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Abstract

THE RNA EXOSOME: IMPLICATIONS FOR GENE EXPRESSION REGULATION AND
NEUROLOGICAL PATHOLOGY

By Julia Lannes de Amorim

The RNA exosome is a ten-subunit complex that mediates both RNA processing and degradation.
This complex is evolutionarily conserved and plays many roles in regulating gene expression and
protecting the genome, including modulating the accumulation of R-loops at sites of transcription.
The RNA exosome interacts with specific target RNAs for decay or processing via interacting
proteins termed cofactors. Although the RNA exosome complex is routinely referred to as
ubiquitously expressed, little is known about the tissue- or cell-specific expression of the RNA
exosome complex or any individual subunit. Recently, missense mutations in genes encoding
structural subunits of the RNA exosome have been linked to a variety of distinct neurological
diseases, many of them childhood neuronopathies with at least some degree of cerebellar atrophy.
Understanding how these missense mutations lead to the disparate clinical presentations that have
been reported for this class of diseases necessitates investigation of how these specific changes
alter cell-specific RNA exosome function. One possibility for how single amino acid changes
could cause neurological disease is that the RNA exosome partners with cell- or tissue-specific
protein cofactors. Here, we highlight recent studies that model pathogenic variants in RNA
exosome subunits. In this study, we leverage publicly available RNA-sequencing data to analyze
RNA exosome subunit transcript levels in healthy human tissues, focusing on those tissues that
are impacted in exosomopathy patients described in clinical reports. We additionally employed a
murine neuronal cell line (N2A) and performed immunoprecipitation of the RNA exosome
subunit, EXOSC3, followed by mass spectrometry to obtain a snapshot of the RNA exosome
interactome. We validated an interaction with DDX1, a putative RNA helicase. DDX1 plays roles
in double-strand break repair, TRNA processing, and RNA metabolism. To explore shared
functions of EXOSC3 and DDX1, we investigated the interaction after inducing DNA damage,
and performed DNA/RNA immunoprecipitation followed by sequencing (DRIP-Seq) and RNA-
seq on N2A cells depleted of either EXOSC3 or DDX1. These findings suggest that EXOSC3 and
DDX1 function together in the absence of DNA damage to modulate spontaneous events such as
RNA-DNA hybrid (R-loop) formation. Taken together, these analyses suggest that specific
subunits could play impactful roles that affect the RNA exosome complex in gene expression and
neurological pathology.
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Chapter 1: Introduction

Modeling Pathogenic Variants in the RNA Exosome

The following chapter has been published:

de Amorim J, Slavotinek A, Fasken MB, Corbett AH, Morton DJ. Modeling Pathogenic Variants
in the RNA Exosome. RNA Dis. 2020;7:€1166. PMID: 34676290; PMCID: PMC8528344.

Chapter 1 has been modified in this dissertation from the original publication to reflect novel

findings in the field.



The RNA exosome: a complex complex.

The genome is identical in all somatic cells and comprises thousands of genes, many of
which are expressed as RNA transcripts. This extensive primary transcriptome is converted into
functional RNAs, and each cell has specific transcriptomic requirements. To achieve this, RNAs
must be precisely processed and/or degraded at the appropriate time of development and in the
correct cell type to maintain cellular function. The RNA processing and degradation program in
cells involve numerus RNases and processing factors. A key cellular RNA processing/decay
machine is the RNA exosome. The RNA exosome is a 10-subunit complex responsible for
essential RNA processing/degradation in both the cytoplasm and the nucleus. The ribonuclease
activity of the RNA exosome is critical for both RNA quality control and precise processing of
key RNAs, including ribosomal RNA (rRNA) (1). As shown in Figure 1.1, the 10 subunits of this
complex are organized into a non-catalytic cap composed of three subunits (EXOSC1-3), a barrel-
shaped non-catalytic core composed of six subunits (EXOSC4-9), and one catalytic 3'-5'
exo/endoribonuclease subunit that sits at the base of the core (DIS3) (2-6). Most target RNAs are
threaded through the cap and the central channel of the barrel to reach DIS3 for processing and/or
degradation (7,8). The RNA exosome is evolutionarily conserved, and all subunits analyzed are
essential in any model organisms where studies have been performed (9-16).

Genes encoding subunits of the RNA exosome complex were initially discovered in a
genetic screen for rRNA processing mutants in budding yeast (1,17). Studies in S. cerevisiae
demonstrate that 1) each subunit is essential for survival, 2) the RNA exosome processes and
degrades target transcripts in a 3°-5’ orientation, and 3) conditional mutations in genes encoding
the RNA exosome subunits impair RNA metabolism (1,13,17,18). Early structures of the RNA

exosome from a number of organisms provided key insight into how this complex could both



process and decay RNA (19-21). Since then, a number of elegant structural and in vitro
biochemical studies have been employed to understand the many functions of this critical complex
(22,23).

The RNA exosome regulates/processes several classes of RNAs in different cellular
compartments (24-27). In the nucleolus, RNA exosome-mediated processing is essential for the
production of mature rRNA (24). Within the nucleus, this complex also processes and/or degrades
small nuclear RNAs (snRNAs), small nucleolar RNAs (snoRNAs), tRNAs, cryptic unstable
transcripts (CUTs) in yeast and promoter-upstream transcripts (PROMPTs) in mammals
(18,25,28-30). In the cytoplasm, key targets include normal mRNAs in the turnover pathway and
aberrant mRNA transcripts, such as those lacking a stop codon, in quality control pathways (31).
The RNA exosome also continues to trim rRNA for precise maturation in the cytoplasm (32). In
addition, the RNA exosome regulates the levels of a variety of different transcripts (2,24,25). To
recognize and process/degrade distinct targets, the RNA exosome interacts with cofactors, proteins
that associate with the complex (33). Several RNA exosome cofactors that serve as RNA helicases,
scaffolds, additional ribonucleases, and polyadenylases have been described (2,5-7,28,34-37).
Cofactors have been primarily characterized in budding yeast, but more recent studies have
identified mammalian cofactors (2,27,38,39), providing fundamental insights into RNA exosome

specificity for processing and decay of target RNAs.

Pathogenic missense variants in subunit genes of the RNA exosome are linked to disease.
Although the function of the RNA exosome is essential (17,40), a number of studies have
now identified mutations in genes encoding structural subunits of this complex linked to diverse

clinical presentations (Table 1.1). These diseases are termed exosomopathies (10). The initial



report linking RNA exosome genes to disease described several pathogenic variants in EXOSC3
that cause pontocerebellar hypoplasia type 1B (PCH1B) (16). Subsequent studies have linked
EXOSCI (41), EXOSC2 (42), EXOSC5 (43), EXOSCS8 (9), and EXOSC9 (10) to a variety of clinical
presentations (44).

Although clinical presentations of exosomopathies are variable, effects on the cerebellum
are a common feature. In several of the exosomopathies described to date, patients present with
developmental delay of the cerebellum (cerebellar hypoplasia or pontocerebellar hypoplasia
(PCH)) with progressive degeneration of the cerebellum. The cerebellar pathology is diverse and
is typically associated with additional clinical manifestations (44). Mutations in EXOSCI are
linked to PCHIF (41). Mutations in EXOSC3 give rise to PCH1B, a disease characterized by
atrophy of the cerebellum and the pons (16,45). EXOSCS8 mutations cause PCH1C, characterized
by hypomyelination with spinal muscular atrophy and cerebellar hypoplasia (9). EXOSC9
mutations give rise to PCHI1D, a spinal motor neuronopathy coupled with cerebellar atrophy
(10,46). While only a few patients with mutations in EXOSC5 have been described, these patients
also show cerebellar abnormality as a common clinical feature (47). In contrast to the other EXOSC
mutations, pathogenic variants in EXOSC2 only cause mild/borderline cerebellar atrophy and
patients present with short stature, hearing loss, retinitis pigmentosa, and distinctive facies
(denoted as SHRF) (42). Whether the cerebellar hypoplasia and atrophy observed in the
exosomopathies are part of a clinical spectrum that results from the same pathological process and
molecular mechanism or distinct manifestations is still unknown.

Many pathogenic mutations expressed in patients thus far result in single amino acid
substitutions. These substitutions often occur in conserved protein domains within the subunit

(Figure 1.1B). The three cap subunits, EXOSCI1, EXOSC2, and EXOSC3, contain conserved N-



termini and S1 RNA-binding domains. EXOSC2 and EXOSC3 contain an additional conserved
KH RNA-binding domain. Within the three cap subunits, single amino acid changes in patients
have been reported to occur in the N-terminal domains (44). The core subunits share a PH domain.
The three subunits that have thus far been linked to disease, EXOSC5, EXOSCS, and EXOSC9,
have all been reported to incur at least one single amino acid change (44). Despite these single
amino acid changes occurring in conserved protein domains, the clinical outcomes observed in
patients are diverse.

Little is understood about why these pathogenic missense variants in genes encoding
structural subunits of an essential complex that is ubiquitously expressed give rise to a broad range
of clinical presentations. All patients with exosomopathies described thus far have at least one
missense variant in an EXOSC gene (Table 1.1) (44). Some patients are homozygous for the same
missense variant, others are compound heterozygous for different missense variants, and some
patients have a missense variant inherited in trans to a deletion or loss-of-function variant. The
complete loss of the RNA exosome is lethal (9-16); therefore, the missense variants likely provide
residual RNA exosome function in all patients. These specific variants in different EXOSC genes
may underlie the disparate clinical presentations of patients. The pathogenic amino acid changes
(Figure 1.2A) could the integrity of the RNA exosome complex (Figure 1.2B), alter the functional
interactions with proteins (termed cofactors) (Figure 1.2C), ultimately affecting downstream RNA
targets (Figure 1.2D).

Studies to define the molecular mechanisms underlying pathology in exosomopathies have
used several approaches: 1) immortalized patient cells; 2) deletion or depletion of the affected
EXOSC subunit; and 3) modeling of the pathogenic missense variants in either model genetic

systems or cultured cells. Ultimately, understanding how defects in RNA exosome function



contribute to disease pathology will require studies investigating how the pathogenic amino acid
substitutions impact the function of the complex. At this time, in vivo studies that model missense
mutations to understand how disease-linked amino acid changes could alter RNA exosome
function have employed budding yeast and Drosophila melanogaster. Here, we highlight recent
studies that model pathogenic missense variants in EXOSC3 (11,12,14), EXOSC2 (48) and

EXOSCS5 (47).

EXOSC3 mutations impair RNA exosome function and organism viability.

Initial studies to explore the functional consequences of pathogenic variants in EXOSC3
employed the budding yeast model system (11,12). The first observation from these studies is that
pathogenic variants in EXOSC3 modeled in yeast did not severely impact yeast cell growth or
viability. This result is perhaps not surprising as each subunit of the RNA exosome is essential in
the systems where this has been tested (1,9-16,49). The presumption is that changes that
significantly impair the function of this essential complex, which might confer a significant growth
defect in yeast cells, may not be compatible with human development. Although severe growth
defects were not observed, both these studies showed that the yeast EXOSC3 variant corresponding
to EXOSC3 W238R (W195R in budding yeast EXOSC3) conferred a temperature-sensitive
growth defect when expressed as the sole copy of yeast EXOSC3 (11,12). Moreover, these cells
showed a significant impact on RNA processing and degradation mediated by the RNA exosome.
Yeast EXOSC3 variants corresponding to EXOSC3 G31A (G8A in yeast EXOSC3), G191C
(G148C in yeast EXOSC3), and W238R (W195R in yeast EXOSC3), showed impaired rRNA
processing with the most profound effects evident for the yeast W195R variant (11). Additionally,

misprocessing and accumulation of several RNA exosome targets, including CUTs and pre-



snRNA, occur in cells expressing the W195R variant as the sole copy of yeast EXOSC3 (12). In
contrast, no effect on cytoplasmic RNA exosome function was detected (12). The yeast model
studies thus indicate that the W195R variant impairs cell function and significantly affects RNA
processing, suggesting that the EXOSC3 W238R variant is deleterious. This allele has only been
identified in the compound heterozygous state in patients (16,45), raising the possibility that
EXOSC3 W238R may not confer sufficient RNA exosome activity to support life as a
homozygous variant.

To begin to address how pathogenic amino acid substitutions could impair RNA exosome
function, one study compared both the steady-state levels and stability of the yeast EXOSC3
variants to wild-type EXOSC3 (12). Results of this analysis demonstrated that the yeast W195R
variant protein is relatively stable when expressed as the sole copy of the yeast EXOSC3 protein
but becomes destabilized under conditions where a wild-type copy of the subunit is also present.
These results suggest that perhaps the pathogenic subunits are not as efficiently incorporated into
the complex as the wild-type subunits, or once pathogenic subunits are incorporated, the complex
is not as stable. These yeast studies were complemented by analyzing mouse EXOSC3 variant
protein levels in cultured mouse neuronal cells. This analysis showed that the steady-state level of
the mouse EXOSC3 tagged protein modeling the W238R variant is reduced in these cells
compared to the wild-type tagged EXOSC3 (12). Thus, a decrease in overall complex level could
contribute to pathology in exosomopathies as suggested from analyses of other EXOSC variants,
such as EXOSC9 (10); however, reconciling the very diverse clinical presentations of these
diseases with a simple loss of or decrease in overall complex function is difficult.

Beyond affecting protein levels, pathogenic amino acid substitutions could also alter key

interactions with other RNA exosome subunits or with the associated cofactors. Indeed, one study



demonstrated that the yeast EXOSC3 W195R variant corresponding to EXOSC3 W238R shows
decreased affinity for the scaffolding cofactor, MPP6, compared to wild-type yeast EXOSC3 (6).
These results support a model where altered interactions with RNA exosome cofactors could
contribute to disease pathology.

Studies modeling pathogenic variants in EXOSC3 have been extended to Drosophila. This
system enables functional consequences of EXOSC3 variants within the nervous system and brain
to be studied in a genetically tractable system. A previous study in Drosophila demonstrated that
RNA exosome subunits are essential in flies (50), consistent with the results obtained in budding
yeast (1). In a more recent study, CRISPR/Cas9 genome editing was used to engineer pathogenic
variants of EXOSC3 into the Drosophila genome (14). This is the first study that analyzes RNA
exosome mutations recapitulated at the genome level in a multi-tissue organism. The study
modeled three patient genotypes (16,45): homozygous G31A; homozygous D132A; and D132A
over a deficiency to model patients heterozygous for the D132A pathogenic variant inherited in
trans to a deletion in EXOSC3. Results of this analysis show a striking genotype-phenotype
correlation with respect to fly viability, lifespan, and locomotor function. The pathogenic variants
that are most severe in patients (51) correlate with those that cause the most striking phenotypes
in flies. These mutant EXOSC3 flies show morphological defects in the mushroom body, the area
of the fly brain that controls learning and memory (52), which also correlate with the severity of
the different EXOSC3 alleles modeled. Finally, RNA sequencing of the heads of these mutant flies
revealed an increase in the steady-state levels of a number of important neuronal transcripts, a
result that is consistent with the role of this complex in RNA decay. This study developed a multi-
cellular model to explore the consequences of pathogenic RNA exosome variants and provided

insight into target RNAs affected in this model (14).



SHRF-causing pathogenic variants in EXOSC2.

