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Abstract

Defining the neuronal function of the polyadenosine RNA-binding protein, ZC3H14:

Functional insight into a disease-causing RNA-binding protein in the brain.

One critical step for proper eukaryotic gene expression involves the successful
execution of nuclear RNA processing events that are coupled to efficient export of the
resulting messenger ribonucleoprotein (mRNP). Once properly processed in the nucleus
the resulting mature mRNP is exported to the cytoplasm and is subject to ongoing
regulation as the mRNA is targeted for transport, translation or decay. RNA-binding
proteins are critical for assembling mature mRNPs and facilitating mRNA processing. In
this role, RNA-binding proteins both ensure that mRNAs are properly processed and target
defective RNAs for decay. The critical need for RNA-binding proteins is evidenced by the
growing number of diseases that result from mutations in genes encoding these RNA-
binding proteins. One key RNA-binding protein is the zinc finger polyadenosine RNA-
binding protein, ZC3H14. Loss of function mutations in the ZC3H14 gene causes a non-
syndromic form of inherited, autosomal recessive intellectual disability. As ZC3H14 is
ubiquitously expressed, this finding suggests that there is a critical role for ZC3H14 in the
brain. However, the molecular function of the protein has yet to be determined. To probe
the function of ZC3H14 in the brain, we carried out a proteomic study to identify the
complete spectrum of ZC3H14 co-purifying proteins. From this approach, we identified
numerous RNA processing factors that allow us to better understand the role ZC3H14
could play in the brain. By combining biochemical and molecular approaches, we assessed
the importance of ZC3H14 and a variety of mRNA factors. We established links to

ZC3H14 and the proper control of splicing, 3’end processing and nuclear export. To that



end, we have provided insight into how ZC3H14 and other interacting proteins influence

post-transcriptional events of gene expression in the brain.
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Chapter 1: Background and Significance ~ The Critical Role of RNA-binding

Proteins in Regulating Proper Gene Expression.



1.1 Posttranscriptional control of gene expression

Every event in a cell relies upon the successful execution of gene expression events.
For example, the molecular phenotypes that distinguish a blood cell from a lung cell or the
molecular pathways that allow for a stem cell to proliferate while a neuron remains post
mitotic are determined through regulation of gene expression as these cells share a common
genome sequence. When properly regulated, gene expression allows for a given cell to
undergo processes such as differentiation, proliferation, maintenance and eventually cell
death, governing the flexibility of a cell to adapt to and respond to environmental stimuli.
Gene expression accomplishes these events by employing the central dogma of biology to
create protein products from a DNA template, which ultimately determines cell fate and
cell function. With all these processes that a cell must undergo, regulation of gene
expression is a major tool that the cell employs to properly regulate critical events and
functions of the cell.

The events of gene expression start with the transcription of a template DNA to
generate an intermediate molecule known as a messenger RNA (mRNA). These mRNA
molecules are then translated into protein. While these steps seem simple, the events of
gene expression are enormously complex and require a great deal of regulatory control (1).
To achieve the level of control required for gene expression to occur properly, there are
regulatory control mechanisms that occur at every step of gene expression. To start, DNA
is regulated at both the epigenetic and transcriptional level. The epigenetic state of DNA
dictates the accessibility of the DNA to transcription factors and allows the cells to separate
highly transcribed DNA from silent or inactive areas of the genome (2). Once a gene is

selected for transcription, the cell continues to regulate the gene as it is transcribed and as



the nascent RNA is produced. The cell then enforces a host of regulatory mechanisms that
ensure that the mRNA is produced properly. The mature mRNA is carefully regulated as
it is translated into protein. This control is enforced by a number of cis-acting elements and
trans-acting factors throughout the different steps of gene expression. This level of control
is critical for gene expression to occur properly.

While all the steps of gene expression are extremely important in dictating the
successful creation of a gene product, numerous crucial steps occur as the gene is
undergoing transcription and until the mature mRNA is translated into protein. These steps
are known as co- and post-transcriptional regulation and cover the entire lifecycle of an
mRNA (Figure 1). An RNA is extensively processed and modified as if matures into an
mRNA. The 5’ end of the RNA must be capped as it emerges from RNA polymerase. The
introns of the primary transcript have to be spliced out as transcription proceeds and the
3’end of the mRNA needs to be formed with a catalytic cleavage event and the addition of
a 3’polyadenosine tail (Figure 1). After which an mRNA is considered mature and
competent for export from the nucleus. The mature mRNA is packaged with a myriad of
RNA-binding proteins to form a messenger ribonucleic particle (mRNP) and is exported
from the nucleus to the cytoplasm (Figure 1). Once in the cytoplasm, the mRNA can
undergo further processing and eventually be translated into protein and/or degraded
(Figure 1). As RNA processing occurs both in the nucleus and the cytoplasm, one key
distinction with nuclear mRNA processing is that these events occur both co- and post-
transcriptionally. These steps are critical as defects in nuclear mRNA processing can affect
to downstream processing events in the cytoplasm, affecting the resulting protein levels.

Importantly, improperly processed mRNAs have to be retained in the nucleus and not



exported to the cytoplasm to prevent aberrant protein production. For the purposes of this
review, we will focus on the regulation of the nuclear processing events that precede the

export of the mature mRNA from the nucleus to the cytoplasm.

1.1.1 Nuclear mRNA processing events.
1.1.1.1 Capping of eukaryotic mRNAs

Nuclear mRNA processing events start with the regulation of the initial capping of
the RNA emerging from RNA polymerase. This event is one of the very first RNA
processing steps and occurs as the first 25-30 nucleotides of the nascent mRNA emerge
from RNA polymerase II (RNA Pol II) (3,4). The canonical capping step involves the
addition of an evolutionarily conserved guanosine-N7 methyl cap to the 5’ end of the
mRNA molecule (5). The cap is added to the mRNA by capping enzymes that are recruited
to the mRNA by the phosphorylation status of the C-terminal repeat domain (CTD) of RNA
Pol II (6). The CTD with phospho-SerS5 residues in the heptad repeats has a crucial role in
co-transcriptional capping by directly interacting with both guanine-7-methyltransferase
and the mRNA-capping enzymes, stimulating the capping enzymes to transfer the cap to
the RNA (7,8). The addition of the mRNA cap allows for transcription to proceed, further
pre-mRNA processing, cap-dependent nuclear export, and translation of the mRNA to
occur (9). Failure of the mRNA to obtain a cap will result in a severely compromised
mRNA (10). This mRNA will likely be recognized by mRNA quality control factors and
targeted for decay. While some research has shown that mRNAs can exist for some time
without caps (11,12), the common belief is still that the cap serves a critical role in dictating

further RNA processing events.



1.1.1.2 Splicing of eukaryotic pre-mRNA

Almost every mRNA in higher eukaryotes is transcribed as a precursor to the
mature mRNA known as pre-mRNA. Eukaryotic genes are filled with intervening
sequences known as introns that need to be removed from a heterogeneous nuclear nRNA
so that flanking regions known as exons can be joined together to form a mature mRNA.
This process is known as splicing and is essential for mRNA processing. Splicing is made
possible through a combination of cis-acting elements and trans-acting factors. The cis-
acting elements are found within the mRNA and include a conserved 5’ splice site, a branch
point sequence with a polypyrimidine tract, and a 3’ splice site. These cis-acting elements
are recognized by a large trans-acting RNA-protein complex known as the spliceosome.
The spliceosome is assembled onto the pre-mRNA and facilitates the removal of the introns
and the ligation of the exons together (13). Defects in splicing can lead to a compromised

RNA that may be targeted for decay or result in aberrant protein production.

