model of inducible TDP-43 overexpression, validate the previous
findings of viability protection from TDP-43 overexpression toxicity, and further employ the
model to explore potential mechanisms of neurodegeneration that may be mitigated by ATXN2
knockout. I found that, among other perturbed cellular processes, ATXN2 knockout modifies
nucleocytoplasmic transport of TDP-43, lessening the amount of TDP-43 that localizes to stress

granules in response to stress conferred by high dose puromycin or sodium arsenite exposure.

81



Additionally, T used RNA sequencing to discover that in addition to significant pathway
perturbations in nucleocytoplasmic transport processes, many other pathways, including apoptosis
and stress response pathways, were modulated in such a way that may not be beneficial to neurons
in the long term. This raises the notion that although ATXN2 knockout may correct some cell
biological defects incurred by TDP-43 perturbation, ATXN2 knockout may not necessarily be a
sustainable therapeutic intervention due to the other roles of ATXN2 and its effectors that may be
modulated. This initial exploration establishes that this cell model is powered to discover and
elucidate these mechanisms of ATXN2 knockout mediated processes which may be leverageable

for continued therapeutic development, even if ATXN?2 itself is not the best target.

Introduction

Transactive Response DNA-binding protein 43 (TDP-43) is a nucleic acid binding protein
involved in several cellular processes including RNA splicing, nucleocytoplasmic transport of
RNAs, and translational regulation (Birsa et al. 2020; Freibaum et al. 2010; Lee et al. 2021;
Sephton et al. 2011). TDP-43 cytoplasmic localization and aggregation occurs in 97% of
Amyotrophic Lateral Sclerosis (ALS) patients despite the fact that only about 5% of patients have
a causal mutation in TDP-43 associated with driving aggregation (Ghasemi and Brown 2018; Ingre
et al. 2015; Ling et al. 2013). As no long-term disease modifying therapy exists for ALS, research
using models that represent TDP-43 mutation independent aggregation to elucidate mechanisms
of neurodegeneration is important to continue to explore as findings with such models have the

potential to be broadly efficacious in the ALS patient population.

Models of TDP-43 disruption via overexpression of an additional wild-type copy have been
previously shown to recapitulate key features of TDP-43 proteinopathy such as toxicity,

cytoplasmic re-localization, and aggregation (Elden et al. 2010). Naturally, several groups have
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performed screens in the overexpression context and at baseline to find interactors of TDP-43
mRNA and protein and assess whether direct interactors of TDP-43 or the product of processes
modulated by those interactors of TDP-43 could be leveraged for therapeutic benefit (Elden et al.
2010; Pintacuda et al. 2022; Sephton et al. 2011; Tollervey et al. 2011). One gene whose mRNA

and protein have been shown to be a target and interactor with TDP-43 is Ataxin-2 (ATXN?2).

ATXN2 is also a multi-functional protein associated with metabolism via mTOR signaling
(Bar et al. 2016; Lastres-Becker et al. 2008), mRNA stabilization (Yokoshi et al. 2014), miRNA
mediated gene silencing (Su et al. 2011) and translation activation (Lee et al. 2017; Lim and Allada
2013). One of ATXN2’s RNA binding targets is also TDP-43 mRNA (Yokoshi et al. 2014). Two
aspects of ATXN2’s functions and interactions with TDP-43 are particularly interesting to ALS-
related neurodegeneration. First, knockout of ATXN2 was shown to be protective against TDP-43
overexpression mediated toxicity in non-human systems (Becker et al. 2017; Elden et al. 2010).
This suggests that an ATXN2 centered therapy may be beneficial to patients with disease arising
from TDP-43 proteinopathy that the overexpression model represents, including ALS. Secondly,
ATXN2, similar to TDP-43, also localizes to stress granules upon activation of one of several stress
response pathways including oxidative stress and heat shock (Nonhoff et al. 2007). These findings
lend credence to the TDP-43 proteinopathy pathogenesis hypothesis that centers around stress
granules as a driving force for negative cell health consequences (Dewey et al. 2012; Fang et al.
2019). If ATXN2 is known to interact with TDP-43 and could be modulated in a way that prevents
TDP-43 localization to stress granules, this may prevent aggregates from forming and delay
degeneration of neurons afflicted by TDP-43 dysregulation. Indeed, some have suggested that
ATXN2 knockout does have the capacity to modulate nucleocytoplasmic transport (Becker et al.

2017), but this effect has yet to be shown in a motor neuron system. Furthermore, because of
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ATXN2’s diverse roles in several different cellular functions, it will be necessary to understand
how a knockout affects these other processes as well, which little work has been done to understand

in any in vitro system.

This chapter of the dissertation will showcase the development of an in vitro iPSC-derived
motor neuron system that harbors an inducible TDP-43 overexpression system and a CRISPR
knockout of ATXN2. I will verify that this model is representative of the context it aims to emulate
by showing that, similar to non-human system studies, ATXN2 knockout is sufficient to confer
protection against TDP-43 overexpression mediated toxicity. I will then take the next step in
exploring several hypotheses as to why this protection may arise when ATXN2 is knocked out. I
will explore the stress granule hypothesis using similar methods to the cytoplasmic TDP-43 studies
in Chapter 3 to show that ATXN2 does indeed lead less TDP-43 to become localized to stress
granules at baseline and in the context of puromycin and oxidative stress. Finally, I will use RNA
sequencing to nominate additional hypotheses for consequences of ATXN2 knockout, such as
modulation of certain factors associated with apoptosis and the oxidative stress response. As part
of this inquiry, I will discuss why ATXN2 may not be the best therapeutic strategy to treat TDP-
43 proteinopathy-associated conditions based on the detrimental change in cellular state that seems
to occur when it is knocked out. Nevertheless, these discoveries shed light on what the next
iteration of TDP-43 perturbation modifier model could be and the processes that have potential in
being pharmacologically leveraged to lead to a more positive outcome for combating motor neuron

degeneration.

Results

ATXN2 Knockout in iPSCs is achievable in combination with inducible TDP-43 overexpression
and maintain the ability to differentiate into motor neurons
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We began development of an ATXN2 knockout motor neuron model by CRISPR editing
11a 1PSCs and selecting for successful knockout clones (Figure 4.1). We were able to identify two
successfully edited knockout clones, labeled here initially as C8 and D2. We verified knockout of
ATXN2 by western blot (Figure 4.1a), immunofluorescence (Figure 4.1b), and qRT-PCR (Figure
4.1c). We note that while the D2 clone had slightly more residual ATXN2 mRNA expression than
the C8 clone, the clones gave similar results in all other assays, including the viability and
phenotypic assays presented later in this chapter. We do not believe there is a substantial functional
difference in most circumstances between these two clones beyond what could be expected from

natural variation.

Using similar methods to those outlines in Chapters 2 and 3, I then transduced the verified
ATXN2 knockout iPSCs with the AAVS1 inducible vector variants developed in Chapter 2 to
generate ATXN2 -/- inducible TDP-43 iPSC clonal lines. I then transduced these lines with
Neurogenin-2 (NGN2) to facilitate differentiation to motor neurons via the LiMoNes
differentiation method (Limone et al. 2023). I observed successful expression of TDP-43:YFP
upon assessment after 2ug/mL doxycycline treatment at the iPSC stage and after the completion
of the LiMoNes motor neuron differentiation protocol by western blot (Figure 4.1d) and

immunofluorescence (Figure 4.1¢).

ATXN2 Knockout rescues toxicity conferred by TDP-43 overexpression in iPSCs and motor
neurons

Taking advantage of the same assays used to establish that overexpression of TDP-43 was
toxic to iPSCs and motor neurons in Chapter 2, I set out to validate my model of ATXN2 knockout

by examining whether ATXN2 knockout was sufficient to mitigate the toxic effect of TDP-43
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Figure 4.1: Generation of ATXN2 knockout iPSCs and motor neurons harboring inducible
TDP-43:YFP (a) Western blot screening of single cell clones isolated from a culture of CRISPR
edited 11a iPSCs. Two clones were successfully identified as ATXN2 knockout through this
process (b) Immunofluorescence examination of ATXN2 knockout compared to control,
unmodified iPSCs (¢) qRT-PCR results of ATXN2 knockout clones using primers targeting ATXN2
(n = 3 technical replicates) (d) Whole cell western blot of iPSCs and neurons harboring the
inducible TDP-43:YFP expression system. ‘+dox’ iPSC samples were treated with 2pg/mL
Doxycycline for 72 hours prior to protein harvest. Fresh neuron sample is LiMoNes motor neurons
harvested immediately following the end of the 7-day differentiation protocol (e)
Immunofluorescence of iPSCs and motor neurons expressing inducible TDP-43:YFP
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overexpression as previously hypothesized in the non-human systems (Becker et al. 2017; Elden
et al. 2010). I observed that ATXN2 knockout was indeed sufficient to reduce TDP-43
overexpression mediated toxicity by a colony formation assay of iPSCs at two different doses of

doxycycline (Figure 4.2a; Supplementary Figure 4.1), short-term differentiation assay of

2.5e5 Cells per well b)

Engineered 11aiPSCs o), Formation 11a iPSCs + SiRNA

ATXN2 +i: Z: ATXNZ -I- 1 Day siRNA pre-treat - 6 Day Assay

a)

TDP43:YFP 1.0 0.5+ * ns e siNegCtrl
©
ATXN2 +/+ . . xZ ol . | sATN
i Qs 0l -i-
“ 8
8 0.6 §§ 0.3+ IEI
- =0
é 0.4 & Eg 0.2+ E
5 2
TDP43:YFP ATXN2 -/- % 0l 58
Clone 1 & °\5 '_
0.0
T 0.0 ; .
R TDP43:YFP YFP
W o of
| &
& &
TDP43:YFP ATXN2 -/- & &
Clone 2 & L
Ul
N
11a Short Term Differentiation 11a ATXN2 -/- i.MNs * Le.nti\.li_rus
€) % of YFP Differentiation Viability d)  Day 42 Cell Titer Glo Viability
ns ns *% *% > 1.5
> 10 ’—| ’—| e TDP43:YFP = ns
Z o8- TDP43:YFP S ' |
§§ ® ATXN2 - Z 10 .
3 06 ) 2
22 2
£S04 £ 05
> c °
=g 2
& 027 S
o 0.0-
0.0- T T T

YFP TDP43
Day 4 Day 5 Day 6 Day 7

Figure 4.2: ATXN2 knockout confers protection from TDP-43 overexpression-mediated
toxicity in iPSCs and motor neurons (a) Colony Formation Assay in iPSCs at 2pg/mL
Doxycycline treatment for 6 days. Representative images of plates and quantification from Crystal
Violet stain extraction by acetic acid. Significance calculated using t-tests compared to TDP-
43:YFP (**** = p < 0.0001) (n = 3 biological replicates) (b) Quantification of colony formation
assay plates in ATXN?2 intact cells treated with siNegative Control or siATXN2 for one day prior
to the 6-day assay start. Significance calculated using t-tests by condition pair (* = p < 0.05) (n =
3 biological replicates) (¢) Cell Titer Glo viability assay results from short-term motor neuron
differentiation assay of ATXN2 intact and knockout TDP-43 overexpressing iPSCs. Significance
calculated using t-tests by condition pair per timepoint (** =p <0.01) (n = 3 biological replicates)
(d) Cell Titer Glo viability assay results from Day 42 motor neuron cultures infected at Day 14
with lentivirus containing TDP-43:YFP. Significance calculated by t-test (n = 3 biological
replicates).
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actively differentiating motor neurons (Figure 4.2¢), and long-term neuronal culture where TDP-
43 overexpression was conferred by lentivirus (Figure 4.2d). Additionally, I was able to establish
that ATXN2 knockdown by siRNA in iPSCs was sufficient to achieve a rescue effect in the colony
formation assay, albeit to a more modest degree than the CRISPR knockout (Figure 4.2b). Taken
together, these findings validate the previous work that ATXN2 knockout has the power to be

neuroprotective in a human motor neuron system.

ATXN?2 knockout decreases TDP-43 nuclear efflux at baseline and in the context of puromycin-
induced stress

Having established that ATXN2 knockout had the functional effect of neuroprotection as
predicted, we sought to use these iPSC-derived motor neuron systems to investigate potential
mechanisms as to why this neuroprotection occurs. For the preliminary experiments, we employed
a high-dose puromycin stress model on motor neurons with and without ATXN2 knockout to
examine if there were any changes in either TDP-43 nuclear efflux in response to stress (Figure
4.3a) or TDP-43 localization to stress granules in the same contexts (Figure 4.4). Puromycin at
high doses is known to elicit a proteotoxic stress through its mechanism of binding to ribosomes
and non-specifically inducing premature termination of translation (Aviner et al. 2020). Stress
inflicted on cells in this way is sufficient to drive formation of stress granules (Fang et al. 2019).
We observed that there was a significant difference in the DAPI/TDP-43 Pearson correlation
coefficient between the stressed conditions of ATXN2 intact and knockout. Given that the
correlation in the ATXN2 knockout condition between DAPI and TDP-43 was higher, this suggests
that ATXN2 knockout was sufficient to decrease the amount of cytoplasmic TDP-43 localization
upon exposure to a stress event that generally causes TDP-43 re-localization. We then proceeded

to examine if differences in TDP-43 localization could be detected at baseline in the context of
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Figure 4.3: ATXN2 knockout is sufficient to lower cytoplasmic TDP-43 levels during
puromycin stress and in the context of TDP-43 overexpression perturbation without stress
(a) Representative images of motor neurons differentiated by 2D differentiation method with and
without ATXN2 exposed to 10pg/mL Puromycin for 24 hours (b) Pearson’s correlation coefficient
between DAPI and TDP-43 signal calculated by image field in neuronal cultures with and without
ATXN2, with and without exposure to puromycin stress. Significance calculated by ANOVA with
Sidak’s multiple comparisons test (¥*** = p<0.001) (c) Cytoplasmic fraction of subcellular
fractionation western blot of Day 12 LiMoNes motor neurons harboring inducible TDP-43 with
and without ATXN2 (d) Nuclear fraction of subcellular fraction western blot of Day 12 LiMoNes
motor neurons harboring inducible TDP-43 with and without ATXN2, with accompanying

quantification of endogenous TDP-43 levels normalized to the LaminB1 loading control signal.
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TDP-43 overexpression perturbation. We used a subcellular fractionation western blot to observe
that ATXN2 knockout was sufficient to reduce cytoplasmic localization of TDP-43 from the
perspective of less TDP-43 detected in the cytoplasm in the ATXN2 knockout condition (Figure
4.3c) and more TDP-43 detectable in the nucleus in the ATXN2 knockout condition compared to

the ATXN?2 intact condition.

