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ABSTRACT OF THE DISSERTATION

Unraveling RNA-Binding Protein Mislocalization in Neurodegenerative Disorders

by

Norah Al-Azzam

Doctor of Philosophy in Neuroscience
University of California San Diego, 2024

Professor Gene Yeo, Chair

Mislocalization of RNA-binding proteins (RBPSs) is a hallmark of neurodegenerative
diseases like ALS, where the abnormal distribution of RBPs disrupts cellular functions. TDP-43,
typically found in the nucleus, accumulates in cytoplasmic inclusions in ALS neurons, impairing
RNA metabolism and leading to neurodegeneration. ALS is also linked to reduced nucleoporins
and increased nuclear CHMP7, a protein that damages nuclear pores. Using CRaft-1D, we
identified 55 RBPs that affect CHMP7 localization, focusing on SmD1, a component of the SMN

complex. We found that CHMP7 interacts with SmD1 and related proteins in an RNA-sensitive



manner and observed reduced SmD1 in ALS iPSC-derived motor neurons (MNS). Inhibiting
SmD1/SMN increased nuclear CHMP7, while overexpressing SmD1 restored CHMP7
localization and STMN2 splicing. These findings highlight early ALS pathogenesis driven by

SMN complex dysregulation.
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INTRODUCTION
The compartmentalization of cellular contents into membrane-bound organelles is a long-

established paradigm in biology. However, recent evidence demonstrates that lipid membranes
are not strictly required to segregate macromolecules into distinct structures. Instead, discrete
liquid phases—Ilike oil in water—may form when proteins containing intrinsically disordered
regions (IDRs) bind to RNA, forming multimeric complexes. These multimeric complexes
eventually support a phase transition, in which a dense proteinaceous granule forms by liquid-
liquid phase separation (LLPS). A variety of cytoplasmic liquid-like granules form via LLPS,

including stress granules (SGs), P bodies, G bodies, and others (Banani et al., 2017).Importantly,

many of these granules are seeded in response to stress, and they are disassembled once the

stress event ends (Buchan et al., 2008; Wheeler et al., 2016; Jin et al., 2017). However, a granule

may persist beyond the stress event if it undergoes a material transition into a solid- or gel-like

status (Zhang et al., 2019; Lu et al., 2021). When granules mature into gels, they have reduced

interactions with the surrounding cellular milieu and can further transition into fibrils or other

aggregated structures (Patel et al., 2015). Solid- or gel-like granules are disastrous for neurons,

most of which are not replenished throughout an organism’s lifetime (Lim and Yue, 2015).

Dysregulation of the material state of cellular granules is linked with a variety of
neurodegenerative diseases, including amyotrophic lateral sclerosis (ALS), Huntington’s,

Alzheimer’s, and others (Patel et al., 2015; Li et al., 2016; Wegmann et al., 2018).

RNA is a critical component of phase-separated granules. Many proteins that are
enriched within granules contain not only IDRs but also canonical RNA-binding domains

(Markmiller et al., 2018). These RNA-binding proteins (RBPs) can therefore multimerize with

themselves via IDRs and RNA via their RNA-binding domains (Rhine et al., 2020b).

Biochemical studies demonstrate that RNA can reduce the amount of protein needed to form
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proteinaceous droplets in vitro (Kato et al., 2012; Molliex et al., 2015; Niaki et al., 2020; Yang et

al., 2020), and elegant cellular experiments are consistent with the idea that cytoplasmic RNA

promotes LLPS (Fuller et al., 2020; Bauer et al., 2022). Conversely, an overabundance of RNA

may buffer phase separation by diluting multimeric interactions among many RNA and RBP

molecules, though this phenomenon is more pronounced in the nucleus (Maharana et al., 2018).

The cytoplasmic concentration of RNA can be tuned by stress events, especially translational
arrest at polysomes that cause an acute increase in available RNA for RBP binding (Bounedjah

et al., 2014; Iserman et al., 2020). In general, longer RNAs are more effectively recruited into

granules, but biases toward certain sequence or structure motifs heavily depend on the RBP

recognizing the RNA molecule and other polymers in the cell (Khong et al., 2017; Hallegger et

al., 2021; Rhine et al., 2022a). Repetitive RNAs may also contribute to granule formation

independently of proteins by undergoing self-associations like those found in G-quadruplexes

(Boeynaems et al., 2019).

Aside from promoting granule formation, RNA also alters the viscoelastic properties of

granules (Roden and Gladfelter, 2021; Laghmach et al., 2022). As mentioned above, RNA
promotes RBP multimerization by acting as a scaffold to which proteins may bind (Schwartz et

al., 2013; Rhine et al., 2020a). Scaffolds naturally stabilize the resulting condensate (Decker et

al., 2022; Sanchez-Burgos et al., 2022), which can accelerate coarsening into solid- or gel-like

material states (Bose et al., 2022). In addition, the physical interaction between RNA and its

cognate proteins may lead to conformational rearrangements in the protein that shield certain

domains, inhibiting efficient dissolution by chaperones that resolve granules (Yoshizawa et al.,

2018). Finally, mutations in RBPs can further promote solid-like transitions (Zhu et al.

2014; Niaki et al., 2020). Indeed, many mutations identified in ALS affect RBPs containing
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IDRSs, including FUS, TDP-43, hnRNPAL1, and others (Sreedharan et al., 2008; Vance et al.,

2009; Kim et al., 2013). RNA promotes condensation of all these proteins, indirectly supporting

an aberrant material state transition consistent with inclusions found in neurodegeneration
patients.

Therefore, RNA has a critical role in establishing the biophysical properties of
condensates. Given the vast number of biological processes that require RNA, sequestration of
RNA into disease-associated granules is an inherently perturbative outcome that destabilizes

cellular homeostasis and eventually promotes cell death (Pushpalatha et al., 2022). In the

following sections, | review the various regulatory and biophysical processes that contribute to
RNA granule aging, especially in the context of neurodegeneration as persistent RNA granules
disrupt cellular homeostasis. I also present various techniques that may be used to further our
understanding of how RNA impacts granule maturation.
Turnover of stress granules in health and disease

The normal life cycle of a stress granule involves rapid formation and quick dissolution
regulated by several mechanisms. Upon different stress conditions, multiple pathways including
inhibition of mTOR, phosphorylation of elF2a and disruption of elF4F complex induce SG

formation (Harding et al., 2000; Gilks et al., 2004; Thedieck et al., 2013). All three pathways

converge to stall and disassemble polysomes, which is arguably the common trigger of SG

formation (Buchan and Parker, 2009). When SGs form, RBPs and mRNA molecules play a

major role. Two RBPs, in particular, have been thoroughly studied for the assembly of
cytoplasmic SG: T-cell intracellular antigen 1 (TIA-1) and Ras-GTPase-activating protein SH3-

domain-binding protein 1 (G3BP1) (Tourriere et al., 2003; Gilks et al., 2004). G3BP1 and its

homolog G3BP2 are the core components of stress granules (Figure 1), which undergo RNA-


https://www.frontiersin.org/journals/molecular-biosciences/articles/10.3389/fmolb.2022.991641/full#B106
https://www.frontiersin.org/journals/molecular-biosciences/articles/10.3389/fmolb.2022.991641/full#B113
https://www.frontiersin.org/journals/molecular-biosciences/articles/10.3389/fmolb.2022.991641/full#B113
https://www.frontiersin.org/journals/molecular-biosciences/articles/10.3389/fmolb.2022.991641/full#B55
https://www.frontiersin.org/journals/molecular-biosciences/articles/10.3389/fmolb.2022.991641/full#B89
https://www.frontiersin.org/journals/molecular-biosciences/articles/10.3389/fmolb.2022.991641/full#B40
https://www.frontiersin.org/journals/molecular-biosciences/articles/10.3389/fmolb.2022.991641/full#B32
https://www.frontiersin.org/journals/molecular-biosciences/articles/10.3389/fmolb.2022.991641/full#B107
https://www.frontiersin.org/journals/molecular-biosciences/articles/10.3389/fmolb.2022.991641/full#B13
https://www.frontiersin.org/journals/molecular-biosciences/articles/10.3389/fmolb.2022.991641/full#B108
https://www.frontiersin.org/journals/molecular-biosciences/articles/10.3389/fmolb.2022.991641/full#B32
https://www.frontiersin.org/journals/molecular-biosciences/articles/10.3389/fmolb.2022.991641/full#F1

dependent LLPS by sequestering free RNA to generate protein-RNA condensates (Guillen-

Boixet et al., 2020; Yang et al., 2020). G3BP1 can also interact with many IDR-containing

RBPs, including Caprin-1 and TIA-1, and both promote G3BP1/2-mediated LLPS (Guillen-

Boixet et al., 2020; Yang et al., 2020). The size and liquid properties of RNA-protein

condensates in cells are affected by RNA recruitment (Garcia-Jove Navarro et al., 2019; Roden

and Gladfelter, 2021). Furthermore, the availability of RNA-RNA assemblies is important for

granule assembly in vitro (Van Treeck et al., 2018). Trcek et al. demonstrated

in Drosophila germ cells that different mMRNA features govern mRNA localization to granules
and self-assembly within granules; they noted that localization is encoded by specific RNA

regions, whereas self-assembly is RNA sequence-independent (Trcek et al., 2020).