1.1.1.3 Alternative splicing of eukaryotic RNA transcripts

As eukaryotes have evolved, so have their genomes. The expansion of the
eukaryotic genome has brought about alternative expression mechanisms that expand the
coding capacity of genes. One of these mechanisms is alternative splicing which allows for
differing inclusion and/or exclusion of certain gene regions to generate different mRNAs
that encode distinct protein products from a single gene. For example, creating two
transcripts for a single gene makes the complexity of the proteome twice as much as the

genome. Recent estimates, based on analyses of expressed sequence tags (ESTs), suggest



that the transcripts from 35% of human genes are alternatively spliced (14), which is likely
to be an underestimate. In fact, encoded transcripts that are alternatively spliced can
produce up to tens of thousands of different mRNAs. The difficulty in detecting alternative
splicing events stems from the fact that many alternative splicing events are very rare and
occur only in specific tissues (15). By selectively enforcing alternative splicing events, the
cell can choose to express a different splice variant at a specific time in development and/or
under certain physiological conditions yielding proteins with distinct functions. With the
evolution of complex organisms, the use of alternative splicing allows for a more efficient

use of genetic material and the generation of extraordinary molecular diversity.

1.1.1.4 3’end formation of eukaryotic mRNA

Like the 5’end of the mRNA that is modified by the addition of a methyl guanosine
cap, the 3’ end of the mRNA undergoes a crucial and complex formation event as well.
The formation of the 3’end of an mRNA is a two-step process with an initial cleavage event
followed by the addition of ~ 200 non-templated adenosines to form a 3’ polyadenosine
tail (16). Cleavage occurs first between a highly-conserved sequence that is upstream of
the actual cleavage and polyadenylation site (16). Additional sequences upstream and
downstream of the polyadenylation recruit cleavage and polyadenylation factors and
enhance the efficiency of the process. Almost all 3’ends of eukaryotic mRNAs are formed
with the addition of a poly(A) tail and the poly(A) tail has been shown to be required for
downstream processing events of the mRNA (17). The addition of the poly(A) tail is
important for nuclear transport, translation efficiency and mRNA stability as defects in 3’

end formation can result in an mRNA not being efficiently transported out of the nucleus



or translated (18). As the poly(A) tail plays such a key role in the fate of the mRNA, the
formation of the 3’ end is a critical step in gene expression as defects in these steps can

have drastic effects on the development, growth, and viability of a cell.

1.1.1.5 Nuclear export of mRNAs

The complete set of mMRNA processing events produces an mRNP that is competent
enough to be exported from the nucleus to the cytoplasm. The cell uses an mRNP-specific
export pathway that releases the mRNP from the nucleus (19). During export, the mRNP
undergoes a dynamic rearrangement of associated proteins. First, the mRNP is associated
with RNA regulatory proteins that generate the mRNP then the mRNP undergoes
remodeling of factors that permit the translocation of the mRNP through the nuclear pore
(20). Once through the nuclear pore, the mRNP is further remodeled to allow association
with factors that release the mRNA into the cytoplasm (21). The completion of nuclear
processing steps is all essential as the mRNA capping, splicing events, splicing-deposited
proteins such as the exon junction complex (EJC), and the poly(A) tail play a role in
ensuring efficient export (22). Defects in any of these steps can result in the mRNA being

retained in the nucleus and targeted for decay.

1.1.2 Coordination of nuclear RNA processing events

The expression of protein-coding genes involves a series of highly coordinated and
regulated events that process pre-mRNAs into mature mRNAs that encode for protein in
the cytoplasm. The mature mRNA is then exported through the nuclear pore to the

cytoplasm for further regulation. As previously discussed, the mRNA processing steps of



capping, splicing, 3’-end cleavage and polyadenylation, and nuclear export are all
important processing steps for the mRNA and impairment of any of these steps can have
devastating consequences for the mRNA. Although these processing steps are thought to
be distinct gene-expression events, growing evidence suggests that these events are linked
and influence the progression of one another (23-26). Recent advances have elucidated the
mechanisms by which transcription and mRNA processing steps are coupled to dictate the
fate of an mRNA (23). In this section, the discussion will focus on events in which the
coupling of RNA processing steps is both beneficial and required for further processing

steps of the RNA in the nucleus.

1.1.2.1 RNA Polymerase Il is a source for coupling mRNA processing events

As mRNA processing begins as transcription occurs, RNA Pol II serves as one of
the initial factors that couples transcription with mRNA processing events. RNA Pol II is
an extraordinary enzyme that uses its CTD tail to recruit factors necessary to couple
transcription and mRNA processing. The CTD acts as a ‘landing pad’ (27) that recruits
processing factors by binding directly to capping factors, splicing factors and 3’ end
processing factors (28,29). The recruitment of these RNA processing factors to the CTD
of RNA Pol II complex facilitates the co-transcriptional assembly of multi-subunit
processing factors for events such as capping, splicing, and 3’end formation (30,31). The
CTD can recruit different processing factors through differential phosphorylation patterns
on the CTD as the polymerase moves from the cycles of transcription initiation, elongation,
and termination (32). These reversible modifications allow for the polymerase to signal for

different pre-mRNA processing factors as the polymerase proceeds (32). The CTD of RNA



Pol II directs the recruitment of mRNA processing factors making RNA Pol II an important
molecule for the spatial and temporal coupling of transcription and pre-mRNA processing

events.

1.1.2.2 Coupling of Transcription to Splicing and Nuclear Export

Emerging studies are providing additional evidence that transcription and splicing
are linked and that these two events can affect one another (33,34). Due to the fact that
splicing typically occurs co-transcriptionally, these results are not terribly surprising.
However, recent studies have shown that the coupling of transcription and splicing can
affect the downstream event of nuclear export (35). This suggestion emerges from the
finding that nuclear export components in mammals associate with splicing factors (36,37).
In eukaryotes, nuclear export is initiated by a complex of factors known as the TREX
complex (35). In mammals, this complex contains the six-member mRNA processing
complex, THO (38) as well as the mRNA export proteins ALYREF (39) and UAP56 (40).
Whether the TREX complex associates with the nascent pre-mRNA during transcription is
not yet clear, recent studies show that the TREX complex functions to link both
transcription and splicing to mRNA export in metazoans (41). In metazoans, introns are
typically thousands to tens of thousands of nucleotides in length compared to exons that
average only ~100 nucleotides. The TREX complex may be recruited during splicing to
aid in distinguishing between exons that are to be exported and excised introns that are to
be degraded. This model is complemented by the fact that the THO complex associates
with the EJC complex (EJC) (42). By linking the processing events of transcription,

splicing and nuclear export the cell can gain tighter control over these coupled mRNA
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processing events and have the potential to improve the efficiency of them all. Coupling of
these events is also another way to ensure that all the processing steps are complete before

the RNA exits the nucleus.