We then proceeded to examine whether the decrease in TDP-43 cytoplasmic localization
would come in tandem with a decrease in TDP-43 localization to stress granules in the context of
puromycin stress. We observed that this was true — when examining correlation of TDP-43 with
G3BP1 after stress exposure, we noted a lower correlation of TDP-43 with G3BP1 when ATXN2
was knocked out than when ATXN2 was present (Figure 4.4). Taken together, these results as a
package support the notion that ATXN2 knockout has a potentially neuroprotective effect of
decreasing TDP-43 localization to the cytoplasm, possibly by preventing aggregation seeding and

thus slowing the progression of TDP-43 proteinopathy.

ATXN2 Knockout moderately decreases TDP-43 localization to stress granules during oxidative
stress events

To bolster confidence in our results from the puromycin proteotoxic stress condition, I
evaluated an alternative stress condition, oxidative stress as conferred by acute exposure to 1mM
sodium arsenite, to determine whether ATXN2 knockout also affected the localization of TDP-43
to stress granules and/or the total number of granules present (Figure 4.5). I observed that ATXN2
knockout increased the number of stress granules detected in motor neurons without TDP-43
perturbation (engineered to express the empty AAVS1-Neo-TRE-DEST-rtTA base destination

vector only) in the context of oxidative stress (Figure 4.5a) as well as in lines with TDP-43
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Figure 4.4: ATXN2 knockout decreases TDP-43 localization to stress granules during
puromycin proteotoxic stress events (a) Representative images of 2D differentiation motor
neurons stained for G3BP1 and TDP-43 in the context of 10pg/mL puromycin stress for 24 hours,
with and without ATXN2 (b) Pearson’s correlation coefficient between G3BP1 and TDP-43 signal
calculated by image field in neuronal cultures with and without ATXN2, with and without exposure
to puromycin stress. Significance calculated by ANOVA with Sidak’s multiple comparisons test
(**** =p<0.001)

overexpression (Figure 4.5b). This implies that ATXN2 knockout in the context of oxidative stress
does not decrease burden of potential TDP-43 aggregates by lowering the total number of stress
granules. Just the opposite, ATXN2 knockout seems to drive an increase in the total number of
stress granules in motor neurons whether TDP-43 is perturbed or not. Looking at TDP-43 positive
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Figure 4.5: ATXN2 knockout modestly decreases TDP-43 localization to stress granules upon
oxidative stress exposure in Day 12 LiMoNes motor neurons in the context of TDP-43
perturbation only, without affecting the total number of stress granules or the stress response
when TDP-43 is unperturbed (a) Results of stress granules per neuron image analysis by
captured field in stressed and unstressed motor neurons with and without ATXN2 expression,
without TDP-43 perturbation. n = 44 ~ 80. Significance calculated using ANOVA with Sidak’s
multiple comparisons test (**** = p<0.001). Empty Vector = electroporated with the base, not
subcloned inducible system plasmid. (b) Results of stress granules per neuron image analysis by
captured field in stressed and unstressed motor neurons with and without ATXN2 expression, with
TDP-43 perturbation Significance calculated using ANOVA with Sidak’s multiple comparisons
test (**** =p<0.001) (c) Results of TDP-43 positive stress granules per neuron image analysis by
captured field in each neuron line in stressed and unstressed motor neurons with and without
ATXN2 expression, without TDP-43 perturbation n = 44 ~ 80. Significance calculated using
ANOVA with Sidék’s multiple comparisons test (¥*** = p<0.001) (d) Results of TDP-43 positive
stress granules per neuron image analysis by captured field in each neuron line with and without
ATXN?2 expression, with TDP-43 perturbation. n = 44 ~ 80. Pairwise significance calculated using
t-tests.
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stress granules, I observed that when TDP-43 is not overexpressed, ATXN2 knockout similarly
increases the average amount of TDP-43 containing stress granules per well and increases the
magnitude TDP-43 of localization response to stress; the difference between the number of TDP-
43 positive stress granules in the stressed and unstressed conditions is larger when ATXN?2 is
knocked out than intact (Figure 4.5¢). Interestingly, this relationship between ATXN2 and TDP-43
positive stress granules does not hold in the context of TDP-43 overexpression. In the context of
TDP-43 overexpression with ATXN2 knockout, I did observe a slight (not statistically significant,
but noticeable in magnitude) decrease in TDP-43 localization to stress granules in the ATXN2
knockout condition (Figure 4.5d). This observation implies two things. First, ATXN2 knockout
may be able to mitigate neurotoxicity through decreasing TDP-43 localization to stress granules
in the context of oxidative stress, preventing TDP-43 aggregates from being seeded. Second, the
action and benefit of ATXN2 being able to do this is limited to the state where TDP-43 is already
perturbed in some fashion. This context specific nature of the protective action of ATXN2
knockout confers merits additional study into the general effects of ATXN2 knockout. An increase
of stress granules upon ATXN2 knockout when TDP-43 perturbation is not present and/or after the
stress causing the perturbation is resolved is ostensibly not beneficial for neuronal health given the

definition that stress granules are sites of translational stalling and potential aggregate seeds.

Transcriptomic analysis of TDP-43 overexpressing, ATXN2 knockout motor neurons reveals
changes in pathways implicated in nucleocytoplasmic transport, apoptosis, and the cellular
Stress response

To begin to make inroads on understanding the global effects of ATXN2 knockout in the
context of TDP-43 perturbation, I performed RNA sequencing on motor neurons expressing
inducible TDP-43:YFP in both ATXN2 genetic contexts (Figure 4.6). 327 transcripts were called

as significantly differentially expressed above a log2 fold change threshold of 2 in the ATXN2
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knockout condition, including 146 transcripts that were not detected as being expressed at all in
the ATXN?2 intact condition (Figure 4.6a). 213 transcripts were significantly enriched in the TDP-
43 overexpressed, ATXN2 intact condition. The over-enrichment analysis (ORA) called several
pathways that were associated with ATXN2’s known functions including mTORCI1 signaling and
glycolysis as differentially expressed between the two conditions, which was expected (Figure
4.6c). ORA also called pathways related to phosphatase and dephosphorylation activity which
could potentially be neuroprotective given that TDP-43 aggregates are hyper phosphorylated
(Hasegawa et al. 2008); apoptosis and p53 pathway modulators; response to multiple forms of

stress including oxidative stress and hypoxia; inflammatory signaling via NF-«kB;
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Figure 4.6: Transcriptomic effects of wild-type TDP-43 overexpression with ATXN2
knockout compared to the TDP-43 overexpressed, ATXN?2 intact condition in motor neurons
(a) Volcano plot of differentially expressed genes from RNA sequencing. Highlighted dots
represent genes that pass an FDR < 0.05 significance threshold for discovery. (b) Heatmap of select
genes related to nucleocytoplasmic transport, apoptosis, and the neuronal oxidative stress response
discovered as significant in the RNAseq experiment. Each column represents a replicate sample
submitted for sequencing. T = TDP-43 ATXN2 +/+; AKO = TDP-43 ATXN2 -/- (¢) Pathway over-
enrichment analysis results of differentially expressed genes in TDP-43 ATXN2 knockout motor
neurons compared to TDP-43 ATXN?2 intact motor neurons.
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and nucleocytoplasmic transport. The effect of modulating two proteins like ATXN2 and TDP-43
that are broad in their functions and interactions is understandably varied — this dataset is a
necessary first step in attempting to decode what the most consequential pathways are to modulate
to elicit specific neuroprotective effects with the fewest negative side effects on long-term neuronal

health.

Discussion

The goal of this chapter was to build, characterize, and demonstrate the utility of using the
TDP-43 perturbation models I have previously generated to emulate and interrogate potential
mechanisms underlying ATXN2 knockout-related neuroprotection. To facilitate this process, we
generated an ATXN2 knockout iPSC knockout line that we combined with my inducible vector
system with TDP-43 overexpression or lentivirus containing TDP-43 (Figure 4.1). ATXN2
knockout cells retained the capacity to differentiate into motor neurons in both the 2D (Klim et al.
2019) and LiMoNes differentiation modalities as well as continued to express engineered in TDP-
43:YFP where applicable (Figure 4.1). Furthermore, I established that ATXN2 knockout was
sufficient to reduce toxicity in the context of TDP-43 overexpression, which is in line with the
previous results discovered in non-human systems (Figure 4.2; Becker et al. 2017; Elden et al.
2010). This observation was a vote of confidence that the model of ATXN2 knockout was
behaving as predicted and may be used as a platform on which to examine more deeply what drives

the neuroprotective features of ATXN2 knockout.

We then sought to move the field forward and make inroads on the mechanistic question —
why is ATXN2 knockout neuroprotective? Much of the work done on the pathogenic mechanism
of ATXN?2 interrogates the effect of the PolyQ expansion tract (Damrath et al. 2012; Halbach et al.

2017; Hart and Gitler 2012). This is important work because of the association of PolyQ repeat
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expansions with the onset of ALS and Spinal Cerebellar Ataxia Type 2, but the ATXN?2 basal state
in the neuronal models presented here and in the original discovery studies of ATXN2 as a modifier
gene do not have a repeat expansion present. This implies that mechanisms driving ATXN2
pathogenesis in the repeat expansion context are likely to be independent from ATXN2’s role as a

TDP-43 toxicity modifier, which may occur regardless of the presence of said repeat expansion.

Given the consistent localization of both ATXN2 and TDP-43 to stress granules, looking
at how modulation of both factors affected stress granule number and TDP-43 composition seemed
like a natural first choice. We were surprised to note the difference in TDP-43 localization in both
the puromycin and the oxidative stress paradigms that we saw, suggesting that ATXN2 knockout
can have a profound effect on nucleocytoplasmic transport. One point to consider for further study
is whether this effect is specific to ATXN2. I would hypothesize that this is not the case given that
the number of stress granules in motor neurons seemed to go up when ATXN2 is knocked out and
TDP-43 is unperturbed compared to when ATXN?2 is intact (Figure 4.5a, b). That relationship tells
me that although alleviation of the effects of TDP-43 transport may take precedence (i.e., TDP-43
mislocalization induced stress has the most profound short-term effect, so the result of modulating
that is preferentially seen in these acute assays), there may be transport of other proteins and
mRNAs that are modulated negatively by the loss of ATXN?2. This could even lead to dysregulation
of other factors and processes given the definition of stress granules as sites of translational stalling.
More stress granules present, particularly at baseline, is not a positive sign of continuing long-term

health of neurons.

The rationale for doing the RNA sequencing experiment was to attempt to observe and
define the scope of processes affected by ATXN2 knockout in motor neurons. This is the first

dataset of this type with samples that would allow for direct comparisons between isogenic cellular
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states where the only thing differing was ATXN2 knockout status. Additionally, this data also
includes information on TDP-43 perturbation via overexpression in the context of those ATXN2
expression states. Although RNA sequencing data for both TDP-43 and ATXN2 already exist
(Sephton et al. 2011; Tollervey et al. 2011; Yokoshi et al. 2014), the point of this experiment was
not necessarily to discover novel factors or processes associated with modulation of either protein;
the main goal of this study was to meticulously define the scope and context in such a way that is
ALS relevant to give us the best chance to discovering and validating features that are important
to consider in the continued search for starting points for therapeutic development efforts. It was
possible that we found nothing new, but even validating the previous findings through this
unbiased survey is still of benefit to the field given that no one had looked in this specific context
before. As stated in previous chapters, because ALS is a unique and specifically human condition,
I believe that using a human-derived model is the best way to research the drivers of onset and

progression of the condition.

In closely examining the RNA sequencing data, we observed an enrichment for genes with
functions related to nucleocytoplasmic transport, as would be expected from the stress granule
experiments (Figure 4.3, Figure 4.4, Figure 4.5). One annotated gene of this set, CHPI, is of
particular interest due to its dual role as a vesicle trafficking protein (Di Sole et al. 2012) and
interactor with the phosphatase calcineurin. TDP-43 is a target of calcineurin (Liachko et al. 2016),
implying that upregulation of calcineurin may have a positive effect on TDP-43 aggregate
formation as those aggregates tend to be hyper phosphorylated. CHPI has the capacity to
negatively regulate calcineurin function (Di Sole et al. 2012). The gene level RNA sequencing data
suggests that CHP] levels decrease when ATXN?2 is knocked out. Should this relationship hold up

to further scrutiny, this finding suggests that in addition to affecting transport processes that may
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modulate TDP-43 trafficking, CHPI downregulation may be additionally beneficial in reducing

TDP-43 aggregate burden by recruiting the endogenous phosphatase of TDP-43.

While mechanisms such as this can be nominated from this study, we must also
acknowledge the other, potentially detrimental effects of ATXN2 knockout. For example, ORA
nominated apoptosis and p53 pathway as enriched pathways in the ATXN2 intact versus knockout
comparison. One gene that is highly upregulated in the ATXN2 knockout state is expression of
Cathepsin F (CTSF). CTSF is anti-apoptotic upon knockdown, effectively acting as a tumor
suppressor gene in the context of cancer (Ji et al. 2018). The large upregulation of CTSF could be
a sign that the neurons are assuming a more pro-apoptotic state when ATXN?2 is knocked out. This
observation, in concert with many of the top enriched genes in the ATXN2 knockout condition
being other known apoptosis regulators, such as many members of the PRAME gene family (Xu
et al. 2020b), raises the concern that ATXN2 knockout may do harm to neuronal health in the
process of positively modulating TDP-43 function and localization. Additional assessment of how
apoptotically primed ATXN2 knockout leaves neurons in both the context where TDP-43 is
perturbed and not, will be important to understand the feasibility of establishing a therapeutic

window for treatment via ATXN2.

At the end of the day, it is unlikely that ATXN2 knockout as a therapeutic treatment will
not be without a host of biochemical side effects lending to its diverse set of endogenous functions.
However, this motor neuron platform and sequencing data give hints for more targeted processes,
particularly those involving nucleocytoplasmic transport and stress response, that can be
modulated for therapeutic effect on TDP-43 associated toxicity and/or aggregation. Further
iterations of this model with additional genetic perturbations relevant to those processes can use

similar assays as presented in this chapter to investigate the mechanistic roles of those nominated

98



factors. Hopefully these data as presented here will be a good starting point for the next version of

studies examining effects of ALS-associated neurodegeneration in a motor neuron specific context.