Canonical RNA turnover in SGs occurs in a stepwise manner (Wheeler et al., 2016).

First, translation is slowed during stress, and polysomes release their respective messenger
ribonucleoproteins (MRNPSs). The free mRNP particles oligomerize via protein-protein, protein—
RNA, or RNA-RNA interactions. When more RNAs enter the non-translating pool, oligomers

form stable core assemblies (Decker et al., 2022). As a result of fusion and mRNP recruitment, a

mature SG with a distinct core-shell substructure is generated. Even mature SGs (especially the

“shell”) are still in dynamic equilibrium, exchanging materials with polysomes and P bodies

(Wheeler et al., 2016). It is worth noting that a recent super-resolution imaging study showcased
comparable translation efficiency of their reporter in SGs over outside of SGs, suggesting that
the SG environment is not inhibitory to translation and that global translation inhibition in
response to stress is more likely to be upstream of rather than the consequence of SG formation

(Mateju et al., 2020). SGs begin to break down via shell loss followed by core dispersal, and

MRNPs re-enter translation. Translationally-stalled mRNAs are titrated out of SGs, producing
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structural instability in the protein complexes and eventually gradual deconstruction of the

visible SGs (Wheeler et al., 2016). Several lines of evidence have shown that RNA can mitigate

excessive protein-protein interactions, which lead to pathological aggregates seen in a variety of

neurodegenerative disorders (Maharana et al., 2018; Mann et al., 2019; Zacco et al., 2019),

emphasizing the critical balance between protein-protein, RNA—protein, and RNA-RNA
interactions required for proper SG assembly and disassembly. Post-translational modifications
also play a critical role in SG disassembly, Maxwell et al. revealed an important function of heat-
induced polyubiquitylation, which is instrumental in preparing cells for the restart of cellular

activities upon stress release (Maxwell et al., 2021). Furthermore, the SG scaffold protein

G3BP1 is a key substrate for polyubiquitin-dependent disassembly of heat-induced SGs (Gwon

et al., 2021). One crucial mechanism in this recovery phase is the restart of translation, which is

accompanied by the ubiquitin-dependent disassembly of SGs (Maxwell et al., 2021). Lastly,

increased recruitment of small ubiquitin-like modifier ligases into the SGs is observed upon
stress exposure leading to SUMOylation of proteins necessary for SG disassembly (Marmor-

Kollet et al., 2020).

RNA helicases also have a major role in RNA granule dynamics and could contribute to

the interconnection between mRNA storage, translation, and decay (Hondele et al., 2019; Weis

and Hondele, 2022). Recent work shows that assembly and disassembly of RNA granules are
monitored by DEAD-Box helicase 6 (DDX®6), an essential P body component, in neuronal

maturation both in vitro and in vivo (Bauer et al., 2022). ATP, which is consumed by RNA

helicases, is required for the fast construction, remodeling, and disassembly of stress granule

components (Wolozin and lvanov, 2019). Furthermore, DDX6 granule condensation requires

Staufen-2-dependent RNA interaction during synaptic inhibition. This is most likely owing to
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Stau2’s participation in mRNA transport and redistribution (Bauer et al., 2022). In addition,

recent work has shown that sex chromosome-encoded RNA helicases such as DDX3X and
DDXA3Y influence the formation of RNA granules in an ATP-independent manner but have

different LLPS propensities (Shen H. et al., 2022).

Nuclear import of granule-associated proteins is another important layer of SG regulation

(Guo et al., 2018), and defects in nucleocytoplasmic transport are a significant pathogenic factor

in ALS (Zhang et al., 2015; Gleixner et al., 2022). Cytoplasmic protein clumps, which are

frequently observed in many neurodegenerative illnesses, impair nucleocytoplasmic transport,
implying that abnormalities in nucleocytoplasmic transport might constitute a general cause of

neurodegeneration (Hutten and Dormann, 2020; Gonzalez et al., 2021; Odeh et al., 2022).

Critical nucleocytoplasmic transport components such as karyopherins (importins and exportins),
Ran GTPase, and nucleoporins translocate to stress granules in response to cellular stress,

resulting in inefficient nucleocytoplasmic transport (Zhang et al., 2018). Importantly, in

C90RF72 ALS models, blocking stress granule construction decreases these abnormalities as

well as neurodegeneration (Zhang et al., 2018). These discoveries linked two pathophysiological

processes, stress granule construction and nucleocytoplasmic transport disruption, into a single
pathway that leads to pathogenesis. Thus, an intriguing issue of the present work is analyzing
how changes to essential stress granule components or remodeling machinery affect the various
phases of this assembly and disassembly process.
RNA promotes the maturation of granules to solid-like material states

Following granule formation, the cell has a variety of mechanisms to promote dissolution
of granules, including posttranslational modifications that signal for turnover of critical RBPs,

expression of chaperones that recognize granule proteins, and helicase activity that ejects RBPs
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from RNA (Guo et al., 2018; Hondele et al., 2019; Maxwell et al., 2021). However, complete

resolution of RNA granules may not be possible if the granule has coarsened into a solid- or gel-
like state (Figure 1). Many in vitro studies demonstrate the effect of aging, but there are two
separate biophysical processes through which a granule may achieve a solid- or gel-like state. A
recent study by Jawerth et al. proposed that condensates do not become gels per se and instead
behave as a Maxwell fluid with strongly increasing viscosity as a function of condensate age

(Jawerth et al., 2020). Other studies indicate that RBPs bound to RNA may undergo dynamical

arrest via percolation, halting exchange with the surrounding dilute phase (Harmon et al.

2017; Rhine et al., 2020a; Choi et al., 2020; Bose et al., 2022: Linsenmeier et al., 2022; Mittag

and Pappu, 2022). Granules may also partially transition to gels, as was observed with the RBP

FUS (Shen Y. et al., 2022). In principle, these mechanisms likely arrive at the same outcome: an

RNA granule that is resistant to dissolution because of a change in its material properties.
Many neurodegenerative diseases are linked to the formation of fibrils or solid-like inclusions

(Kim et al., 2013; Nomura et al., 2014; Bowden and Dormann, 2016; French et al., 2019), which

have similar material properties to aged RNA-containing SGs (Zhu et al., 2014; Patel et al.,

2015; Murray et al., 2017; Fonda et al., 2021). Proteins associated with ALS (FUS, TDP-43,

hnRNPAI, etc.), Alzheimer’s (Tau), and Parkinson’s (a-synuclein) undergo both LLPS and

aggregation into fibers (Gotz et al., 2001; Roberson et al., 2007; Sreedharan et al., 2008; Vance

et al., 2009; Kim et al., 2013; Wegmann et al., 2018; Ray et al., 2020). Although fibers are

thought to be the causative agent of disease, certain ALS-associated RBPs incorporate into

liquid-like stress granules (Bentmann et al., 2012; Markmiller et al., 2018; Reber et al., 2021; An

et al., 2022). ALS-linked mutations in these RBPs accelerate the granule aging process or inhibit

recognition by protein chaperones (Guo et al., 2018; Hofweber et al., 2018; Niaki et al., 2020).
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Aged RNA granules can be deleterious on their own by stalling translation via RNA

sequestration and by preventing cellular recovery from stress (Reineke and Neilson,

2019; Pushpalatha et al., 2022). Disease-linked mutations cause some proteins like TDP-43 to

bypass the liquid phase altogether, forming aggregates or fibrils at physiological concentrations

(Patel et al., 2015; Cao et al., 2019; Mathieu et al., 2020). In these cases, LLPS may act as a

protective agent to prevent or decelerate deleterious solid- or gel-like transitions.

Recent evidence highlights the role of RNA in promoting the transition of granules to solid-like
material states. The most common genetic cause of ALS—a repeat expansion of the COORF72
locus—Ieads to the expression of the highly toxic (GGGGCC)n RNA motif and translation of

repetitive dipeptide chains, especially poly-RG and poly-PR (DeJesus-Hernandez et al., 2011).