Mutations in EXOSC?2 give rise to a novel syndrome characterized by short stature, hair
loss, retinitis pigmentosa, and distinctive facies (SHRF) (42). A recent study combined analysis of
patient samples, biochemical approaches, and studies in Drosophila to explore the functional
consequences of pathogenic missense variants in EXOSC2 (48). Biochemical analyses of patient
lymphoblasts, transfected HEK293T cells, and cultured keratinocytes demonstrated that the
G198D variant, but not the G30V variant, affects EXOSC2 protein stability and interactions with
other RNA exosome components. While these authors did not create a fly model of the pathogenic
variants in EXOSC2, they did test whether the EXOSC2 G30V variant could rescue defects
observed in the eye in rare “escapers” where fly EXOSC?2 was deleted. The eye defect was partially
rescued when the human wild-type EXOSC?2 gene was expressed, but not the pathogenic variant,
providing evidence that EXOSC2 G30V does not retain the function of wild-type EXOSC2 (48).
RNA-sequencing of patient samples identified several dysregulated autophagy pathway genes
(48). In addition, in patient-derived B-lymphoblast cells with mutations in EXOSC2, overall RNA
exosome subunit abundance is reduced and the EXOSC2 protein is unstable (48). These findings
are consistent with other studies that show a decrease in RNA exosome subunit levels in patient-
derived samples (10), but do not readily explain why patients with mutations in different EXOSC
genes display such a variety of clinical presentations as they used cell types in this study that are

not pathologically represented in exosomopathy patients.
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Novel EXOSC5 mutations impair RNA exosome activity.

A recent study reported five patients with biallelic variants in the EXOSCS5 gene (47). Three
of the four patients who learned to walk showed ataxia, and four of the five patients’ brain imaging
showed hypoplasia of the cerebellum or cerebellar vermis (47). This study employed three
approaches to examine the link between EXOSC5 and disease pathology; two of these approaches
modeled the pathogenic variants that have been identified in EXOSCS5. The initial approach
employed zebrafish to assess the requirement for EXOSCS5 in neurodevelopment has also been
employed for the analysis of EXOSC3 (16), EXOSCS (9), and EXOSC9 (10). The CRISPR-Cas9
system was employed to generate an allele with predicted loss of EXOSCS5 function. Consistent
with previous studies of other RNA exosome subunit genes, zebrafish lacking EXOSCS5 showed
profound defects in growth, developmental, and brain morphology (47). To extend this analysis
and explore the functional consequences of pathogenic variants in EXOSCS5, the missense variants
identified in EXOSCS5 (I114T, M148T, and L206H) were all modeled in budding yeast. Only the
yeast EXOSCS5 variant corresponding to EXOSCS5 L206H (L191H in yeast EXOSCS5) showed
growth defects, manifested as temperature-sensitive growth. Immunoblotting showed no
statistically significant change in yeast EXOSCS protein levels for any of these variants. Consistent
with the growth defect observed, the yeast variant corresponding to EXOSC5 L206H caused
defects in U4 snRNA and 7S pre-rRNA processing (47). Biochemical studies in cultured mouse
neuronal cells were performed to explore the interactions of mouse EXOSCS5 variants with other
subunits of the RNA exosome. Interestingly, the EXOSC5 L206H and I114T variants showed
decreased interaction with multiple other subunits of the complex. No defect in interaction was
detected for the EXOSCS5 M148T raising the question of how this amino acid substitution

contributes to pathology and suggests different variants have distinct pathological mechanisms.
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Conclusions and Future Perspectives

The model organisms used to study RNA exosome biology have shed light on the
complicated cellular roles of this multi-functional protein complex. Thus far, pathogenic missense
variants in EXOSC genes that encode structural RNA exosome subunits have been linked to
diverse clinical presentations with the majority causing some degree of cerebellar hypoplasia
and/or atrophy. These EXOSC variants appear to have tissue-specific consequences. An ideal
system to further explore the consequences of these pathogenic variants would be in an affected
patient tissue or cultured primary cells. These samples are difficult to obtain because the disease
is rare with only small numbers of patients identified to date. The cerebellum consists largely of
Purkinje and granule cells (53); therefore, an ideal in vitro system would be a genome-edited
cerebellar cell type organoid because the three-dimensional shape allows for multiple cell types.
In vivo studies in model organisms thus far have allowed for simple recapitulation of pathogenic
variants. Budding yeast are advantageous because they are simple to use, and multiple molecular
functions of the conserved RNA exosome complex can be readily assayed. However, yeast lack
relevant cell or tissue types. Drosophilae are multi-tissue organisms with a complex nervous
system and a brain, which have been used extensively to model human disease (54). However, fly
brain structures lack elements of the human brain, such as a cerebellum, and some neurons are not
well conserved (55).

A mammalian system would provide further insight into how specific pathogenic amino
acid variants alter the function of the RNA exosome and cause diverse biological changes that
underlie pathology. Thus far, no whole organism mouse models for mutations in any RNA

exosome gene have been described. One study employed an ex vivo approach to swap exons 2 and
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3 within EXOSC3 in B cells (56). The authors exploited this ex vivo system to explore the
downstream effects of the loss of this RNA exosome subunit in B cells and identify key RNA
exosome targets in this cell type (56). A transgenic mouse that uses genome editing to incorporate
pathogenic missense variants of EXOSC genes into the genome would greatly advance research in
this field. Currently, the Jackson Laboratory site (57) lists CRISPR-generated knockout mouse
strains for EXOSC!I and EXOSC2, but there are no reports of researchers attempting to derive or
analyze these strains.

A proposed model suggests that depletion of a structural subunit of the RNA exosome in
model organisms recapitulates the patient disease because immunoblots of patient fibroblasts,
myoblasts, and skeletal muscle samples show an overall steady-state decrease in protein levels of
the affected subunits and other subunits in the complex (9,10). To date, no biochemical studies
using cells from cerebellum have contributed to this model, likely due to limited sample
availability. However, this model is difficult to reconcile with patients that show diverse clinical
presentation. Some of the EXOSC pedigrees identified to date also call into question whether the
primary driver of pathology is a decrease in RNA exosome subunit or complex levels. Several of
the pedigrees for patients include seemingly unaffected parents with presumed loss of function of
one EXOSC allele (16,44,47,51). Consistent with this idea, flies heterozygous for a deficiency that
removes the Drosophila EXOSC3 gene do not show any of the phenotypes noted in the disease
model flies (14). These flies appear similar to wild-type flies in all assays performed, showing that
even with presumably only 50% of expression of the EXOSC3 gene, no phenotype is detected.
Likely, pathology results from some combination of a decrease in overall RNA exosome levels

and consequences of the specific pathogenic variants present. Further studies that examine the



13

pathogenic missense variants of the EXOSC genes as well as the full RNA exosome complex are
required to fully understand the molecular defects that contribute to pathology.

Experimental systems that deplete or delete an EXOSC gene provide critical insight but
also simplify a more complex story. A major challenge remains understanding why the clinical
presentation of patients with mutations in genes that encode a single complex show such variable
pathology with some overlapping, but some distinct tissues affected. At the mechanistic level,
pathogenic amino acid changes could, and certainly do (10), decrease the overall levels of the
individual RNA exosome subunit and/or the complex. The changes might also alter the function
of the complex at a molecular level, disrupting RNA binding or interactions with other subunits or
cofactors. Moreover, certain cell types may express specific RNA exosome cofactors that interact
and stabilize the RNA exosome, whereas other affected tissues may not express these cofactors
(Figure 1.3). Loss of interactions with these cofactors could contribute to altered stability of the
complex or changes in target specificity. These potential mechanistic consequences would all
affect exosome-mediated RNA processing/decay.

New pathogenic EXOSC alleles are being reported by physicians worldwide. To date,
pathogenic variants in EXOSCI, EXOSC4, EXOSC6, and EXOSC?7 have not been reported (Table
1.1); however, this is likely to change. GeneMatcher®, a freely available website designed to
enable connections between clinicians and researchers (58), will likely continue to lead to
identification of new alleles in these genes and in new genes as recently illustrated in the
collaborative study of EXOSC5 (47). As additional pathogenic variants are identified, this could
provide insight into whether there is a common mechanism underlying pathology. A combination
of approaches that includes functional studies in model organisms and analysis of patient samples

will be critical to understand the mechanisms that underlie pathology. Further insight into the
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molecular consequences of single amino acid changes in EXOSC genes via genome-edited model

systems will be required to paint the full canvas of RNA exosome biology and disease.



S.

HsEXOSCA1

H. sapien
M. musculus
D. rerio
D. melanogaster

cerevisiae

HsEXOSC2
H. sapien
M. musculus
D, rerio

D. melanogaster

S.

cerevisiae

HsEXOSC3
H. sapien
M. musculus
D. rerio

D. melanogaster

Ha

cerevisiae

HsEXOSC5
H. sapien
M. musculus
D. rerio

D. melanogaster

Fa

i

cerevisiae

HsSEXOSC8

H. sapien
M. musculus
D. rerio

cerevisiae

HsEXOSC9
H. sapien
M., musculus
D. rerio

D. melanogaster

8.

cerevisiae

15

439

[0 EXOSC1
W EXOsC2 | Cap
[l EXOSC3
[H EX0OSC4
[E EXOSC5
[l EXOSC6
Core
[ EXOSC7
[l EXOSCs8
[ EXOSC9
O DIS3/ | o/endo-
DIS3L rioonuciease

31 GYIFSSLAG % |dentity

31 GYIFSSLAG 95.9 %

30 GYIFASLAG 79.4 %

35 GYIYASKSG 476 %

50 GRTLEAITA 37.1%

G30v G198D

1 v 75 166,169 ¥ 2ai 293

26 LVVPGDTIT 194 SVILGNNGF % Identity

26 LVVPGDTIT 194 SVILGNNGFE 939 %

28 LVVPGDVIT 196 SLILGNNGY 785 %

29 VYTPGEVLM 197 SVILGNNGY 56.9%

54 IVTPGELVT 222 TVVLGVNGY 418 %

A1§9P
G31A D132A G191C W238R

1 v 108 V¥ v 197 ¥ 244 275

I
27 VVLPGEELL 131 VDVGG-SEPAS 189 GMGVI 236 RIWVK % ldentity
27 VVLPGEELV 130 VDVGG-SEPAS 188 GMGVI 235 RIWVK 87.2%
16 VVLPGDLLE 101 VDVGG-SEQAS 159 GMGVF 206 RVWVK 60.8 %
7 IVMPGERIA 86 VDIGA-TDTAS 144 KLGVL 190 RIWLK 428 %
4 FIFPGDSFP 86 VSLONFSSSVS 146 GFGIL 193 KIWVK 326 %

T1J4I

P T1g1K M1$8T LZQGH 8

100 NTCEAVVLGTLHPRTS 146 VPMRA 204 TELQQ % |dentity

100 NTCEAVVLGALHPRTS 146 VPMRA 204 AELQQ 89.4 %
94 ETCEAALLLTLHPRSS 140 LPMSR 198 QELQQ 60.7 %
86 DVLELALLSEAHPRSK 132 LPLKY 1390 AQFND 36.2 %
72 AVLTPLITRHCYPRQL 125 IALNS 189 DQLFS 28.5%

A2V S272T

1?’ 7{276
1 MAAGFKTVE 268 EVIKSMRHK % ldentity
1 MAAGFKTVE 271 EVIQSMRHK 92.0 %
1 MAAGFKTAE 268 KVHESTKTM 70.3 %
18 PPEVLARIS 23.1%

L14P R161*

1 v b, 287
10 ERRFLLRAI 157 LCHFRRPDV % ldentity
10 ERRFLLRAI 157 LCHFRRPDV 92.4 %
10 ERLFLLKAT 157 LSHFRRPDV 721 %
16 ERSFVQLAV 163 LMHFRRPDV 325%
11 ESKFILEAL 159 LMHFKKPDI 354 %



16

Figure 1.1. Pathogenic missense variants in structural subunits of the RNA exosome cause
human disease with diverse clinical presentations.

(A) A structural model of the 10-subunit human RNA exosome is shown (PDB #6H25) (4). The
cap comprises three subunits (EXOSC1, EXOSC2, and EXOSC3), the hexameric core comprises
six subunits (EXOSC4, EXOSCS, EXOSC6, EXOSC7, EXOSCS, and EXOSCY), and the catalytic
base is an exo/endoribonuclease (DIS3). (B) The domain structures of the subunits altered in
disease are shown: EXOSCI1, EXOSC2, EXOSC3, EXOSCS5, EXOSCS, and EXOSC9. Sequence
alignments of human (H. sapiens), mouse (M. musculus), zebrafish (D. rerio), fruit fly (D.
melanogaster), and yeast (S. cerevisiae) orthologs are depicted below the structures to highlight
the conserved residues altered in disease and the flanking conserved regions. Numbers preceding
the sequences indicate the amino acid position and the red arrows above the domain structures
indicate the location of the respective amino acid substitution. The overall percent identity of the
EXOSC orthologs compared to human EXOSC proteins is shown to the right of the sequence
alignments. Core subunit EXOSCS8 D. melanogaster ortholog does not exist and therefore is not
shown. Furthermore, the orthologous sequence of the missense mutation resulting in S272T in

EXOSCS for yeast does not exist and thus the alignment is not pictured.
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Figure 1.2. Model of how pathogenic missense mutations affect the RNA exosome.

(A) To date, missense mutations in RNA exosome subunit genes linked to human disease are
reported in EXOSC1, EXOSC2, EXOSC3, EXOSC5, EXOSCS8, and EXOSC9 (glowing). A number
of consequences could arise due to single amino acid changes in the subunits. (B) A single amino
acid change could impact the integrity of the assembly of the RNA exosome complex, (C) may
disrupt the proper processing and/or degradation of specific RNA targets, or (D) decrease the
interactions with cofactors such as helicases, scaffolds, and other ribonucleases. Any of the
consequences described could affect the other. The impeded complex assembly may disrupt RNA

processing and cofactor interactions. The decreased interactions with cofactors may impede
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complex assembly and disrupt RNA processing. The disruption of RNA processing/degradation

could obstruct the gene expression of cofactors or assembly factors.



20

EXOSC2 EXOSC1

EXOSC3

& PCH1F
EXOSC2
& SHRF
P
EXOSC3
L - PCH1B
i
EXOSC5
- Novel exosomopathy
s Cerebellar ataxia, brain abnormalities,
cardiac condiction defects
‘J
EXOSC3
i PCH1C
Cofactor}x EXOSC9
Y e K e PCH1D
- ¥

Created with BioRender.com

Figure 1.3. A proposed model of how pathogenic missense variants in EXOSC genes could
contribute to variation in clinical presentation.

The RNA exosome interacts with specific cofactors to confer specificity for target transcripts (left).
Most cofactors have been identified and studied in budding yeast or cultured cells. Different
pathogenic variants in structural subunits of the RNA exosome could disrupt interactions with a
subset of cofactors. These cofactors could be critical in the cerebellum or other tissues susceptible
to pathology. The position of the specific subunit in the complex may contribute to specific
cofactor interactions. When an amino acid substitution in a subunit arises from a missense
mutation, these interactions may be perturbed. The loss of an interaction with a specific cofactor
could result in distinct phenotypic consequences and therefore explain the pathological differences

seen in exosomopathy patients.
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Chapter 2

Analysis of RNA Exosome Subunit Transcript Abundance Across Tissues Implications for

Neurological Disease Pathogenesis

The following chapter is under review at RNA & Disease. The preprint is available:

de Amorim, J. L., Asafu-Adjaye, D. G., & Corbett, A. H. (2023). Analysis of RNA Exosome
Subunit Transcript Abundance Across Tissues Implications for Neurological Disease
Pathogenesis. bioRxiv, 2023-06.