1.1.2.3 Coupling Splicing, 3’end formation and nuclear export

The mRNA export machinery is recruited to mRNAs as early as splicing (43,44).
However, recent studies show that in addition to splicing, 3’ end formation may also play
a role in the recruitment of nuclear export factors (45,46). For example, work in budding
yeast reveals that recruitment of the mRNA export factor Yral depends on proper
formation of the 3’end (45). In addition, export of T7 polymerase transcripts is dependent
on the 3’end formation of the transcript (47). Furthermore, deletion of several 3’end
processing factors in yeast cause nuclear accumulation of mRNA (48). Taken together,
these studies show that like splicing and transcription, coupling the formation of the 3’end
with other processing steps provides a mechanism to the proper formation of an mRNA
before it is exported from the nucleus. These events are important to prevent the export of

improperly processed mRNA out to the cytoplasm.

1.1.2.4 Coupling Alternative Splicing with 3’end formation

Alternative splicing mechanisms involves making decisions about which exons to
splice out and which exons to retain. Many of these alternative splicing events are believed
to occur co-transcriptionally (49-51), which requires quick and careful control over which
factors to recruit to RNA Pol II during transcription. One of the most important splicing

events is the definition of the first and last exon. These exons are unique because they only
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have one flanking splice site and require a distinct mechanism of recognition as compared
to internal exons(52). One way in which the cell recognizes the terminal splicing exon is
through use of the cleavage and polyadenylation machinery (53,54). Furthermore, recent
work shows that the poly(A) tail is important for terminal intron removal (55). Splicing
factors can also influence polyadenylation by interacting with cleavage and specificity
factors (56). Thus, the interactions of splicing and polyadenylation factors at terminal
exons play important roles in the regulation and enhancement of both splicing and

polyadenylation.

1.1.3 Quality Control of nuclear processing events

As previously discussed, an mRNA undergoes a series of processing steps before a
mature mRNP is competent for export to the cytoplasm. Nuclear processing either yields
an mRNA that is mature and thus appropriate for translation or a defective mRNA that is
targeted for degradation. Nuclear pre-mRNA processing steps are coupled from the start
of transcription and rely on the concurrent recruitment of mRNA processing factors to
ensure that processing steps occur correctly (57,58). The benefit of coupling mRNA
processing events is for an increase in the efficiency of processing and tighter control over
mRNA processing events (59). An additional reason for the coupling of mRNA processing
steps could be to allow early monitoring of mRNP quality as errors in processing steps can
have detrimental effects on the mRNA and ultimately the cell. In the next section, we will
examine mechanisms the cell employs to monitor the production of mRNA. In addition,
this section will highlight ways mRNA quality control is incorporated into RNA processing

steps to ensure efficient and proper processing of mRNA prior to export from the nucleus.
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1.1.3.1 SR Proteins as mediators of mRNA Stability

Mammalian genes contain a vast number of intronic sequences that need to be
removed from the pre-mRNA to produce a mature coding mRNA. To ensure that these
splicing events happen properly, cells rely on a combination of proteins that work to
enhance splicing and proteins that ensure that splicing events occur properly. One set of
proteins that ensures proper splcing has occurred is the exon junction complex (EJC). The
EJC is deposited upstream of exon-exon boundaries and has been reported to influence
mRNA export, the surveillance process known as nonsense-mediated mRNA decay
(NMD), and the efficiency of mRNA translation (60). During splicing, another set of
proteins termed serine arginine rich or SR proteins are loaded onto the mRNA (61). While
SR proteins play a canonical role as regulators of alternative splicing (62), Recent work
has revealed that some of these SR proteins are involved in mRNA quality control (63).
Overexpression of some SR proteins leads to changes in splice site choice, but also
significantly enhances the sensitivity of nonsense codon-containing alternatively spliced
messages to degradation via the NMD pathway (64). In this case, a role for SR proteins
emerges as these proteins are typically involved in alternative splicing but have now

developed a new role for surveying the quality of the mRNA as it is spliced.

1.1.3.2 Monitoring of mRNA processing by the Exosome and the TREX complex
The coupling of nuclear processing events also couples mRNA processing factors
from different steps in mRNA biogenesis. As defective mRNAs need to be targeted for

degradation, having RNA processing factors in close proximity to the RNA degradation
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machinery provides an efficient mechanism. Recent work that discovered links between
the transcription elongation and nuclear export complex, TREX and the nuclear RNA
exosome (65,66) provides an example of such coupling. The TREX complex is typically
involved with connecting the earlier mRNA processing steps to nuclear export while the
nuclear exosome is a large complex with 3’ to 5° exonucleases activity and involved in
numerous RNA processing and degradation pathways (41,67). These studies in budding
yeast show that there are genetic and physical interactions between the RNA exosome and
TREX complex components. The yeast orthologue of ALYREF, Yral physically interacts
with the RNA exosome protein Rrp45 (66). Mutants of TREX complex components
generate transcripts that are truncated at their 3’ ends and are sequestered near their sites
of transcription (68). However, this phenotype can be suppressed by the deletion of the
exosome protein Rrp6 (65). By linking the RNA exosome to TREX components the cell
can quickly degrade defective mRNAs at their site of transcription before the RNA escapes

the quality control checkpoint.

1.1.3.3 mRNP surveillance and remodeling at the NPC.

The last step in mRNA processing is the translocation of the mRNP from the
nucleus to the cytoplasm via transit through the nuclear pore. As this step is the last chance
for the cell to identify defective mRNAs before they reach the cytoplasm, the cell has
adapted mechanisms to monitor the quality of an mRNA at the nuclear pore. In addition to
the nuclear RNA exosome, several nuclear pore proteins located at the nuclear basket and
at the inner face of the nuclear pore have been implicated in mRNP surveillance before

translocation through the pore (69). The proteins include the nuclear pore proteins such as
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Nup60 and TPR in mammals and the pre-mRNA leakage 39 (Pml39) protein as well as the
nuclear basket integrity protein Escl in budding yeast (70). Studies with these proteins
have shown that these proteins have no essential role in mRNA export but are implicated
in the nuclear retention of unspliced pre-mRNAs (70). These proteins can usually detect
unspliced transcripts and recruit degradation factors such as the nuclear exosome and other
endonucleases such as Swtl (71). Endonucleases such as Swtl are typically associated with
nuclear pores and have been shown to functionally interact with nuclear pore proteins such
as Nup60 and mRNA export proteins such as the THO complex (72). Thus, the presence
of mRNA quality control proteins at the nuclear pore showcases another mechanism by
which mRNA quality control factors are integrated into mRNA processing steps to ensure

only properly processed RNAs can interface with translation machinery in the cytoplasm.