Importantly, this RNA repeat engages in multivalent base pairing, promoting granules that

transition into a gel-like state (Jain and Vale, 2017). Other disease-associated RNA repeats also

impact granule aging in vitro (Ma et al., 2022), and the self-association of G-rich RNA forms

solid-like fibers (Boeynaems et al., 2019). Normal mRNA sequences may also contribute to

RNA self-assembly or gelation, as has been observed in worms and flies (Lee et al., 2020; Trcek

et al., 2020). It is possible that P-body-associated RNA helicases are required for proper

resolution of multivalent RNA tangles (Hondele et al., 2019; Majerciak et al., 2021; Linsenmeier

et al., 2022), which can age condensates into gels. Together, these studies demonstrate that RNA

can promote solid- or gel-like transitions in RNA granules, and sequencing-based technologies
like CLIP-seq and others may help identify changes in RNA biology during disease (Van

Nostrand et al., 2016; Hallegger et al., 2021; Wollny et al., 2022) (Table 1.1). Although we do

not yet know how exactly aged RNA granules and fibers lead to cell death, the next section will

discuss how the persistence of aged granules and fibers may disrupt cellular homeostasis.
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Persistent granules disrupt cellular homeostasis and could potentially serve as therapeutic
targets

The persistence of RNA granules may disrupt cellular homeostasis through multiple
mechanisms, including posing as a cytotoxic stimulus, sequestering proteins important for
maintaining cellular homeostasis, and altering SG assembly and disassembly (Figure 1). In

Alzheimer’s disease, amyloid-beta aggregates stimulate persistent SGs (Ghosh and Geahlen,

2015), and SG assembly promotes the phosphorylation of tau (Vanderweyde et al., 2012),

potentially accelerating the onset of neurodegeneration. In the case of multiple polyglutamine
(polyQ) diseases like Huntington’s, the polyQ aggregates could trigger various types of stresses

(Labbadia and Morimoto, 2013; Matos et al., 2019), including misfolded protein stress. The

polyQ aggregates also sequester SG components (Uchihara et al., 2001; Furukawa et al.,

2009; Sleigh et al., 2020), leading to aberrant SG composition. These SGs contain misfolded

proteins, further sequestering components of autophagy (Mateju et al., 2017). As one of the SG

clearance pathways (Ryu et al., 2014), impaired autophagy could in turn disrupt the disassembly

of SGs. In ALS, SGs colocalize with TDP-43 and poly-GR aggregates (Liu-Yesucevitz et al.,

2010; Chew et al., 2019), and chronic SGs could directly contribute to ALS onset (Daigle et al.,

2016; Zhang et al., 2019). The poly-PR aggregates could directly interact with ribosomes and

impair protein translation (Zhang et al., 2018). Global splicing and RNA localization may also be
altered due to the sequestration of important regulators in these cellular processes (Charizanis et

al., 2012; Markmiller et al., 2021).

The unique formation of persistent granules in these neurodegenerative diseases enables
the development of new strategies for therapeutic treatment. antisense oligonucleotides and

RNA-targeting CRISPR have been demonstrated to eliminate toxic RNA granules (Lee et al.,
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2012; Batra et al., 2017) when particular RNAs are known to form these granules. Small

molecule drugs could potentially be developed to target specific proteins responsible for the
assembly or preventing disassembly of persistent granules. More efforts are needed to better
depict the components of these granules under different disease conditions (Table 1). Meanwhile,
explorative drug screens could be performed to repurpose existing drugs for resolving persistent

granules in different disease contexts (Fang et al., 2019).

Technologies for investigating RNA granules

Pioneering research has laid the groundwork for our present understanding of RNA
granules in neurodegenerative disease, expanding our understanding of the fundamental
mechanisms of granule assembly and disassembly, as well as their composition and structural
organization. However, there remains many gaps in the field. To conclude, we review new
methods to aid our understanding of RNA granules (Table 1.1).

Over the past decades, there have been a variety of different approaches and methods to
characterize and identify different stress granule components and functions (Table 1.1). A
starting point of analysis for any granule-associated client protein is to identify its components
with imaging technology. Initially many components of stress granules were identified using
specific antibodies via immunofluorescence or immunohistochemistry. These imaging-based
experiments detected several different types of stress granule components, including RBPs and
translation machinery components. Recent advances in microscopy enable robust live-cell
imaging of diffusing granule proteins, providing biophysical data of granule material properties.
Fluorescence in situ hybridization and the MS2 tagging system can be used for fixed and live

tracking of RNAs (Le et al., 2022).
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Alternatively, omics-based techniques identify components of the proteome and
transcriptome of RNA granules. Previously published work from our lab used ascorbate
peroxidase (APEX2) proximity labeling to identify components of SGs in human cells

(Markmiller et al., 2018). APEX can also be repurposed to pull down RNAs instead of proteins

(Padron et al., 2019). Other techniques such as BiolD provide similarly robust datasets of the

granule proteome (Youn et al., 2018). We have also pioneered enhanced CLIP technologies,

which identify bound RNAs in granules (Van Nostrand et al., 2016; Corley et al., 2020; Blue et

al., 2022). Coupling these technologies with different biological conditions can identify stress-

responsive changes in granule components, including shifts that are precursors to

neurodegeneration (Markmiller et al., 2021).

Biochemical techniques allow the most robust characterization of granules properties and
even enable the purification of whole granules from cells. Matheny et al. compared two granule
isolation methods, and they demonstrated that more SG enrichment comes from differential

centrifugation and immunopurification (Matheny et al., 2019). The RNAs from purified granules

were similar to the RNAs found in the cellular granules confirmed with FISH. Biophysical
techniques such as FRAP and microrheology also identify the material properties of in

vitro and in vivo granules, which may help pinpoint the transition from a normal granule to a
disease-associated granule. Overall, the approaches discussed here give a wealth of information
for understanding stress granule production and disassembly, function, and regulation, which we
anticipate will be important for identifying how and why RNA granules transition into

neurodegeneration-linked fibers.
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Conclusion

Sequestering critical RBPs and RNA molecules into granules is an inherently risky
maneuver for cells. If a cell does not pause translation, splicing, and other energetically
expensive processes, it may not survive the stress event. However, if the stress response persists
for too long, the cell may permanently entangle essential machinery for translation, splicing, and
other processes into granules. As | discussed above, persistent granules may undergo a phase
transition into nondynamic, solid- or gel-like structure, which is a hallmark of neurodegenerative
diseases. Therefore, it is necessary to better understand how and why RNA granules mature into
nonresolvable aggregates so that we can develop appropriate remedies to counteract deleterious

phase transitions.
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TABLE 1.1. Imaging, sequencing, and biochemical methods for studying RNA granules.

Method Approach Advantage Disadvantage References
Imaging Immunofluorescence/ Colocalization with granule Technically Low throughput, requires Irgen-Gioro et al. (2022)
techniques tagging with fluorescent markers straightforward; prior knowledge of granule

protein quantitative measurement  proteins, use of fixatives may

of partition coefficients alter granule properties

Single particle/molecule Substoichiometric labeling of Compatible with IF/tagging  Requires super resolution (Li et al,, 2016;

tracking (SPT/SMT) proteins with photostable methods above; live imaging, labeling; may Horvathova et al., 2017;
fluorophores for single-particle  imaging under various disrupt the localization of Mateju et al., 2020; Moon
tracking in vivo conditions the original transcripts or et al., 2020)

proteins

RNA-fluorescence in situ Hybridization-based method to ~ Compatible with IF, Costly, require prior (Ivanov et al., 2011; Zurla

hybridization (FISH)/ label RNAs with fluorescent quantitative, feasible to knowledge, use of fixative et al,, 2011; Khong et al,,

Single-molecule FISH probes multiplex may alter granule properties  2017)

(smFISH)

Omics APEX proximity labeling APEX2 protein fusion labels Creates a snapshot of Partitioning and diffusion of ~ (Markmiller et al., 2018;
techniques (APEX2) nearby proteins and RNAs when  proteins and RNAs in proteins within stress Padron et al., 2019;
biotin-phenol and hydrogen proximity to a protein of  granules increases noise and  Elmsaouri et al., 2022)
peroxide are added interest (suitable for background
studying dynamics)

Bio-ID/TurbolD BirA mutant fused to protein of ~Accumulated labeling ina  Partitioning and dynamics (Roux et al., 2012; Kim
interest biotinylate the proteins  period of time (also suitable  of proteins within stress et al., 2016; Youn et al,,
in close proximity in living cells  for transitory interactors) granules increases noise and  2018)

background, cannot
label RNA

CLIP-Seq Immunoprecipitation of Allow base-resolution Requires IP-grade antibodies ~ (Niranjanakumari et al,,
crosslinked RBP-RNA identification of RBP 2002; Van Nostrand
interactions; sequencing of RNA  binding sites on target et al,, 2016; Benhalevy
molecules with Illumina RNAs, compatible with et al, 2018)
methodology or equivalent proximity labeling

(Proximity-CLIP)
Biochemical/ RNP granule purification Fractionation of RNP granules ~ Compatible with various Loses weakly associated Matheny et al. (2019)
biophysical by ultracentrifugation, followed  downstream analyses, proteins and RNAs in the
techniques by immunoprecipitation of including mass spec and “shell” of the granule

Fluorescence recovery after
photobleaching (FRAP)