Materials and Methods

iPSC Cell Culture Conditions

The 11a iPSC line was derived from a biopsy from a 37-year-old healthy male patient as
previously described in Boulting et al. 2011. iPSCs were maintained in mTESR1 or mTESR Plus
(Stem Cell Technologies #85850, #100-0276) on Matrigel (Corning #354277) or Geltrex (Gibco
#A1413201) coated tissue culture plates Matrigel coatings were prepared by diluting 600ul of
concentrate (prepared according to the dilution factor on the certificate of analysis for that lot of
reagent) diluted in 24mL of DMEM/F12. Geltrex coatings were prepared by diluting thawed
Geltrex 1:100 in Minimal Essential Media (MEM — Gibco #11095080). Coated plates were cured
at 37°C for at least one hour and the coating media was aspirated immediately prior to cell addition.
Media was changed every 1 — 2 days (mTESRI) or 2 — 3 days (mTESR plus) and cells were
passaged using Accutase (Stem Cell Technologies #07920) as needed. On thaw and passage, media
was also supplemented with 10uM Rock Inhibitor (Y-27632 — Stemgent #04-0012) to facilitate

adherence and survival. Cells were maintained in a 37°C, 5% CO: incubator.

When needed, iPSCs were cryopreserved using CryoStor® CS10 Freeze Media (BioLife

Solutions #210502) and stored in -80°C or vapor phase liquid nitrogen.

Stable cell lines harboring the AAVS1 inducible expression plasmids in the context of
ATXN2 knockout were generated using the same procedure outlined in Chapter 2. Resultant iPSC

lines harboring the inducible vector system components (including empty vector control
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transductants that contain rtTA but no additional transgene) were maintained in mTESR1 or

mTESR Plus supplemented with 500pg/mL G-418 (Neomycin analog — Gibco #10131035).

CRISPR Knockout of ATXN?2 in iPSCs

iPSCs were transiently transfected with sgRNAs targeting Exon 1 and Exon 3 of ATXN2
(Synthego) and TrueCut™ Cas9 Protein v2 (Invitrogen #A36496) using Lipofectamine™
RNAIMAX Transfection Reagent (Invitrogen #13778075) according to manufacturer’s
instructions. Single cell clones were generated by limiting dilution — similar to methods used to

generate single cell clones of inducible plasmid transductants described in Chapter 2.

Motor Neuron Differentiations

LiMoNes Motor Neuron Differentiation

Adapted from Limone et al. 2023. Prior to all differentiations, iPSCs were infected with
lentivirus containing TetO-NGN2-Puro at approximately 2 MOI in a 6 well tissue culture dish.

Cells were expanded and cryopreserved prior to the first differentiation.

NGN2-infected iPSCs were plated in their desired format and grown until at least 80%
confluent. Media changes each day were performed as follows. Day 1: N2 Media Base —
DMEM/F12 Media (Gibco #11320033), 1X GlutaMAX (Gibco #35050061), 0.3% (v/v) Glucose
(Sigma-Aldrich #G7021 — dissolved in PBS before addition), 1X N2 Supplement (Life
Technologies #17502048) — supplemented with 4ug/mL Doxycycline (Sigma Aldrich #D9891 —
dissolved in water), 200nM LDN-193189 (Stemgent #04-0074-02 — dissolved in DMSO), 10uM
SB-431542 (Tocris #1614 — dissolved in DMSO), 2uM Retinoic Acid (Sigma Aldrich #R2625 —
dissolved in DMSO), and 2uM Smoothened Agonist (SAG — Stem Cell Technologies #73412 —
dissolved in DMSO). Day 2 and 3: N2 Media Base supplemented with 4pg/mL Doxycycline,
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Spg/mL Puromycin (Gibco #A11138-03), 100nM LDN-193189, 10uM SB-431542, 1uM Retinoic
Acid, 1uM SAG. Day 4: NBM/B27+ Media Base — Neurobasal Media (Gibco #21103049), 1X
GlutaMAX, 1X MEM Non-Essential Amino Acids (NEAA — Gibco #11140050), 1X N2
Supplement, 1X B27 Plus Supplement (Gibco #A3582801) — supplemented with 4pg/mL
Doxycycline, Spg/mL Puromycin, 1uM Retinoic Acid, 1uM SAG, 10ng/mL recombinant Brain
Derived Neurotrophic Factor (BDNF — R&D Systems #11166-BD — dissolved in 0.1% (w/v) BSA-
PBS), 10ng/mL recombinant Ciliary Neurotrophic Factor (CNTF — R&D Systems #257-NT —
dissolved in 0.1% (w/v) BSA-PBS), and 10ng/mL recombinant Glial Cell Line-derived
Neurotrophic Factor (GDNF — R&D Systems #212-GD — dissolved in 0.1% (w/v) BSA-PBS). Day
5 and 6: NBM/B27+ Media Base supplemented with 4pg/mL Doxycycline, Sug/mL Puromycin,
1uM Retinoic Acid, 1uM SAG, 10ng/mL BDNF, 10ng/mL CNTF, 10ng/mL GDNF, and 1puM EdU
(Invitrogen #A 10044 — dissolved in DMSO). Day 7: Freshly differentiated neurons were passaged
using Accutase followed by resuspension in Day 5 differentiation media supplemented with 10uM
Rock Inhibitor or cryopreserved in CryoStor CS10 as desired. Destination plates for passaged
neurons were prepared as follows: plates were coated with Poly-D-Lysine (Gibco #A3890401) at
4°C overnight. Coated plates were then washed three times with PBS, coated with Natural Mouse
Laminin (Gibco #23017015) diluted 1:200 in PBS and cured at 37°C for at least two hours. Plates
were washed three times with PBS before neurons are seeded. Neurons thawed from frozen are
plated using the same procedure as if they were freshly passaged Day 9+: Media was gently
removed (i.e., without the use of a vacuum aspirator), and slowly replaced with NBM/B27+ Media
Base supplemented with 4pg/mL Doxycycline if needed to maintain expression of inducible vector
insert, 10ng/mL BDNF, 10ng/mL CNTF, 10ng/mL GDNF, and 1puM EdU. For maintenance of

neuronal cultures, half-media changes were performed with the Day 9+ media every 2 — 3 days.
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2D Differentiation

LiMoNes neurons are resistant to puromycin due to the puromycin resistance gene on the
NGN2 expression vector. To test the effect of the high dose puromycin stress in ATXN2 intact
compared to knockout lines, we used a non-NGN2 differentiation protocol adapted from Klim et
al 2019. iPSCs were first plated using standard culture conditions and grown to 50~60%
confluency. The differentiation base media used at all time points is composed as follows: 1:1
DMEM/F12:Neurobasal Media, 1X GlutaMAX, 1X MEM NEAA, 1X N2 Supplement, 1X B27
Supplement (Gibco #17504044) — hereafter referred to as N2/B27 Base. Media changes were
performed daily. For Days 1 — 6 cells were cultured in the N2/B27 media base supplemented with
10uM SB-431542, 100nM LDN-193189, 1uM retinoic acid, and 1uM SAG. For Days 7 — 14 cells
were cultured in N2/B27 media supplemented with 1uM retinoic acid, IluM SAG, SuM DAPT
(Life Technologies #J65864.MA), and 4uM SU-5402 (Stem Cell Technologies #73914). On Day
15, the culture was dissociated with Accutase and resuspended in sorting buffer (PBS with 1mM
EDTA, 15mM HEPES, 1% (w/v) BSA). Following harvest, neurons were incubated with
conjugated antibodies targeting the neuron surface markers NCAM (Conjugated to Alexa 647 —
Novus Biologicals #NBP2-52710AF647) and EpCAM (Conjugated to PE — BD Biosciences
#347200). Motor neurons were purified by sorting for NCAM+, EpCAM- cells. Purified motor
neurons were cultured on Poly-D-Lysine with Laminin coated plates prepared as described above.
Neurons were maintained in N2/B27 media base with no additives. Neurons were incubated for 5

days after FACS sort before the puromycin stress experiments were conducted.

FACS and Flow Cytometry

Neuronal cultures were prepared for motor neuron enrichment sorting as described above.

Support for FACS experiments was provided by the Department of Stem Cell and Regenerative
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Biology Flow Cytometry Core. Live-cell sort experiments were conducted using a BD FACS Aria

II+.

siRNA Transfection of iPSCs

Adapted from the procedure previously described in Klim et al. 2019. For each well of a
6-well plate of iPSCs transfected, 9uL Lipofectamine RNAIMAX Transfection Reagent
(Invitrogen #13778075) was diluted in 150uL of OPTI-MEM (Gibco #31985062). Separately,
Negative Control and ATXN2 targeting siRNAs were diluted in 150uL OPTI-MEM such that the
final per well concentration of transfected siRNA was 60nM. These mixtures were combined and
incubated at room temperature for 30 minutes. Following incubation, the combined mixture was
added to iPSCs fed with fresh media immediately prior to transfection. iPSCs were then passaged
and subjected to a colony formation assay 24 hours following siRNA transfection. The siRNAs
used were the Invitrogen Silencer™ Select Negative Control No. 1 (Invitrogen #4390843) and

siATXN2 acquired from the same Silencer™ Select collection (Invitrogen # 4392420-s12493).

RNA Extraction and qRT-PCR

RNA extractions from cultured cells were performed using the Qiagen RNEasy Plus Mini
Kit (Qiagen #74134). QIAshredder columns (Qiagen #79656) were used for homogenization of
harvested cultures prior to RNA purification. cDNA generation was performed using the iScript
(Bio-Rad #1708890) or iScript Advanced (Bio-Rad #172037) cDNA Synthesis kits with 500ng
RNA input. qRT-PCR was performed using the generated cDNA reactions diluted 1:5 and
combined according to manufacturer’s instructions with Fast SYBR Green Master Mix (Life
Technologies #4385614). Samples were run as technical triplicates with an additional no template

control. Reactions were run on an Applied Biosciences QuantStudio 6 in a 384-well format with
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the following protocol: 1 step of 95°C 20s followed by 95°C 1s, 60°C 20s for 40 cycles. The
following primers were used: GAPDH-Fwd: 5° — TTGTCAAGCTCATTTCCTGGTATG - 3;
GAPDH-Rev: 5 — TTCTCTTGTGCTCTTGCTGG - 3’; ATXN2-Fwd: 5 —
TAGTCCTGCATCGAACAGAGCTG — 3% ATXN2-Rev: 5 —

AGCTAGGTGATGTTTCATTGGG - 3°

Western Blots

Whole cell western blots

Protein was extracted from cultured cells using RIPA buffer (Thermo Scientific #89900)
supplemented with 1X Halt™ Protease/Phosphatase Inhibitor Cocktail (Thermo Scientific
#78440). Cells were incubated in a suspension of RIPA buffer on ice for 10 minutes before
centrifugation at maximum speed for 20 minutes followed by collection of the protein containing
supernatant. Protein was quantified using the Pierce™ BCA Protein Assay Kit according to
manufacturer’s instructions (Thermo Scientific #23225). Absorbance of the quantification plate at
562nM was read using a Cytation3 plate reader. 10ug of protein from each sample was
resuspended in Blue Loading Buffer enriched with DTT as the reducing agent (Cell Signaling
Technology #7722). Diluted samples were boiled for 5 minutes at 95°C before being loaded to
Bio-Rad Mini-PROTEAN TGX 4 — 20% pre-cast gels (Bio-Rad #4561094). Precision Plus Protein
Dual Color Standards (Bio-Rad #1610374) was used as the molecular weight ladder. Gels were
run using Tris/Glycine/SDS Running Buffer (National Diagnostics #EC-870) at 200V for 40
minutes. Gels were transferred to a PVDF membrane using the iBlot 2 Dry Transfer system.
Membranes were cut to size and blocked for 1 hour in LI-COR Intercept® Blocking Buffer at
room temperature (LI-COR #927-60001). Primary antibodies were then diluted as appropriate in

5% (w/v) BSA-TBS-T (Tris Buffered Saline with 0.1% (v/v) Tween 20) and added to the
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membranes to incubate at 4°C overnight. Primary antibodies utilized were Rabbit anti-TDP43
(G400) (Cell Signaling #3448S) at 1:1000 dilution, Mouse anti-ATXN2 (BD Biosciences
#611378), Rabbit anti-GAPDH (Cell Signaling Technology #2118) and Mouse anti-GAPDH
(Millipore Sigma #MAB374) at 1:1000 dilution. The next day, membranes were washed with
TBST, incubated with LI-COR anti-rabbit and anti-mouse IRDye secondary antibodies suspended
in Blocking Buffer supplemented with 0.1% (v/v) Tween 20 and 0.01% (w/v) SDS for 1 hour and

then washed again with TBST before being visualized on the LI-COR Odyssey Imager.

Cellular Fractionation Western Blots

Subcellular protein fractionations were performed using the Subcellular Protein
Fractionation Kit for Cultured Cells (Life Technologies #78840) according to manufacturer’s
instructions. After the fractions were isolated, the same procedure was followed as the whole cell
western blot for BCA quantification of the protein, running the gel, and analyzing the membrane.
Primary antibodies used were Rabbit anti-TDP43 (G400) at 1:1000 dilution, Mouse anti-GAPDH
at 1:1000 dilution, and Rabbit LaminB1 (ProteinTech #12987-1-AP) at 1:2000 dilution. When
needed for sequential blotting, I also used Restore Plus Western Blot Stripping Buffer (Thermo
Scientific #46430) to gently remove the previous antibodies from the membrane. To complete this,
the membrane was washed 3 times with PBS, coated with stripping buffer at room temperature
with gently shaking to 30 minutes, washed again 3 times with PBS, then re-blocked with Intercept

Blocking Buffer before adding the primary antibody mix as previously described.

Immunofluorescence and Imaging

ATXN?2 knockout validation images and puromycin stress granule imaging
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Where applicable in neuronal cultures, proteotoxic stress was applied via exposure to
standard culture media supplemented with 10ug/mL Puromycin for 24 hours. iPSCs or neurons to
be stained were fixed with 4% Paraformaldehyde for 20 minutes at room temperature or overnight
at 4°C. Fixed cells were briefly washed with PBS and then coated with a blocking and
permeabilization buffer comprised of 0.1% (v/v) Triton X-100-PBS (Sigma Aldrich #T8787) and
10% Normal Donkey Serum (Jackson ImmunoResarch Laboratories #017-000-121) for one hour
at room temperature. Primary antibodies were diluted in the stated blocking/permeabilization
buffer and incubated overnight at 4°C. The following day, the plate was washed three times with
PBS and the Alexa-Fluor conjugated secondary antibodies were added diluted 1:1000 in PBS for
one hour in the dark. Two PBS washes were performed followed by incubation with 1pg/mL DAPI
(Invitrogen #D3571) for 5 minutes in the dark. After two additional PBS washes, the plates were
imaged or stored at 4°C until imaging. Primary antibodies used in the studies in this chapter were
Rabbit anti-TDP43 at 1:100 dilution (ProteinTech #10782-2-AP), Mouse anti-G3BP1 (Millipore
Sigma #05-1938) at 1:100 dilution, Mouse anti-ATXN2 at 1:100 dilution, and Goat anti-Oct-3/4

(R&D Systems #AF1759).