This work was completed in collaboration with Don G. Asafu-Adjaye, an undergraduate mentee

of Julia L. de Amorim.
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Abstract
Exosomopathies are a collection of rare diseases caused by mutations in genes that encode
structural subunits of a ribonuclease complex termed the RNA exosome. The RNA exosome
mediates both RNA processing and degradation of multiple classes of RNA. This complex is
evolutionarily conserved and required for fundamental cellular functions, including rRNA
processing. Recently, missense mutations in genes encoding structural subunits of the RNA
exosome complex have been linked to a variety of distinct neurological diseases, many of them
childhood neuronopathies with at least some cerebellar atrophy. Understanding how these
missense mutations lead to the disparate clinical presentations that have been reported for this class
of diseases necessitates investigation of how these specific changes alter cell-specific RNA
exosome function. Although the RNA exosome complex is routinely referred to as ubiquitously
expressed, little is known about the tissue- or cell-specific expression of the RNA exosome
complex or any individual subunit. Here, we leverage publicly available RNA-sequencing data to
analyze RNA exosome subunit transcript levels in healthy human tissues, focusing on those tissues
that are impacted in exosomopathy patients described in clinical reports. This analysis provides
evidence to support the characterization of the RNA exosome as ubiquitously expressed with
transcript levels for the individual subunits that vary in different tissues. However, the cerebellar
hemisphere and cerebellum have high levels of nearly all RNA exosome subunit transcripts. These
findings could suggest that the cerebellum has a high requirement for RNA exosome function and

potentially explain why cerebellar pathology is common in RNA exosomopathies.



23

Introduction

Exosomopathies are a collection of rare congenital pediatric diseases resulting from missense
mutations in genes encoding structural subunits of the RNA exosome complex. The RNA exosome
is a ribonuclease complex required for multiple critical cellular functions that dictate gene
expression and post-transcriptional regulation. One of the most well-defined fundamental roles the
RNA exosome plays in gene expression is mediating the precise processing of ribosomal RNA
(rRNA) required to produce mature ribosomes (1,17). In additional to the maturation of rRNA, the
RNA exosome targets many classes of RNAs for processing, degradation, and turnover (33).

The RNA exosome complex comprises ten subunits: nine structural noncatalytic subunits
and one 3’-5’ exo/endoribonuclease subunit (Figure 2.1A, PDB 6H25 (4)). Three subunits make
up the cap: EXOSCI1, EXOSC2, and EXOSC3; while six subunits make up the hexameric core:
EXOSC4, EXOSCS5, EXOSC6, EXOSC7, EXOSCS8, and EXOSC9. The catalytic ribonuclease
DIS3 is located at the base of the complex. The cap and core assemble to form a channel through
which RNA is threaded in a 3’-5’ orientation to reach the catalytic subunit (59). Studies in various
model systems have shown that the RNA exosome complex is essential for viability (1,9,44,50,60-
63) and the complex is routinely referred to as ubiquitously expressed (64). To date, six of the nine
structural subunit genes that make up the RNA exosome have been linked to conditions which
each involve at least some degree of cerebellar atrophy (9,10,13,16,41,42,44,63,65). Why
mutations in genes that encode structural subunits of the ubiquitously expressed RNA exosome
complex give rise to neurological disease, which often impacts the cerebellum, is not well

understood.
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The RNA exosome complex plays critical roles in gene expression in subcellular compartments.
The RNA exosome localizes to both the nucleus and the cytoplasm and regulates many classes of
RNA within these compartments. For example, in the nucleus, the RNA is critical for precise
processing of ribosomal RNA to produce mature rRNA required for ribosomes (1,17). In addition,
the nuclear RNA exosome targets RNA-DNA hybrids (R-loops), antisense RNAs, and small
noncoding RNAs (snRNAs) for processing and/or degradation (18,25,56,66). In the cytoplasm,
the RNA exosome targets mRNA for regulatory turnover, aberrant mRNAs for decay, such as
mRNAs lacking a stop codon, and double stranded RNAs (dsRNAs) as a mechanism for viral
defense (67-69).

The RNA exosome is hypothesized to target specific RNAs via interactions with proteins
termed cofactors (33). In the nucleus, the RNA exosome associates with cofactors including the
helicase MTR4, the TRAMP polyadenylation complex, and the MPP6 docking protein (5,70,71).
Cytoplasmic RNA exosome cofactors include the rRNA channeling SKI complex (32). Given
these critical interactions with the RNA exosome complex, any changes that alter the composition
or conformation of the complex could have consequences for critical protein-protein interactions.
Many important studies have provided insight into the function of the RNA exosome, including
elegant structural studies (3-5,19,32,72,73), identification of key RNA substrates (2,18,24,56,67),
and mechanistic insight into cofactor interactions (2,5,6,32,74). Many studies are performed using
elegant biochemical approaches with reconstituted complexes, using genetic model organisms, or
in cultured cells. These studies further unearth key questions about the requirements for RNA
exosome function in specific cell types and tissues in multicellular organisms. These questions
have been brought into sharp focus by recent studies linking mutations in genes encoding structural

subunits of the RNA exosome to human diseases, which often have neurological involvement (44).
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Clinical phenotypes of exosomopathies include neurological defects.

Missense mutations in genes encoding structural subunits of the RNA exosome give rise
to a class of diseases termed exosomopathies. All exosomopathies described thus far include at
least one missense EXOSC variant (63). Some patients are homozygous for the same missense
variant, others are heterozygous for different missense variants, and some patients have a missense
variant inherited in trans to a deletion (44). Additionally, exosomopathy patients have diverse
clinical presentations including cerebellar atrophy, hypotonia, and respiratory difficulties (13). As
the RNA exosome is required for many key cellular processes such as gene expression and
translation, mutations that cause a complete loss of function of this complex are unlikely to be
compatible with life. Thus, missense mutations linked to disease are expected to not be complete
loss-of-function alleles but rather hypomorphic alleles.

As mutations in multiple genes encoding structural subunits of the RNA exosome have
now been linked to disease (44), a formal postulation is that any pathogenic amino acid change
that disrupts protein function could trigger a decrease in the level of that subunit and consequently
the entire RNA exosome complex. Indeed, studies in fibroblasts from patients with EXOSC
mutations support this hypothesis (10). However, if all pathological consequences were linked to
loss of the RNA exosome complex, common pathology might be shared across patients with
mutations in EXOSC genes. In contrast, a large number of distinct clinical phenotypes have been
described for individuals with exosomopathies resulting from mutations in different subunit genes.

To illustrate the diversity of pathology described for exosomopathy patients, the following
descriptions compile a number of the clinical diagnoses that have been identified in patients with
mutations in EXOSC genes. One or more patients with a missense mutation in EXOSC/ presented
with hypoplastic cerebellum, cerebral atrophy, hyperextensibility of the skin, cardiomyopathy with

reduced left ventricular ejection, and hypotonia (41,75). A single EXOSC1 patient died due to renal



26

failure (41). One or more patients with a missense mutation in EXOSC?2 presented with borderline
cerebellar hypoplasia, borderline intellectual disability, mild cortical and cerebellar atrophy, and
hypothyroidism (42). Patients with missense mutations in EXOSC3 have presented with symptoms
of varying severity, classified as mild, moderate, or severe (45) The severity designations of
EXOSC3 patients are based on the genotype and clinical phenotype and clearly correlate (76).
Some EXOSC3 patients show severe hypotonia, progressive muscular atrophy, and postnatal and
progressive cerebellar volume loss (45). Autopsies of EXOSC3 patients demonstrated loss of
neurons in the cerebellum, parts of the midbrain, and the anterior spinal cord (45). EXOSC3
patients with mild PCHI often survive into early puberty and reported respiratory failure in late
stages of the disease, which was rarely the cause of death (45). EXOSC3 patients with severe PCH1
had prenatal or congenital onset of cerebellar, pontine, and midbrain degeneration, as well as
presented with severe hypotonia (45). These patients died in infancy from postnatal respiratory
failure even under constant ventilation (45). In the case of EXOSC5 mutations, patients required
breathing support (43). One or more patients with EXOSCS5 mutations suffered from progressive
hypotonia and respiratory impairment (43). MRIs of EXOSC5 patients revealed reduced size of
cerebellar vermis, brainstem, and pons (43). The echocardiogram of an EXOSCS5 patient showed
anomalous coronary artery fistula (43). Several individuals with missense mutations in EXOSCS8
were reported to suffer from severe muscle weakness and died of respiratory failure before two
years of age (9). MRIs of EXOSCS patients showed vermis hypoplasia and cortical atrophy (9).
Autopsies of EXOSCS patients detected profound lack of myelin in cerebral, cerebellar white
matter, and in the spinal cord (9). Patients with missense mutations in EXOSC9 had progressively
decreased strength, severe hypotonia, recurring pulmonary infections, and respiratory

insufficiencies (10). MRIs revealed progressive cerebral and cerebellar atrophy. EXOSC9 patients
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showed rapid progressive muscle weakness and respiratory impairment combined with the
presence of cerebellar atrophy and motor neuronopathy (10).

In contrast to mutations in genes encoding structural subunits of the RNA exosome,
mutations in the DIS3 gene, which encodes the catalytic ribonuclease (7), have been linked to
multiple myeloma rather than diseases that largely affect the brain, like the exosomopathies
previously described (77). DIS3L, an alternative ribonuclease that interacts with the nine structural
subunits of the RNA exosome (59), has not been causatively linked to any inherited disease.
Finally, three structural subunits of the RNA exosome, EXOSC4, EXOSC6, and EXOSC7, have
not yet been linked to any reported pathology. However, we predict studies will soon surface
describing new patients with mutations in these three structural subunits that may result in
cerebellar atrophy.

With the small number of individuals diagnosed with exosomopathies thus far (44), more
similarities may be revealed. Alternatively, disease pathology may be more tightly linked to the
individual EXOSC genes altered. In this case, the location of the pathogenic amino acid change
within a specific subunit may have a significant impact on protein-protein interactions, disrupting
key interactions with specific cofactors or affecting the integrity of the complex. These changes
may alter the function of individual subunits or the entire complex, ultimately affecting
downstream RNA targets. There may be critical RNA targets that are important for the proper
function of specific cells or tissues.

In this study, we employ publicly available transcriptomic data to explore expression of
individual RNA exosome subunits in various human tissues. This analysis provides support for the
characterization of the RNA exosome as ubiquitously expressed and reveals there is variability in

the level of transcripts for individual RNA exosome in tissues linked to clinical pathology in
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exosomopathies. However, the cerebellum has high levels of transcripts encoding virtually all
RNA exosome subunits. This finding could suggest that cell types within the cerebellum require a

high level of RNA exosome function for proper growth and/or maintenance.

Materials and Methods

Genotype-Tissue Expression (GTEX) project
GTEXx release v8 includes whole genome sequencing (WGS) and RNA sequencing (RNA-seq)

data from 54 tissues from 948 post-mortem individuals (312 females, 636 males; age 20-70). Each
genotyped tissue has at least 70 samples. Violin plots and heatmap were generated to view median
transcript per million (TPM) for the structural RNA exosome subunits: EXOSCI, EXOSC2,
EXOSC3, EXOSC4, EXOSC5, EXOSC6, EXOSC7, EXOSCS, and EXOSCY9. The number of
genotyped donors for each tissue is as follows: brain/cerebellar hemisphere, n = 175;
brain/cerebellum, n = 209; brain/cortex, n = 205; brain/frontal cortex, n = 175; brain/spinal cord
(cervical c-1), n = 126; heart/atrial appendage, n = 372; heart/left ventricle, n = 386; kidney/cortex,
n = 73; lung, n = 578; muscle/skeletal, n = 706; skin/not sun exposed (suprapubic), n = 517;
thyroid, n = 574. The cerebellar hemisphere samples refer to the entire cerebellum and were
preserved as frozen tissue. The cerebellum samples were procured from the right cerebellum and
were preserved in a fixative. The cortex procured from the brain sampled the right cerebral pole
cortex and was preserved in a fixative. The frontal cortex from the brain also sampled the right
cerebral frontal pole cortex and was preserved as frozen tissue. The data used for the analyses

described in this manuscript were obtained from the GTEx portal on April 20, 2023.
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Results and Discussion

A comparative analysis of RNA exosome subunits reveals disparate requirements of transcripts
in tissues.

Individuals with exosomopathies exhibit clinical phenotypes that extend to tissues beyond
the brain. Tissues described in clinical diagnoses or linked with causes of death are chosen for this
study. The varied clinical pathologies reported in RNA exosomopathies led us to include the
following 12 human samples in this analysis: (1) cerebellar hemisphere/(2) cerebellum in the brain,
(3) cortex/(4) frontal cortex in the brain, (5) spinal cord, (6) atrial appendage/(7) left ventricle in
the heart, (8) kidney, (9) lung, (10) muscle, (11) skin, and (12) thyroid.

We examined the median expression as transcript per million (TPM) for each structural
subunit of the RNA exosome in each of the tissues analyzed (Figure 2.1B). Violin plots show the
levels of subunit transcripts compared between tissues. EXOSC3 transcripts have the lowest overall
TPM and EXOSC5, EXOSC6, and EXOSC7 have the highest overall TPM across all tissues
analyzed. Several of the RNA exosome subunit transcripts are expressed at the highest level in
cerebellar hemisphere/cerebellum as compared to other tissues, including EXOSC2, EXOSC6, and
EXOSCY. Importantly, the number of transcripts as reported by TPM values does not necessarily
correlate with the amount of protein present in cells or tissues (78). EXOSC2 and EXOSC9 patients
have distinct clinical diagnoses yet both of these subunits have some of the highest transcript levels
(~20-25 median TPM) in cerebellar hemisphere/cerebellum.

To visualize the median TPM for clustered RNA exosome subunits and the tissues
analyzed, we produced a heatmap wusing GTEx (Figure 2.2A). The cerebellar
hemisphere/cerebellum, skin, and thyroid show the highest level of RNA exosome subunit
transcripts. The atrial appendage and left ventricle of the heart have the lowest levels of subunit

transcripts overall. EXOSC3 transcripts are detected at the lowest levels across all tissues. To
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compare all RNA exosome subunits for each tissue examined, we mapped the logio of the median
TPM in violin plots (Figure 2.2B). Observations made from the heatmap are supported by the data
provided in the violin plots.

We leveraged the GTEx consortium to visualize the transcript levels of RNA exosome
subunits in brain regions, heart regions, kidney, lung, muscle, skin, and thyroid by median TPM
in violin plots and heatmaps. These data show that overall, the tissues representing the cerebellum
have high levels of RNA exosome subunit transcripts across the various structural subunits.
Specifically, the cerebellar hemisphere/cerebellum has the highest levels of EXOSC2, EXOSCo6,
and EXOSC9. Skin has the highest levels of EXOSC4, EXOSCS5, and EXOSC7. Thyroid has the
highest levels of EXOSCI, EXOSC3, and EXOSCS. The left ventricle of the heart has the lowest
transcript levels of EXOSC1, EXOSC2, EXOSC3, EXOSC6, and EXOSCY. The brain cortex has
the lowest transcript levels of EXOSC7 and EXOSCS. Muscle has the lowest levels of EXOSCY,
and kidney has the lowest levels of EXOSCS5. Additionally, these data show that EXOSC/ has the
highest transcript levels in the lung and thyroid. EXOSCS5 has the highest transcript levels in the
cortex, spinal cord, and muscle. EXOSC6 has the highest transcript levels in the cerebellar
hemisphere/cerebellum and frontal cortex. EXOSC?7 has the highest transcript levels in the atrial
appendage and left ventricle of the heart, kidney, and skin. EXOSC3 shows the lowest transcript
level in all tissues examined except the kidney; however, levels in the kidney are relatively low
compared with other subunit transcripts (EXOSC1, EXOSC4, EXOSCS5, EXOSC6, EXOSC7, and
EXOSCS). Levels of EXOSC? transcript are lowest in kidney.