Microrheology

granule markers

Intense photobleaching of
granules; tracking of
fluorescence recovery over time

Beads within granules are used to
determine the diffusion within
the condensate

RNA-Seq

Can help determine
viscoelastic properties of
granules

Determines the internal
diffusion coefficient, which
is used to calculate the
viscoelastic properties of
the granule
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Recovery may be due to
internal or external
diffusion, so the parameters
need to be decoupled;
bleaching laser apparatus
needed

Rheology is technically
difficult to establish in a cell

(Ganser and Myong,
2020; Rhine et al., 2022b)

Elbaum-Garfinkle et al.
(2015)



Chapter 1 Charged multivesicular body protein 7 (CHMP7) novel role in RBP biology

Amyotrophic lateral sclerosis (ALS) is a severe neurodegenerative disease characterized
by the progressive degeneration of both upper and lower motor neurons, resulting in the loss of

motor function, respiratory failure, and ultimately death (Wijesekera and Nigel Leigh, 2009;

Taylor et al., 2016). While the etiology of ALS remains multifaceted and poorly understood,

recent research has shed light on a new aspect of its pathogenesis.
Nucleoporins, essential components of the nuclear pore complex (NPC), have been observed to

be diminished in up to 90% of sporadic ALS (SALS) cases (Zhang et al., 2015; Coyne et al.,

2021; Hayes et al., 2020; D’Angelo et al.. 2009). Recent studies have identified that the

abnormal nuclear localization of charged multivesicular body protein 7 (CHMP7), a component

of the ESCRT-III degradation pathway, causes NPC injury (Coyne et al., 2021). This intriguing

discovery highlights the critical roles of CHMP7 and the NPC in ALS pathogenesis, prompting
further investigation into the regulatory mechanisms governing CHMP?7 localization and its
potential as a therapeutic target. In this study, we elucidate the intricate molecular pathways
linking nucleoporin deficiency to aberrant CHMP7 nuclear localization by identifying Survival
of Motor Neuron (SMN) complex dysfunction as an unexpected contributor to the onset and
progression of sporadic ALS.

In the cytoplasmic phase of small nuclear ribonucleoprotein particle (ShnRNP) biogenesis,

the SMN protein complex plays a critical role as an assembly factor (Yi et al., 2020). Its primary
function is to facilitate the efficient and specific binding of the heteroheptameric Sm complex to
a conserved binding site found on the spliceosomal U1, U2, U4, and U5 snRNAs. This intricate
process relies on the coordinated actions of various proteins within the SMN-Gemin protein

complex (Tang et al., 2016; Xu et al., 2016). The SMN-Gemin complex is a multiprotein
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assembly that comprises a minimum of eight core polypeptides and an additional seven substrate

polypeptides known as Sm/LSm proteins (Pillai et al., 2003; Meister et al., 2001). Together,

these proteins collaborate to orchestrate the precise assembly of SNnRNPs in the cytoplasm (Will

and Lihrmann, 2001). This assembly process involves the stepwise addition of Sm proteins to

SnRNA, culminating in the formation of functional SnRNPs that are integral to the splicing of
pre-messenger RNA (pre-mRNA\) in the nucleus of eukaryotic cells. SmD1, along with six other
SnRNP proteins (SmB, SmD2, SmD3, SmE, SmF, and SmG), forms a heptameric ring structure

crucial for the assembly of snRNPs, which surround U-rich snRNAs and play a pivotal role in

pre-mRNA splicing (Patel and Steitz, 2003). Depletion of SmD1 can disrupt the SM-SM
interaction, disrupting the formation of complex with SMN, and subsequently decreasing the

levels of U1, U2, U4, and U5 snRNPs (Mandelboim et al., 2003; Grimm et al. ,2013). These

findings underscore the essential role of Sm proteins in splicing, ShARNA maturation, and stability

(Massenet et al., 2002).

Dysregulation or mutations in the SMN complex have been associated with various
neurodegenerative diseases, such as spinal muscular atrophy (SMA), underscoring its

significance in both development and disease (Liu et al., 1997; Harada et al., 2002). Recent

investigations have further highlighted its relevance in the pathogenesis of ALS, especially in

sporadic cases (SALS) (Shukla and Parker, 2016). TDP-43 knockout mice (Shan et al., 2010),

and mutant SOD1 mice also exhibit Gemin deficiency (Gertz et al., 2012). Furthermore, Gemin

deficiency exacerbates cellular stress and degeneration in ALS (Shan et al., 2010; Tsuiji et al.,

2013). Building on this context, through an unbiased image-based CRISPR screen using the
CRaft-1D (CRISPR-based microRaft followed by guide RNA identification) workflow (Wheeler

et al., 2020), we have identified RNA processing proteins, particularly those integrated into the
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SMN-core complex, as critical regulators of CHMP7 subcellular localization. Confirming our
findings, depletion of core SMN complex components results in nuclear localization of CHMP7.
As previously established, Sm complex proteins and CHMP7 utilize the exportin protein XPO1

for active transport from the nucleus to the cytoplasm (Fornerod and Ohno, 2002; Vietri et al.,

2020). We demonstrate that CHMP?7 interacts with SMN complex proteins in motor neurons.
This interaction is mirrored at the RNA level, with CHMP7 binding to sSnRNAs and mRNAs
encoding constitutive and alternative splicing factors. We observe reduced expression of SmD1,
a core component of the SMN complex in sporadic ALS (SALS) iPSC-derived motor neurons

(MNs). As CHMP7 nuclear localization causes NPC injury (Coyne et al., 2021), leading to the

loss of nuclear TDP-43 and reduced levels of STMN2 protein (Krus et al., 2022; Melamed et al.,

2019; Klim et al., 2019), we show that restoration of SmD1 levels in SALS iPSC-MNs returns

CHMP7 to the cytoplasm, and corrects regulation of STMNZ2 protein. Collectively, our findings
suggest the existence of an early pathway involving dysregulation of the SMN core complex,
which drives the initial stages of sporadic ALS pathogenesis.
Image-based genome-wide CRISPR screen technology identifies modulators of CHMP7
nuclear localization.

To identify genes that modulate the subcellular localization of CHMP7, we employed the
CRaft-1D imaging-based screening and analysis workflow to evaluate a lentiviral library with

>12,000 sgRNAs targeting over 1,000 annotated RNA binding proteins (RBPs) (Wheeler et al.,

2020). Two HeLa cell-lines expressing an endogenously GFP tagged CHMP7 and stably
integrated GFP-CHMP7 were transduced with the lentivirus-packaged library at low multiplicity
of infection and sparsely seeded on Cell Microsystems CytoSort arrays, each containing 40,000

“microRafts” (100x100 pm). A total of 12 microRaft arrays seeded at 20% cell occupancy were
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imaged and 84 individual microRafts containing cells with nuclear localized CHMP7-GFP were
isolated using the CellRaft AIR System. Cells from candidate rafts were assigned a unique
barcode by targeted PCR of the sgRNA insert and pooled for NGS sequencing after gel
extraction and cleanup (Supplementary Figure 1A, 1B). For reference, we picked a
representative library containing the six pooled rafts and ran on the Agilent Tapestation for gel
extraction between 220-250 bp (Supplementary Figure 1C). The final DNA library was subjected
to sequencing on the Miseq (Illumina) platform and the identities of the sgRNAs were extracted
by the CRaft-1D software package (Figure 1A). The Model-based Analysis of Genome-wide

CRISPR-Cas9 Knockout (MAGeCK) algorithm (Li et al., 2014) was used to identify statistically

significantly enriched sgRNAs. We successfully identified 73 guides (from 84 rafts), 55
candidate genes (Figure 1B) of which some are involved in RNA processing steps such as in
RNA splicing (SNRPD1/SmD1, NOVA2) and mRNA translation (EIF2AK2, EIF4G2,

EIF2AK4) (Figure 1C, Supplementary Figure 1D).
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Figure 1.1: Image-based genome-wide CRISPR screen technologies identifies modulators of

CHMPT nuclear localization.

A. Schematic of the pooled experiment used in the proof-of-concept study. Cell culture
workflow for CRaft-1D. A CRISPR-Cas9 gRNA library was generated from an array of
SgRNA oligonucleotides cloned into the lentiCRISPR v2 backbone. HeLa cells were infected
at low multiplicity of infection (MOI .15) and cultured in bulk for 7 d after selection,
allowing lethal guides to drop out of the pool. A bulk infection of cells with a gRNA library
targeting over 1,000 annotated proteins (>12,000 sgRNAS) was performed, followed by
single cell plating on 12 microRaft arrays to screen genetic knockout clones for
mislocalization of CHMP7. Our gRNA library is the same design as those traditionally used
for pooled CRISPR screens and requires no library modifications, making this workflow
amenable to existing CRISPR gRNA libraries (Wheeler et al., 2020). Cells were plated on
microRaft arrays and grown at low density and a live DAPI stain was added to each raft.
Positive candidates, where GFP is in the nucleus and co-localizing with DAPI, were selected.
To sequence the sgRNA associated with CHMP7 mislocalization to the nucleus, we isolated
target colonies adhered to microRafts from the array. A motorized microneedle, fitted over
the microscope objective, was actuated to pierce the PDMS microarray substrate and
dislodge individual magnetic microRafts from the array. Released microRafts and their cargo
were collected with a magnetic wand into a strip tube containing a lysis buffer for a targeted
two-step PCR with in-line barcodes, followed by high-throughput sequencing.