1.2 The importance of RNA-binding proteins in gene expression

All the events of RNA-biogenesis are mediated by a class of factors known as
RNA-binding proteins. RNA-binding proteins fully decorate an mRNA molecule from the
time the nascent mRNA emerges from RNA polymerase to the time the mRNA is destroyed
(73). The involvement of RNA binding proteins in every event of the life of an RNA makes
these factors a diverse class of proteins. Current studies predict that the human genome
encodes approximately 1,900 RNA binding proteins with significant diversity in their RNA
binding domains (74). The defining feature of an RNA-binding protein is the ability of the
protein to recognize and bind RNA. The best-characterized RNA binding domain is the
RNA recognition motif, or RRM (75) but this domain is just one of the many types of

domains that an RNA-binding protein can employ to bind RNA. In fact, RNA-binding
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proteins can contain multiple of the same or different RNA-binding domains. However,
many mechanisms by which RNA-binding proteins bind RNA have yet to be defined. As
RNA-binding proteins function in every aspect of RNA biology, the use of different RNA-
binding domains confers specificity to RNA-binding proteins for specific RNA sequences
or structures and can allow fine tuning of the regulations of specific RNAs by designated
RNA-binding proteins. In this section, we will discuss the importance of RNA-binding
proteins and highlight the role of one particular RNA-binding protein in regulation of RNA

processing.

1.2.1 RNA-Binding proteins and human disease

Defects in mRNA processing can have deleterious effects on the production of
mRNA. RNA-binding proteins have a crucial role in regulating the processing of mRNA
and misregulation of these factors can impair the proper production of mRNA. As mRNA
processing events are coupled and mRNA quality control mechanisms are incorporated
into these events, proper recruitment and functioning of RNA-binding proteins is critical
for gene expression. The interplay of RNA-binding proteins in mRNA processing creates
a large network of RNA-processing factors that coordinately regulate the generation of
mRNA and the degradation of defective mRNAs. Proper function of these intricate
networks is essential for the coordination of complex gene expression events and
perturbations due to loss of a particular factor can lead to disease.

A growing number of diseases have been linked to mutations in genes encoding
RNA-binding proteins (76). Pathology caused by defects in these genes encoding RNA-

binding proteins is usually highly tissue-specific (77) despite the fact that many of these
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proteins are ubiquitously expressed. In heritable diseases, this finding suggests that specific
spatiotemporal functions of the implicated genes are disrupted and certain tissues are more
susceptible to the effects of the mutation. Research has started to focus on examining single
gene mutations in affected tissue (78,79). However, how mutations in ubiquitously

expressed genes give rise to tissue-specific pathology is not yet known.

1.2.1.1 The polyadenosine RNA-binding, ZC3H14 is associated with intellectual

disability

An example of a ubiquitously expressed protein that is linked to tissue specific
pathology is the RNA-binding protein ZC3H14. Two independent mutations in the gene
encoding the RNA-binding protein ZC3H14 cause an autosomal recessive, non-syndromic
form of intellectual disability (80), which is a disorder characterized by cognitive delays
and limitations in adaptive behaviors (81). The ZC3H14 patients display severely low 1Q
scores of ~30 placing them at the very severe end of the spectrum as the average 1Q score
of the general population is around 100 (80). The mutations in the ZC3H14 gene severely
affect the cognitive capabilities of the ZC3H14 patients, suggesting that ZC3H14 is an
important protein for brain function.

The ZC3H14 gene is alternatively spliced to generate four distinct protein isoforms
in mammals with isoforms 1-3 being the most similar to each other (Figure 1.2A) (82).
These isoforms contain a proline tryptophan isoleucine (PWI)-like fold in the N-terminal
domain, a nuclear localization signal (NLS), and tandem CCCH zinc finger motifs in the
C-terminus (Figure 1.2A). The fourth isoform contains a unique N-terminus but retains the

C-terminal zinc finger motifs (Figure 1.2A). Isoforms 1-3 are ubiquitously expressed and
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are primarily found in the nucleus associated with SC35-positive nuclear speckles (82),
which are sites of RNA metabolism (83). Isoform 4 which is enriched in the testis with low
levels detected in other tissues, lacks an NLS and is consequently primarily localized to
the cytoplasm (Figure 1.2A) (82). While the ZC3H14 protein isoforms all contain the C-
terminal zinc finger motif, there are subtle differences that exist between the isoforms.
While intellectual disability has heterogeneous causes, a subset of the disease
results mutations in single genes, which can provide insight to the function of the genes. In
the case of the ZC3H14 mutation, one family has a nonsense mutation that replaces the
sequence encoding arginine 154 with a premature termination codon (R154Stop) in exon
6 (Figure 1.2A). The second family mutation is a deletion of 25 nucleotides in exon 17,
which affects the last ammino acids of the protein (Figure 1.2A). Examining patient
fibroblasts from the first family, we found that the R154 to stop mutation causes loss of
expression of the nuclear isoforms of ZC3H14 (80). ZC3H14 is shown to be ubiquitously
expressed but the patients display brain-specific phenotypes, suggesting that the ZC3H14
protein plays a critical role in the brain. The nature of this phenotype revealed that work
needs to be performed to probe the function of ZC3H14 in the brain. At the time of this
study, little was known about the function of the ZC3H14 protein. In the next section, we
will explore what was previously known about the function of ZC3H14 and functional

information gathered from studies in the Drosophila and budding yeast model systems.

1.2.2 The polyadenosine RNA-binding protein ZC3H14 is evolutionarily conserved



18

1.2.2.1 Nab2, the budding yeast orthologue of ZC3H14 is important for mRNA
processing.

Initial insight to the function of the ZC3H14 protein came from detailed analysis of
the budding yeast orthologue of ZC3H14, Nab2. Nab2 or Nuclear poly(A)-binding protein
2 (Nab2) is essential in budding yeast and has been linked to RNA processing in the nucleus
(84-87). Like ZC3H14, the Nab2 protein contains an N-terminal Proline-Tryptophan-
Isoleucine (PWI)-like domain which is required for proper poly(A) RNA export from the
nucleus, a nuclear targeting arginine-glycine rich (RGG) domain, and a C-terminal tandem
CCCH ZnF domain which mediates binding to polyadenosine RNA (88) (Figure 1.2B).
nab2 mutant yeast cells display extended poly(A) tails and nuclear accumulation of
poly(A) RNA (87). Recent analysis of the Nab2 protein has identified a role for the protein
in splicing (89) and that rapid nuclear depletion of Nab2p leads to a global loss of cellular
mRNA by robust nuclear mRNA decay mediated by the RNA exosome in a
polyadenylation-dependent process (90). This work has helped establish Nab2 as a critical

mRNA processing factor in the nucleus.

1.2.2.2 dNab2, the fly orthologue of ZC3H14 has an important role in the brain

The D. melanogaster ortholog of ZC3H14 is dNab2 (80). dNab2 is expressed
ubiquitously and has a similar domain structure to Nab2 and ZC3H14 (Figure 2B). Like
Nab2 and ZC3H14, dNab2 has an N-terminal PWI-like fold, an NLS, and C-terminal
tandem zinc fingers motif (Figure 2B). Ablation of the dNab2 gene results in decreased
viability, with only a small percentage of flies surviving to adulthood (80). The surviving

dNab?2 mutant flies can develop into adult flies likely due to a residual amount of maternal
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dNab2, however these flies show a variety of organismal and molecular defects (91). Like
nab2 mutants yeast cells, dNab2 mutant flies have extended poly(A) tails in bulk RNA
(92). dNab2 mutant flies show impaired flight and negative geotactic locomotor behavior
(80). Importantly, the Drosophila model has provided insight into tissue specific
requirements for dNab2. Studies show dNab?2 is critical in neurons (80) as dNab2 mutant
flies have compromised brain function and severe brain morphology defects (91).
Importantly, these defects in the fly can be rescued by the expression of either dNab2 or
the mammalian ZC3H14 protein exclusively in neurons (91). Together, these data support

a model where dNab2 plays a critical role in mRNA processing in the brain.