Across nearly all tissues examined, EXOSC3 transcript levels are detected at the lowest
levels. EXOSC3 levels in the kidney are only slightly above the lowest (lowest TPM = 5.29, highest

TPM = 19.42, EXOSC3 TPM = 5.53). Although little is known about the assembly of the RNA
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exosome complex in vivo, there could be a limiting subunit that determines overall levels of the
complex. The observation that the EXOSC3 transcript is low in most tissues examined could
suggest that EXOSC3 levels are limiting for RNA exosome complex assembly or steady-state
levels. Interestingly, mutations in the EXOSC3 gene were the first identified and linked to human
disease (79). Perhaps, if levels of EXOSC3 are limiting, even small changes that alter the function
or level of EXOSC3 could cause pathology. Indeed, the most mutations have now been identified
and reported in EXOSC3 (76), which could be consistent with this RNA exosome subunit being
most vulnerable to even minor changes in function or levels. Alternatively, as EXOSC3 was the
first subunit of the RNA exosome linked to disease, the larger number of cases could simply
represent ascertainment bias. As additional exosomopathy cases are identified and described,
differences in the numbers of patients and types of pathologies associated with mutations in
different EXOSC genes will likely be clarified.

The results reported here suggest that some tissues, such as the cerebellar
hemisphere/cerebellum, skin, and thyroid may require more RNA exosome function as compared
to other tissues such as the heart, brain cortex, muscle, and kidney. The data presented here may
explain why exosomopathy patients with missense mutations in structural RNA exosome subunit
genes have the most well-defined phenotypes in the cerebellum as compared to other tissues.
However, steady-state transcript levels often do not directly translate to protein levels (78) as there
are many additional regulatory steps that determine steady-state protein levels. Further proteomic
analysis of RNA exosome subunits in specific cell types, such as those that are abundant in the
cerebellum, could provide insight into why mutations in genes encoding structural subunits of the
RNA exosome often cause cerebellar pathology. RNA exosome function is determined by many

protein-protein interactions with cofactors. The cell-specificity and/or cell-specific interactions of
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well-defined RNA exosome cofactors has not yet been determined and novel interactors are
continuously discovered (66). Changes in cell-specific interactions could explain the phenotypes
observed in exosomopathy patients.

This study provides insight into the expression of various structural subunits of the RNA
exosome in human tissues, supporting the common statement that the RNA exosome complex is
ubiquitously expressed. This work reveals high transcript levels for multiple RNA exosome
subunits in cerebellar samples, which could begin to explain why exosomopathies often present

with cerebellar involvement.
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Figure 2.1. The RNA exosome subunit transcripts are ubiquitously expressed in human

tissue.

(A) The RNA exosome is a ten-subunit complex that targets multiple classes of RNA. Nine of the
ten subunits of the RNA exosome are structural and nonenzymatic. Three subunits compose the
cap: EXOSCI1, EXOSC2, EXOSC3, and six subunits compose the hexameric core: EXOSC4,
EXOSC5, EXOSC6, EXOSC7, EXOSCS8, EXOSC9. The base subunit, DIS3 or DIS3L, has
catalytic ribonucleolytic activity. The image is adapted from the PDB structure 6H25 (4) . (B) The
nine structural subunits of the RNA exosome are expressed in all tissues examined. Transcript
levels of each subunit vary; however, several subunits show high levels in the cerebellar
hemisphere/cerebellum. Each structural subunit is analyzed in tissues that have been previously
reported in the clinical diagnoses or causes of death for exosomopathy patients. As described in
detail in the Materials and Methods, tissues examined for each RNA exosome subunit include the
brain (cerebellar hemisphere, cerebellum, cortex, frontal cortex, and spinal cord), heart (atrial
appendage and left ventricle), kidney, lung, muscle, skin, and thyroid. RNA levels of subunits are

presented in violin plots by median transcript per million (TPM) and vary from tissue to tissue.
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Figure 2.2. RNA exosome subunit transcript levels are high in the cerebellar

hemisphere/cerebellum compared with other tissues.

(A) RNA exosome subunit transcript levels across a set of tissues implicated in clinical diagnoses
or causes of death in exosomopathy patients are shown in a heatmap. The data generated provide
visualization of transcript levels across tissues as illustrated by median TPM and are clustered by
RNA exosome subunit. (B) A comparative analysis of subunits reveals variable transcript levels

across different tissues. Median TPM is adjusted by logio TPM for comparison.
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Chapter 3

RNA helicase DDX1 interacts with the RNA exosome to modulate R-loops.

The following chapter was submitted to the Journal of Biological Chemistry and is currently in

revision. The preprint is available:

de Amorim, J. L., Leung, S. W., Haji-Seyed-Javadi, R., Hou, Y., Yu, D. S., Ghalei, H., ... &
Corbett, A. H. (2023). The RNA helicase DDX1 associates with the nuclear RNA exosome and
modulates R-loops. bioRxiv, 2023-04.
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Abstract
The RNA exosome is a ribonuclease complex that mediates both RNA processing and degradation.
This complex is evolutionarily conserved, ubiquitously expressed, and required for fundamental
cellular functions, including rRNA processing. The RNA exosome plays roles in regulating gene
expression and protecting the genome, including modulating the accumulation of RNA-DNA
hybrids (R-loops). The function of the RNA exosome is facilitated by cofactors, such as the RNA
helicase MTR4, which binds/remodels RNAs. Recently, missense mutations in RNA exosome
subunit genes have been linked to neurological diseases. One possibility to explain why missense
mutations in genes encoding RNA exosome subunits lead to neurological diseases is that the
complex may interact with cell- or tissue-specific cofactors that are impacted by these changes. To
begin addressing this question, we performed immunoprecipitation of the RNA exosome subunit,
EXOSC3, in a murine neuronal cell line (N2A) followed by proteomic analyses to identify novel
interactors. We identified the putative RNA helicase, DDX1, as an interactor. DDX1 plays roles
in double-strand break repair, rRNA processing, and R-loop modulation. To explore the functional
connections between EXOSC3 and DDX1, we examined the interaction following double-strand
breaks, and analyzed changes in R-loops in N2A cells depleted for EXOSC3 or DDX1 by
DNA/RNA immunoprecipitation followed by sequencing (DRIP-Seq). We find that EXOSC3
interaction with DDX1 is decreased in the presence of DNA damage and that loss of EXOSC3 or
DDX1 alters R-loops. These results suggest EXOSC3 and DDX1 interact during events of cellular
homeostasis and potentially suppress unscrupulous expression of genes promoting neuronal

projection.
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Introduction

The RNA exosome is a 10-subunit ribonuclease complex responsible for processing and
degradation of many classes of RNA in all eukaryotes and many archaea. The ribonuclease activity
of the RNA exosome is critical for both RNA quality control and precise processing of key RNAs,
including ribosomal RNA (rRNA) (1,17,18). As illustrated in Figure 3.1A, the 10 subunits of the
RNA exosome are organized into a non-catalytic cap, composed of three subunits (EXOSCI,
EXOSC2, and EXOSC3), a non-catalytic core ring, comprising six subunits (EXOSC4, EXOSCS5,
EXOSC6, EXOSC7, EXOSCS8, and EXOSC9), and one catalytic 3’-5’ exo/endoribonuclease
subunit (DIS3 or DIS3L) (2-6,80). Most target RNAs are threaded through the cap and central
channel of the RNA exosome to reach DIS3 or DIS3L for processing and/or degradation
(3,7,21,81). Studies in yeast and other model systems have shown that the RNA exosome complex
is essential (1,9,43,50,60-62) and ubiquitously expressed (64). Although this complex has been
studied for decades, key questions, such as how the RNA exosome is targeted to specific RNAs,
remain to be answered.

The RNA exosome complex processes/degrades multiple classes of RNAs in both the
nucleus and the cytoplasm. The best-defined role of the RNA exosome is the processing of
precursor rRNA to mature rRNA for the production of ribosomes (1,17,35,82,83). Other RNAs in
the nucleus/nucleolus targeted by the RNA exosome include RNA from RNA/DNA hybrids,
commonly known as R-loops, promoter upstream transcripts (PROMPTs), small nuclear RNAs
(snRNAs), small nucleolar RNAs (snoRNAs), and other non-coding RNAs (ncRNAs), such as
transcription start site (TSS)-associated antisense transcripts (xTSS-RNA) (18,24,25,29,30,56,67).
In the cytoplasm, the RNA exosome targets aberrant transcripts for degradation, mRNAs for

regulatory turnover, and viral RNAs as a cellular immune response (67-69,84-86). The RNA
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exosome has also been implicated in DNA double-strand break repair by homologous
recombination (HR), potentially targeting aberrant transcripts produced upon DNA damage (87).
The transcripts that are targeted in response to DNA damage are often within R-loop structures,
which occur naturally during transcription. An accumulation of R-loops may have deleterious
effects, leading to double-strand breaks and genomic instability (88). Studies suggest that the RNA
exosome is poised to degrade released RNA after R-loops are unwound by RNA/DNA helicases
(89).

The RNA exosome plays a critical role in cells by degrading and/or processing many
transcripts in different cellular compartments. Thus, missense mutations in genes encoding
structural subunits of the complex are linked to several human diseases, termed exosomopathies
(44,63). The first link between the RNA exosome complex and disease described a patient with a
missense mutation in EXOSC3, which causes the neurological disease pontocerebellar hypoplasia
type 1B (PCH1B) (16). This autosomal recessive disease is characterized by severe atrophy and
progressive hypoplasia of the pons and cerebellum (45,90,91). Since the initial report of mutations
in EXOSC3, more mutations have been identified and described in EXOSCI, EXOSC2, EXOSCS5,
EXOSCS8, and EXOSCY (9,10,41-43,92). All patients, with the exception of individuals with
mutations in EXOSC2, suffer from cerebellar atrophy, at least to some extent. Patients with
mutations in EXOSC?2 present with a syndromic condition that consists of short stature, hearing
loss, retinitis pigmentosa, distinctive facies, and mild intellectual disability (15,42). Why
mutations in genes encoding structural subunits of the RNA exosome impact the cerebellum is not
at all clear.

A number of protein cofactors associate with the RNA exosome to confer RNA target

specificity. Several RNA exosome cofactors that were originally identified and characterized in
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budding yeast are conserved in human (2,13,27,32,37,93,94). For example, the RNA exosome
requires helicases for proper RNA processing as RNAs with significant secondary structure are
unable to enter the central channel of the hexameric ring of the RNA exosome (95). A nuclear
helicase, termed MTR4 (alternatively named SKIV2L2), interacts with the RNA exosome and
facilitates processing of RNA in the nucleus (5,6). A well characterized cytoplasmic helicase,
termed SKIV2L in humans or Ski2 in budding yeast, directly interacts with the RNA exosome and
assists in cytoplasmic rRNA processing (32,37). The RNA exosome also interacts with nuclear
scaffolding proteins, such as MPP6 (alternatively named M-phase phosphoprotein 6), and other
associated ribonucleases, such as EXOSC10 (human) or Rrp6 (budding yeast) (5,6). One potential
hypothesis to explain how single amino acid changes in structural subunits of the RNA exosome
cause disease is that modest changes in the subunits alter interactions of the complex with cofactors
required to target and subsequently process or degrade specific RNAs. As the RNA exosome is
essential for fundamental processes, such as the production of mature ribosomes, a complete loss
of function in patients seems unlikely. Why the majority of missense mutations identified in
patients with exosomopathies cause clinical consequences most notable within regions of the brain
remains unclear.

In this study, we examined the interactome of the RNA exosome in a neuronal cell line.
An unbiased mass spectrometry approach identified a number of candidate binding partners. We
identified the putative RNA helicase DDX1 as a protein that interacts with EXOSC3 and explored
the shared functions. We found that DDX1 interacts with EXOSC3 in the nucleus, that the
interaction is DNA damage-sensitive, and that the depletion of EXOSC3 or DDXI1 results in
significant changes in R-loops. Together, these findings suggest a novel aspect of RNA exosome

function and regulation that is required for gene expression control.
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Results

Proteomics reveal a suite of EXOSC3 interactors.

To identify RNA exosome-interacting proteins in a neuronal cell line, we transiently
transfected a plasmid encoding myc-tagged EXOSC3 into a murine neuroblastoma cell line (N2A)
and purified co-precipitated proteins using anti-myc magnetic beads as described in Materials and
Methods. Immunoblots shown in Figure 3.1B confirm that myc-EXOSC3 is enriched in the Bound
fraction compared with the Vector control. The core subunit EXOSC9 of the RNA exosome co-
precipitates with myc-EXOSC3, suggesting myc-tagged EXOSC3 associates with the RNA
exosome complex. We then subjected the immunoprecipitates to LC-MS/MS as described in
Materials and Methods. The table in Figure 3.1C shows that all subunits of the RNA exosome
complex were detected in the myc-EXOSC3 immunoprecipitation as compared to samples from
the control.

The RNA exosome-interacting proteins identified by mass spectrometry were analyzed
using the Panther Gene Ontology (GO) program and organized by protein class (Figure 3.2A).
We excluded all proteins for which the peptide spectra matches (PSM) log» ratio was less than or
equal to zero. We examined 955 proteins for which the PSM equated to greater than zero. The
largest category of the GO protein classes is “translation” containing 120 proteins and the second
largest is “nucleic acid metabolism and binding” with 114 proteins. Within the latter category, all
the RNA exosome subunits and some known cofactors, including MTR4 (also known as
SKIV2L2) and MPP6, are present. Figure 3.2B shows cofactors (green) and potential RNA
exosome-interacting candidates selected for further analysis (blue). The PSM and peptide numbers

are low for even well-established cofactors, and therefore we used literary analysis and a higher
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PSM and peptide number to inform decisions to explore specific interactors. For this analysis, we
opted to focus on Nucleic acid metabolism/binding instead of Translation because several
cytoplasmic interactions between the RNA exosome and cofactors have been well characterized
(37,93) and interactions between the RNA exosome and ribosome subunits have been defined

(32,94).

Putative helicase DDXI1 interacts with the RNA exosome in the nucleus.

To investigate potential endogenous protein candidates, we first produced a custom
antibody targeting EXOSC3 and tested antibody specificity using two independent EXOSC3
siRNAs (Figure 3.S1A). We additionally performed cell fractionation to isolate the nucleus from
the cytoplasm in a neuronal cell line, drawing from evidence of known compartment-specific RNA
exosome interactions, including the nuclear MTR4 and the cytoplasmic SKI complex (Figure
3.S1B) (33,59). While we analyzed a number of candidates, we focused on the putative RNA
helicase DDX1 for several reasons. RNA helicases play critical roles in various aspects of RNA
metabolism, including RNA degradation and processing (96). Additionally, multiple conserved
RNA exosome cofactors are helicases (5,32). Based on sequence homology, DDXI is a putative
helicase containing a conserved DEAD amino acid sequence motif shared by nucleic acid-
unwinding, ATP-binding, DEAD-box proteins (96-98). DDX1 differs from other members of the
DEAD-box family, as it includes an N-terminal SPRY protein interacting domain upstream of two
helicase domains, between the phosphate-binding P-loop and the single-strand DNA binding Ia
motifs (Figure 3.3A) (96). The DDX1 protein is implicated in rRNA processing (99), R-loop
formation (100), and double-strand break repair (101,102).

Initial studies employed epitope-tagged, transiently transfected EXOSC3. To test

interactions with endogenous EXOSC3, we raised a rabbit polyclonal antibody against mouse
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EXOSC3. To test the specificity of this newly generated antibody, we depleted cells of EXOSC3
by transfecting N2A cells with two independent siRNA oligonucleotides that target EXOSC3 and
performed immunoblotting (Figure 3.S1A). In total N2A cell lysate, the antibody detects a
prominent band at the predicted size of EXOSC3 (calculated molecular weight of 29.5 kDa). This
band is significantly decreased when cells are treated with either siRNA targeting EXOSC3 as
compared to the Scramble control, providing evidence for the specificity of the antibody generated.