B. Bar chart showing the total number of rafts picked (84), sequenced (73 with successfully
obtained PCR products), identified (55 using CRaft-1D), and proteins confirmed by siRNA
depletion (23). The pie chart represents the distribution of sgRNAs identified from each
isolated cell.

C. GO molecular function analysis of n =55 proteins identified that were depleted in the screen
as compared to input of total CRISPR screen candidates and total HeLa cell RNA-seq
(https://metascape.orq)
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Supplementary Figure 1.1: Example of Rafts selected, Library preparation, list of candidates

identified.

A. Example of positive rafts and negative control collected from microarray at 10x
magnification.

B. Dislodged rafts collected with a magnetized wand are placed into individual tubes for DNA
extraction and barcoded targeted PCR1 of the sgRNA insert.

C. Agarose gel of Pool PCR2 product for three representative libraries, each containing six
pooled microRafts. Gel extraction was used to isolate the product of interest (red box).

D. Table identifying 55 proteins obtained for both CRaft-I1D as described previously (Wheeler et
al., 2020) and MAGeCK (Li et al., 2014).
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RNA processing plays a pivotal role in governing the cellular localization of CHMP7.

Of the 55 genes, we prioritized 23 candidates which have appeared at least twice in the
screen and have roles in RNA splicing, implications in ALS biology and RNA export/transport.
We utilized XPO1, as a positive control that is known to facilitate the active export of CHMP7

from the nucleus (Vietri et al., 2020). While the precise details of CHMP7 nuclear localization

are still an active area of research in several cell types, it involves interactions with other proteins

and cellular structures involved in nucleocytoplasmic compartmentalization (Vietri et al., 2020;

Thaller et al., 2019; Baskerville et al., 2023). To confirm that knocking down candidate proteins

results in CHMP7 nuclear localization, we depleted each target in HeLa cells using two small
interfering RNAs (siRNAs). We observed over a 50% increase in CHMP7 nuclear localization
compared to non-targeting control for 13 targets (Supplementary Figure 2A). Where antibodies
were available, we confirmed a minimum of 80% protein reduction through western blot analysis
(Supplementary Figure 2B and 2C). We focused on eight candidates (NOVA2, DDX43,
TUBA1B, FAM120C, SNRPD1, DHX8, XPO4, XPO7) that had minimal or no change in
CHMPY protein levels, indicating that translocation of CHMP7 was not due to overall changes in
CHMP7 expression (Supplementary Figure 2D). Three of these candidates, XPO7, XPO4, and

DHXS8, are export factors known to mediate the nuclear export of proteins and RNA (Aksu et al.

2018; Xu et al., 2021; Felisberto-Rodrigues et al., 2019). However, SmD1 exhibited the highest
increase in CHMP7 nuclear localization, reaching 98% (Supplementary Figure 2A). SmD1 is a

component of the Sm-class small nuclear ribonucleoproteins (SnRNPs) and is critical for the

assembly of U4 snRNP (Weber et al., 2010), and has no prior reported interactions with CHMP7.

Following the confirmation of knockdown (KD) for DHX8, XPO7, and SmD1 by western blot
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analysis (Figure 2B-D), we assessed CHMP7 cytoplasmic and nuclear intensity in HelLa cells.
Immunofluorescence analysis of SiRNA-treated HeL a cells stained for CHMP7 demonstrated
heightened nuclear levels in comparison to cytoplasmic levels, signifying a notable increase in
CHMP7 nuclear localization (Figure 2E-G). This observed shift strongly suggests that the
depletion of our candidate RNA processing proteins significantly contributes to the modulation

of CHMP7's subcellular distribution.
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Figure 1.2: RNA processing plays a pivotal role in governing the cellular localization of
CHMPT7.

A. Representative images validation after protein depletion by siRNA of XPO7, DHX8, SmD1.
HeLa cells stained with DAPI-Blue, Phalloidin (Actin filaments)-Green, CHMP7-Magenta.
Scale bar, 50 um.

B-D. Western blot validation of target protein depletion by siRNA of SmD1, DHX8,

XPO7 alongside NTC.

E-G. Quantification of image intensity of cytoplasmic CHMP7 and nuclear CHMP7 in HelLa
cells £ S.D. n = 3 wells. (4 images per well = total ~800 cells) normalized to NTC represents the
y-axis as logl0(normalized intensity). The data were presented as the mean = SD of three
independent experiments. The significance was analyzed by the student’s t-test. ****P <(0.0001.
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Supplementary Figure 1.2: siRNA validation of 23 candidates in HelLa cells.

A. SiRNA depletion of target proteins in bulk cells with 2 sSiRNA per target. CHMP7 Nuclear
intensity /number of DAPI was normalized to NTC for each experiment. Proteins are
organized by the RNA-life cycle. Cut off 50% implemented with targets that caused more
than 50% of cells to have positively higher intensity of nuclear CHMP7 relative to NTC in 3
biological replicates data presented as the mean = SEM.

B. Western Blot validation of top candidates via sSiRNA compared to NTC.

C. Confirmation of sSiRNA KD of 80% of target proteins (n=2).

D. Quantification of CHMP?7 protein level with sSiRNA. N.S-not significant (n=2).
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CHMP7 interacts with the SMN snRNP assembly complex.
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To investigate whether CHMP7 interacts with our candidate proteins in an RNA-
dependent manner, we immunoprecipitated (IP) endogenous CHMP7 protein complexes from
IPSC-derived differentiated motor neurons at day 28 with or without RNase treatment, followed
by mass spectrometry analysis (Figure 3A). We identified 379 enriched proteins in CHMP7-IP
samples relative to an IgG control in the untreated condition (p-value<0.01 and greater than 2-
fold difference; Figure 3B). CRaft-ID candidates SNRPD1/SmD1, EIF2AK2, RRP1, and GAR1
were identified as interactors of CHMP?7 in the untreated samples, with two additional candidates
EIF4G2 and XPO7 found as enriched under a less stringent p-value cutoff of 0.05 (Figure 3B).
Following treatment with RNase, we observed an 75% reduction in the total number of enriched
interactions, suggesting that CHMP7’s protein-protein interactome is largely RNA-mediated
(Figure 3C). In untreated conditions, the interacting proteins displayed an enrichment for RNA
processing factors, such as RNA transport, splicing modulators, translation regulatory proteins,
snRNPs, and RNA helicases (Figure 3D). In RNase-treated samples, this network shifted
towards the SUMOylation of DNA methylation, glycogen synthesis and degradation, actin
cytoskeleton organization, and glycogen metabolic process unrelated to RNA metabolism
(Figure 3E). Despite CHMP7 being predominantly cytoplasmic, we identified both cytoplasmic
and nuclear proteins, as well as those known to shuttle between the nucleus and cytoplasm,
suggesting a functional role for CHMP?7 in both cellular compartments consistent with prior

reports (Chu et al., 2023; Webster et al., 2014; Webster et al., 2016; Gu et al., 2017; Olmos et al.,

2016). We further performed cluster analysis to characterize molecular functions for the CHMP7
interacting proteins in untreated samples. Our analysis identified several candidates within the

SMN complex, which itself is critical for biogenesis of spliceosomal snRNPs (Liu and Dreyfuss,

1996; Massenet et al., 2002), as well as within mRNA transport and RNA processing
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machineries (Figure 3F). Upon closer examination of CHMP7 RNA-mediated interactions, we
observed its close association with Gemin proteins and SmD proteins, all integral components of
the sSnRNP assembly pathway (Figure 3G). Indeed, our analysis revealed a larger number of
interactions with the components of the SMN complex compared to Nups (Figure 3G). Given
that the biogenesis of spliceosomal snRNPs involves multiple steps in both nuclear and
cytoplasmic phases, our results suggest that CHMP7 and SMN could be involved in a

coordinated regulation of these RNA-related processes.
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Figure 1.3: CHMP7 interacts with SMN complex proteins responsible for sSnRNP assembly in

motor neurons.

A. Schematic of IP-MS workflow to identify CHMP7 protein-protein interactions with/without
RNase treatment.

B-C. Proteins significantly enriched in CHMP7 IPs compared to RNase treatment matched 19G

IPs. Volcano plots showing the log2 of the fold change (x-axis) vs the -log10 of p-values

(unpaired Student’s t-Test). All peptides and proteins were thresholded at a 1% false discovery

rate (FDR). Proteins with p-values < 0.01 and FC > 2 are labeled as interactors.

D-E. The log10 of the p-value for the significance of enrichment is plotted for each GO term.

Background of all the proteins in IPs was implemented in GO term analysis.