Images were captured using a Nikon Eclipse Ti microscope. Imaging analysis to generate
the Pearson Correlation Coefficients by captured field of view was performed using the co-

localization feature in Nikon Elements.

Sodium arsenite (Oxidative stress) stress granule imaging

Oxidative stress was applied to neurons plated in a 96-well Perkin Elmer PhenoPlate by
changing the media to fresh culture media additionally supplemented with ImM Sodium Arsenite
and returning the plate to the 37°C incubator for one hour. Neurons to be stained were fixed and

permeabilized with ice-cold methanol and incubated on ice for 20 minutes. Methanol was then
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gently removed from the plate using a multi-channel pipette. Permeabilized neurons were blocked
using 0.1% (w/v) BSA-PBS for 10 minutes at 4°C. Primary antibodies were diluted in 0.1% BSA-
PBS, added to the neurons, and incubated overnight at 4°C. The following day, the plate was
washed three times with PBS and the Alexa-Fluor conjugated secondary antibodies were added
diluted 1:1000 in PBS for one hour in the dark. Two PBS washes were performed followed by
incubation with 1pug/mL DAPI (Invitrogen #D3571) for 5 minutes in the dark. After two additional
PBS washes the plates were imaged or stored at 4°C until imaging. Primary antibodies used in the
stress granule experiments were Mouse anti-TDP-43 at 1:150 dilution (Life Technologies

#H00023435-M01) and Rabbit anti-G3BP1 at 1:300 dilution (ProteinTech #13057-2-AP).

Images were captured using the Molecular Devices IXM automated confocal microscope.
Imaging analysis was performed using a pipeline generated in the PerkinElmer Columbus™ image
data storage and analysis system. Information from each channel was parsed in order to identify
the nucleus, identify the region around each nucleus to define the approximate cell area, and then
identify spots within this area that were classified as TDP-43 or G3BP1 aggregates based on the
channel being visualized. Results by imaged field were exported into Excel and manually reviewed
alongside the captured images. Fields where an analysis was performed on no viable cells (i.e.,
attempted to define cell boundaries despite no DAPI signal visible), were eliminated from the

analysis.

Colony Formation Assays

iPSCs were plated at 250,000 cells per well in a 6 well tissue culture plate using standard
methods. 24 hours after plating, media was supplemented with 2 (Figure 4.2) or 4pg/mL
(Supplementary Figure 4.1) Doxycycline for half of the plate each. Cells were maintained in media

with or without doxycycline on the regular feeding schedule for 6 additional days. On the final
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day, cells were fixed with ice-cold methanol for 10 minutes on ice and stained with a 0.5% Crystal
Violet solution comprised of water and 25% methanol (VWR #BT144750) with gentle shaking for
at least 20 minutes at room temperature. Plates were scanned using a conventional flat screen
paper scanner to capture images. Crystal Violet levels were quantified after imaging using 10%
(v/v in water) Acetic Acid extraction by coating the wells with the solution, gently shaking for at
least 30 minutes, and then measuring the absorbance of samples from each well at 570nM using a

Cytation3 plate reader.

Cell Titer Glo Viability Assays

For the short-term differentiation assay, NGN2 infected iPSCs were plated on 96 well tissue
culture plates at 10 — 20,000 cells per well per standard culture methods. LiMoNes motor neuron
differentiation commenced 24 hours after plating until the captured timepoints listed. There was a
separate 96 well plate for each time point. Undifferentiated samples were exposed to the same
differentiation media as the rest of the plate without Doxycycline, Puromycin, or EAU. On each
read day reported, one plate was assayed using Cell Titer Glo 2.0 reagent (Promega #(G9243)
according to manufacturer’s instructions. Luminescent readings were captured using a Cytation3

plate reader.

For the long-term neurons with lentivirus viability assay, cells were plated on 96 well tissue
culture plates at 30,000 cells per well per standard culture methods. Neurons were infected with a
YFP or TDP-43:YFP lentivirus 7 days after plating. After 28 days, cells were assayed using Cell
Titer Glo 2.0 reagent according to manufacturer’s instructions Luminescent readings were

captured using a Cytation3 plate reader.

RNA sequencing
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RNA was harvested from Day 12 (Day 5 post-differentiation) motor neurons as described
in the QRT-PCR methods section. Neurons were not sorted prior to RNA harvest because ~80% of
cultures in all assayed conditions were YFP+ as measured by flow cytometry (Supplementary
Figure 3.2). Four biological replicates of RNA per neuron line were submitted for sequencing to
The Bauer Core Facility at Harvard University. RNA integrity was verified using an Agilent
TapeStation system. Sequencing libraries were generated using a Kapa mRNA HyperPrep Kit

(Roche #KK8581). Sequencing was performed on an Illumina NovaSeq system.

Reads were aligned to the reference human genome build GRCh38 r109. Multidimensional
scaling plots were generated from the top 1000 differentially expressed genes (Supplementary
Figure 3.3). Differential gene expression (DGE) analysis was performed using edgeR with
Benjamini-Hochberg FDR correction. Samples input to analysis were filtered to eliminate genes
with less than one count per million in at least 8 samples. Heatmaps containing selected genes
were derived from the DGE data. All differentially expressed genes with an FDR threshold of 0.05
were input into Over-enrichment analysis (ORA) to determine pathways enriched in the TDP-

43:YFP, ATXN2 -/- condition compared to the TDP-43:YFP, ATXN2 +/+ condition.

Differentially expressed genes enriched the TDP-43:YFP, ATXN?2 intact compared to TDP-
43:YFP, ATXN2 knockout conditions with a log2 fold change >+2 are listed in Supplementary
Tables 4.1 and 4.2. Data is also available for comparisons to YFP expressing neurons and no

transgene expressing (Empty Vector) neurons.
Data Availability
RNA sequencing data will be deposited to NCBI GEO by the end of February 2024. Please

search for the dataset title “Transcriptomic characterization of in vitro human iPSC-derived motor
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neuron systems for the exploration of cell autonomous mechanisms and modifiers of TDP-43

perturbation associated neurotoxicity” to locate and download.
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Final Summary & Conclusions

This dissertation sought to establish, evaluate, and implement an in vitro human motor
neuron model to study neurodegenerative mechanisms in ALS. In showcasing that the model was
versatile enough to explore concrete mechanisms of neurodegeneration, I focused on two questions
that remain unsolved in the ALS field. First, what is the pathogenic effect of persistent cytoplasmic
TDP-43 localization in human motor neuron cultures? Second, what mechanisms does ATXN2
knockout engage to drive neuroprotection in the context of TDP-43 proteinopathy? Both lines of
exploration represent aspects of motor neuron and TDP-43 biology that will benefit from
additional research. My methods in model building are additionally uniquely suited to answer these
questions because all work was conducted in human-derived systems. To take this a step further,
the engineered lines I generated are an isogenic series derived from the same 11a parent line, which
increases the confidence that results found in one context of TDP-43 or ATXN2 perturbation are
due to the perturbation itself, not arising random variance that exists between two lines with
different source backgrounds. To date, no other iPSC model has been published for the study of

TDP-43 and its variants that has been designed in this fashion, specifically in motor neurons.

I began this work by engineering the 11a healthy control iPSC line to harbor inducible
expression of TDP-43 or TDP-43ANLS. In characterizing the system that I developed, I showed
that both engineered iPSCs and motor neurons derived from this method show loss of viability
upon induction of wild-type TDP-43 perturbation, either during the differentiation via the
inducible vector system or conferred by lentivirus after the differentiation is complete (Figure 2.5;
Figure 2.6). Comparatively, I showed that in the short-term, TDP-43ANLS does not cause neural
viability loss, which would be in line with acute localization of TDP-43 to the cytoplasm being a

part of the adaptive cellular stress response as predicted by the literature (Figure 3.3). Additionally,

112



I was able to establish that over an intermediate length experiment (14 days after lentivirus
infection) cytoplasmic TDP-43 begins to be toxic and has a preferentially profound negative effect
on motor neurons over other neural cultures (Figure 2.6). Through the concordant behavior with
what had been previously reported in non-human, non-neuronal models, these findings solidified
that the in vitro model I developed was valid and applicable to the neurodegeneration context I

wished to examine.

I continued the work by implementing the TDP-43ANLS variant cell model to tackle the
first of my overarching questions: what is the pathogenic effect of persistent cytoplasmic TDP-43
localization? I observed that TDP-43ANLS expressing motor neurons showed high expression of
cytoplasmic TDP-43 and had the propensity to spontaneously form cytoplasmic TDP-43
aggregates without exogenous stress application, which were all expected features of the model
based on previous work in the field (Barmada et al. 2010; Winton et al. 2008a). In part to clarify
whether the pathogenic effects I would discover would be more representative of early ALS
progression or the end state of the disease, I evaluated whether I would be answering this question
about cytoplasmic TDP-43 from the gain of function or loss of function perspective of TDP-43
disruption. I quickly determined that my model likely represents a gain of function TDP-43
perturbation model that exhibits partial nuclear clearance of endogenous TDP-43 as detected by
immunofluorescence (Figure 3.1) but does not show signs of splicing deficits in STMN?2 that are
associated with loss of TDP-43 function (Figure 3.2). This is also a point in favor for the
uniqueness and versatility of this cellular model as many recent efforts in the field had centered
around TDP-43 loss of function models rather than gain of function (Klim et al. 2019). I continued
on to evaluate cytoplasmic TDP-43 expression as it relates to stress granule number in neurons to

address the hypothesis that TDP-43 becomes pathogenic by becoming sequestered in stress
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granules and forming as a seed for the aggregate to get progressively larger (Dewey et al. 2012;
Fang et al. 2019). I observed that cytoplasmic TDP-43 expression seems to saturate the stress
response; there is no increase in stress granules when an oxidative stress is applied, although there
are more stress granules at baseline than in either the no transgene or wild-type TDP-43 expressing
conditions. Additionally, perhaps owing to the protective nature in the short-term of TDP-43ANLS,
TDP-43 localization to stress granules seems to initially go down after exposure to an oxidative
stress conferred by an acute dose of sodium arsenite. These results indicate that cytoplasmic TDP-
43 may be driving pathogenesis and neurodegeneration by putting the neuron in perpetual state of
heightened stress, even when a stressor is not present. It would follow then that a potential
therapeutic strategy for combating the gain of function effects of TDP-43 proteinopathy is to lower
the cell’s perceived amount of stress. Indeed, this pharmacology is part of the proposed mechanism
of action of Relyvrio (Del Signore et al. 2008; Kusaczuk 2019). The fact that I was able to use the
model to come to this stress modulating relationship of cytoplasmic TDP-43 independently further
bolsters confidence that relationships and mechanisms discovered by this model are valid and
representative of TDP-43 proteinopathy. This finding establishes that, at least at first, TDP-43
aggregate clearance may not be explicitly required to maintain neuronal health and function.
Thinking further ahead, it may be possible to leverage a combination of a stress response

modulating agent with a TDP-43 aggregate clearance drug for maximal therapeutic effect.

Inspired by the results from the initial phenotypic foray into characterizing the cellular
effects of cytoplasmic TDP-43, we generated an RNA sequencing data set to get an unbiased view
on the other processes that changed in the context of cytoplasmic TDP-43 expression compared to
wild-type TDP-43 expression. This comparison was apt; this method allowed us to find factors

that were specifically related to cytoplasmic TDP-43 defects, not a general scenario of TDP-43
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perturbation. We affirmed the complexity of identifying a key driver for cytoplasmic TDP-43
toxicity as several pathways nominated prominent cellular pathways that could drive either
neurotoxicity (e.g., supporting some excitotoxicity relevant properties by modulating synaptic
structure) or support neuronal health (e.g., anti-apoptosis pathways, positively modulating the
stress response) and even within those pathways there was not a strong consensus of the net effect
of that pathway perturbation (Figure 3.5). A deeper analysis of each of these promising pathways
in this cellular context is merited to make inroads at sorting out what cellular process may be most
efficacious to modulate during the search for novel TDP-43 proteinopathy therapies. Further,
although we did not deeply examine them in the course of these studies, this dataset also is powered
to examine factors of TDP-43 overexpression compared to cytoplasmic TDP-43 expression and
analyze what modulated factors are specific to nuclear TDP-43 overexpression toxicity. There is a
rich vein of data here, never before generated in a human motor neuron context, that is worth

continued examination.

Lastly in this dissertation, I employed a CRISPR-edited variant of my in vitro motor
neuron models containing ATXN2 knockout to explore a question that has been neglected by the
field since the discovery of ATXN2 as a genetic modifier of ALS-relevant cell biology — why does
ATXN2 knockout provide the protective effect against TDP-43 perturbation toxicity that it does?
To add to the work done by others to more precisely defining ATXN2’s functions, which were not
deeply understood at the time of the discovery of the ATXN2 — TDP-43 relationship, this
dissertation is the first study to showcase multiple examples of how an in vitro model could be
interrogated to learn more about both proteins in relation to each other. After establishing that the
cell lines I generated were representative of the ATXN2 knockout, TDP-43 overexpression

condition (Figure 4.1), I validated that ATXN2 knockout has a similar neuroprotective effect on
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motor neurons in culture with TDP-43 perturbation, as would be suggested by the results from
non-human model systems (Figure 4.2; Becker et al. 2017; Elden et al. 2010). To dive into the
mechanism driving this neuroprotection not that the effect was established, we examined the effect
of ATXN2 knockout on TDP-43 stress granule localization and observed that in both an oxidative
stress and puromycin-induced stress context, ATXN2 knockout seemed to limit TDP-43
translocation to the cytoplasm and stress granules, suggesting that one of ATXN2’s key
neuroprotective mechanisms is modulating nucleocytoplasmic transport in a therapeutic fashion

(Figure 4.3, Figure 4.4, Figure 4.5).