1.2.2.3 ZC3H14 protein has a specialized role in regulating mRNA processing in the
brain

Previous biochemical analyses of ZC3HI14 protein shows that ZC3HI14 binds to
polyadenosine RNA with high affinity (93). Furthermore, siRNA-mediated depletion of
ZC3H14 in a mammalian cell line causes extended bulk poly(A) tails (94,95). Although
ZC3H14 binds with high affinity to polyadenosine RNA and in theory could bind any RNA
that contains polyadenosine stretches, work from our group has shown that depletion of
ZC3H14 only affects a specific subset of the transcriptome (96). Further analysis has
shown that in primary hippocampal neurons, ZC3H14 protein is found both in the nucleus
and the neuronal processes, suggesting a specialized role for this protein in the brain (97).
Furthermore, the generation of a Zc3hl4 mutant mouse model revealed that loss of
ZC3H14 is not essential and impairs higher order brain function with the mutant mice

displaying defects in working memory (98). These findings coupled with the phenotype of
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the patients that harbor mutations in the ZC3HI4 gene further emphasize the continued

need to understand the function of ZC3H14 in the brain.

1.3 Using protein interaction networks to study human disease

As mRNA processing steps are not linear, RNA-binding proteins are needed to
couple multiple processing steps and ensure that the mRNAs are processed properly. The
coupling of RNA-processing events groups RNA-processing factors into extensive
interaction networks to carry out functions. Most RNA-processing group into multimeric
structural complexes that have similar functions and participate in the same biochemical
pathways (99). Following this logic, one approach to understand the function of an
uncharacterized protein is to define the interaction network. Several large- and medium-
scale interaction studies have been undertaken using the yeast two hybrid (Y2H) system or
mass spectrometry-based functional proteomics approaches (100) to build interaction
networks of proteins in order to learn more about the function of a protein. These studies
have provided the scientific community with predictions on protein function in a variety of
model organisms. These findings indicate that identifying the interaction network of an
uncharacterized protein is a useful tool to identify the complexes or pathways in which a
particular protein participates. Using this approach, we can gain insight into the function

of the ZC3H14 protein by defining interacting partners.

1.3.1 The majority rule of determining protein function
A common approach in assigning function to an unclassified protein is to base the

function of the protein on the classified functions of the identified interacting proteins. This
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approach has been coined the ‘majority rule’ assignment of protein function (101,102). The
majority rule is derived from the empirical observation that 70-80% of interacting protein
pairs share at least one function (103). Assignment of function by majority rule relies on
an unclassified protein interacting with proteins that have identified function. For example,
if a protein-protein interaction map of an uncharacterized protein yields strong links to
mRNA splicing, the majority rule assignment would assign the function of the protein as a
RNA splicing factor. A caveat to this approach is that the analysis does not include proteins
of unknown function. The reconstructed protein-protein interaction network has to enrich

for
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proteins with known functions otherwise this method cannot be employed. These
constraints create a situation where the proposed function of a protein is determined by the
characterized function of identified proteins. However, the advances to protein
identification have expanded our knowledge of the function of proteins increasing the
chances of an uncharacterized protein interacting with other proteins of known function.
By using the majority rule, we can define the function of ZC3H14 by linking it to the

function of ZC3H14 interacting partners.

1.3.2 Identifying protein binding partners using mass-spectrometric analysis

Mass Spectrometry has emerged as a useful technique to identify proteins that associate
with one another. This method has been termed interaction proteomics and involves a co-
purification of a protein of interest with associated binding partners followed by mass-
spectrometric analysis to identify all the proteins in the sample (104). One of the many
benefits of this approach is that thousands of proteins can be detected in a single
experiment, allowing the creation of an interaction network for a protein of interest. This
type of proteomics approach has established that most gene products exert their function
as members of one or more protein complexes (105,106), and that changes in different
proteins participating in the same complex, such as cellular machines, rigid structures,
dynamic signaling networks, and posttranslational modification systems, generally lead to
similar phenotypes (107,108). Using interaction proteomics, the entire spectrum of proteins
that interact with ZC3H14 can be identified in a tissue specific manner. This approach will
inform the function of the ZC3H14 protein and provide insight into how the loss of

ZC3H14 could cause brain dysfunction. By defining the interaction network of ZC3H14,
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we can analyze the link between tissue specificity of the complexes formed with ZC3H14

and the pathological manifestations of disease.

1.4 Research Questions to be answered and Innovation

My thesis work seeks to define interactions between ZC3H14 and specific RNA
regulatory factors in the brain to increase our understanding of the cellular functions of
ZC3H14 (Figure 1.3). This study explores the hypothesis that ZC3H14 works
cooperatively with specific RNA regulatory factors to ensure proper mRNA processing.
The long-term goal is to provide insight into how ZC3H14, along with other interacting
proteins, influences neuronal post-transcriptional events to ensure proper higher order
brain function. Here, we report our work identifying the RNA regulatory factors that
interact with ZC3H14 in the murine brain. We isolated mouse brain tissue and used mass
spectrometry to define the complete spectrum of proteins that interact with ZC3H14 in the
brain (Figure 1.3). This work has led to many discoveries about the role ZC3H14 plays in
the brain and particularly provided insight about how ZC3H14 and interacting proteins
cooperate to regulate mRNA processing. In the upcoming sections, I will discuss the
interaction between ZC3H14 and RNA processing factors (Chapter 2). In Chapter 3, I will
discuss our work elucidating the interaction and coordinated function between ZC3H14
and the mRNA processing complex, THO. Finally, I will conclude with a discussion of my

finding and the future implications of my work (Chapter 4).
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Figure 1.1: Diagram of eukaryotic mRNA Biogenesis

Eukaryotic mRNA processing starts as the RNA emerges from RNA polymerase II and the
nascent mRNA is capped by capping proteins. The introns are then removed from the
transcript and the exons are ligated together through a process known as splicing. The 3’end
of the transcript is then formed with cleavage and polyadenylation. The mRNA is then
handed over to the nuclear pore complex and exported from the nucleus to the cytoplasm.
Once in the cytoplasm, the mRNA can undergo the processes of localization, translation
and/or turnover.
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Figure 1.2 ZC3H14 and functional orthologues in D. melanogaster and S. cerevisiae.
A: Human ZC3H14 encodes at least four splice variants. ZC3H14 isoforms 1-3 each
encode a PWI-like domain (exons 1-5), a central cNLS (exon 7) and five tandem CCCH
zinc fingers (exons 13—16). Isoforms 2 and 3 differ from isoform 1 in the exclusion of
exons 10—-12 or 11-12, respectively. Isoform 4 has an alternative transcriptional start site
and first exon. As isoform 4 lacks exon 7, it does not contain the predicted cNLS. The
identified ZC3H14 patient mutations are shown in red boxes. B. The
Nab2/dNab2/ZC3H14 family of zinc finger polyadenosine RNA binding proteins. The
Nab2/dNab2/ZC3H14 proteins share conserved domain architecture. The N-terminal
domain contains a Proline-Tryptophan-Isoleucine (PWI)-like domain. Nab2 contains an
RGG domain while dNab2 and ZC3H14 contain a nuclear targeting signal in the central
region of the protein. ZC3H14 gene results in transcripts that encode several protein
isoforms. The variation among these isoforms arises from a central alternatively, spliced
region (exons 10—12) we have labeled the “variable splicing region”.
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Figure 1.3: Approach to define the function of ZC3H14 in the brain.