F. Complex network analysis was performed for CHMP7 interaction across all GO term
pathways obtained with MCODE algorithm to find densely connected protein neighborhoods
in the network. The biological roles of each component are annotated.

G. RNA-mediated interaction network for CHMP7 interactors SnRNP assembly proteins
(SMD1-3), GEM, and nuclear pore complex proteins. Nodes are colored based on k-means
clustering and edge confidence; high (0.700), highest (0.900), medium (0.400) from String.
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CHMP7 binds to snRNAs and mRNA of splicing factors in human iPSC-motor neurons.
Given that 57% of CHMP7’s interacting proteins are annotated RBPs, we reasoned that
CHMPY7 itself has RNA-binding capabilities. We employed the deep-learning RBP classifier

HydRA (Jin et al., 2023) to identify potential RNA-binding associated domains (RBD) and low-

complexity regions (LCRs) across the CHMP7 protein sequence. HydRA’s occlusion map
analysis indicates that CHMP7 has predicted RNA binding regions at 126-174 and 206-226
amino acids (AAs) (p<0.05), and at 141-166 AAs (p<0.001), proximal to the N-terminal of the

Snf7 domain (Figure 4A). We conducted enhanced crosslinking and immunoprecipitation

(eCLIP) analysis on CHMP7 in iPSC-MNs(Van Nostrand et al., 2016; Supplementary Figure
3A). Both CHMP7 IP replicates passed statistical thresholds to maximize the number of hits

(Supplementary Figure 3B) as specified by the SKIPPER workflow (Boyle et al., 2023), and had

high concordance between replicates (Supplementary Figure 3C). After processing all IPs
separately, we selected reproducibly enriched windows for both transcriptomic regions and
repetitive elements, satisfying a 20% false discovery rate cutoff (Supplementary Figure 3D).We
found that CHMP7 interacts with transcripts from protein-coding genes (Figure 4B), binding
primarily to CDS and 5' untranslated regions (5'UTR) (Figure 4C), suggesting that CHMP7
interacts with mature mRNAs in the cytoplasm, reminiscent of other RBPs that had CDS

preferences analyzed by ENCODE3 (Van Nostrand et al., 2020) (Figure 4D). We assessed the

motifs enriched within CHMP?7 enriched regions and found two statistically significant motifs,
namely CGG (p<10-%%) and UGG (p<10-) Supplementary Figure 3E).

To characterize the genes enriched for CHMP7 binding, we conducted a Gene Ontology
(GO) enrichment analysis, revealing significantly enriched terms "axon extension," "transport

along microtubule,” "synapse assembly,” "Splicesomal complex,” "U2 and U5 SNRNP," and
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"Dynein complex binding" (Figure 4E). To illustrate, we discovered CHMP7 binding to exonic
regions of MRNAs encoding splicing factors SF1 and PRPF40 (Supplementary Figure 3F).
These genes encode integral protein constituents of SnRNPs or are actively engaged in

alternative splicing through U1 or U2 (Makarov et al., 2012). We also observed binding to

SNRNP70 which enables U1 snRNA binding activity (Supplementary Figure 3F). CHMP7 also
exhibited enriched binding to noncoding RNAs such as miRNA, IncRNA and snRNAs such as
RNU1, RNU2, and RN7SK (Figures 4B, 4F and 4G). This direct binding establishes connections
to snRNA complex formation or regulation at the RNA level, complementing our protein-protein
interaction results. In summary, CHMP7 appears to interact with the RNAs of splicing factors

and snRNAs involved in snRNP formation and splicing.
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Figure 1.4: CHMP7 binds RNA, specifically RNA processing targets.

A.

Hydra analysis of CHMP7 RNA binding, CHMP7 Q8WUX9 IDR coordinates: 1-23, 224-
225, 256-257, 261-263, 266-270, 293-293, 296-296, 347-376. Low complexity coordinates:
12-21, 33-33, 67-69, 149-159, 180-180, 209-2089, 251-251, 253-254, 256-258, 260-281,
284-285, 287-287, 382-384, 386-392, sig peak regions (p<0.05): 126-174, 206-226, sig peak
regions (p<0.001): 141-166.

Pie chart of all enriched windows feature types.

Fold change in binding enrichment of CHMP7 after normalization to input in Day 28 motor
neurons. SKIPPER analysis was performed to achieve binding enrichment across all IPs
(Boyle et al., 2023).

Comparison of CHMP7 eCLIP to ENCODE3 eCLIP data. The clustering is based on
binding preferences to transcript types, feature types, and repetitive elements.

Significant Skipper Gene Ontology enrichments for CHMP?7 filled by log10 enrichment. The
top cellular component, biological process, and molecular function term.

Heatmap indicates the relative information for 17 elements and CHMP7 enriched binding
with one entry meeting a 0.5 relative information cutoff.

Example of sSnRNAs, (e.g. RNU2), related transcript non-coding binding between CHMP7
(dark gray) and matching input (gray). Similar pattern of binding among the two IPs.
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Supplementary Figure 1.3: CHMP7 quality control eCLIP analysis.

A. Antibody validation after cross-link and IP of CHMP7 in motor neurons with IgG control
obtained from Jess Simple Western System.

B. Threshold scan produced by SKIPPER pipeline of two-IPs.

C. Concordance between replicates.

D. Number of enriched windows and tested windows.

E. HOMER top significant CHMP7 RNA binding motifs.

F. IGV track of SNRNP70, SF1, PRPF40 with two inputs and two IPs.
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Chapter 2 Inhibition of RNA splicing triggers CHMP7 nuclear entry leading to onset of ALS
Abnormal nuclear accumulation of CHMP7 can initiate NPC injury and cause defects in
NCT, resulting in TDP-43 dysfunction and mislocalization in human ALS neurons (Coyne et al.,
2021). Recent studies have demonstrated that SUN1 mediated alterations to NPC permeability

barrier integrity facilitate increased nuclear influx of CHMP7 in SALS iPSNs (Baskerville et al.,

2023). However, the mechanisms and molecular players underlying regulation of CHMP7
subcellular distribution remain unknown and are of critical importance to our understanding of
early pathogenesis of ALS.

Here, we employed high-throughput imaging-based custom RNA binding protein-
focused CRISPR/Cas9-based knockout screening technologies utilizing microRaft arrays to
identify molecular regulators of CHMP7 nuclear localization. This screening approach identified
55 novel candidates influencing the subcellular distribution of CHMP7, many of which have
been previously implicated in RNA processing, translation, and splicing regulation. Our
subsequent investigations focused on the validation of 23 identified candidates, selected based on
their potential relevance to ALS pathogenesis and roles in RNA processing. These validation
experiments revealed that depletion of specific RNA processing proteins, including export
factors, helicases, and splicing proteins, led to a substantial increase in CHMP7 nuclear
localization. Notably, SNRPD1/SmD1 emerged as a primary candidate in controlling CHMP7's
subcellular localization, showcasing one pathway which can influence CHMP?7 translocation
specifically.

To explore the RNA-binding capabilities of CHMP7, we conducted a transcriptome-
wide analysis of its RNA substrates. Our findings revealed CHMP7's affinity for both ShRNAS

(RNU1 and RNU2) and RNAs that encode for protein-coding genes, particularly in exonic
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regions and the 5'UTR (Figure 1.4C, 1.4F-G). Although we did not observe direct binding of
CHMP7 to SmD1, we confirmed its interaction with sSnRNAs, specifically RNU1 and RNU2,
which are components of the U1 spliceosome. Interestingly, when CHMP7 abnormally localizes
to the nucleus in ALS iPSC-MNs, its binding profile shifts to intronic regions, suggesting an
interaction with pre-RNA likely due to its nuclear localization. Our discovery further
underscores the notion of pathway-level dysregulation in cellular RNA splicing processes as a
link to the progression in the context of ALS as previously have been reported (Lehmkuhl and

Zarnescu, 2018; Xue et al., 2020).

Impaired nuclear export of CHMP7 has consequences on RNA processing.
To investigate the potential impact of CHMP7's subcellular localization on RNA
metabolism, we obtained two mutants of CHMP7 from a previous study done on nuclear

envelope reformation and modified the plasmids with EF-1o promoter (Gatta et al., 2021).

Predictions suggested that two nuclear export sequences (NESs) in Helices 5 and 6 (Vietri et al.