Initial attempts to validate putative RNA exosome interacting proteins identified by mass
spectrometry in whole cell lysate were unsuccessful. Thus, we considered the fact that many RNA
exosome cofactors localize to specific cellular compartments (33), and we examined interactions
with endogenous EXOSC3 using cellular fractionation as described in Materials and Methods.
Fractionation was confirmed via immunoblotting for the cytoplasmic marker HSP90 (103) and the
nuclear protein B23 (104) (Figure 3.S1B). A band corresponding to the B23 is enriched in the
nuclear fraction and absent in the cytoplasmic fraction, indicating efficient nuclear isolation.
However, a band corresponding to HSP90 in the nuclear fraction suggests some cytoplasmic
adulteration. We immunoprecipitated endogenous EXOSC3 from both the nuclear and
cytoplasmic fractions, then used SDS-PAGE and immunoblotting to assess co-purification. DDX1
is detected in the Input of both the nuclear and cytoplasmic lysates, consistent with reported
localization (Figure 3.3B) (105,106). However, DDXI is present in the Bound fraction for only
the Nucleus and not the Cytoplasm. DDX1 was not detected in any of the Bound fractions for Ctrl
IgG samples. EXOSC9, a core component of the RNA exosome complex is detected in both the
Cytoplasm and Nucleus Inputs as well as the Bound fractions, consistent with the fact that the

RNA exosome complex is present in both compartments. EXOSC3 is enriched in the Bound



45

fractions in both the Cytoplasm and Nucleus, and not in control IgG (Ctrl IgG). These data suggest
a compartment-specific interaction between EXOSC3 and DDX1 in the nuclear fraction.

To assess whether the interaction detected between EXOSC3 and DDX1 is RNA- or DNA-
dependent, we treated the nuclear N2A cell lysate with several enzymes including RNase A, RNase
T1, RNase H, DNase I, and benzonase. A urea-PAGE gel confirmed that RNase A, RNase T1, and
benzonase degraded total RNA from the lysate (data not shown). We found that the treatment with
RNase A or benzonase significantly increases the interaction between EXOSC3 and DDX1 with
no detectable effect on the steady-state level of either protein (Figure 3.3C). This experiment
suggests the interaction is not RNA-dependent and the significant increase in the interaction with
RNase A treatment has been suggested to indicate a protein-protein interaction (107). These results

could suggest that RNA in fact interferes with the interaction between EXOSC3 and DDX1.

The interaction between EXOSC3 and DDXI1 decreases in response to DNA damage.

The interaction between EXOSC3 and DDX1 is nuclear-specific and is increased in the
absence of RNA. We sought to further characterize the interaction between the two proteins.
Because both the RNA exosome and DDX1 play roles in DNA damage repair (87,101,102), we
tested whether the interaction between the proteins is sensitive upon induction of DNA double-
strand breaks. We treated N2A cells with 5 pM camptothecin (CPT), a topoisomerase inhibitor
that induces double-strand breaks (108), or control phosphate-buffered saline (PBS) at 37°C for
one hour. To confirm DNA damage, we used immunofluorescence to detect YH2AX, a classic
marker of double-strand breaks (109). As shown in Figure 3.4A, after treatment with
camptothecin, the YH2AX signal increases markedly compared with the PBS control with no
detectable relocalization of EXOSC3 or DDXI1. We used the EXOSC3 antibody to

immunoprecipitate endogenous EXOSC3 from the nuclear fraction of cells treated with CPT and
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probed for DDX1 (Figure 3.4B). The interaction between EXOSC3 and DDX1 is significantly
reduced following treatment with camptothecin (Figure 3.4C). In contrast, there is no change in
the interaction between EXOSC3 and EXOSCY9. In concordance with Figure 5A, the
compartmental localization of the interaction between EXOSC3 and DDX1 does not change upon
damage (Figure 3.4B). Thus, the interaction between EXOSC3 and DDXI1 is substantially
decreased in response to the induction of double-strand breaks. These results suggest that the roles

EXOSC3 and DDX1 currently play in DNA damage repair are distinct from one another.

Depletion of EXOSC3 or DDXI results in rRNA processing defects.

To explore potential shared functions of the RNA exosome and DDX1, we optimized
conditions to siRNA deplete each protein from N2A cells. We transfected N2A cells with siRNA
scramble control (Scramble) or EXOSC3 siRNA, then performed an immunoblot to confirm
depletion (Figure 3.5A). Knockdown was quantified across three biological replicates (Figure
3.5B). Similarly, N2A cells were transfected with DDX1 siRNA, and depletion was confirmed by
immunoblot (Figure 3.5C). The knockdown was quantified across the three biological replicates
(Figure 3.5D). Thus, we were able to substantially deplete each protein to less than 15% remaining
(Figure 3.5B, 3.5D), providing a model to explore and compare the consequences of loss of each
of these proteins.

The RNA exosome has a well-defined role in rRNA processing and maturation
(1,17,35,83,110). DEAD-box helicases such as DDX1 also play a critical role in RNA processing
and genome stability (107,111). A previous study that analyzed DDX1 knockout mouse embryonic
stem cells (mESCs) employed a pulse-chase experiment utilizing [*H]-uridine-labeled samples and
showed an accumulation of precursor 28S rRNA and mature 18S rRNA, suggesting a role for

DDX1 in rRNA processing (112). We performed a detailed analysis to explore rRNA processing
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in cells depleted of either EXOSC3 or DDX1. RNA quality was measured by agarose gel (Figure
3.S2A) and High Sensitivity ScreenTape assay (Figure 3.S2B). Using northern blotting to detect
specific ribosomal RNA precursors, we examined which rRNA species are affected upon loss of
either EXOSC3 or DDX1. Figure 6A depicts the steps of murine rRNA processing from the early
precursor 478 to mature rRNA. Ribosomal RNA processing begins with the 47S precursor, which
generates several downstream precursors, including 32S and 12S (113,114). The 47S precursor
also produces the 18S, 5.8S, and 28S mature rRNAs, as well as the internal transcribed spacers 1
and 2 (ITS1 and ITS2), and the 5* and 3’ external transcribed spacers (5’ETS and 3’ETS). To
capture these precursors, we used probes specific to the ITS2 sequence. Figure 6B shows that the
steady-state levels of the 41S, 20S, and 5.8S precursors decrease when EXOSC3 is depleted
compared to the Scramble control. The levels of the 29S precursor decrease upon EXOSC3
depletion and inversely increase upon DDXI1 depletion. 12S precursor increases when EXOSC3
is depleted compared to the Scramble control, consistent with the most well-defined role of the
RNA exosome in 3’ trimming to produce mature 5.8S (1,17,68,83,110). In contrast, when cells are
depleted of DDX1, there is a decrease in the steady-state levels of the 12S precursor compared to
the Scramble control. When using probes to detect 5.8S rRNA in the same samples, we detect a
decrease in 5.8S level after depletion of EXOSC3, but no significant change when DDXI1 is
depleted. The 7SL signal recognition particle (SRP) transcript, which is not a target of the RNA
exosome (115), is used as a loading control. The northern blot data are quantified for all analyses
in Figure 6C and normalized to the loading control. The data from Figure 8B and Figure 8C are
also summarized within Figure 8A, as indicated by the up- and down-arrows to denote statistically

significant increases or decreases in these RNA species. The precursors are targeted using specific
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probes detailed in Table 3.S1. Although both EXOSC3 and DDXI1 clearly have an impact on

rRNA processing or maturation, the roles in this process appear to be independent of each other.

R-loops are globally reduced upon depletion of EXOSC3 or DDXI.
Multiple studies have linked DDX1 to R-loops, which are three-strand nucleic acid

structures comprised of an RNA-DNA hybrid and a single strand of DNA (100,111,116). DDX1
has been reported to co-precipitate with R-loops and promote R-loop formation by unwinding
complex RNA (100,111,116). Studies have also linked the RNA exosome to R-loop regulation in
murine B-cells (117). To understand the impact EXOSC3 and DDX1 may have on R-loops, we
performed DNA/RNA-immunoprecipitation followed by high-throughput sequencing (DRIP-seq)
in cells depleted of either EXOSC3 or DDXI1. In cells depleted of EXOSC3, we identified 722
significantly increased R-loop regions and 935 decreased R-loop regions (Figure 3.7A, left, n =
3, FDR < 0.05). In cells depleted of DDX1, 638 increased R-loop regions and 1,058 decreased R-
loop regions are identified (Figure 3.7A, right, n = 3, FDR < 0.05). We then compared the R-loop
regions that showed statistically significant changes in cells depleted of EXOSC3 or DDX1. We
found that 140 out of 722 increased R-loop regions (~19%) in EXOSC3-depleted cells are also
increased in DDX1-depleted cells (Figure 3.7B, left, Chi-squared test, p-value < 0.0005) and 425
out of 935 decreased R-loop regions (~45%) in EXOSC3 knockdown cells are also decreased in
DDXI1 knockdown cells (Figure 3.7B, right, Chi-squared test, p-value < 0.0005). These results
suggest that the two proteins may cooperate to alter a common set of R-loops.

EXOSC3- and DDX1-depleted cells share common R-loop regions that increased or
decreased. We employed Panther Gene Ontology (GO) analysis on these R-loops (Figure 3.7C).
The R-loop regions that are increased in both EXOSC3 and DDX1 knockdowns (n = 140) are

enriched in the categories of protein folding, histone modifications, stress responses, and RNA
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metabolic processes when grouped by fold enrichment. The R-loop regions that are decreased in
both EXOSC3 and DDXI1 knockdown conditions (n = 425) are also enriched in the RNA
metabolism category, but additionally in categories including axon guidance and neuronal
development.

In Figure 3.7D, we grouped both increased and decreased R-loop regions by RNA
transcript class present within the region corresponding to altered R-loops. Both EXOSC3 and
DDX1 depletion affects R-loops within genes encoding different classes of RNA. We grouped all
changed R-loop regions, both increased and decreased, after EXOSC3 depletion and found that
the largest category of RNA significantly affected is protein-coding (n = 1,496). We then excluded
protein-coding genes from the analysis to allow a clearer view of the non-coding transcripts and
identified 80 ncRNAs, 55 microRNAs, 9 snoRNAs, 8 pseudoRNAs, 6 IncRNAs, 1 scRNA, and 1
telomerase RNA within the altered R-loop regions. An analysis following DDX1 depletion
revealed similar results. We excluded 1,509 R-loop regions that mapped to protein-coding genes
and identified 95 ncRNAs, 61 microRNAs, 13 snoRNAs, 12 pseudoRNAs, and 5 IncRNAs.
Noncoding RNAs (ncRNAs) are those transcripts that do not currently have a more specific
distinction.

In parallel with DRIP-seq, we employed RNA sequencing (RNA-seq) after ribosomal RNA
depletion to identify transcripts altered by depletion of EXOSC3 or DDX1. The pipeline employed
for this analysis focused on coding regions, so data presented represent changes in mRNA
transcripts. We identified 1,757 significantly increased transcripts and 2,192 decreased transcripts
in EXOSC3 knockdown cells (Figure 3.8A, left, n =3, FDR < 0.05). In DDX1 knockdown cells,
734 increased transcripts and 968 decreased transcripts are identified (Figure 3.8A, right, n = 3,

FDR < 0.05). We then compared the transcripts that showed statistically significant changes in
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EXOSC3- and DDX1-depleted cells. We found that 322 out of 1,757 increased mRNA transcripts
(~18%) in siEXOSC3 cells are also increased in siDDX1 cells (Figure 3.8B, left, Chi-squared test,
p-value < 0.0005) and 599 out of 2,192 decreased mRNA transcripts (~27%) in siEXOSC3 cells
are also decreased in siDDXI1 cells (Figure 3.8B, right, Chi-squared test, p-value < 0.0005),
suggesting a coordination between EXOSC3 and DDX1 in commonly regulating a critical set of
genes.

With both DRIP-seq and RNA-seq datasets in hand, we created a pipeline to compare
results and filter the DRIP regions through the differential mRNA sequencing data to focus on the
overlapping similarity between R-loops and changes in transcript level at those specific R-loop
regions (Figure 3.9A). We applied the pipeline to generate a heatmap to illustrate the DRIP
regions and mRNA transcripts that changed upon depletion of either EXOSC3 or DDX1 (Figure
3.9B). There are 466 R-loop regions that overlap in the RNA-sequencing data for both depletions.
Of these overlapping R-loop regions, 103 are increased, and 363 regions are decreased. Many of
the decreased regions mapped to genes that are involved in RNA metabolism, RNA regulation,
translation processes, and neuronal development. We employed the Integrative Genomics Viewer
(IGV), which enables the visualization of these regions (Figure 3.9C). To illustrate the effect on
specific loci, we focused on two genes that contained R-loop regions significantly changed within
transcripts that are also significantly changed, and which fell under the biological processes
aforementioned: /nts6 and Celf4. The red marker above the gene (orange) in the IGVs of Ints6
denotes the R-loop region, indicating a potential reduction in gene expression at these loci. In the
three panels on the right, Celf4 R-loop regions are marked with a red line above the gene (orange).
The two left IGV panels corresponding to Celf4 show increased R-loop and transcript regions. In

the far right IGV panel corresponding to Celf4, the R-loop regions are decreased, and transcript
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regions are increased. The changes in R-loop regions at these loci indicate potential changes in
gene regulation and expression upon the depletion of EXOSC3 or DDX1. All IGV panels show
regions that have statistically significant changes compared to Scramble. Quantification of Ints6
and Celf4 transcripts show statistical significance (Figure 3.9D). Altogether, these data indicate
that depletion of either EXOSC3 or DDXI1 results in changes in R-loop regions that do not

necessarily correspond to a similar change in transcript levels for that same gene.

Discussion

In this study, we used a proteomic approach to identify RNA exosome-associated proteins
in a neuronal cell line and identified an interaction between EXOSC3 and the putative RNA
helicase DDX1. Although each protein is present in both the nucleus and the cytoplasm, the
interaction was only detected in the nuclear fraction. To explore possible shared functions between
EXOSC3 (RNA exosome) and DDX1 in which each of these proteins are implicated, we examined
the EXOSC3-DDX1 interaction upon DNA damage, and effects on rRNA processing and on R-
loop distribution upon depletion of EXOSC3 or DDX1. Our results suggest that EXOSC3 and
DDX1 participate in shared regulation of R-loops and the transcripts produced within the genomic
regions that form those R-loops. Taken together, these data define a potential mechanism by which
an interaction between the RNA exosome complex and an RNA helicase could modulate R-loops.

The RNA exosome complex interacts with a number of proteins, termed cofactors, to
confer specificity for different RNA targets (27). Many studies, including a number of elegant
structures (3-7,19,36,37,74), show that the RNA exosome consists of a core set of subunits and
cofactors that are present in one-to-one stoichiometry. The core RNA exosome then interacts with

a number of different proteins to facilitate degradation or processing of many different RNA
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targets. These protein-protein binding events may be transient as the RNA exosome interacts with
multiple cofactors at shared binding sites that have been revealed by biochemical and structural
studies (5). Indeed, only a single peptide was identified in the mass spectrometry data in this study
for the well-characterized RNA exosome cofactors, MTR4 (alternatively named SKIV2L2) and
MPP6. These results provide evidence that the interactions between the RNA exosome and
cofactors are likely to be dynamic and transient.