We then examined the global effects of ATXN2 knockout in the context of TDP-43
overexpression via RNA sequencing. This was in part motivated by a desire to see how
nucleocytoplasmic transport compared in significance to other perturbed pathways. We observed,
strikingly, that in addition to nucleocytoplasmic transport annotated factors being enriched in the
ATXN?2 intact versus knockout condition, there were also several pathways related to apoptosis
and the stress response that were modulated as well. Unlike a more even-handed response in the
functional distribution of gene effects in the enriched pathways that the TDP-43ANLS study
showed, several of the top differentially expressed genes enriched in the ATXN2 knockout
condition were associated with functions of these pathways that would be detrimental to cell health
(e.g., PRAME family genes enriched in ATXN2 knockout condition, which is potentially pro-
apoptotic) (Figure 4.6). This discovery raises the question of whether ATXN2 knockout itself will
be a feasible therapeutic intervention in humans, despite the promise of the mouse data that showed
increase in lifespan when ATXN?2 is knocked out transgenically or by anti-sense oligonucleotide
(Becker et al. 2017). Given the diverse set of ATXN2’s endogenous functions, it seems

understandable that the effects of knockdown needed to achieve therapeutic modulation of TDP-
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43 may come at the cost of perturbing other cellular functions and/or sensitizing the cell to a non-
TDP-43 stress which normally would have been surmounted. From the data I have generated,
because of the additional perturbations in pathways detrimental to motor neuron health, I feel that
it is unlikely for ATXN2 knockout to be the final therapy for TDP-43 disrupted ALS. Instead, I see
examining features of ATXN2 knockout that were called as potential positive modulations, such
as changing nucleocytoplasmic transport in a TDP-43 specific way (perhaps by developing a
molecular binder to TDP-43 that encourages re-localization to the nucleus) as promising processes

to explore in future therapeutic development initiatives.

In summary, this dissertation established a new human, in vitro, neuron-based cellular
platform for the study of neurodegeneration in the context of TDP-43 disruption. The data
presented here is a first step into deeper examinations of cell autonomous neurodegenerative
mechanisms in a system that faithfully represents core features of a physiologically relevant
disease context wherein we are powered to discover and interrogate processes that modulate the

onset and/or progression of ALS.

Future Directions

Neurite length analysis to examine cytoskeletal specific phenotypes as an alternative phenotypic
assay to assess neuronal cell state

One method that would have power to directly interrogate defects in cytoskeletal
maintenance elements that arise from any genetic perturbation is to assay for changes in neurite
growth with and/or without physical injury. It has previously been established that defects in motor
neuron cytoskeletal elements may be a consequence of ALS-associated mutations. One prime

example is the relationship of TDP-43 to STMN2. TDP-43 nuclear loss leads to inclusion of a
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cryptic exon in STMN2 that truncates the mRNA, resulting in a non-functional protein (Klim et
al. 2019). STMN?2 is an axonal outgrowth and maintenance factor that is specifically expressed in
neurons; additional studies of STMN2 knockout have found that loss of STMN2 was sufficient to
induce motor neuropathy in mice (Guerra San Juan et al. 2022). In the discovery process of TDP-
43 and STMN2’s relationship, it was noted that there were defects in neuron outgrowth after
axotomy that arose in the context of TDP-43 loss that could also be attributed to functional loss of
STMN2 (Klim et al. 2019). Additionally, other cytoskeletal proteins such as TUB4A have been
directly associated with ALS development upon mutation suggesting that this is a functional
category worth exploring when examining mechanisms of ALS-relevant neurodegeneration
(Brown and Al-Chalabi. 2017; Smith et al. 2014). Developing an assay to directly track the effect
of genetic perturbation on the status of cytoskeletal regulation by tracking neurite growth rate at
baseline or in the context of axon injury (Klim et al. 2019) would give additional information on
this mechanism of neurodegeneration and allow for direct examination of whether modulating this

process would be beneficial for ALS patients.

Deep validation and analysis of pathways nominated by the RNAseq dataset

The neurite outgrown or injury recovery assays described above could be one of a suite of
additional phenotypic assays developed to assess the functional state of any neuronal process that
could be associated with neurodegeneration. The RNA seq data presented in Chapter 3 and Chapter
4 nominated many different cellular processes and genes that deserve closer examination to
determine their functional significance in driving or preventing neurodegeneration. To begin this
process, it is necessary to functionally validate a subset of the enriched genes and pathways using
qRT-PCR and western blot. This will confirm the functional differences that arise in the context of

cytoplasmic TDP-43 presence or AXTN2 knockout. Following this, for pathways that are of
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particular interest, it may be worthwhile to develop custom assays to track the phenotypic action
of those pathways, similar to the neurite growth assay described above. For example, if glutamate-
mediated excitotoxicity was proposed as a modulatory mechanism with proteins that validated as
being significantly different between the two compared contexts, I could test the neurons’ electrical
and viability response to chronic exposure to moderate to high concentrations of glutamate in the
media to try to stimulate that process. Such a test could provide mechanistic information for

perturbations in pathways of interest in further exploration of neurodegenerative therapies.

Examining additional iPSC genetic backgrounds and/or TDP-43 perturbations

The AAVSI1-directed inducible vector I built was designed with the intention of being a
versatile system that could be deployed in any cell line and/or to overexpress any variant of
TARDBP or any other gene that may be of interest to evaluate. An experiment that would be of
interest to the field and further validate the model I have developed would be to compare the results
I showed in this dissertation to results in similar assays using an ALS-patient derived line, with or
without additional perturbation. One mutation that would particularly validate the TDP-43ANLS
models would be to test that line in direct comparison to neurons from an ALS patient with an
A90V mutation, which is an ALS-associated mutation that occurs in the Nuclear Localization

Sequence (Winton et al. 2008b).

Also of potential interest to examine would be the effect of other functional, synthetic TDP-
43 mutations that modulate other parts of its function. For example, there exists an RNA-binding
deficient mutant, TDP-43 5F-L that can no longer perform the functions of TDP-43 associated
with directly interacting with RNA (Elden et al. 2010). It would be curious to examine this variant
in all the assays that I have developed to provide additional information on whether interactions

that are associated with TDP-43 mediated toxicity, protective or destructive, are mediated via an
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interaction with a particular or group of RNA. Combining these functional results with data from
RNA seq, wherein differentially expressed transcript that could be affected by this lack of TDP-43

modulation have already been identified, has potential to be particularly insightful.

Compound screening using iPSC-derived motor neurons for modulators of the oxidative or
proteotoxic stress response

One of the core obstacles to high throughput screening in iPSC-derived neuronal cultures
was the problem of scale. Before development of the LiMoNes motor neuron protocol, it was
largely infeasible to generate motor neurons at the scale needed to satisfyingly conduct a high-
throughput screen. Now that I have shown the ability to reproducibly generate large amounts of
neurons and use them repeatedly in my own studies, it should be possible to embark on any number
of screening projects based on this differentiation modality, including those that take advantage of
the engineered lines similar to or the same as the set that I made. One such screen could be an
arrayed compound screen to identify molecules that modulate the amount of TDP-43 aggregation,
total stress granule number, and/or TDP-43-containing stress granules in response to a proteotoxic
or oxidative stress. This would use a similar protocol as established in Chapters 3 and 4. Lead
compounds for future study discovered in these screens could act through a variety of mechanisms
beneficial to neuronal health, such as positively modulating insoluble aggregate clearance;
improving stress granule dynamics so that even if they do form, TDP-43 doesn’t get sequestered
there; or directly preventing TDP-43 from localizing to stress granules or aggregating at all; among

other potential mechanisms.

Pooled genetic knockout or overexpression screen for additional neuroprotective factors that
modulate short-term TDP-43 proteinopathy toxicity in the short-term differentiation assay
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Following on the short-term differentiation assay design outlined in Chapter 2 and then
tested in the context of ATXN2 knockout in Chapter 4, I could envision performing a pooled
viability screen in an inducible TDP-43 expressing iPSC line using that assay as a readout to
directly identify additional genes that when knocked out, provide a similar effect to ATXN2. This
experiment could be conducted by culturing a large amount of inducible TDP-43 iPSCs, infecting
them with a CRISPR (or overexpression construct) library, waiting a short while for the edit to
take, and then performing the short-term differentiation assay in a large batch. The readout of the
assay would be a sequencing readout similar to that in other pooled screening viability assays
(Shalem et al. 2013). For a CRISPR based screen, the sgRNAs would be the barcodes to track via
sequencing. This would be a positive selection screen. We would assess the distribution of
barcodes immediately following infection with the sgRNA library and compare it to the
distribution following 6 — 7 days of the motor neuron differentiation and determine which barcodes
targeting which genes are still present to identify modifiers of TDP-43 toxicity upon knockout that
behave similarly to ATXNZ2. In order to embark on this line of experimentation, we would need to
perform additional assay development for the large-scale infections and assay procedures. It is also
possible that this could potentially be cost prohibitive given the expense of iPSC reagents, however
if expense was not a factor, I would have confidence that this would be a fruitful endeavor. The
best-case scenario would be that other factors discovered which directly modulate TDP-43 toxicity
share similar biological functions, which would give us a strong hint as to the dominant mechanism

to target in future therapeutic development studies.
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Supplementary Figure 2.1: Expression of inducible TDP-43 in motor neurons following
LiMoNes differentiation does not indicate continued decrease in viability after passaging (a)
Experimental Timeline (b) Luminescence data from Cell Titer Glo measurements at Day 7 post
differentiation (Day 14 total) and Day 14 post differentiation (Day 21 total). While TDP-43:YFP
expressing neurons do have lower viability compared to YFP only expressing neurons, this may
be due to fewer cells that adhered or survived during the replating procedure. —Dox condition
represents neurons where doxycycline was withdrawn after the passage and replating (removed at
Day 2 Post differentiation, Day 9 total). Neurons in the +Dox condition were continually treated
with 2ug/mL Doxycycline following the end of the core differentiation protocol (n = 5 biological
replicates) (c) Alternative view of a similar cell titer glo assay to (b) with luminescence normalized
to each condition’s -Dox values at each timepoint. I observed that viability of TDP-43:YFP motor
neurons does not decrease in the doxycyline treated condition compared to the doxycycline
withdrawn condition over a span of 21 days post differentiation and passage (28 total days in
culture) (n = 5 biological replicates).
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a)

11a TDP43-YFP,NGN2
24 hrs Dox

11a YFP, NGN2

24 hrs Dox
b) :
Sample Replicate #DAPI+ #DAPI+, NGN2+  #DAPI+, NGN2+, YFP+ % Differentiable
TDP-43-YFP 1 332 299 247 74.4%
TDP-43-YFP 2 331 311 271 81.9%
TDP-43-YFP 3 366 343 277 75.7%
TDP-43-YFP 4 256 244 211 82.4%
TDP-43-YFP Average 78.6%
YFP il 464 436 266 57.3%
YFP 2 452 420 264 58.4%
YFP 3 476 451 270 56.7%
YFP 4 350 337 216 61.7%
YFP Average 58.5%

Supplementary Figure 2.2: Analysis of differentiable cells in iPSC cultures transduced with
NGN2 and inducible TDP-43:YFP or YFP shows that TDP-43 expressing cultures have
similar, if not greater differentiation capacity than YFP cultures (a) Representative images of
immunostained NGN2 infected iPSCs treated with 4pug/mL Doxycycline for 24 hours to activate
inducible TDP-43:YFP or YFP and NGN2. (b) Hand-count analysis of select images tracking the
total number of cells (DAPI), cells that co-stain positive for NGN2, and cells of that set that
additionally express YFP from the inducible construct. Cells positive for both NGN2 and YFP
were counted as differentiable. This preliminary analysis suggests that TDP-43:YFP iPSCs
actually had higher propensity to differentiate than YFP only expressing iPSCs, cementing that the
results of TDP-43 viability loss observed in the short-term differentiation assay are due to the
biology, not a techical defect in transfection efficiency difference.
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Supplementary Figure 2.3: AAVSI1-TRE-Dest-Neo-m2rtTA Plasmid Vector Map. When
applicable, YFP, TDP-43:YFP, or TDP-43ANLS:YFP were subcloned into the Gateway Cloning
sites (between attR1/attR2). Samples marked as empty vector used this construct as presented here
with no additional insert.
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Supplementary Figure 2.4: Representative images of neurons infected with TDP-43ANLS
lentivirus. Neurons were differentiated using the ‘Dox’ method outlined in Chapter 2.
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Crystal Violet Extraction
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Supplementary Figure 2.5: Crystal Violent quantification of 6-day iPSC colony formation
assay at 4ug/mL Doxycycline in lines harboring inducible TDP-43:YFP and YFP. Additional
validation of TDP-43:YFP expression being sufficient to induce viability loss presented in Figure
2.2. Significance calculated using ANOVA with Dunnett’s Multiple Comparisons test (*** =
p<0.001; **** = p<0.0001) (n = 3 biological replicates)
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Full Length STMN2 qPCR
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Supplementary Figure 3.1: Full length STMN2 expression does not change upon expression
of TDP-43:YFP or TDP-43ANLS:YFP in motor neurons. Relative expression as measured by
gRT-PCR compared to an Empty Vector (no transgene) control (n = 3 technical replicates).
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Supplementary Figure 3.2: Evaluation of YFP+ neuron levels by flow cytometry for RNAseq
assay development shows cultures are 80% YFP+. As a result, neurons were not enriched for
YFP+ cells before input into the RNAseq pipeline, which started with RNA harvest from neurons
at this same timepoint (n = 3 biological replicates).
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Supplementary Figure 3.3: Multidimensional scaling plot of RNA seq replicates shows good
clustering of replicate samples. Generated using the top 1000 differentially expressed genes,
which has been used as a standard in other sequencing papers (Klim et al. 2019). Replicate
measures represent biological replicates — independent differentiations and independent RNA

preps.
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11a iPSCs
Crystal Violet Extraction
Day 6 Colony Formation

% %k %k %k %k %k %k

0.89 ns %k %k %k %k

ol 1 |
}?& _‘ AN

0.4

% CV Absorbance of -Dox

Supplementary Figure 4.1: Crystal Violent quantification of 6-day iPSC colony formation
assay at 4ug/mL Doxycycline in lines harboring inducible TDP-43:YFP and YFP with
ATXN2 knockout. Additional validation of TDP-43:YFP expression being sufficient to induce
viability loss presented in Figure 2.2. Significance calculated using ANOVA with Dunnett’s
Multiple Comparisons test (*** = p<0.001; **** = p<0.0001) (n = 3 biological replicates).
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Supplementary Table 3.1: TDP-43ANLS enriched transcripts in TDP-43 versus TDP-
43ANLS comparison with Log2 Fold Change greater than 2. Because fold change is calculated
as read counts of TDP-43 divided by TDP-43ANLS, TDP-43ANLS enriched transcripts have a

negative fold change value.