2020; Thaller et al., 2019) regulate CHMP7's interaction with XPO1. To generate nuclear

localized CHMP7 cell models, we depleted CHMP7 in HelLa cells using siRNAs and transfected
GFP-tagged CHMP7 mutants: GFP-CHMP7, GFP-CHMP7-Helix6, and GFP-CHMP7-Helix5-
Helix6. As anticipated, while observing nuclear accumulation of CHMP7 with the Helix6
mutant, the Helix5-Helix6 mutant demonstrated clustering at the nuclear envelope and peripheral

ER instead as previously shown before (Figure 1A) (Gatta et al., 2021). We next performed

RNA-seq analysis on cells transfected with GFP-CHMP7-Helix6 relative to control GFP-
CHMPT7 to identify genes that are differentially expressed because of CHMP7 localization
(Figure 1B ). GO analysis of genes downregulated by CHMP7 nuclear localization were enriched

for cytoplasmic translation, RNA splicing, mitochondrial translation, spliceosomal complex
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assembly, and nuclear export. Upregulated genes were involved in metabolic processing (Figure
1C). Using rMATS turbo v4.1.2, we also identified a total of 1123 alternative splicing (AS)
events with an FDR < 0.05 between GFP-CHMP7-Helix6 vs GFP-CHMP7, of which 529 events
exhibited a change in percent-spliced-in () value of 10% or more (Figurel D). An analysis of
the genes with AS events highlighted "mRNA splicing" and "chromatin organization” as the
most highly represented GO terms (Supplementary Figure 1A). This indicates that nuclear

retained CHMP7 impacts crucial cellular processes related to RNA metabolism.

38



>

DAPI Merge

Downregulated Upregulated
u—IGFN1
/PTGSZ

CHMP7-GFP

' '
| |
| |
| |
l |
| |
| |
L}
/HI D ' !
IQ L | |
= ' |
(V] 1 1
T _ 10 | | /Duspa
~ Z’ C I\HI)H PLAC8 | '
o 3 cD it 1 | SOLERS
= 1 ,. ) ” ! ! b e |
T § CHMP7 rc:tm : 6\ o »
O /' ; . : #—CXCL8
5 e ”M( e I McTP2
@ ° osifeo, ' ' IER3-AS1
.-.. : :
© | |
é | |
Q | |
I )
~ |
Y e
= 3
5 Fold Change (Log,)
Alternativ licing Even
Glycoprotein metabolic process = . ternative Sp cing Events
175
Signaling by Receptor Tyrosine Kinases = .
150
Nuclear receptors meta pathway = .
Count 125
Focal adhesion PI3K Akt mTOR signaling pathway = © ® s
100 =
Laminin interactions = . . 5 100
@ 8
of RNA . 2 @ 75
50
Translation “e—) Regulation
Ui .
e 13 o N |
" =
RNA processing -sed)
A3SS AS5SS SE MXE RI
Splicing Event
Spliceosome () J
Nuclear export =@
0 25 50 75

-log 1o(pvalue)

Figure 2.1: Downregulation of RNA processing upon CHMP7 nuclear accumulation in HelLa

cells.

A. Immunofluorescence staining of GFP-CHMP7, GFP-CHMP7-helix6, GFP-CHMP7- helix5-
helix6 stained with DAPI in HeLa Cells. Scale bar, 50 um.

B. Volcano plot of GFP-CHMP7-Helix6 vs GFP-CHMP7. The p-value threshold of 0.05 and a
FC of 2 as a cutoff.

C. Gene Ontology of downregulated and upregulated transcripts.

D. Distribution of the number of alternative splicing events identified across each AS event type
filtered by FDR<0.05+|A¥|<0.1 (FDR) and FDR<0.05+|A¥|>0.1 (FDR+PSI).
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Supplementary Figure 2.1: Nuclear CHMP7 protein and RNA landscape profiling.
A. Metascape analysis and top GO terms associated with the aggregated genes having AS events
in GFP-CHMP7-Helix6.

B. co-IP of CHMP7, SMN, and SmD1 in control and SALS.

C. Fraction of genes that contained alternatively spliced exons between SALS/C90rf72 versus
control.

D. Metascape analysis and top GO terms associated with the aggregated genes having CHMP7
intron binding in SALS/c9orf72 ALS.
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Changes in both RNA binding profile and protein interactions in SALS iPSC models.
Next, we investigated whether there are differences in the protein interactors of CHMP7
in iPSC-derived differentiated motor neurons (MNSs) from sALS lines. We performed the IP of
CHMP7 and evaluated it for interacting SMN-complex proteins by western blot analysis. We
observed a slight reduction in SmD1 interaction with CHMP7 in SALS lines (Supplementary
Figure 1B). This observation led us to exploring transcriptome-wide CHMP7 protein-RNA
landscape in ALS iPSC models, where CHMP?7 is aberrantly localized within the nucleus. To
accomplish this, we generated MNs from iPSC lines from two healthy controls, two familial
ALS patients with G4C2 repeat expansions in the COORF72 locus and two SALS patients. To

identify CHMP7 RNA-binding in ALS, we conducted eCLIP analysis (Van Nostrand et al. 2016)

on each cell line using an antibody recognizing endogenous CHMP?7 protein, and quantified the
number of enriched transcriptomic regions bound by the protein. In healthy control iPSC-MNs,
we found a substantial enrichment in CDS and exons as we previously observed (Figure 2A,
Figure 1.4C). However, in both C9orf72 and SALS iPSC-MNs, we discovered a threefold
reduction in CHMP7 binding to CDS, coupled with an increase in binding to intronic regions
(Figure 2B-C). Upon performing cluster analysis, we observed that CHMP7 binding in C9orf72
and sALS iPSC-MNs clustered with RBPs that typically interacted with intronic regions and
splice sites (Figure 2D). By averaging across all transcripts using metadensity plots (Her et al.,
2022), we detected prevalent intronic region binding, most likely due to its nuclear localization,
by CHMP7 in both C90rf72 and sALS iPSC-MNs (Figure 2E). Concurrently, we saw a reduction
in 5’UTR binding in SALS iPSC-MNs compared to control lines (Figure 2F). Next, we analyzed
AS events from sALS and C9orf72 iPSC-MN compared to control RNA-seq datasets (Krach et

al., 2022). At a FDR <0.01, we identified 1038 AS events that exhibited a change of ¥ of more
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than 10% between ALS and control (Supplementary Figure 1C). We then tested the hypothesis
that there was an association between CHMP7 binding and AS-containing genes. Out of 49
genes with intronic CHMP?7 binding sites, 10 exhibited differential AS events. Among the
15,922 non-CHMP7-bound genes, 1,028 had significant events, confirming a statistically
significant association (p<0.00007; chi-square statistic of 15.69; Supplementary Figure 1C). The
49 genes with enriched intronic binding were associated with GO terms "Regulation of mMRNA
metabolic process,” "Positive regulation of ERK1 and ERK2 cascade," "Regulation of cellular
catabolic process,” "FCERI Mediated MAPK Activation," and "Apoptosis” (Supplementary
Figure 1D). Our findings indicate that the abnormal nuclear localization of CHMP7 in C9orf72
and SALS iPSC-MNs contributes to its increased interactions within pre-mRNA intronic regions,
likely affecting AS and other RNA processing events. Consequently, this aberrant localization

leads to decreased interactions with mature mRNASs.
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Figure 2.2: Alterations in CHMP7 protein and RNA landscape with a preference for RNA-
binding PPI and increased intronic transcript binding in ALS.
A-C. Number of enriched windows across control, C9orf72, SALs.
D. Skipper t-SNE query of CHMP7 binding in across control, C9orf72, sALs against ENCODE

eCLIP data colored by target preference.
E. Mean relative information around introns for CHMP7 control, C9orf72, and sALs in lines.

F. Mean relative information around 5°UTR for CHMP?7 in control and sALs lines.
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Overexpression of SmD1 is sufficient to restore subcellular distribution of CHMP7 in SALS
iPSC models.

Our experiments demonstrated that depletion of SmD1 led to abnormal nuclear
localization of CHMP7 in HeLa cells (Figure 1.2A, 1.2F). Previous studies have demonstrated
that SmD1 depletion blocks splicing at the initial step, resulting in decreased levels of U1, U2,

U4, and U5 (Mandelboim et al., 2003). Given these results, we investigated whether reducing

SmD1 levels would induce CHMP7 nuclear localization. After nucleofection with SmD1-
targeting siRNA in control iPSC-MNSs, we observed increases in nuclear intensity of CHMP7
(Figure 3A-3B). It has been described that the increased nuclear localization of CHMP?7 takes
place as an early event in ALS, occurring prior to the manifestation of NPC injury (Coyne et al.,
2020). Therefore, we determined whether SmD1 depletion could initiate NPC injury, presumably
following CHMP7 nuclear localization in control iPSC-MNs. We observed reductions in
POM121 and Nup133 upon SmD1 protein depletion (Supplementary Figure 2A-2B). We next
quantified the nuclear intensity of TDP-43 and observed a reduction in TDP-43
immunoreactivity upon SmD1 knockdown compared to non-targeting-control (NTC) (Figure 3A,
3C). Therefore, we conclude that reduction of SmD1 in iPSC-MNs is sufficient to trigger NPC
alterations that have previously been demonstrated to follow aberrant CHMP7 nuclear

localization (Coyne et al., 2021).This overall loss of Nups is thought to impact nuclear transport,

disrupt the function of Ran, and result in the loss of TDP-43 nuclear localization and aggregation

in the cytoplasm (Chou et al., 2018; Rothstein et al., 2023).