Beyond the previously characterized RNA exosome cofactors, this study identified several
candidate RNA exosome-interacting proteins, which are located in different cellular
compartments. For example, DDX1 is present in both the nucleus and the cytoplasm (106), while
the Pumilio proteins, PUM1 and PUM2, are reported to control RNA stability exclusively in the
cytoplasm (118). Thus, further studies could explore whether the interactions identified in whole
cell lysate occur preferentially in one cellular compartment or another. Although DDX1 is readily
detected in both the nucleus and the cytoplasm (Figure 3.3B) (106), robust interaction between
EXOSC3 and DDXI1 was only detected in the nuclear lysate. This compartment-specific
interaction could mean that the RNA exosome and DDX1 interact in the context of chromatin.
However, treatment with DNase I did not substantially decrease the EXOSC3-DDX1 association
(Figure 3.3C). One possibility as to why the EXOSC3-DDX1 interaction is compartment-specific
is that post-translational modifications (PTMs) could modulate binding. Studies in S. pombe have
revealed PTMs in Dis3, Mtr4, Rrp40 (EXOSC3), Rrp43 (EXOSCS8), and Rrp46 (EXOSC)),
though only PTM mimetics in Dis3 and Mtr4 impacted RNA processing (119). No studies have
explored whether PTMs regulate the function of DDX1. Such studies in the future could provide
insight into how the RNA exosome complex dynamically interacts with so many different

cofactors to target a large number of distinct RNAs.
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Though we have identified and characterized the interaction between the RNA exosome
cap subunit EXOSC3 and DDX1, we have not yet explored whether this interaction is direct or
indirect. As EXOSC3 is a component of the RNA exosome complex, DDX1 may interact with
EXOSC3 or with other RNA exosome subunits. Alternatively, as this interaction was identified
through co-purification, the interaction could be indirect and mediated by RNA exosome cofactors
or other proteins. While we detect all RNA exosome subunits co-purifying with EXOSC3, these
experiments do not demonstrate that DDX1 interacts directly with any RNA exosome subunit
beyond EXOSC3. The interaction between EXOSC3 and DDX1 increases significantly upon
RNase treatment, particularly RNase A (Figure 3.3C), a phenomenon suggested to occur for
protein-protein interactions (107). One possible explanation for why the EXOSC3-DDXI
interaction increases upon digestion of RNA may be that RNA is bound between the two proteins,
and potentially interfering with or competing for the same binding site. In one conceivable model,
DDX1 could unwind RNA for degradation/processing by the RNA exosome and the removal of
RNA increases interaction with EXOSC3. A previous study reported a similar observation when
examining the interaction between hnRNPK and DDX1 (107). Thus, future studies will be required
to further characterize the interaction to test whether DDX1 could function as an RNA exosome
cofactor like multiple other helicases.

A logical model to explain the interaction between the RNA exosome and DDX1 was that
these factors could cooperate in response to DNA damage. The RNA exosome and DDX1 have
both been implicated in double-strand break repair by homologous recombination (HR) and non-
homologous end joining (NHEJ) (56,87,100,101). If these factors worked together to respond to
DNA damage, we speculated that inducing DNA damage would increase this interaction. In

contrast to this prediction, we found that double-strand breaks induced by treatment with the
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topoisomerase inhibitor camptothecin significantly reduced the interaction (Figure 3.4B). This
result suggests that as DDX1 is recruited to sites of DNA damage (101,102), the interaction with
the RNA exosome is lost. This finding led us to consider the possibility that the RNA exosome
and DDXI1 could share a function in cellular homeostasis in the absence of DNA damage.
Alternatively, another model that cannot yet be eliminated is that the RNA exosome and DDX1
could cooperate to respond to specific types of DNA damage, which have not yet been tested.

In addition to DNA damage response, both the RNA exosome and DDX1 have been
implicated in rRNA processing. The best-defined role for the RNA exosome is 3’ trimming to
produce mature 5.8S RNA (1,17,83,110), while DDX1 has been implicated in the accumulation of
anumber of rRNA species (112). Analysis of rRNA processing in cells depleted of either EXOSC3
or DDX1 revealed that loss of these proteins alters some shared rRNA species, albeit in distinct
manners (Figure 3.6). For example, the mouse precursor of mature 5.8S rRNA, 12S rRNA,
accumulates in cells depleted of EXOSC3 with a concomitant decrease in mature 5.8S. In contrast,
depletion of DDX1 led to a decrease in the level of the 12S rRNA precursor. While these results
show that some of the same rRNAs are impacted by the loss of either EXOSC3 or DDX1, the
impact is different.

Helicases belonging to the DEAD- and DExH-box families such as DDX1 and MTR4 play
important roles in RNA processing beyond ribosomal RNA. R-loops are also a common target of
these helicases. Though R-loops are necessary for cellular maintenance, these structures can pose
a threat to the genome if they accumulate (88,120). DEAD/DExH-helicases are critical for
resolving and regulating R-loops as they unwind the nucleic acid structures for subsequent
degradation by ribonucleases. For example, DDX1 has been reported to unwind G-quadruplex

structures that can stabilize R-loops during transcription (100). MTR4, a well-characterized
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nuclear cofactor, unwinds R-loops and degrades RNA in complex with the RNA exosome (121).
Despite data suggesting that both DDX1 and MTR4 could help resolve R-loops, a number of
differences between the helicases exist. For example, the SPRY protein binding domain in the N-
terminus upstream of two helicase domains (Figure 3.3A) is unique to DDX1. The SPRY domain
in DDX1 is inserted between a phosphate-binding P-loop motif and a single-strand DNA binding
Ia motif, separating the motifs by 240 residues, instead of the usual 20-40 residues seen in other
DEAD-box proteins (96). Examination of the SPRY domain of DDX1 compared with the protein-
protein interface of MTR4 and the RNA exosome may reveal surface sites of interaction and would
potentially explain why a SPRY domain lies upstream of two helicase domains within the DDX1
protein. Structures indicate that MTR4 interfaces with MPP6, which tethers the helicase to the
RNA exosome cap (5,6). This interface could be a shared docking site for these helicases. Further
studies on whether DDX1 and MTR4 may have some common functions would also shed light on
the cellular roles of these proteins.

Many reports link either the RNA exosome or DDXI1 to the modulation of R-loops
(87,100,116,117,120). However, no reports to date directly compare the RNA exosome and DDX1
in R-loop modulation. One previous study analyzed a well-characterized R-loop region within the
BAMBI gene by mass spectrometry and provided a detailed list of the proteins that co-
immunoprecipitated with R-loops in this region (116). DDX1, EXOSC3, and several other
subunits of the RNA exosome were detected in the association with this BAMBI R-loop.
Consistent with this previous study, the DRIP-seq performed here identified R-loop regions in the
BAMBI gene significantly altered in cells depleted of either EXOSC3 or DDX1 (Figure 3.S3).
These findings support a model where, at least for the BAMBI R-loop region, both EXOSC3 and

DDX1 are co-located and may contribute to R-loop modulation.
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We discovered several genes for which R-loop regions are significantly altered in the same
manner by depletion of either EXOSC3 or DDX1. We coupled the genome-wide DRIP-seq
analysis with RNA-seq analysis to focus on regions where changes in R-loops are associated with
changes in transcript levels. This analysis revealed several common findings. While depletion of
either EXOSC3 or DDX1 caused both some increases and some decreases in the number of R-
loops detected, data showed larger numbers of decreased R-loop regions as compared to increased
R-loop regions (Figure 3.7A). Considering these shared changes, GO analysis revealed that the
genes located in regions that show increased R-loops map to genes implicated in a variety of
cellular responses to stress, which could reflect a requirement for proper RNA exosome and/or
DDX1 function to support normal cell physiology. Strikingly, the only GO term enriched more
than 5-fold among regions with decreased R-loops is “Anterior/posterior axon guidance” (Fold
enrichment > 35). This finding could suggest that these regions of the genome are less accessible
and perhaps less actively transcribed when either EXOSC3 or DDX1 is depleted, suggesting a
possible link to the neurological disorders that are caused by missense mutations in genes encoding
structural subunits of the RNA exosome.

To define potential shared transcript targets of EXOSC3 and DDX1, we also performed
RNA-seq analysis using a pipeline that distinguished protein-coding transcripts from other RNAs.
This analysis revealed that more transcripts show a significant change (FDR < 0.05) in levels upon
depletion of EXOSC3 (3,949 transcripts) as compared to DDX1 (1,702 transcripts). Notably, the
percentage of transcripts increased (56% for siEXOSC3; 57% for siDDX1) and decreased (44%
for siEXOSC3; 43% for siDDX1) are similar in both cases; in fact, decreased transcripts slightly
outnumber increased transcripts for both depletions. Interestingly, the data reveal a large number

of shared transcripts that are regulated, suggesting a shared role in modulating a subset of
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transcripts or a shared cellular response at the transcript level. To integrate the DRIP-seq and RNA-
seq and provide insight into how changes in R-loops could correlate with altered gene expression
within the region of the genome where the R-loop is located, we also narrowed the analysis to only
consider regions where both R-loops and transcript levels were changed when either EXOSC3 or
DDX1 was depleted with a focus on the shared changes. This analysis provided interesting sets of
data to consider. One notable point is that the overall patterns of R-loop and transcript changes
displayed in the heatmaps (Figure 3.9B) appear similar for both EXOSC3 and DDX1 depletions
with regions of increased R-loops sharing more increased transcripts and conversely for regions
of decreased R-loops. To delve into the data in more detail, we identified altered R-loops linked
to RNA metabolism, DNA repair, and/or neurodevelopment. Two examples from this analysis are
Ints6 and Celf4. Ints6 encodes for a protein that is a noncatalytic member of the Integrator complex,
a protein complex involved in the processing of snRNAs, resolving IncRNAs, and metabolizing
mRNAs (122,123). The Integrator complex, containing INTS6, is involved in transcription
termination of IncRNAs that are synthesized at sites of double-strand breaks, also known as
damage-induced long noncoding RNAs (dilncRNAs) (122,124). Celf4 encodes for an RNA
binding protein that regulates mRNA stability and binds 3’UTRs (125). Celf4 has also been linked
to neurodevelopmental disorders and expression is enriched in the central nervous system
(126,127). These transcripts may be regulated by the RNA exosome and DDX1 in neurons and
dysregulation could contribute to the neurological pathology that occurs in many exosomopathy
patients. These two examples represent just a subset of the many altered genomic regions and
transcripts that could contribute to cellular dysfunction.

The overall goal of this study was to identify RNA exosome interacting proteins present in

aneuronal cell line with the underlying hypothesis that neuronal-specific interacting partners could
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be lost in exosomopathies, which show primarily neuronal pathologies despite the ubiquitous
expression of the RNA exosome. While the identification of an interaction with an additional RNA
helicase is exciting, DDX1, like the RNA exosome, is ubiquitously expressed. DDX1 has not been
definitively linked to any monogenic disease, but there is a report within the undiagnosed disease
network of an individual with a missense mutation (p.Thr280Arg), which would fall within the
catalytic domain of DDX1. This individual is reported to suffer from seizures and developmental
regression, which could suggest that DDXI1, like the RNA exosome, is required for normal
function in some regions of the brain. In summary, we identified and characterized a new
interacting partner of the RNA exosome, and studies thus far suggest that DDX1 could interact
with the RNA exosome to modulate R-loop accumulation at some loci and to regulate transcript
levels of some shared transcripts. Taken together, this study suggests the interaction between the

RNA exosome and RNA helicase DDX1 may be required for neuronal-specific gene regulation.
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Chapter 3 Figures
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Figure 3.1. RNA exosome subunits co-immunoprecipitate with tagged EXOSC3.

(A) The RNA exosome is a conserved exo/endoribonuclease complex that comprises 10 subunits.
Nine of the ten subunits are structural and termed exosome components. EXOSC1, EXOSC2, and
EXOSC3 make up the cap and EXOSC4, EXOSCS5, EXOSC6, EXOSC7, EXOSCS, and EXOSC9
make up a barrel-shaped core. In this graphic, EXOSC3 (navy) and EXOSC9 (green) are
highlighted. EXOSC6, EXOSC7, and EXOSCS8 are positioned behind subunits EXOSC4,
EXOSCS5, and EXOSC9, and consequently are not visible. The catalytic subunit, DIS3 or DIS3L,
sits at the base of the complex. This structure was created using Biorender and is based on PDB
6H25 (4). (B) EXOSC9 core subunit co-precipitates with myc-EXOSC3 from murine neuronal
N2A cell line. Cells were transfected with a plasmid encoding Vector control or myc-EXOSC3
followed by immunoprecipitation using anti-myc magnetic beads. Input for Vector control and
myc-EXOSC3 was probed by an anti-myc antibody, and a band corresponding to the molecular
weight is detected in the Input but not Vector control for myc-EXOSC3. Input for Vector control

and myc-EXOSC3 is probed by an anti-EXOSC9 antibody, and a band at the corresponding
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molecular weight is present in both lanes. Bound for Vector control and myc-EXOSC3 is probed
by an anti-myc and an anti-EXOSC9 antibody, and a band corresponding to the molecular weight
is detected in the Bound fraction for myc-EXOSC3 but not for Vector control. Stain-free blot
indicates the loading of total protein in the Input. Immunoprecipitation of the myc tagged EXOSC3
copurifies with the endogenous EXOSC9 subunit. (C) Eluates of the Bound myc-EXOSC3
immunoprecipitation were analyzed by LC-MS/MS. A table shows all RNA exosome subunits
detected, listing the peptide-spectrum matches (PSM) and the peptide numbers for each subunit.

Vector IP serves as a control.
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Figure 3.2: Novel EXOSC3/RNA exosome interactors identified wusing liquid
chromatography coupled with tandem mass spectrometry (LC-MS/MS).

(A) Pie chart that organizes proteins that co-precipitate with myc-EXSOSC3 from murine neuronal
N2A cell line by protein class. Peptide-spectrum matches (PSM) were analyzed using a log» ratio,
so that any result above 0 indicates binding in myc-EXOSC3 IP over Vector IP. Results that are
less than or equal to 0 were excluded from the analyses. Proteins that contained a PSM beyond the
log> cut-off of 0 were analyzed by Panther Gene Ontology terms. The number of proteins within a

class is indicated inside the pie slices. (B) The table (left) shows selected RNA exosome interactors
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detected and lists the PSM and Peptide number for each protein. Vector IP serves as the control.
The gene list corresponding to the proteins is provided as Supporting Information Table S1. Note
that MPP6 is the protein name and MPHOSPHS6 is the gene name. MTR4 is the most common
name for this helicase but appears as SKIV2L2 in Table S1. A short list of Nucleic acid
metabolism/binding (right) is provided. The RNA exosome subunits (bold, navy) reside in the
nucleic acid metabolism/binding subcategory, together with known RNA exosome cofactors
(green). Candidates investigated as novel RNA exosome interactors are listed in blue, including

the putative RNA helicase, DDX1.
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Figure 3.3: DDX1 co-immunoprecipitates with EXOSC3.

(A) A graphical representation of the domain structure of human putative DEAD-box helicase
DDX1. The SPRY protein interacting domain in DDX1 is located between a phosphate-binding
P-loop motif and a single-strand DNA binding Ia motif, separating the motifs by 240 residues
instead of the usual 20-40 residues seen in other DEAD-box proteins (96). The catalytic ATP-
binding helicase and C-terminal helicase domains lie downstream of the SPRY domain. (B) DDX1
co-immunoprecipitates with EXOSC3 in the nuclear, but not cytoplasmic, fraction of N2A cell
lysate. EXOSC3 was immunoprecipitated from the cytoplasmic or nuclear fraction, followed by
immunoblotting using EXOSC3, EXOSC9, and DDXI1 antibodies. The Input, Unbound, and
Bound fractions from the EXOSC3 and control nonspecific rabbit IgG (Ctrl IgG)
immunoprecipitation are shown. EXOSC9 serves as a representative of the co-purified RNA
exosome subunits. Stain-free blot serves as the loading control. (C) Immunoprecipitation of
EXOSC3 from the nuclear fraction was performed with treatments of RNase A, RNase T1, RNase
H, DNase I, and Benzonase. EXOSC3 antibody described previously is used in the No treatment,
+RNase A, +RNase T1, +RNase H, +DNase I, and +Benzonase immunoprecipitation. Nonspecific
rabbit IgG (Ctrl IgG) was used as a control. DDX1 and EXOSC3 were analyzed for the Input and
bound fractions (IP: EXOSC3). The light chain IgG band is visible (asterisk) in the bound fractions
probed with EXOSC3, just below the EXOSC3 band. Stain-free serves as a loading control for the
Input. Bands in the bound fractions were quantified relative to the No treatment control. The values
below the lanes correspond to the amount of protein quantified from the bands Treatment with
RNase A and RNase H were performed in triplicate (n = 3). Treatment of RNase T1, DNase I, and
Benzonase were performed in duplicate (n = 2). The asterisk (*) below the values indicate the P-

value < 0.05.
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Figure 3.4: The interaction between EXOSC3 and DDX1 is sensitive to DNA damage.