Gene Ensembl Transcript ID | Expression Fold Change
ENSG00000290931 -7.06596675
PIWIL2 ENSG00000197181 -6.02402912
ZFP3 ENSG00000180787 -5.863808844
ZNF619 ENSG00000177873 -5.610268607
FAM66B ENSG00000215374 -5.327304796
ENSG00000286456 -4.669508787
H3P18 ENSG00000249620 -4.396041295
ENSG00000289707 -4.090043775
ZNF572 ENSG00000180938 -4.048873287
BEX5 ENSG00000184515 -4.012485924
ENSG00000286791 -3.975777112
C5orf63 ENSG00000164241 -3.905800634
MAGEA4 ENSG00000147381 -3.868469706
RBM46 ENSG00000151962 -3.855717357
TCEALS ENSG00000204065 -3.810043103
SSU72P4 ENSG00000283873 -3.719279936
ENSG00000287460 -3.707696271
ENSG00000278266 -3.609747388
ZNF300 ENSG00000145908 -3.416063716
ENSG00000234710 -3.191852062
VSTMS ENSG00000214376 -3.056435071
KCNE4 ENSG00000152049 -3.045060295
C2CD6 ENSG00000155754 -2.976733787
ENSG00000240086 -2.962950752
ENSG00000289217 -2.881245102
ENSG00000213212 -2.84841129
TCHH ENSG00000159450 -2.80688595
PWRNI1 ENSG00000259905 -2.79252247
PWRN3 ENSG00000259905 -2.79252247
RGS11 ENSG00000076344 -2.776373872
ENSG00000260848 -2.680950521
NAPI1L6P ENSG00000204118 -2.666547643
BCRP9 ENSG00000271287 -2.652658469
ENSG00000290901 -2.651636523
NIPSNAP3B ENSG00000165028 -2.602471811
ENSG00000250467 -2.575250532
ENSG00000284645 -2.558266026
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Supplementary Table 3.1 (Continued)

SIM1 ENSG00000112246 -2.503034876
TF ENSG00000091513 -2.483962454
FAMO90A1 ENSG00000171847 -2.483952462
TLX1NB ENSG00000236311 -2.483556876
PCDHGAS ENSG00000253767 -2.460819434
WSCD2 ENSG00000075035 -2.387718733
DLEU1-AS1 ENSG00000186047 -2.385713667
DLEU7 ENSG00000186047 -2.385713667
SSU72P8 ENSG00000230268 -2.354516078
SYCEI ENSG00000171772 -2.334333956
ZNF595 ENSG00000272602 -2.329336954
FOLH1 ENSG00000086205 -2.327384959
ENSG00000259098 -2.324448355
LHFPLS ENSG00000197753 -2.324381987
PRAMEF6 ENSG00000232423 -2.324373351
ANKRD26P3 ENSG00000237636 -2.32418442
DUXAP8 ENSG00000206195 -2.323592339
ENSG00000254966 -2.312109157
GPRIN2 ENSG00000204175 -2.298178978
ARL9 ENSG00000196503 -2.298008943
ENSG00000267784 -2.293626912
LOC100505715 | ENSG00000267058 -2.249508922
KCNA3 ENSG00000177272 -2.246606733
ENSG00000286123 -2.227036753
SLC26A8 ENSG00000112053 -2.21457446
KASHS5 ENSG00000161609 -2.2121804
LINC00648 ENSG00000259129 -2.208651177
CCNP ENSG00000105219 -2.200239901
SCN2B ENSG00000149575 -2.193651652
CNGBI1 ENSG00000070729 -2.192585133
ENSG00000260918 -2.190846156
ZNF467 ENSG00000181444 -2.179104333
SCNIA ENSG00000144285 -2.170525344
TCEAL?2 ENSG00000184905 -2.165659609
SPDYE3 ENSG00000214300 -2.150975747
IPCEF1 ENSG00000074706 -2.146941467
LOC375196 ENSG00000269210 -2.139394049
ENSG00000272734 -2.135675409
GLRA1 ENSG00000145888 -2.130746688
ENSG00000262198 -2.12859979
KCNQ5 ENSG00000185760 -2.120787111
CHRNE ENSG00000108556 -2.119897588
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Supplementary Table 3.1 (Continued)

NATI16 ENSG00000167011 -2.118743812
MMEL1 ENSG00000142606 -2.118223172
CIQL4 ENSG00000186897 -2.102964904
ENSG00000286613 -2.073168722
PCDHGB4 ENSG00000253953 -2.065667163
GPR139 ENSG00000180269 -2.062638354
LINC00682 ENSG00000245870 -2.061481672
CRH ENSG00000147571 -2.061269514
HIV ENSG00000168509 -2.058215959
TMEM229B ENSG00000198133 -2.056829124
ENSG00000283648 -2.048169341
LOC100420027 | ENSG00000248185 -2.02278837
TRIMS51BP ENSG00000204455 -2.022651998
LOC105377177 | ENSG00000286329 -2.019191273
GJB7 ENSG00000164411 -2.007585626
STYK1 ENSG00000060140 -2.003251101
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Supplementary Table 3.2: TDP-43 enriched transcripts in TDP-43 versus TDP-43ANLS

comparison with Log2 Fold Change greater than 2

135

Gene Ensembl Transcript ID Expression Fold Change
ZNF248 ENSG00000198105 10.23655513
ZNF879 ENSG00000234284 10.22421712
CHMPI1B2P ENSG00000278530 9.583132427
ENSG00000249803 9.204300775
ZNF528-AS1 ENSG00000269834 8.092257787
CSAG3 ENSG00000268916 7.268253196
ENSG00000232063 6.51697308
SLC6A13 ENSG00000010379 5.94937292
ENSG00000290418 5.720047727
ZNF441 ENSG00000197044 5.597617742
NKAPL ENSG00000189134 5.157121976
MIR4458HG ENSG00000247516 4.964622573
FAR2P1 ENSG00000286058 4.943286343
KDMA4F ENSG00000255855 4.744383087
PCDHA?2 ENSG00000204969 4.645404056
ENSG00000242828 4.507214643
ENSG00000258376 4.494004098
HNRNPCL3 ENSG00000277058 4.189192545
HANDI1 ENSG00000113196 4.182924256
ENSG00000279077 4.133886637
CLEC3B ENSG00000163815 3.936055747
TRIM49C ENSG00000204449 3.799424117
POTEF ENSG00000196604 3.664707446
LINCO01266 ENSG00000224957 3.63581661
C10orf71 ENSG00000177354 3.623616573
COL10A1 ENSG00000123500 3.622978262
ZNF354C ENSG00000177932 3.603825969
NANOG ENSG00000111704 3.594439932
BTLA ENSG00000186265 3.510350543
C100rf99 ENSG00000188373 3.472509926
FAMISIA ENSG00000162391 3.464875547
PPIAP46 ENSG00000260266 3.40380936
ENSG00000248663 3.38926957
GUCY2C ENSG00000070019 3.375370052
ENSG00000261226 3.333354999
ZNF439 ENSG00000171291 3.269048692
FAM90A27P ENSG00000189348 3.265518022
PRAMEF12 ENSG00000116726 3.265160947
PRAMEF1 ENSG00000116721 3.265143379




Supplementary Table 3.2 (Continued)

TRIMS3AP ENSG00000225581 3.264492802
VWFP1 ENSG00000241717 3.262995513
ENSG00000289508 3.11461282
THEMIS ENSG00000172673 3.085673055
LOC101928475 | ENSG00000232058 3.083258581
NLRP7 ENSG00000167634 3.04713812
SLPI ENSG00000124107 3.046487348
ENG ENSG00000106991 3.02763472
ENSG00000283633 2.985562988
TBXT ENSG00000164458 2.971567934
ENSG00000279208 2.94677821
ENSG00000289262 2.879114193
XKRX ENSG00000182489 2.876783483
FGR ENSG00000000938 2.87053204
LIM2 ENSG00000105370 2.868676081
ATP12A ENSG00000075673 2.860503492
LYZ ENSG00000090382 2.847581025
IFITM1 ENSG00000185885 2.830076123
VENTXP2 ENSG00000215037 2.797782046
WFDC21P ENSG00000261040 2.789489761
MLKL ENSG00000168404 2.789259875
PRB2 ENSG00000121335 2.77935356
TDGF1 ENSG00000241186 2.773522856
TFCP2L1 ENSG00000115112 2.772394658
F13A1 ENSG00000124491 2.767901052
DAPPI ENSG00000070190 2.762794146
PRB4 ENSG00000230657 2.753232719
RAETIL ENSG00000155918 2.737907862
ENSG00000273416 2.734274703
ENSG00000279718 2.721636695
ACTLS ENSG00000117148 2.710797057
SIX2 ENSG00000170577 2.71026176
TAC3 ENSG00000166863 2.708474167
XIRP1 ENSG00000168334 2.681343607
ALOX15 ENSG00000161905 2.674074027
GPAT3 ENSG00000138678 2.6616356
PVALB ENSG00000100362 2.639511853
ENSG00000290397 2.628823466
TNFRSF8 ENSG00000120949 2.618705316
LINCO01833 ENSG00000259439 2.612147167
ITGAM ENSG00000169896 2.602263957
CEACAMS ENSG00000105388 2.599642147
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Supplementary Table 3.2 (Continued)

ACTGIPI15 ENSG00000259904 2.598835304
TACSTD2 ENSG00000184292 2.594314189
MUCI16 ENSG00000181143 2.587193746
GRHL2 ENSG00000083307 2.570597557
NMBR ENSG00000135577 2.56574272
OLAH ENSG00000152463 2.56121161
CP ENSG00000047457 2.55467302
CD177 ENSG00000204936 2.551003499
GBP3 ENSG00000117226 2.547437562
PRBI ENSG00000251655 2.534889835
PRB2 ENSG00000251655 2.534889835
C2orf66 ENSG00000187944 2.529647404
ENSG00000249661 2.525021886
ENSG00000287059 2.523793
LOC101927551 | ENSG00000230922 2.51673399
FOLRI ENSG00000110195 2.499041409
PRR15 ENSG00000176532 2492454932
ENSG00000289308 2.490471277
FAMI107A ENSG00000168309 2.484037345
FOSB ENSG00000125740 2.481231558
ENSG00000291309 2.468510193
LINCO01036 ENSG00000230426 2.466192842
BACE2 ENSG00000182240 2463838024
PAX9 ENSG00000198807 2462242229
TRH ENSG00000170893 246222724
ENSG00000276791 2.458315884
ABHDI12B ENSG00000131969 2.457627595
APOL1 ENSG00000100342 2.453427027
RCSD1 ENSG00000198771 2.450473056
ZNF563 ENSG00000188868 2444185933
UCP1 ENSG00000109424 2.437803929
PIK3R5 ENSG00000141506 2.435409188
SIX3 ENSG00000138083 2.433525117
SCGB3A2 ENSG00000164265 2.425618813
PMP22 ENSG00000109099 242558215
SLC7A11 ENSG00000151012 2.422429225
ZNF37A ENSG00000075407 2421423675
TRIM64B ENSG00000189253 2.420342786
STARDS ENSG00000130052 2.414721844
ENSG00000285876 2.414479716
C3 ENSG00000125730 2.413088935
CD34 ENSG00000174059 2.413034251
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Supplementary Table 3.2 (Continued)

LINCO00839 ENSG00000185904 2.409959594
APLNR ENSG00000134817 2.409299108
ENSG00000250658 2.408551715
ENSG00000248583 2.408164555
TRIM49B ENSG00000182053 2.407777436
ENSG00000249156 2.407406553
LOC101927815 | ENSG00000254319 2407120242
ENSG00000250782 2.407092543
PRAMEF2 ENSG00000120952 2.407067066
CD52 ENSG00000169442 2.405151772
ENSG00000286182 2.391796054
VAMPS ENSG00000118640 2.390504841
STINGI ENSG00000184584 2.376047147
CYBRDI ENSG00000071967 2.371368704
APOD ENSG00000189058 2.370810847
LINC00624 ENSG00000278811 2.367902292
COL6A3 ENSG00000163359 2.364518966
ENSG00000271984 2.359458698
ZNF442 ENSG00000198342 2.359247036
PLACS ENSG00000145287 2.358519884
TCF21 ENSG00000118526 2.355705481
TMPRSS4 ENSG00000137648 2.355437646
GSN ENSG00000148180 2.354939909
IGFBP6 ENSG00000167779 2.348601719
FOXE1 ENSG00000178919 2.347533537
RAB38 ENSG00000123892 2.34739601
ENSG00000254339 2.343923006
OLFML3 ENSG00000116774 2.343619109
TMEM37 ENSG00000171227 2.34269447
ROBO4 ENSG00000154133 2.33762119
TENTS5B ENSG00000158246 2.337054174
TRIMA43 ENSG00000144015 2.335222179
RPS6KA2-IT1 ENSG00000232082 2.328326347
LOCI105375166 | ENSG00000237070 2.325559825
ENSG00000272068 2.3241998
SLCS51B ENSG00000186198 2.31906
ZIC1 ENSG00000152977 2312274324
SPINK1 ENSG00000164266 2.303929764
TEX14 ENSG00000121101 2.30319186
FRG2C ENSG00000172969 2.295110617
KLK13 ENSG00000167759 2.294543635
HAL ENSG00000084110 2.287969282
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Supplementary Table 3.2 (Continued)