To assess the functional consequences of altered TDP-43 distribution, we probed for
changes in STMN2 cryptic exon splicing, which was recently found to be a prominent feature of

ALS in patients with TDP-43 pathology (Jo et al., 2020; Klim et al., 2019; Melamed et al.,
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2019). We performed quantitative reverse transcription polymerase chain reaction (RT-qPCR)
analysis to quantify full-length and truncated STMN2 mRNA species in the context of SmD1
knockdown. Our findings revealed a reduction in the total abundance of full-length STMN2
MRNA, accompanied by a corresponding increase in truncated STMN2 mRNA (Supplementary
Figure 2C-2D). Furthermore, to understand if SmD1 KD causes downstream consequences on
motor neuron health, we observed glutamate-induced excitotoxicity with SmD1 KD in control
iPSCs (Supplementary Figure 2F). Conversely, to investigate whether the restoration of SmD1
could influence STMNZ2 expression patterns, we demonstrate that overexpression of SmD1 led to
the restoration of STMN2 levels while concurrently reducing truncated STMN2 mRNA
abundance (Figure 3C-3D). Furthermore, we noted a substantial restoration of CHMP7
cytoplasmic localization following the increase in SmD1 levels, (Figure 3F-3G, Supplementary
Figure 2E).

Prior proteomics work in SALS patient tissue depicted that SMN protein is reduced, in

correlation with increased disease severity (Piao et al., 2011). This finding aligns with recent

research conducted on sALS spinal cord tissues, where laser capture microdissection and
proteomic analysis unveiled a striking decrease in the abundance of SMN core component SmD1

(Guise et al., 2023). Further supporting these observations, we observed a significant reduction

of SmMD1 mRNA levels in ALS (12 sALS and 8 C9ORF72) day 32 iPSC-MNs relative to
controls (Figure 3H). We had also noticed a reduction of NOVA2 and TAF15 expression, but not
DHX8 and XPO7 in these analyses (Supplementary Figure 3). Collectively, these data provide
compelling evidence that the core small nuclear ribonucleoprotein particle splicing factor SmD1

plays a pivotal role in modulating the nuclear localization of CHMP7.,
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Figure 2.3: Overexpression of SmD1 can sufficiently rescue CHMP7 cytoplasmic levels in

SALS.

A. Immunofluorescence of Day 28 IPSNs motor neurons with either NTC and SmD1 KD,
stained with CHMP7 and TDP-43. Showing CHMP7 nuclear localization in SmD1 KD and
reduction in nuclear TDP-43. Scale bars, 10 um.

B. Quantification of nuclear and cytoplasmic ratio of CHMP7 intensity in motor neurons. Total
of ~150 cells analyzed (n=3).

C. Quantification of nuclear TDP-43 levels with SmD1 KD compared to NTC total of ~50 cells
analyzed (n=3).

D. mRNA levels for SmD1 were analyzed in 12 SALS lines and 8 C9orf72 and normalized to
GAPDH and control samples.

E-F. Overexpression of scramble and SmD1 at day 32 in SALS lines, compared to control,

showing mMRNA levels for STMN2 and truncated STMN2 (n=5).

G. Immunofluorescence staining of neurons overexpressed with scramble and SmD1 constructs

in SALS at day 36, following SmD1 construct overexpression for 4 days. Neurons were stained

with CHMP7 (red), MAP2, and DAPI. Scale bars represent 10 pum.

H. Quantification of nuclear CHMP7 in neurons overexpressing SmD1 (n=3). The data are
presented as the mean = SD of three independent experiments. Significance was assessed
using Student’s t-test (*p < 0.05, ***p <0.001, ****p <0.0001).
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Supplementary Figure 2.2: Downregulation of SM supcore complex protein SmD1 initiates

CHMP7 nuclear influx localization and alteration in NPC proteins.

A. Nuclei isolated from NTC and SmD1 KD. Stained with NPC proteins POM121, NUP133,
NUP414.

B. Quantification of Nup spots of POM121, NUP 133, NUP414 (n=3).

C-D. gRT-PCR of STMN2 and truncated STMN2 in NTC and SmD1 KD. GAPDH was used for

normalization (n=4).

E. mRNA levels for SmD1 were analyzed in SALS lines at day 32 in culture, normalized to

GAPDH and control samples (n=5).

F. Quantification of nMol glutamate after exposure to (0 uM or 10uM) glutamate in control and

SmD1 KD iPSNs (n = 2). The data were presented as the mean + SD of different samples. The

significance was analyzed by the student’s t-test. * p <0.05, **P <0.01, ***P <0.001.
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Supplementary Figure 2.3: Candidate transcript quantification in SALS and C9orf72 lines.
A-D. gqRT-PCR of DHX8, XPO7, NOVA2, TAF15 in 7 SALS lines and 4 C9orf72. GAPDH was
used for normalization. The significance was analyzed by the student’s t-test. ns-not significant *
p <0.05, **P <0.01.
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Pharmacological inhibition of ShRNP assembly leads to CHMP7 nuclear localization.

As an alternative to the genetic depletion of SmD1 protein, we next determined whether
pharmacological inhibition of sSnRNP assembly would alter nuclear/cytoplasmic translocation
using live-cell imaging. Live-cell microscopy of GFP-CHMP7 and mCherry-TDP43 was
conducted in HeLa cells subjected to either mock treatment or treatment with a commercially
available SMN inhibitor at the same concentrations previously documented (2 hours at 200 pM;

Liu et al., 2022). Intriguingly, GFP-CHMP?7 rapidly localized to the nucleus following sSnRNP

inhibition (Figure 4A-4B). Over a 2-hour treatment period, CHMP7 coalesced at the nuclear
periphery, a phenomenon previously observed during the maintenance of nuclear envelope

homeostasis during cell division (Stoten and Carlton, 2018; Gu et al., 2017; Von Appen et al.,

2020). Endogenously, we performed the same experiment and observed a robust pattern of
nuclear influx of CHMP7 (Figure 4C, Supplementary Figure 4A) and changes in NPC barrier
function (Supplementary Figure 4B). As for TDP-43, we observed subtle changes in the nuclear
abundance of TDP-43 over the 2-hour period, with no significant translocation evident (Figure
4A). However, after a 24-hour treatment with the SMN inhibitor at 30 uM, we began to observe
endogenous TDP-43 translocating to the cytoplasm with IF (Supplementary Figure 4C-D). Our

findings build upon previous research (Coyne et al., 2021), supporting the interpretation that

cytoplasmic TDP-43 translocation follows the aberrant nuclear localization of CHMP7 and

associated nuclear pore injury (Figure 4D).
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Figure 2.4: Perturbation of SMN-Complex-Dependent snRNP assembly modulates CHMP7

nuclear influx localization and alters NPC proteins.

A. Live cell imaging of GFP-CHMP7 and TDP-43-mCherry with treatment of SMN inhibitors
at 0- and 120-minutes post SMN inhibitor treatment. Heatmap of fluorescent intensity ratio
of TDP-43 at 0 min and at 120 min. Scale bars, 20 um.

B. Time shows minutes (min); 0 min is just before SMN inhibitors. Error bars show + SD.
Nuclear GFP intensity, cells quantified, is ~12 used and averaged from three independent
experiments.

C. IF staining of CHMP7 (Green) and DAPI with DMSO or SMN-inhibitor in HeLa after 2-

hours (n =3). Scale bars, 100 pm.
D. Proposed mechanism of action.
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Supplementary Figure 2.4: Increased nuclear pore permeability with 24 hours SMN inhibition
and downstream TDP-43 cytoplasm mislocalization in HeLa cells.

A.

Quantification of cytoplasmic and nuclear CHMP7 image intensity in HeLa cells. Each data
point represents the mean + SD of three independent experiments, with n = 3 wells per
experiment. Approximately 150 cells were analyzed in total (4 images per well). The y-axis
displays log10(normalized intensity) relative to DMSO. Significance was determined using
the student’s t-test (****P <0.0001).

Test of NPC barrier function in assembled nuclei. After treatment with a 30um SMN
inhibitor and DMSO. Nuclei were isolated with a sucrose gradient and incubated with 70-
kDa dextran (Red). Intranuclear 70-kDa dextran indicated leakiness of the nuclear membrane
in treated cells. n = 3. Scale bars, 50 pm.

IF staining of TDP-43 (red) with DMSO or SMN-inhibitor in HeL a after 24- hours (n = 3).
Scale bars, 100 um.

Quantification of cytoplasmic and nuclear TDP-43 image intensity in HeLa cells. Each data
point represents the mean + SD of three independent experiments, with n = 3 wells per
experiment. Approximately 150 cells were analyzed in total (4 images per well). The y-axis
displays log10(normalized intensity) relative to DMSO. Significance was determined using
the student’s t-test (****P <(0.0001)
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