Our work aims to define the function of ZC3H14 in the brain by identifying the RNA
processing factors that interact with ZC3H14. Using a proteomic approach, we isolated
mouse brain tissue and purified ZC3H14 protein from mouse brain lysate. Interacting
proteins were identified using mass spectrometry analysis.
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Chapter 2: ZC3H14 Interacts with a Variety of RNA Regulatory Factors

2.1 Summary of Chapter:

Growing evidence links genes encoding RNA-binding proteins to human disease.
Surprisingly, mutations in genes encoding ubiquitously expressed RNA-binding proteins
often cause tissue specific diseases. Recently, our group reported inactivating mutations in
the ZC3HI4 gene, which encodes an evolutionarily conserved, ubiquitously expressed
polyadenosine RNA-binding protein, ZC3H14. Despite ubiquitous expression of the
ZC3H14 protein, the ZC3HI4 mutant patients display non-syndromic, intellectual
disability where only higher order brain functions are impaired. This finding suggests that
ZC3H14 has a critical, specialized role in the brain. While the steady-state localization of
ZC3H14 is nuclear, our recent studies reveal that a population of ZC3H14 is present in the
cytoplasm. These results suggest that ZC3H14 could play a role in the cytoplasm, like that
of other RNA-binding proteins that shuttle between the nucleus and the cytoplasm. We
hypothesize that ZC3H14 works cooperatively with specific RNA regulatory factors to
regulate neuronal mRNA processing. In this Chapter, we test our hypothesis by
investigating the molecular functions of ZC3H14 through identifying the proteins that
interact with ZC3H14. Understanding the function of ZC3H14 is a critical step to defining

the complex roles of RNA-binding proteins in the regulation of gene expression.
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2.2 Introduction:

Post-transcriptional events are orchestrated by a myriad of RNA-binding proteins
and RNA regulatory factors that ensure the proper processing of RNA needed for proper
gene expression (109). Aberrant gene expression can cause serious consequences and
ultimately human disease (110). The timing, location, variety, and amount of each gene
expressed by a given cell determines the cellular expression profile and maintenance of
normal cellular function. From the start of transcription initiation, RNA-binding proteins
facilitate the highly regulated post-transcriptional steps of nuclear processing, export, and
turnover of mRNA transcripts (109). A given mRNA is fully decorated by a host of RNA-
binding proteins that ensure every step is carried out properly (111). There are many
examples of RNA-binding proteins that are dysregulated in various diseases (112),
highlighting the importance of the need to functionally characterize the role of RNA-
binding proteins.

One important RNA-binding protein is ZC3H14 which is a zinc finger
polyadenosine RNA binding protein. While ZC3H14 is ubiquitously expressed, the
inactivating mutations in the ZC3HI4 gene are linked to a non-syndromic form of
intellectual disability. This finding suggests that ZC3H14 plays a critical role in the brain.
While ZC3H14 is primarily localized to nuclear speckles (82), recent data shows that
ZC3H14 is also present in the axons of primary cultured hippocampal neurons (97). Given
that the mechanism underlying intellectual disability in the ZC3H14 patients is unknown
and the function of ZC3H14 has yet to be defined, understanding the interaction between
ZC3H14 and other RNA regulatory factors is an approach to gain insight into the function

of ZC3H14 in the brain.
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Here, we report our work identifying the proteins that interact with ZC3H14 in the
murine brain using unbiased mass spectrometry. The identified proteins that interact with
ZC3H14 have allowed us to establish links between ZC3H14 and RNA regulatory
pathways. This information gained is critical in understanding the role of ZC3H14 in the

brain and the molecular phenotypes underlying the disease.

2.3 Materials and Method:

ZC3H14 immunoprecipitation

Brain tissue was collected from wild-type Black 6 mice and homogenized in
immunoprecipitation (IP) buffer (50 mM Tris-HCI [pH 7.4], 100 mM NaCl, 32 mM NaF,
and 0.5% NP-40 in diethyl pyrocarbonate [DEPC]-treated water) supplemented with 1
cOmplete mini protease inhibitor tablet (Roche; 1 tablet/10 ml of buffer). Homogenate was
sonicated on ice five times at 0.5% output for 10 s and then passed five times through a 27-
gauge syringe. Lysates were spun at 13,000 rpm for 10 min at 4°C, and protein
concentrations were determined using a standard bicinchoninic acid (BCA) assay (Pierce).
Protein G-magnetic beads (Dynabeads; Invitrogen) were suspended in IP buffer and
incubated with preimmune rabbit serum or an equal volume of ZC3H14 antibody for 1 h
at room temperature. Bead/antibody and bead/preimmune samples were added to clarified
cell lysates, followed by incubation at 4°C overnight while tumbling end over end (10%
removed prior to overnight incubation for input samples). After incubation, for mass
spectrometric (MS) analysis, the beads were magnetized, and unbound samples were
collected (10% of input) and washed five times with ice-cold IP buffer. For

immunoblotting, ZC3H14 protein complexes were eluted with reducing sample buffer (250
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mM Tris-HCl, 500 mM dithiothreitol [DTT], 10% SDS, 0.5% bromophenol blue, and 50%

glycerol).

Immunoblotting

Protein lysates were boiled in reducing sample buffer and resolved on 4-20% Criterion
TGX polyacrylamide gels (Bio Rad). Proteins were transferred to nitrocellulose
membranes and incubated for at least one hour in blocking buffer (5% non-fat dry milk in
0.1% TBS-Tween). This step was followed by an overnight incubation at 4°C in primary
antibody diluted in blocking buffer. Primary antibodies were detected using species-
specific horse radish peroxidase (HRP) conjugated secondary antibodies (Jackson
ImmunoResearch) followed by incubation with enhanced chemiluminescence substrate
(ECL, Sigma). Chemiluminescence was detected by exposing blots to autoradiography
film (Daigger). Primary antibodies and dilutions employed as they appear: ZC3H14,
(1:6000) (82), PABPNI, (1:5000) (113), (PABPC1, Abcam, ab21060), Histone,

(1:10000),(Bethyl, A300-822A).