FLVCR2-AS1 ENSG00000224721 2.282880529
ENSG00000276975 2.28106237
FBPI ENSG00000165140 2.280699485
PLLP ENSG00000102934 2.269997529
CSFIR ENSG00000182578 2.26973055
FLI1 ENSG00000151702 2.269477184
IL23A ENSG00000110944 2.259345625
KLRG2 ENSG00000188883 2.257557183
PCDHA3 ENSG00000255408 2.252655091
GJB1 ENSG00000169562 2.250953262
F3 ENSG00000117525 2.250706425
POF1B ENSG00000124429 2.245915216
IGKC ENSG00000211592 2.240155614
PCEDIB ENSG00000179715 2.235707524
PCDHBS5 ENSG00000113209 2.229354539
CD109 ENSG00000156535 2.221325013
NTSE ENSG00000135318 2.213426869
MYCTI1 ENSG00000120279 2.213179844
COL15A1 ENSG00000204291 2.211548592
LINCO00678 ENSG00000254934 2.211004057
ENSG00000289122 2.209846108
HMOX1 ENSG00000100292 2.207702719
PDGFRL ENSG00000104213 2.207069756
S1PR1 ENSG00000170989 2.203558793
RRAD ENSG00000166592 2.202858082
PROSER?2 ENSG00000148426 2.202564199
FLNB ENSG00000136068 2.19463768
RASLI12 ENSG00000103710 2.193898741
CA6 ENSG00000131686 2.192829783
PTPRB ENSG00000127329 2.191358898
GCNT3 ENSG00000140297 2.190766854
CLICS ENSG00000112782 2.188225008
NMB ENSG00000197696 2.182341906
ENSG00000250284 2.181050876
CIQL2 ENSG00000144119 2.180794549
LOC391711 ENSG00000236941 2.178619976
CDX1 ENSG00000113722 2.174352407
MEOXI1 ENSG00000005102 2.173162732
H3P21 ENSG00000250386 2.1673242
H3Y1 ENSG00000269466 2.165252291
GDPD2 ENSG00000130055 2.165040658
ATPI0A ENSG00000206190 2.158142225
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DLX3 ENSG00000064195 2.155420228
ENSG00000260364 2.150534681
RASSF6 ENSG00000169435 2.149070791
DUXB ENSG00000282757 2.136447784
EXOC3L2 ENSG00000283632 2.133762629
EMP1 ENSG00000134531 2.133611268
CEACAMG6 ENSG00000086548 2.130760731
TGM2 ENSG00000198959 2.130485003
LAMC2 ENSG00000058085 2.129930792
WFDCI ENSG00000103175 2.122967738
ADCY4 ENSG00000129467 2.12275952
ABCG2 ENSG00000118777 2.122705089
MUC22 ENSG00000261272 2.121799265
DLK1 ENSG00000185559 2.11969022
LINC00520 ENSG00000258791 2.118215139
ADAP2 ENSG00000184060 2.112824168
MYO1G ENSG00000136286 2.112138624
SLC37A2 ENSG00000134955 2.108378803
ENSG00000289168 2.106712899
KLK10 ENSG00000129451 2.104808942
SPHK1 ENSG00000176170 2.101913
C100rf105 ENSG00000214688 2.101302904
NID2 ENSG00000087303 2.094100904
ENSG00000231764 2.093805533
DSG1 ENSG00000134760 2.087268859
METTL7A ENSG00000185432 2.079792579
LINC02582 ENSG00000261780 2.076818412
CTSV ENSG00000136943 2.075378377
CTSH ENSG00000103811 2.07319653
ADGRES ENSG00000123146 2.073154961
SDC4 ENSG00000124145 2.068277266
AFP ENSG00000081051 2.066317483
TFAP2C ENSG00000087510 2.065796903
TESC ENSG00000088992 2.059387008
BDKRB2 ENSG00000168398 2.058038097
HLA-G ENSG00000204632 2.055825103
PLAUR ENSG00000011422 2.055320444
SNTB1 ENSG00000172164 2.054487008
CXCRI1 ENSG00000163464 2.053109735
NIBAN1 ENSG00000135842 2.05024756
C2CD4A ENSG00000198535 2.04648056
CHMP4C ENSG00000164695 2.045319193
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LBX2 ENSG00000179528 2.043922134
PTHLH ENSG00000087494 2.043791684
CAPN6 ENSG00000077274 2.040015008
GALNT6 ENSG00000139629 2.038554974
CIS ENSG00000182326 2.038362481
MTIE ENSG00000169715 2.03771932

TMEM154 ENSG00000170006 2.035003676
CCDC69 ENSG00000198624 2.031677367
SLC7A4 ENSG00000099960 2.030827791
FIBCDI1 ENSG00000130720 2.028806192
SH2D3A ENSG00000125731 2.027950128
MED4-AS1 ENSG00000229111 2.021718415
CD9 ENSG00000010278 2.021125816
MT2A ENSG00000125148 2.017847486
EXPHS5 ENSG00000110723 2.009308354
S100A4 ENSG00000196154 2.008908344
SLC38A5 ENSG00000017483 2.005137538
TNFSF9 ENSG00000125657 2.004109756
PRDM1 ENSG00000057657 2.002947925
ANPEP ENSG00000166825 2.002309337
GALNTS ENSG00000136542 2.001737454
BNCl1 ENSG00000169594 2.000723736
MMP9 ENSG00000100985 2.00037507
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Supplementary Table 4.1: TDP-43, ATXN2 knockout enriched transcripts in TDP-43
overexpression ATXN2 intact versus knockout comparison with Log2 Fold Change greater
than 2. Because fold change is calculated as read counts of ATXN?2 intact divided by ATXN2
knockout, ATXN?2 enriched transcripts have a negative fold change value.

Gene Ensembl Transcript ID Expression Fold Change
PEG3 ENSG00000198300 -15.3388254
CHCHD2 ENSG00000106153 -15.28961054
H3P18 ENSG00000249620 -14.53445105
H3Y2 ENSG00000268799 -14.30870528
TRIMS3CP ENSG00000254764 -14.02109493
ENSG00000283776 -13.0293569
PRAMEF14 ENSG00000204481 -12.86992215
LEUTX ENSG00000213921 -12.80794948
CTSF ENSG00000174080 -12.73309029
ZNF595 ENSG00000272602 -12.60998524
FOLHI ENSG00000086205 -12.48097193
RFPL4A ENSG00000223638 -12.35067969
ENSG00000249156 -12.34517621
PRAMEFS§ ENSG00000182330 -12.28800988
TRIM49B ENSG00000182053 -12.12514845
TRIMA48 ENSG00000150244 -12.03696057
H3Y1 ENSG00000269466 -11.80049967
PRAMEF13 ENSG00000279169 -11.7607567
ENSG00000257951 -11.70999556
ENSG00000219061 -11.59324242
PRAMEF15 ENSG00000204501 -11.52254068
MBD3L3 ENSG00000182315 -11.41035677
MBD3L2 ENSG00000230522 -11.36518252
PRAMEF27 ENSG00000274764 -11.32019622
PRAMEF28P ENSG00000274178 -11.28617402
ZNF662 ENSG00000182983 -11.27776693
PRAMEF9 ENSG00000204505 -11.22827545
ENSG00000258732 -11.20915822
MBD3L2B ENSG00000196589 -11.20092186
RFPL4ALI ENSG00000229292 -11.17822504
ENSG00000284484 -11.1604116
PRAMEF4 ENSG00000243073 -11.07585401
ENSG00000256779 -10.99351389
UBTFL7 ENSG00000229361 -10.98750995
PRAMEF2 ENSG00000120952 -10.98064359
PRAMEF20 ENSG00000204478 -10.97556521
ENSG00000250782 -10.86693761
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HNRNPCL?2 ENSG00000275774 -10.80804557
PRAMEF12 ENSG00000116726 -10.74565377
PRAMEF7 ENSG00000204510 -10.69991764
ENSG00000247765 -10.63837579
ZSCANI1 ENSG00000152467 -10.49327243
H3P21 ENSG00000250386 -10.46669339
PRAMEF6 ENSG00000232423 -10.31438329
TRIMA49 ENSG00000168930 -10.28934488
DDX43 ENSG00000080007 -10.23230633
ZSCANSDP ENSG00000267908 -10.21599774
PRAMEF11 ENSG00000239810 -10.14432043
ENSG00000255366 -10.02457421
SSU72P4 ENSG00000283873 -9.966095047
PRAMEF1 ENSG00000116721 -9.726682892
PNPLA4 ENSG00000006757 -9.709164827
RFPL4B ENSG00000251258 -9.664523741
PRAMEF33 ENSG00000237700 -9.660354638
FAMO90A27P ENSG00000189348 -9.586322537
TRIMS3AP ENSG00000225581 -9.57078831
TRIMS51CP ENSG00000249910 -9.554853956
ENSG00000166013 -9.549974472
TRIM49C ENSG00000204449 -9.53817886
LINC02027 ENSG00000243694 -9.527610369
ENSG00000257230 -9.356410018
RBM46 ENSG00000151962 -9.341617086
TRIMS1 ENSG00000124900 -9.321117299
CSNKA2IP ENSG00000283434 -9.305358193
SLC34A2 ENSG00000157765 -9.215156997
ENSG00000283740 -9.164272701
ZFP3 ENSG00000180787 -9.15577545
PRAMEF10 ENSG00000187545 -9.104132417
ENSG00000260409 -9.084576451
DUXA ENSG00000258873 -9.020930844
ENSG00000230080 -8.995546438
ANKRD26P3 ENSG00000237636 -8.927654694
ZNF835 ENSG00000127903 -8.908111751
PRAMEF5 ENSG00000270601 -8.892373719
ZSCAN4 ENSG00000180532 -8.758251834
FOXO1B ENSG00000214295 -8.749794713
ENSG00000144188 -8.679768118
SYCEI ENSG00000171772 -8.613812583
LINCO02899 ENSG00000248874 -8.4526871
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SSU72P8 ENSG00000230268 -8.412308902
LINC02050 ENSG00000242781 -8.267730106
ZNF439 ENSG00000171291 -8.238665189
ENSG00000289361 -8.202310101
BHMT?2 ENSG00000132840 -8.182463645
ZNF705A ENSG00000196946 -8.086413311
TRIM43B ENSG00000144010 -8.028083547
TPRX1 ENSG00000178928 -7.970664573
LINCO00839 ENSG00000185904 -7.963178835
ENSG00000269118 -7.861422125
ENSG00000290588 -7.78336248
ENSG00000291126 -7.72290549
ENSG00000254348 -7.720995168
TRIM64B ENSG00000189253 -7.670605665
KDM4F ENSG00000255855 -7.652898085
ZXDA ENSG00000198205 -7.604016238
TRIMA43 ENSG00000144015 -7.581580036
ENSG00000272913 -7.564020228
KLF18 ENSG00000283039 -7.439234746
ENSG00000234710 -7.388861441
MAGEA3 ENSG00000221867 -7.35760191
SSU72P3 ENSG00000284546 -7.345581607
CYP2E1 ENSG00000130649 -7.301837542
ENSG00000290418 -7.25816363
ENSG00000272983 -7.126700277
SSU72P2 ENSG00000284306 -7.033709308
ENSG00000283633 -7.020580669
ZNF441 ENSG00000197044 -7.017563757
LINCO1111 ENSG00000254300 -7.00039187
ENSG00000289707 -6.846864653
ENSG00000250658 -6.820784814
TC2N ENSG00000165929 -6.773609221
RFPL1 ENSG00000128250 -6.761340198
LINCO02714 ENSG00000251226 -6.722813526
SSU72P7 ENSG00000284438 -6.624516867
ZNF578 ENSG00000258405 -6.614798539
ENSG00000261127 -6.540060837
SSU72P5 ENSG00000284018 -6.457280084
FRG2C ENSG00000172969 -6.443997968
CPHXL ENSG00000283755 -6.362523697
ZNF560 ENSG00000198028 -6.336955234
ENSG00000290376 -6.333209324
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CCNAL ENSG00000133101 -6.297537661
ENSG00000261200 -6.237005505
ENSG00000286791 -6.181113357
ENSG00000287352 -6.158483998

ZNF37A ENSG00000075407 -6.069508027
ENSG00000290461 -6.009573774

LOC391711 ENSG00000236941 -5.905154828

HNRNPCL3 ENSG00000277058 -5.84344567

TRIMS51BP ENSG00000204455 -5.815089831

ZSCANSC ENSG00000204532 -5.747461109

FAM90A1 ENSG00000171847 -5.720707572

C5orf63 ENSG00000164241 -5.689994905

KDM4E ENSG00000235268 -5.617311608

PIWIL2 ENSG00000197181 -5.563309731
ENSG00000285876 -5.563124963
ENSG00000237194 -5.549560985

RFPL2 ENSG00000128253 -5.531416269

VWFP1 ENSG00000241717 -5.50227262

ZNF572 ENSG00000180938 -5.50150599

NKAPL ENSG00000189134 -5.438825053

HNRNPCLI1 ENSG00000179172 -5.405485439

SCIN ENSG00000006747 -5.358838533
ENSG00000291264 -5.345295551

ZNF528-AS1 ENSG00000269834 -5.33836759

ZNF619 ENSG00000177873 -5.328633776

LOC105377177 | ENSG00000286329 -5.196367334

MIR4458HG ENSG00000247516 -5.149549046

LOC101927815 | ENSG00000254319 -5.126176943
ENSG00000291101 -5.082745381

ALPG ENSG00000163286 -4.970847361
ENSG00000287592 -4.941820177

TBXI1 ENSG00000184058 -4.934175332
ENSG00000278266 -4.902900799

PCDHA1 ENSG00000204970 -4.85872189

BCRP9 ENSG00000271287 -4.78511829

LOC102723655 | ENSG00000205456 -4.772667193

LOC102723713 | ENSG00000205456 -4.772667193

TP53TG3D ENSG00000205456 -4.772667193

TP53TG3E ENSG00000205456 -4.772667193

TP53TG3F ENSG00000205456 -4.772667193

HIV ENSG00000168509 -4.767371041

DPPA3 ENSG00000187569 -4.72789058
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ENSG00000290414 -4.710846898
FAM66B ENSG00000215374 -4.695792201
PCDHA3 ENSG00000255408 -4.684092765
LINC02466 ENSG00000246876 -4.607416671
LOC375196 ENSG00000269210 -4.578897169
ENSG00000287460 -4.509342262
ALPP ENSG00000163283 -4.506981385
TCHH ENSG00000159450 -4.495582159
ENSG00000290931 -4.404828554
ENSG00000233058 -4.336132498
PCDHGAL1 ENSG00000253873 -4.16458784
ENSG00000287996 -4.119188668
PCDHGA3 ENSG00000254245 -4.071047079
ENSG00000242828 -4.069991254
C2CD6 ENSG00000155754 -4.047932717
URBI1-AS1 ENSG00000256073 -4.013757107
SLC30A8 ENSG00000164756 -4.012605355
ENSG00000250874 -3.980219321
PITX1 ENSG00000069011 -3.952399536
ENSG00000258376 -3.946062146
CHRNE ENSG00000108556 -3.923278211
ENSG00000291242 -3.907477759
ENSG00000290895 -3.892262764
COXA412 ENSG00000131055 -3.882643884
TLX1 ENSG00000107807 -3.870623937
ENSG00000198555 -3.793289242
ENSG00000283648 -3.777005638
SLC39A12 ENSG00000148482 -3.766964142
FLG ENSG00000143631 -3.748710565
TYW3 ENSG00000162623 -3.740790498
TLX1INB ENSG00000236311 -3.727382549
LINC00648 ENSG00000259129 -3.709571936
HSPA2 ENSG00000126803 -3.709137645
ENSG00000289217 -3.622206426
ENSG00000286123 -3.579344259
ZNF300 ENSG00000145908 -3.564890427
PCDHGA®6 ENSG00000253731 -3.558678549
ENSG00000290894 -3.545709913
ENSG00000260302 -3.54163388
ENSG00000288856 -3.531007127
ZNF491 ENSG00000177599 -3.526617629
PCDHGB5S ENSG00000276547 -3.480281492
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ENSG00000237161 -3.477608955
NLRP11 ENSG00000179873 -3.431808435
CIDEB ENSG00000136305 -3.396403265
PCDHA2 ENSG00000204969 -3.348739635