(A) N2A cells were treated with camptothecin (CPT) or PBS (Control), fixed, and analyzed by
immunofluorescence using antibodies that detect EXOSC3, DDX1, and the DNA damage marker,
YH2AX. (B) The Input and immunoprecipitated samples from both the cytoplasmic and nuclear
fractions (Bound) treated with either CPT or PBS (Control) for both EXOSC3 and control IgG

(Ctrl IgG) are shown. DDX1, EXOSC9, and EXOSC3 are detected. (C) The immunoprecipitation
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experiment from the nuclear fraction in Figure 4B was performed in biological triplicate and
DDX1 bands in EXOSC3 Bound fractions were quantified. Statistical significance was calculated

by a student’s T-test. Asterisk (*) represents p-value < 0.05. IP: immunoprecipitation; IB:

immunoblot.
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Figure 3.5: EXOSC3 and DDX1 are robustly depleted by siRNA-mediated knockdown in
N2A cells.

(A) N2A cells were transfected with Scramble control or EXOSC3 siRNA (siEXOSC3) in
biological triplicate. The steady-state level of EXOSC3 was assessed by immunoblotting. The
asterisk (*) indicates a nonspecific band. Stain-free blot serves as a loading control. (B)
Quantification of immunoblot in (A) shows that EXOSC3 is depleted to 13.1%. The percent
depletion of EXOSC3 was determined by quantifying the immunoblot in (A) relative to Scramble
and averaging the values. This result is significant across three biological replicates. (C) N2A cells
were transfected with Scramble or DDX1 siRNA (siDDX1) in biological triplicate. The steady-
state level of DDX1 was assessed by immunoblotting. Stain-free blot serves as a loading control.

D) Quantification of immunoblot in (C) shows that DDX1 is depleted to 12.4%. The percent
( p p
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depletion of DDX1 was determined by quantifying the immunoblot in (C) relative to Scramble
and averaging the values. This result is significant across three biological replicates. The statistical
analyses for (C) and (D) were calculated using a student’s T-test. Asterisks (****) represent a p-

value < 0.0001 and (***) represent a p-value < 0.001.
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Figure 3.6: Depletion of EXOSC3 or DDXI1 results in misprocessing of rRNA precursors.

(A) A graphical schematic of murine rRNA processing, adapted from Henras et al., 2015 (113),
that includes up- and down-arrows to summarize the results obtained in this study. (B) Northern
blots of total RNA from N2A cells depleted of EXOSC3 or DDX1 using rRNA probes show that
levels of 298, 418, 20S, and 12S rRNA precursors and 5.8S rRNA are altered. EXOSC3 or DDX1
was depleted from cells by siRNA knockdown and total RNA was isolated for northern blotting.
An ITS2 probe was used to detect 32S and 12S rRNA precursors. Additionally, we employed a
probe specific for 5.8S rRNA. The 7SL transcript serves as a loading control. (C) Northern blots
from Figure 6B were quantified relative to 7SL in biological triplicates. An asterisk (*) indicates

a significant difference using a P-value cut-off of < 0.05.
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Figure 3.7: DRIP-seq reveals that depletion of EXOSC3 or DDX1 alters R-loop regions.

DNA/RNA immunoprecipitation followed by sequencing (DRIP-seq) was performed on N2A cells
depleted of EXOSC3 or DDXI1 by siRNA. (A) The volcano plots show the number of R-loop
regions that statistically increase and decrease in either EXOSC3 or DDX1 depletions compared
to Scramble control. The plot is graphed using a log, fold change across a -logio false discovery
rate (FDR). The R-loop regions that did not achieve the FDR cut-off of 0.05 are indicated in black

and fall under the horizontal lines. The numbers on the left of 0 on the x axis indicate significantly
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decreased R-loop regions and the numbers on the right of 0 indicate significantly increased R-loop
regions. (B) The statistically increased and decreased R-loop regions in cells siRNA depleted of
EXOSC3 or DDX1 identified in the DRIP-seq dataset are compared using a Venn diagram. The
dark blue circles indicate the number of increased (n = 722) or decreased (n = 935) R-loop regions
upon siRNA-mediated EXOSC3 depletion. The yellow circles represent the number of increased
(n=638) or decreased (n = 1,058) R-loop regions that were affected upon siRNA-mediated DDX1
depletion. The overlap in green indicates the number of increased (n = 140) or decreased (n = 425)
R-loop regions that siEXOSC3 or siDDX1 have in common. (C) The increased and decreased R-
loop regions from both siEXOSC3 and siDDX1 samples were analyzed using Panther Gene
Ontology Terms and categorized by biological process. These analyses are statistically significant
with a cut-off at p-value < 0.05. (D) The classes of RNA that were affected upon depletion of
either EXOSC3 or DDX1 are organized into a pie chart. Protein-coding genes were excluded. The
numbers to the right of the class of RNA are the number of R-loop regions that correspond to that

class.
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Figure 3.8: RNA-seq shows that depletion of EXOSC3 or DDXI1 results in more shared
decreased transcripts than shared increased transcripts.

(A) RNA sequencing was performed on N2A cells siRNA depleted of EXOSC3 or DDX1. The
volcano plots show the number of mRNA transcripts that increased and decreased in either
siEXOSC3 or siDDX1 compared to Scramble control. The plot is graphed using a log> fold change
across a -logio false discover rate (FDR). The differential regions that did not achieve the FDR cut-
off of 0.05 are indicated in black and fall under the horizontal lines. The numbers on the left of 0
of the x-axes indicate significantly decreased differential regions and the numbers on the right of
0 indicate significantly increased differential regions. (B) The increased and decreased transcripts
are compared using a Venn diagram. The dark blue circles indicate the number of increased (n =
1,757) or decreased (n = 2,192) mRNA transcripts upon EXOSC3 depletion. The yellow circles
represent the number of increased (n = 734) or decreased (n = 968) mRNA transcripts that are
affected upon DDX1 depletion. The overlap represented in green indicates the number of increased
(n = 322) or decreased (n = 599) mRNA transcripts that depletion of EXOSC3 or DDX1 have in

common.
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Figure 3.9. Filtering DRIP reads through RNA sequencing revealed genes that are
simultaneously affected by depletions of EXOSC3 or DDXI1.

(A) A graphical representation of the pipeline used to focus on specific genes using the analysis
funnel. N2A cells siRNA depleted of either EXOSC3 or DDX1 were subjected to both DRIP- and
RNA-seq. We filtered results from the DRIP-seq through the RNA-seq reads, using only mRNA
transcripts. We were then able to produce heatmaps and examine transcriptomic regions using an
Integrated Genomics Viewer (IGV). (B) Using the pipeline described, we created heatmaps
showing the landscape of increased and decreased R-loop regions upon depletion of either
EXOSC3 (blue) or DDX1 (green). (C) The IGV images of /nts6 and Celf4. The chromosome is
displayed at the top of the window. The span lists the number of bases currently displayed. The
tick marks indicate the chromosome locations. The red line marks the regions in which R-loops
are significantly changed. The top track displays the Mus musculus reference genome
(NCBI37/mm9) in orange. The following three tracks display the R-loop regions of interest
corresponding to Scramble, sSiIEXOSC3, and siDDX1, respectively. The middle three tracks display
the RNase H-treated R-loop regions of interest corresponding to Scramble, siEXOSC3, and
siDDX1, respectively. The last three tracks display the Transcript regions of interest corresponding
to Scramble, siEXOSC3, and siDDX1, respectively. Celf4 exhibited three changed regions in the
genes and is displayed by separate panels. (D) Quantification of Ints6 and Celf4 transcripts in

Scramble, siEXOSC3, and siDDX1 by fragment per kilo million reads (FPKM).



Northern blot probe sequences

S’ETS-end | GGACAGAGAGCGCGAGAGAG

ITS1-29 ACGCCGCCGCTCCTCCACAGTCTCCCGTT
ITS1-132 TTCTCTCACCTCACTCCAGACACCTCGCTCCACA
ITS2-32 ACCCACCGCAGCGGGTGACGCGATTGATCG
28S CTAATCATTCGCTTTACCGG

18S TAATGATCCTTCCGCAGGTTCACC

5.85-113 GCAAGTGCGTTCGAAGTGTC

7SL CAAAACTCCCGTGCTGATCA

Table 3.S1.

The Northern blot shown in Figure 3.6B was produced using the probes listed in this table.
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Figure 3.S1. EXOSC3 custom-made antibody is specific, cellular fractionation is sufficient,
and the interaction between EXOSC3 and DDXI1 is impacted by loss of RNA or DNA.

(A) As described in Materials and Methods, polyclonal antibodies were created to detect EXOSC3.
To validate the EXOSC3 antibody, N2A cells were transfected with Scramble or two independent
EXOSC3 siRNAs (siEXOSC3-1 and siEXOSC3-2) and protein depletion was determined by
immunoblot. The immunoblot was probed by the custom antibody. EXOSC3 antibody detects a
band at the predicted size of EXOSC3, which is decreased with each EXOSC3 siRNA compared
to Scramble. The Stain-free blot serves as a loading control for total protein. The asterisk (*)
denotes a nonspecific band. (B) Cellular fractionation of N2A cells was performed as described in
Materials and Methods. Equal amounts of protein from whole cell lysate (WCL), cytoplasmic, or
nuclear fractions were analyzed with antibodies that detect proteins localized to either the

cytoplasm (HSP90) or the nucleus (B23). The Stain-free blot serves as a loading control. The
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differences in protein profiles across the stain-free blot indicate the differences in protein
populations between cytoplasmic and nuclear fractions. The bands are quantified relative to the
nuclear (B23) or cytoplasmic (HSP90) marker in the respective cellular compartments. The values
below the lanes correspond to the amount of protein quantified from the bands, normalized to the
fraction observed; the cytoplasmic fraction was normalized to HSP90 (p-value = 0.0279), and the
nuclear fraction was normalized to B23 (p-value < 0.0001). The quantification is averaged across

biological triplicates and significance was calculated using student’s T-test.
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Figure 3.S2. The quality of the purified RNA used for the northern blots, RNA-sequencing,

and DRIP-sequencing assessed by 1% agarose gel and High Sensitivity ScreenTape assay.

(A) RNA was extracted from N2A cells transfected with scramble siRNA, EXOSC3 siRNA, and

DDXI1 siRNA in biological triplicates. The quality of the RNA was assessed by a 1% agarose gel.

The three bands visible correspond top to bottom to 28S, 18S, and 5.8S rRNA, respectively. (B)
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A High Sensitivity RNA ScreenTape assay was used for quantitation and further quality

assessment. All RNA integrity numbers (RIN®) for each sample are considered high quality.
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Figure 3.S3. IGV for R-loop regions in Bambi is reduced in cells depleted of EXOSC3 or
DDXI1.

The Integrative Genome Viewer (IGV) image of Bambi is shown. The chromosome is displayed
at the top of the window. The span lists the number of bases currently displayed. The tick marks
indicate the chromosome locations. The red line marks the regions in which R-loops are
significantly changed. The top track displays the Mus musculus reference genome (NCBI37/mm9)
in orange. The following three tracks display the R-loop regions of interest corresponding to
Scramble, siEXOSC3, and siDDX1, respectively. The middle three tracks display the RNase H-
treated R-loop regions of interest corresponding to Scramble, siEXOSC3, and siDDXI,
respectively. The last three tracks display the Transcript regions of interest corresponding to

Scramble, siEXOSC3, and siDDX1, respectively.
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Conclusions and Future Directions

The studies described in this dissertation explore possible biological basis for a class of
diseases termed “exosomopathies”. These works provide key insights to the function of the RNA
exosome adds to our model suggesting how pathogenic single amino acid changes within structural
subunits of the RNA exosome contribute to neurological disease (Figure 4.1). The analysis here
supports the characterization of the RNA exosome as ubiquitously expressed across tissues. We
find evidence that a key subunit of the complex, EXOSC3, could be rate limiting for assembly in
multiple tissues. Furthermore, we identify a potential novel cofactor, DDX1, supporting a model
where many cofactors that are yet to be defined could be critical for RNA exosome function.

The RNA exosome has been studied for decades, as the complex was initially defined
genetically in budding yeast. Although important discoveries have been made using a variety of
genetic model organisms, the recently discovered link to neurological disease raises important
questions. For example, yeast are unicellular and cannot provide details of how a genetic mutation
may affect different tissues. Although Drosophila, are multi-cellular with a complex brain, flies
lack brain structures affected in exosomopathies that exist in humans, such as the cerebellum. The
Drosophila RNA exosome also lacks EXOSCS, a core structural component that has been linked
to PCHI1C (9). A logical next step beyond model organisms is to use mammalian cell lines. The
work described in Chapter 3 used N2A neuronal mouse cell lines to investigate novel interactions
with the RNA exosome. Future studies may employ human neuronal cell lines, such as SH-SYSY,
or differentiated neuronal cells to further mimic the cells impacted by mutations causing
exosomopathies. Rodent brain, specifically the cerebellum and/or pons, may also be exploited to
investigate novel interactions. An approach to further explore the consequences of single amino
acid changes in structural RNA exosome subunits would be to employ CRISPR to edit the cell

lines described. DDX1 is present in the mammalian brain and is detected in SH-SY5Y cells (128),
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and therefore further molecular nuances of the interaction between the RNA exosome and the
novel helicase interactor may be explored in these systems.

Exosomopathies are very rare diseases, and therefore patient samples are quite limited. A
mouse model would be a beneficial system to study molecular consequences of mutations in
structural RNA exosome subunit genes. To date, no mouse model has been created for any
exosomopathy variant. One study used an ex vivo approach by employing a conditional inversion
method ultimately resulting in an EXOSC3 knockout from cultured B cells in adult mice (129).
The Jackson Laboratory lists CRISPR-generated knockout lines for EXOSCI and EXOSC2 for
mice, but there are no reports to date that indicate use of these lines or analysis of these strains.
Moreover, specific edits to the genome of a mammalian model may provide certain insights that
would be lost in a knockout system. Now, with a breadth of data from studies with other genetic
models, the choice of variants to proceed with in producing that mouse model is well informed.
The goals of these models are to understand the biological consequences that underlie
exosomopathies and ultimately to test novel therapeutics.

One explanation for why a mouse model has not yet been created to date is the likelihood
of survival. Knockout mice would likely not be viable. Even patients, who predominantly have
missense mutations, often do not survive puberty and many die in infancy. Another method of
testing biological consequences in a multi-cellular mammalian system is by the creation of
organoids. Organoids are three-dimensional tissues typically derived from stem cells that mimics
organs (130). An organoid system that mimics the cerebellum containing genome-edited
exosomopathy mutant variants would be an invaluable model for the RNA exosome field. An in
vitro organoid system containing cerebellar cells, including Purkinje and granule cells (53), would

facilitate testing cell growth and development, cell morphology, changes in RNA and/or protein
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expression, changes in the transcriptome, and impacts on R-loops and/or sites of transcription.
Additionally, cell-specificity and/or cell specific protein-protein interactions between the RNA
exosome and potential cofactors has not yet been determined and novel interactors are
continuously discovered (66). These approaches may provide insight to the specific cell types most

impacted by exosomopathies.