Mass spectrometry analysis

To identify ZC3H14 interacting proteins, bead mass spectrometry was used. After several
washing steps, Sepharose beads from control and ZC3H14 immunoprecipitates were
resuspended in 8 M urea—100 mM NaHPO4 (pH 8.5; 50 pl, final volume) and treated with
I mM DTT at 25°C for 30 min, followed by 5 mM iodoacetamide at 25°C for 30 min in
the dark. The samples were then diluted to 1 M urea with 50 mM ammonium bicarbonate
(final volume, 400 pl) and digested with lysyl endopeptidase (Wako; 1.25 ng/ul, final

concentration) at 25°C for 4 h and further digested overnight with trypsin (Promega; 1.25
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ng/pl, final concentration) at 25°C. The resulting peptides were desalted with a Sep-Pak
C18 column (Waters) and dried under vacuum. Each sample was resuspended in loading
buffer (0.1% formic acid, 0.03% trifluoroacetic acid, 1% acetonitrile) and analyzed
independently by reverses-phase liquid chromatography (LC) coupled with tandem mass
spectrometry (MS/MS) as essentially previously described with slight modifications
(114,115). Briefly, peptide mixtures were loaded onto a C18 nanoLC column (75 pum [inner
diameter], 15-cm long, 1.9-um resin [Maisch GmbH]) and eluted over a 5 to 0% gradient
(buffer A: 0.1% formic acid; buffer B: 0.1% formic acid in 100% acetonitrile). Eluates
were monitored in an MS survey scan, followed by 10 data-dependent MS/MS scans on a
Q-Exactive plus Orbitrap mass spectrometer (Thermo Scientific, San Jose, CA). The
acquired MS/MS spectra were searched against a concatenated target decoy mouse
reference database (v.62) of the National Center for Biotechnology Information
(downloaded 14 November 2013 with 30,267 target entries) using the SEQUEST Sorcerer
algorithm (version 4.3.0; SAGE-N). The search parameters included the following: fully
tryptic restriction, parent ion mass tolerance of +50 ppm, up to two missed trypsin
cleavages, and dynamic modifications for oxidized Met (+15.9949 Da). The peptides were
classified by charge state and first filtered by mass accuracy (10 ppm for high-resolution
MS) and then dynamically by increasing XCorr and ACn values to reduce the protein false
discovery rate to <1%. If peptides were shared by multiple members of a protein family,
the matched members were clustered into a single group in which each protein identified
by a unique peptide represented a subgroup. Each sample was analyzed in biological
replicate, and the protein groups, the total peptide counts, and the peptide spectral counts

are provided in the of supplemental material (89).
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Gene ontology (GO) enrichment and network.

Functional enrichment of the modules was determined using the GO-Elite (v1.2.5) package
(116). The set of total proteins (1,341) identified was used as the background. We analyzed
the 153 proteins enriched in IP (peptide spectrum match [PSM] IP/bead fold change of >2).
The Z-score determines the overrepresentation of ontologies in a module, and a
permutation P value was used to assess the significance of a Z-score cutoff of 5.5 and a P
value cutoff of 0.00001, with a minimum of five proteins per category used as filters in
pruning the ontologies. A horizontal bar graph was plotted in R. The networks were

constructed using the Circlize package in R.

Tissue fractionation

Brain tissue was collected from wild-type C57BL/6 mice and fractionated as first described
in Guillem et al. 2005 (117). Nuclear pellets were suspended and sonicated (5 times at 10%
output) in immunoprecipitation (IP) buffer (S0mMTris-HCI [pH 7.4], 150 mM NacCl, and
0.5% NP-40) supplemented with 1 cOmplete mini protease inhibitor tablet (Roche).
Lysates were spun at 13,000 rpm for 10 minutes (min) at 4°C and protein concentrations

were determined using a standard bicinchoninic acid (BCA) assay (Pierce).

2.4 Results

2.4.1 ZC3H14 interacts with a variety of mRNA processing factors

As the function of ZC3H14 is not known, we sought to identify the factors that

interact with ZC3H14 in the brain. To identify ZC3H14-interacting factors, we employed
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a discovery-based approach using mass spectrometry. Mouse brain tissue was isolated from
wild type mice. The tissue was homogenized and prepared for immunoprecipitation
experiments as described in the Materials and Methods. Antibodies directed against the N-
terminus of ZC3H14 were used to immunoprecipitate ZC3H14 isoforms 1-3. Figure 2.1A
shows an immunoblot from this ZC3H14 immunoprecipitation. ZC3H14 is enriched in the
ZC3H14 Bound fraction and completely absent from the control IgG Bound lane compared
to the Input lane. ZC3H14 is detected as two bands with the ~100 kDa band corresponding
to isoform 1 and the ~70 kDa band corresponding to a doublet band of isoforms 2 and 3.
Our results confirmed that we can efficiently purify ZC3HI14 protein in these

immunoprecipitation experiments.

As we could immunoprecipitate ZC3H14 from mouse brain lysate, we next used
unbiased mass spectrometry to identify ZC3H14-interacting proteins from this ZC3H14
immunoprecipitation. We compared results obtained from the ZC3H14
immunoprecipitation to results obtained with an IgG control antibody. These interacting
proteins are presented in detail in Figures 2.1B and 2.1C (89). To explore the relationship
between ZC3H14 and the interacting proteins identified, we used Gene Ontology (GO)
analysis. Figure 1B shows the GO analysis of the “top” interacting candidates identified by
the mass spectrometry analysis. These “top” candidates were selected based on the criteria
that they were only identified in the ZC3H14 immunoprecipitation and not with the IgG
control and they showed > 2 spectral counts abundance. Of the “top” proteins, 51 proteins
grouped based on the three GO domains: Biological Process, Cellular Component, and
Molecular Function. A Z-score cutoff of > 4.5, a p-value cutoff of < 0.05, and a 3 gene per

category minimum were used as filters to refine the ontologies.
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Figure 2.1B provides a circle graph indicating the specific proteins identified in
each of the GO categories. The colors correspond to the GO categories, while the individual
Gene terms identified are linked to their GO categories. Note that all the proteins in the
circle graph are RNA processing factors and all the GO terms are related to RNA
processing such as RNA splicing and mRNA export. In fact, cellular complexes such as
the spliceosomal complex are enriched. These data show that ZC3H14 interacts with a
variety of RNA processing factors and potentially has a role in regulating the processing

of RNA in the brain.

2.4.2 ZC3H14 interacts with proteins in both an RNA-independent and RNA-

dependent manner

As ZC3H14 is an RNA-binding protein, many of the proteins associated with
ZC3H14 could interact in an RNA-dependent manner by associating with the same
transcript. Figure 2.2A depicts models of how ZC3H14 could associate with proteins in the
cell. In the model shown at the top, ZC3H14 and an associated protein could interact
because they associate with the same transcript. In the model shown in the middle, ZC3H14
directly binds to the associated protein. In the model shown at the bottom, the interaction
between ZC3H14 and another protein could be a combination of the first two models where
ZC3H14 and the associated protein both bind to the RNA and to one another. These models

highlight the complexity of protein interactions mediated by RNA-binding proteins.

To distinguish whether interactions between ZC3H14 and associated proteins are
dependent on RNA, we immunoprecipitated ZC3H14 from control and RNase-treated
lysate. Figure 2.2B shows an immunoblot of the ZC3H14 immunoprecipitation, where

ZC3H14 protein is enriched in the Bound fraction and depleted in the Unbound fraction
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compared to the Input fraction. The addition of RNase does not affect the
immunoprecipitation of ZC3H14 as ZC3H14 protein is enriched in the bound lane of the
RNase treated lysate. Importantly, ZC3H14 protein is absent from the IgG control Bound
lane. To test the effect of RNase treatment, we probed for a candidate interacting protein
PABPNI1. PABPNI is detected in the bound lane of ZC3H14 but partially depleted in the
ZC3H14 RNase treated samples. These results show that the use of RNase distinguishes

between interactions that are RNA-dependent and interactions that are RNA-independent.