ENSG00000282906 -3.346134462
CCL28 ENSG00000151882 -3.343940733
MAGEA4 ENSG00000147381 -3.273876405

ENSG00000282995 -3.259397777

ENSG00000233928 -3.257438256

ENSG00000276975 -3.196112773
ZNF528 ENSG00000167555 -3.185299658
ITGBLI1 ENSG00000198542 -3.166180743

ENSG00000253706 -3.137939343
ZNF440 ENSG00000171295 -3.129643165
PCDHAS ENSG00000204965 -3.095769514
HOXC6 ENSG00000197757 -3.095519375

ENSG00000226816 -3.084323385

ENSG00000270112 -3.070336634
FLG-AS1 ENSG00000237975 -3.068791729
POU4F3 ENSG00000091010 -3.067237005
LINCO01602 ENSG00000205293 -3.030948135
KL ENSG00000133116 -3.028222008
Z1C3 ENSG00000156925 -2.991000986
ZNF354C ENSG00000177932 -2.989374204
ZBED6CL ENSG00000188707 -2.964895552
ZIM2-AS1 ENSG00000286125 -2.959048895
DUXB ENSG00000282757 -2.947084869

ENSG00000254044 -2.931530387
LINCO01748 ENSG00000226476 -2.890496684

ENSG00000253853 -2.866274362
MTIF ENSG00000198417 -2.860123268
ATP2B3 ENSG00000067842 -2.848593244
CI1QL4 ENSG00000186897 -2.829950169
ZNF442 ENSG00000198342 -2.829942924
LINCO01619 ENSG00000257242 -2.829080361
SRPK3 ENSG00000184343 -2.810402301

ENSG00000227012 -2.774952696

ENSG00000290555 -2.774820079
CSFIR ENSG00000182578 -2.766265815
CACNGS ENSG00000075429 -2.762489345
REC8 ENSG00000100918 -2.747359083
PCDHB5 ENSG00000113209 -2.727971743
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STYK1 ENSG00000060140 -2.717631462
LINC01630 ENSG00000227115 -2.714539264
ENSG00000287630 -2.650105742
HMX1 ENSG00000215612 -2.640727956
ENSG00000284645 -2.635783513
ENSG00000250131 -2.610291891
BEXS ENSG00000184515 -2.607080326
LINCO01807 ENSG00000232023 -2.604653754
ENSG00000287069 -2.600003681
ZNF506 ENSG00000081665 -2.586441197
ENSG00000213212 -2.58350103
LRRC61 ENSG00000127399 -2.582600393
SNAI1 ENSG00000124216 -2.556361198
ZNF69 ENSG00000198429 -2.547489003
TEX41 ENSG00000226674 -2.545536084
ENSG00000290901 -2.54440901
PAXS8-ASI ENSG00000189223 -2.529647627
TAF7L ENSG00000102387 -2.523236853
ENSG00000248663 -2.51510892
ENSG00000267481 -2.508808255
IRX4 ENSG00000113430 -2.508167995
GRINI ENSG00000176884 -2.497051984
ENSG00000249413 -2.483009757
KIAA0319 ENSG00000137261 -2.479662269
ENSG00000290319 -2.475346561
PNP ENSG00000198805 -2.471947404
GATAS ENSG00000130700 -2.47043708
TMEM273 ENSG00000204161 -2.454263111
ENSG00000290114 -2.45354269
ENSG00000280776 -2.441251558
PALM3 ENSG00000187867 -2.433548875
DUXAPS ENSG00000206195 -2.430690664
COX7Al ENSG00000161281 -2.403460462
LOC728485 ENSG00000267260 -2.401155748
ZNF467 ENSG00000181444 -2.397189346
PCDHAI3 ENSG00000239389 -2.396998114
ZNF296 ENSG00000170684 -2.379424212
INHBE ENSG00000139269 -2.373471018
ZNF763 ENSG00000197054 -2.370386145
ENSG00000250790 -2.339231212
ENSG00000258998 -2.339020451
FEV ENSG00000163497 -2.336822122
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ZNF563 ENSG00000188868 -2.317126652
BCYRNI1 ENSG00000236824 -2.310593807
TPBGL ENSG00000261594 -2.305392861
SIX1 ENSG00000126778 -2.283823049
UGT3Al ENSG00000145626 -2.26628961
ZNF44 ENSG00000197857 -2.251947457
KCNAI ENSG00000111262 -2.244586129
ZNF799 ENSG00000196466 -2.242561008
ENSG00000279511 -2.239199989
FOXF2 ENSG00000137273 -2.234695824
ENSG00000260848 -2.2219794
PRDM16-DT ENSG00000177133 -2.214417095
ENSG00000228158 -2.198104177
ENSG00000228709 -2.179565764
REM1 ENSG00000088320 -2.165523323
LOC112267871 | ENSG00000228549 -2.158115106
ENSG00000255136 -2.150531788
RCN3 ENSG00000142552 -2.149725353
PCDHGALI ENSG00000204956 -2.148917831
PCDHGA7 ENSG00000253537 -2.14657013
FAM24B ENSG00000213185 -2.135091578
ZNF433-AS1 ENSG00000219665 -2.123134728
BCL11B ENSG00000127152 -2.089056318
AGPAT2 ENSG00000169692 -2.085914902
CLDNS5 ENSG00000184113 -2.084514604
ENSG00000267336 -2.083440424
LINCO01694 ENSG00000233922 -2.071277402
GADDA45B ENSG00000099860 -2.06924692
C170rf107 ENSG00000205710 -2.068277461
EN2 ENSG00000164778 -2.068216293
ENSG00000237713 -2.044335932
FOS ENSG00000170345 -2.038344355
RUBCNL ENSG00000102445 -2.038006572
PDZD7 ENSG00000186862 -2.023971736
ENSG00000226070 -2.01833553
TUBB8B ENSG00000173213 -2.014774511
ENSG00000228334 -2.00333266
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Supplementary Table 4.2: TDP-43, ATXN2 intact enriched transcripts in TDP-43
overexpression ATXN2 intact versus knockout comparison with Log2 Fold Change greater

than 2.
Gene Ensembl Transcript ID | Expression Fold Change
RPS4Y1 ENSG00000129824 13.06062531
MTLN ENSG00000175701 10.27083389
ENSG00000249803 9.204300775
NKX6-2 ENSG00000148826 6.013948243
LOC101928475 ENSG00000232058 5.184789426
ENSG00000281961 5.072836521
VSX2 ENSG00000119614 4.792190528
oTX2 ENSG00000165588 4.389235656
CSAG3 ENSG00000268916 4.365959051
TFAP2D ENSG00000008197 4.343497014
GALP ENSG00000197487 4.274540401
BTLA ENSG00000186265 4.234032317
LINC02577 ENSG00000228742 4.093037566
TXNRD2 ENSG00000184470 4.042705597
PAX3 ENSG00000135903 3.997892915
COMT ENSG00000093010 3.940442679
ACTLS ENSG00000117148 3.734846054
CXCRI ENSG00000163464 3.592926162
C100rf99 ENSG00000188373 3.504064718
NPSRI1 ENSG00000187258 3.481435659
LHX9 ENSG00000143355 3.47671466
CYP26Cl1 ENSG00000187553 3.460133736
GCNT3 ENSG00000140297 3.452493009
FBPI ENSG00000165140 3.448035663
CXCLI13 ENSG00000156234 3.432372429
ADIPOQ ENSG00000181092 3.392419007
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ITGAM ENSG00000169896 3.316717196
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RSPO3 ENSG00000146374 3.08539729
FUT3 ENSG00000171124 3.075430585
APELA ENSG00000248329 3.075044159
LINCO01992 ENSG00000260019 3.065955758
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KCNES ENSG00000176076 3.064105836
SLC22A2 ENSG00000112499 3.044876722
ALDHIA2 ENSG00000128918 3.042165848
F13Al ENSG00000124491 3.021219022
CTXNDI1 ENSG00000259417 3.013729307
PRLR ENSG00000113494 3.00722757
SMIM43 ENSG00000164112 3.006853177
ENSG00000250027 2.997101393
HLA-DQBI ENSG00000179344 2.993530903
VCAMI1 ENSG00000162692 2.961633442
RPS2P32 ENSG00000232818 2.957198022
ENSG00000255860 2.957005336
LINC00545 ENSG00000236094 2.940887368
OTP ENSG00000171540 2.939480148
NANOG ENSG00000111704 2.931011447
PRND ENSG00000171864 2.882666024
GUCY2C ENSG00000070019 2.881736246
LOC100420587 ENSG00000283403 2.875633402
LINC00678 ENSG00000254934 2.868325811
FLVCR2-ASI ENSG00000224721 2.860242704
LOC284930 ENSG00000224271 2.859167582
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CMKLR2 ENSG00000183671 2.830021371
POU2F3 ENSG00000137709 2.827271394
LIM2 ENSG00000105370 2.821039581
NMBR ENSG00000135577 2.807141841
NOS2 ENSG00000007171 2.806639317
FAM107A ENSG00000168309 2.796925188
NLRP7 ENSG00000167634 2.765069106
PIK3R5 ENSG00000141506 2.763954262
MYHG6 ENSG00000197616 2.733934848
DMRTA2 ENSG00000142700 2.724246793
TFAP2B ENSG00000008196 2.713624354
B4GALNT2 ENSG00000167080 2.683159894
MUCI16 ENSG00000181143 2.671942013
LRTMI ENSG00000144771 2.649185399
MBNL3 ENSG00000076770 2.643752387
ENSG00000289894 2.641168536
RNASEI1 ENSG00000129538 2.632337975
FOXN4 ENSG00000139445 2.630771996
CA6 ENSG00000131686 2.626823222
HTRID ENSG00000179546 2.603324245
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ITLN1 ENSG00000179914 2.602137497
CLC ENSG00000105205 2.597139962
LGALS9 ENSG00000168961 2.593069491
PDE7B ENSG00000171408 2.590033599
PVALB ENSG00000100362 2.580419493
ZDBF2 ENSG00000204186 2.576504592
LCK ENSG00000182866 2.549082416
CNTNAP4 ENSG00000152910 2.543268521
MIR4432HG ENSG00000228590 2.534818512
FGFBPI ENSG00000137440 2.53393516
ENSG00000250284 2.530098753
ENSG00000228863 2.527471762
TRPC7 ENSG00000069018 2.520377402
CDX1 ENSG00000113722 2.519479637
DLECI1 ENSG00000008226 2.510777835
PLA2G2A ENSG00000188257 2.499012736
PLP1 ENSG00000123560 2.496275458
ENSG00000289508 2.490989379
CILP2 ENSG00000160161 2.487456808
EFCCI1 ENSG00000114654 2.484796576
C3 ENSG00000125730 2.475583353
SPN ENSG00000197471 2.472549205
LINCO01559 ENSG00000180861 2.470745715
ENSG00000285939 2.451842897
HCAR2 ENSG00000182782 2.44845236
TACR3 ENSG00000169836 2.447160931
LINCO01374 ENSG00000280560 2.446638369
TRIM10 ENSG00000204613 2.443704843
GPR160 ENSG00000173890 2.438034538
MED4-AS1 ENSG00000229111 2.415889102
LGR6 ENSG00000133067 2412081033
HLA-F ENSG00000204642 2.409429081
TRIM61 ENSG00000183439 2.4053441
GDPD2 ENSG00000130055 2.400925997
ENSG00000289850 2.398970597
ENSG00000230836 2.387970964
VENTXP2 ENSG00000215037 2.384998907
LYZ ENSG00000090382 2.380623588
APOLA4 ENSG00000100336 2.373361718
IL12B ENSG00000113302 2.366451094
DSGI ENSG00000134760 2.359005361
PRB4 ENSG00000230657 2.354596921
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CLDNI19 ENSG00000164007 2.346727437
APLNR ENSG00000134817 2.33607704
ENSG00000229271 2.331841879
ENSG00000229060 2.330257765
KLRG2 ENSG00000188883 2.329061554
CHI3L2 ENSG00000064886 2.324692435
TTYHI1 ENSG00000167614 2.32320098
PRKCB ENSG00000166501 2.318659077
ENSG00000229108 2.297307731
DAZL ENSG00000092345 2.294973425
ENSG00000260364 2.294821323
SLITRK2 ENSG00000185985 2.290556412
RNF128 ENSG00000133135 2.290249312
GAUI1 ENSG00000255474 2.286376394
ENSG00000287059 2.269776946
ARHGEF15 ENSG00000198844 2.268417752
ENSG00000227838 2.265312512
INSYN2B ENSG00000204767 2.261578032
PIK3AP1 ENSG00000155629 2.257170471
TFCP2L1 ENSGO00000115112 2.254690825
TRPC5 ENSG00000072315 2.252696881
L1TDI ENSG00000240563 2.245094307
PLACS ENSG00000145287 2.243929959
HNRNPA1P21 ENSG00000228168 2.243290544
GPX2 ENSG00000176153 2.233816478
EREG ENSG00000124882 2.229541831
LOC105375166 ENSG00000237070 2.224754317
HAL ENSG00000084110 2.224488609
HSPA12B ENSG00000132622 2.222603797
COL23A1 ENSG00000050767 2.21824819
CD177 ENSG00000204936 2.218206887
HLA-DRB5 ENSG00000198502 2.216919298
WDRI11-DT ENSG00000227165 2.212464231
SLC52A3 ENSG00000101276 2.212102385
HVCNI ENSG00000122986 2.201565993
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ADAMTS4 ENSG00000158859 2.196338196
CNMD ENSG00000136110 2.193294946
NXPH2 ENSG00000144227 2.187105296
CCR8 ENSG00000179934 2.18036262
NOL4 ENSG00000101746 2.179691404
UCP1 ENSG00000109424 2.176236599
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SLC6A20 ENSG00000163817 2.170939421
C2orfl6 ENSG00000221843 2.166770576
LPAR4 ENSG00000147145 2.153534727
CDX4 ENSG00000131264 2.153223538
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GLPIR ENSG00000112164 2.130567315
ENSG00000287355 2.126334622
MX1 ENSG00000157601 2.122936612
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SLC6AS ENSG00000165970 2.105176819
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ENSG00000233290 2.103758003
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NID2 ENSG00000087303 2.084097692
THEMIS ENSG00000172673 2.079176475
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B3GALTS ENSG00000183778 2.067054874
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TRPC6 ENSG00000137672 2.049900435
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ENSG00000249790 2.03046698
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PRB1 ENSG00000251655 2.022457716
PRB2 ENSG00000251655 2.022457716
ENSG00000250796 2.020903143
LINC00534 ENSG00000253394 2.01536253
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