Exosomopathies and the biological consequences of pathogenic missense mutations in RNA
exosome subunit genes.

Nearly all patients with exosomopathies present with cerebellar hypoplasia and/or
progressive cerebellar atrophy with varying severity, and many of them are diagnosed with a
specific subtype of PCH. Clinical reports of exosomopathy patients usually rely on an MRI of the
brain and genetic testing. Other tissues seem to develop normally. While the pons and cerebellum
are clearly impacted, clinical pathologies report functional abnormalities in tissues beyond the
pons and cerebellum, including the brain cortex, spinal cord, heart, kidney, lung, muscle, skin, and
thyroid. The most notable abnormalities could be the result of underdevelopment and/or
degeneration of the pons and cerebellum. The pons and pontine circuits are crucial for controlling
respiration (131), which may explain why so many patients require breathing support. The
medulla, where the brain meets the spinal cord, is in close proximity to the pons, and plays major
roles in blood circulation (132), which could be why patients have experienced hypertension. The
cerebellar nuclei project to the ventrolateral thalamus, which projects to many cortical areas,
including areas of the frontal, prefrontal, and posterior parietal cortex (133). Novel neural circuits

are routinely discovered, and therefore, we have yet to understand the full extent of the effects of
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the loss of cerebellar neurons and the biological consequences of pathogenic missense mutations
that cause exosomopathies.

In Chapter 2, where we analyze gene expression of RNA exosome subunits, data show
high RNA exosome transcript levels across the cerebellar hemisphere and cerebellum as compared
to other tissues examined. These results suggest that these tissues could require more RNA
exosome for cellular homeostasis compared with the heart, muscle, and kidney. These results could
begin to explain why patients with missense mutations in structural RNA exosome subunit genes
present with cerebellar mass loss and have the most well-defined phenotypes in the cerebellum.
Although the transcript levels do not necessarily correlate with the amount of protein in cells or
tissues (134), we suspect these levels are biologically relevant and required to support proper cell
function.

Furthermore, the analysis in Chapter 2 reveals that the EXOSC3 transcript is lowest of all
the RNA exosome subunits across tissues examined, except for kidney. Even for the kidney, the
levels of EXOSC3 are comparatively low in transcripts per million (TPM) (lowest TPM = 5.29,
highest TPM = 19.42, EXOSC3 TPM = 5.53) (Figure 2.2A). This observation could suggest that
EXOSC3 is limiting for RNA exosome assembly. These limits could explain why the EXOSC3
gene was the first RNA exosome subunit gene identified and linked to human disease (79), as even
minor changes that alter the function or level or EXOSC3 could be pathogenic. To date, the largest
number of patients with exosomopathies reported have missense mutations in EXOSC3 (76).
Alternatively, this larger number of cases may represent ascertainment bias because EXOSC3 was
the first RNA exosome gene linked to disease; thus, the EXOSC3 mutations have had the longest
time to accrue. Time will tell whether the rare cases of EXOSC gene mutations will become more

common now that the link to pathology has been established.
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As more patients with exosomopathies are identified, types of pathologies associated with
mutations in EXOSC genes will likely be elucidated. In addition, further proteomic analysis of
RNA exosome subunits in specific tissues and cell types, such as Purkinje and granule cells known
to be abundant in the cerebellum, could provide insight into why mutations in EXOSC genes cause

cerebellar pathology as one of the most prevalent phenotypes.

Novel interactions with the RNA exosome in neuronal cells.

One hypothesis for why single amino acid changes could have tissue-specific consequences
could be the cell-specific interaction with cofactors are impacted. In Chapter 3, we identified and
characterized a novel interaction between EXOSC3 and a putative RNA helicase, DDX1, in a
neuronal cell line. We discovered this interaction specifically occurs in the nucleus, despite the
fact that the RNA exosome subunit EXOSC3 and DDX1 are present at approximately equal levels
in both the nucleus and cytoplasm. Based on our analysis of shared functions, our results suggest
that EXOSC3 and DDXI1 participate in regulation of R-loops with consequences for transcripts
produced from the genomic regions that form those R-loops. Taken together, these data define a
potential mechanism by which an interaction between the RNA helicase and the RNA exosome
could modulate R-loops.

Further questions remain to be answered regarding the interaction between EXOSC3 and
DDX1. We next would explore how the interaction is impacted by the pathogenic mutations
present in exosomopathies. Using methods similar to those in Figure 3.1B, we could transfect
N2A cells with a plasmid encoding a myc-EXOSC3 mutation (W237R, G31A, or D131A), with
simultaneous knockdown of endogenous EXOSC3 by targeting an untranslated region (UTR).

Such experiments could help to define the functional consequences of pathogenic mutations.
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We have not yet determined whether the interaction between EXOSC3 and DDX1 is direct
or indirect. DDX1 may interact directly with EXOSC3 or DDX1 could interact with other subunits
of the RNA exosome complex. An assembled RNA exosome complex could be required for the
interaction with DDX1. We could test this idea by performing sucrose gradient centrifugation and
immunoblotting to determine if DDX1 interacts with the entire complex, a few subunits, or one
specific subunit. We also have yet to determine whether other proteins are required for the
interaction between EXOSC3 and DDX1. We detect a significant increase in the interaction
between EXOSC3 and DDXI1 upon treatment with RNase A (Figure 3.3C), a result which has
been used to suggest a direct interaction (107). DDX1 and RNA could compete for the same
binding site on EXOSC3. A similar observation was made for hnRNPK and DDX1 (107). One
possible model to explain the interaction between EXOSC3 and DDX1 is that the helicase unwinds
some specific target RNA species to thread through the barrel of the RNA exosome for
degradation. This model has been demonstrated for other helicases, including MTR4, by elegant
structural and biochemical studies (135-137).

Helicases belonging to the DEAD- and DExH-box families such as DDX1 and MTR4 play
important roles in RNA processing. R-loops are also a common target of these helicases. R-loops
are necessary for cellular maintenance, such as forming transcription bubbles; however, these
structures can pose a threat to the genome if they accumulate (88,120). DEAD/DExH-helicases
are critical for resolving and regulating R-loops as they unwind the nucleic acid structures for
subsequent degradation by ribonucleases. For example, DDX1 has been reported to unwind G-
quadruplex structures that can stabilize R-loops during transcription (100). MTR4, a well-
characterized nuclear RNA exosome cofactor, unwinds R-loops and degrades RNA in complex

with the RNA exosome (121). Despite data suggesting that both DDX1 and MTR4 could help
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resolve R-loops, a number of differences between the helicases exist. For example, the SPRY
protein binding domain in the N-terminus upstream of two helicase domains (Figure 3.2A) is
unique to DDX1. The SPRY domain in DDXI is inserted between a phosphate-binding P-loop
motif and a single-strand DNA binding Ia motif, separating the motifs by 240 residues, instead of
the usual 20-40 residues seen in other DEAD-box proteins (96). Examination of the SPRY domain
of DDX1 compared with the protein-protein interface of MTR4 and the RNA exosome may reveal
surface sites of interaction and would potentially explain why a SPRY domain lies upstream of
two helicase domains within the DDX1 protein.

Structural studies reveal that MTR4 interfaces with MPP6, which tethers the helicase to
the RNA exosome cap (6,137). This interface could be a shared docking site for these helicases on
the RNA exosome. Further studies to explore whether DDX1 and MTR4 may have some common
functions would also shed light on the cellular roles of these proteins. Other helicases may also
interact with the RNA exosome. Several helicases were detected in the studies described in Chapter
3 (Figure 3.2). These helicases are present in N2A cells; however, tissue- or cell-specific helicases
may interact with the RNA exosome in other contexts, such as in Purkinje cells present in the
cerebellum or other tissues such as the heart or the lung. The interaction between the RNA
exosome and alternate helicases may be required to process and/or degrade specific RNAs,
potentially due to the specific sequences within the RNAs, the composition of the nucleic acids
(RNA-DNA or RNA-RNA), the size of the RNA, the structure of the RNA such as the G-
quadruplex described previously (100), or the localization of the RNA within the cell.

Helicases and other well-defined RNA exosome cofactors are typically specific to either
the nucleus or the cytoplasm. In Chapter 3, we show that DDX1 is present in both the nucleus and

the cytoplasm, but the interaction with EXOSC3 is detected only within nuclear fractions. One
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explanation for why the interaction between EXOSC3 and DDX1 is compartment-specific is that
post-translational modifications (PTMs) could modulate binding. Studies in S. pombe have
revealed PTMs in several RNA exosome subunits (119); however, no studies to date have explored
whether PTMs regulate the function of the RNA exosome or DDX1 in mammals. Studies such as
these could provide insight into how the RNA exosome complex dynamically interacts with so
many different cofactors to target many distinct RNAs.

One avenue we explored in the work is the potentially cooperative roles the RNA exosome
and DDX1 play in ribosome maturation via generation of mature and fully processed rRNA by
targeting specific rRNA precursors in mouse rRNA processing in a neuronal cell line. Depletion
of either EXOSC3 or DDX1 affects similar precursors, albeit in opposite ways. For example, while
depletion of EXOSC3 in neuronal cells increases the 12S precursor, depletion of DDX1 decreases
the same precursor (Figure 3.6). One possible explanation for why EXOSC3 and DDX1 have
inverse effects on the same precursors is that DDX1 could interact with factors, such as other
ribonucleases, in the rRNA maturation pathway that participate in producing a number of
precursors that promote cell homeostasis. Additionally, the knockdown of either EXOSC3 or
DDX1 has an impact on hundreds or even thousands of transcripts (Figure 3.7 and Figure 3.8).
Those changes in transcripts may have downstream consequences that affect the maturation of
rRNA. We understand the primary role of the RNA exosome in rRNA maturation. To determine
why loss of EXOSC3 or DDX1 differentially affected levels of rRNA precursors, the role that
DDX1 plays in rRNA maturation must be better defined, such as investigating whether DDX1
interacts directly with ribosomal precursors and which ones.

Although EXOSC3 and DDX1 individually impact rRNA production, ribosomes are likely

to be functional in exosomopathy patients, as mature ribosomes are critical for cell survival. DDX1
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is not linked to a specific monogenic disease, but has been reported to be naturally overexpressed
in several neuroblastoma tumors and cell lines (106,138). Indeed, we speculated that the RNA
exosome and DDX1 could interact to coordinate DNA repair. Both the RNA exosome and DDX1
have been implicated in double-strand break repair by homologous recombination (HR) and non-
homologous end joining (NHEJ) (87,100,101,129). If these factors indeed cooperated in response
to DNA damage, we speculated that inducing DNA damage would increase this interaction. In
contrast to this prediction, we found that double-strand breaks induced by treatment with the
topoisomerase inhibitor camptothecin significantly reduced the interaction (Figure 3.4B). This
result suggests that as DDX1 is recruited to sites of DNA damage (101,102), the interaction with
the RNA exosome is lost. This finding led us to consider the possibility that the RNA exosome
and DDXI1 could share a function in cellular homeostasis in the absence of DNA damage.
Alternatively, another model that cannot yet be eliminated is that the RNA exosome and DDX1
could cooperate to respond to specific types of DNA damage, which have not yet been tested.
We have explored the interaction between EXOSC3 and DDX1 in several ways. One major
question left to answer is whether we can consider DDX1 as an RNA exosome cofactor. To qualify
as a cofactor, the factor must influence processing and/or degradation activity of the RNA
exosome. To address this point, multiple studies would need to be performed. Cofactors have been
confirmed by in vitro binding assays, RNA processing/degradation activity assays, and a structure
solved in complex with the RNA exosome. To determine whether DDX1 is a cofactor, all these
experiments must be performed, and the experiments may require significant optimization, such
as the presence of other cofactors or specific species of RNA. We speculate that this will be case

because despite the fact that both EXOSC3 and DDX1 are present in the nucleus and cytoplasm,
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the interaction occurs in the nucleus. Therefore, there may be a nuclear factor required for this
interaction.

In this work, we described the current model systems used to explore RNA exosome
biology, provided RNA-sequencing analysis for the broad claim that the RNA exosome is
ubiquitously expressed, and identified and characterized a novel interaction between EXOSC3 and
DDX1 in a neuronal cell line. In our model (Figure 1.2A), mutations that give rise to single amino
acid substitutions in structural RNA exosome subunits may alter the integrity of the RNA exosome
complex by interfering with assembly or making the assembled complex less accessible (Figure
1.2B), decrease interactions with specific cofactors (Figure 1.2C), or disrupt RNA
processing/degradation (Figure 1.2D), and. We extended this model by identifying a new RNA
exosome interacting protein, DDX1 (Figure 4.1). The findings support the notion that the RNA
exosome is ubiquitously expressed and a cap subunit of the RNA exosome, EXOSC3, may be
limiting for assembly in multiple tissues (Figure 4.1B). Furthermore, the amount of RNA exosome
subunit transcripts are high in the cerebellum, an area notably impacted in PCH patients, compared
to other tissues, possibly suggesting a high requirement of the RNA exosome complex in this brain
region. Therefore, a single amino acid change in EXOSC3 could logically affect the levels of the
RNA exosome complex in the cerebellum.

This work additionally identifies and characterizes a novel interaction with the RNA
exosome and a putative RNA helicase, DDX1 in neuronal cells (Figure 4.1C). Like the RNA
exosome, DDX1 is a ubiquitously expressed. We have yet to determine if the interaction between
the RNA exosome and DDXI is specific to neuronal cells or if the RNA exosome and DDX1
cooperate to process/resolve specific neuronal transcripts. The GTEx Portal described in Materials

and Methods in Chapter 2 reports high levels of DDX1 in the cerebellum compared to other tissues.
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The TPM for DDXI1 transcripts in the cerebellum is five- to ten-fold the TPM for the RNA
exosome subunit transcripts. The fact the DDX1 transcripts are high in the cerebellum could
indicate that the interaction between the RNA exosome and DDX1 is important in this tissue. The
identification of the potential novel cofactor, DDXI1, suggests that other yet-to-be-defined
cofactors could be critical for RNA exosome function.

Finally, this work investigated shared R-loops upon depletion of either EXOSC3 or DDX1
(Figure 4.1D). We discovered several genes for which R-loop regions are significantly altered.
GO analysis of these shared changes revealed that depletion of either EXOSC3 or DDX1 impact
biological processes related to neuronal development, which could suggest the interaction between
the RNA exosome and the putative RNA helicase DDX1 may be necessary for neuronal-specific
gene regulation.

The studies described in this dissertation provide valuable insights into the biological basis
of exosomopathies and sheds light on the function of the RNA exosome and its potential role in
neurological diseases. These findings pave the way for future researched aimed at unraveling the
intricate mechanisms underlying exosomopathies, and hopefully developing novel therapeutics to

improve the quality of life for patients with these debilitating disorders.
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Figure 4.1. Model of how the RNA exosome may impact gene expression regulation and
neurological pathology.

(A) The RNA exosome is conserved, ubiquitously expressed across tissues and cell types, and
critical for cellular function. (B) Chapter 2 provides evidence that the RNA exosome subunit
transcripts are ubiquitously expressed across tissues and that EXOSC3 may be a limiting factor for
complex assembly. (C) Data described in Chapter 3 work provide evidence that the novel
interactor, DDX1, may cooperate with the RNA exosome to maintain cellular homeostasis (66).
Additionally, new potential cofactors may interact with the RNA exosome in a cell- or tissue-
specific manner. (D) The work described in Chapter 3 analyzed many shared R-loops upon loss of

either EXOSC3 or DDX1. Many of the shared R-loops impacted are involved in processes that aid
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in axon guidance, suggesting a possible link to the neurological disorders caused by missense

mutations in EXOSC genes.
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