As the use of RNase did not affect the precipitation of ZC3H14 protein but did alter
the interaction with PABPN1, we examined ZC3H14-interacting proteins in the presence
and absence of RNase treatment. We performed immunoprecipitation of ZC3H14 as
described before from control and RNase treated lysate and analyzed interacting proteins
with unbiased mass spectrometry. We classified proteins as RNA-independent if there was
no more than a 2-spectral count difference between the control and RNase-treated sample.
Partially RNA-dependent proteins had more than a 50% decrease in spectral counts
between the control and RNase-treated sample. Proteins with a reduction to one or zero
spectral counts upon RNase treatment were classified as RNA-dependent. In Figure 2.2C,
all the ZC3H14 interacting proteins that are RNA-independent, partially RNA-dependent,
and RNA-dependent are grouped in boxes. We can distinguish from the total pool of
proteins that interact with ZC3H14 which protein interactions are mediated through RNA.
Taken together, these results show that ZC3H14 interacts with a variety of RNA processing

factors and some of these interactions are mediated through RNA.

2.4.3 Isoform of ZC3H14 has an isoform-specific phosphorylation site
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As ZC3HI14 is alternatively splice to generate multiple protein isoforms in
mammals, the isoforms are likely to have specific functions. Isoform 4 of ZC3H14 has
tissue specific expression in the testis, while the larger isoforms are ubiquitously expressed.
Isoform 1 is the largest of the four isoforms and Isoforms 2 and 3 only differ from each
other by a single small exon (see Figure 1.2). To examine isoform-specific differences in
these proteins, we employed a two-pronged approach. First, as the mostly nuclear isoforms
(1-3) of ZC3H14 can be detected in neuronal processes (97), we examined whether the
nuclear isoforms of ZC3H14 show different nuclear and cytoplasmic distributions.
Secondly, the differences in exon inclusion of ZC3H14 protein isoforms present the
possibility that the protein isoforms could have isoform-specific posttranslational
modifications (PTMs). Understanding the biological function of each isoform could offer

insight into the multiple function of ZC3H14.

To examine the nucleocytoplasmic distribution of ZC3H14 isoforms, we isolated
mouse brain tissue and fractionated the tissue into nuclear and cytoplasmic fractions. We
analyzed these fractions using immunoblotting. We probed blots for ZC3H14 and nuclear
and cytoplasmic markers, Histone and PABPCI, respectively. Figure 2.3A shows the
resulting immunoblot with Nuclear, and Cytoplasmic (Cyto) fractions. The polyclonal
antibody raised against the N-terminal domain of ZC3H14 detects multiple ZC3H14
isoforms generated by alternative splicing, but does not detect the predicted cytoplasmic
Isoform 4, which lacks this N-terminal domain (82). The nuclear fraction contains the bulk
of ZC3H14 protein. The cytoplasmic (Cyto) fraction contains less ZC3H14 than the nuclear
fraction. The cytoplasmic fraction shows some enrichment for the ~70 kDa isoform(s) of

ZC3H14 as compared to the ~100 kDa isoform. This result suggests that the ~70 kDa
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isoform(s) of ZC3H14 is/are the dominant isoform in the cytoplasm and presents the

possibility that there could be different functionalities for the individual ZC3H14 isoforms.

We next focused on identifying PTMs on ZC3H14 taking into consideration the
different ZC3H14 protein isoforms could have distinct PTMs. We focused on
phosphorylation because global proteomic studies identified phosphorylated peptides of
ZC3H14 (118,119). As described previously, we isolated mouse brain tissue and
fractionated into nuclear and cytoplasmic fractions. We immunoprecipitated ZC3H14 from
each fraction and analyzed the bound fraction by mass spectrometry. The cytoplasmic
samples were used at 4 times the concentration of the starting nuclear lysate to account for
the low cytoplasmic level of ZC3H14. Figure 2.3B shows the resulting immunoblot of the
nuclear and cytoplasmic immunoprecipitation of ZC3H14. ZC3H14 is enriched in the
Bound lanes and depleted in the Unbound lanes compared to the Input lanes of the nuclear
and cytoplasmic immunoprecipitated fractions. The IgG Bound control lanes are free of
ZC3H14 protein. Through our analysis, we identified a phosphorylated peptide specific to
ZC3H14 isoform 1 (Figure 2.3C). This phosphorylation site occurs at amino acid positon
516 in encoded by exon 12 of the ZC3H14 variable splicing region. This exon is not present
in isoforms 2 and 3. Identification of this isoform-specific phosphorylation site suggests a
mechanism that could be employed to differentially regulate distinct ZC3H14 protein

1soforms.

2.4.4 ZC3H14 forms non-canonical mRNPs with metabolic enzymes.

The most enriched protein associated with ZC3H14 with the number of spectral
counts almost equal to ZC3H14 is a metabolic protein, AMPD2 (Figure 2.4A). This result

was surprising because AMPD?2 is a cytoplasmic protein (120) while ZC3H14 is primarily
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nuclear. To validate the interaction between ZC3H14 and AMPD?2, we performed ZC3H14
immunoprecipitations from fractionated mouse brain tissue. Figure 2.4B shows the
immunoprecipitation of ZC3H14 from the fractionated mouse brain lysate. ZC3H14 is
enriched in the Bound lanes of the nuclear (ZC3H14-Nuc) and cytoplasmic (ZC3H14-
Cyto) fractions and depleted in the Unbound lanes compared to the Input lanes. ZC3H14
protein is completely absent from the IgG control Bound lane. After confirming
immunoprecipitation of ZC3H14 protein, we next examined whether AMPD?2 protein co-
purifies with ZC3H14. We found that AMPD?2 is enriched in the bound lanes for the nuclear
and cytoplasmic immunoprecipitations of ZC3H14 (Figure 4C). These results show that

ZC3H14 and AMPD?2 interact in both the nucleus and cytoplasm.

2.5 Discussion

Previous large-scale studies have been used to establish protein interacting
networks for RNA-binding proteins (121,122). Here, we report our results identifying the
proteins that interact with ZC3H14. Our data reveal functional links between ZC3H14 and
a variety of RNA processing factors. We extended our analysis to define RNA-independent
and RNA-dependent interactions. In addition, we assessed isoform-specific differences in
the ZC3H14 proteins by examining subcellular distribution of the ZC3H14 isoforms and
isoform-specific PTMs. Furthermore, we established that ZC3H14 forms non-canonical
mRNPs as evidenced by the interaction between ZC3H14 and the adenine deaminase,

AMPD2.

While ZC3H14 interacts with a variety of mRNA processing factors, how ZC3H14

cooperates with these factors to ensure proper mRNA processing remains to be determined.
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One possibility is that the different isoforms of ZC3H14 protein are involved in distinct
steps of mRNA processing allowing ZC3H14 to fulfil different roles in the cell. Our results
support this model as Isoform 1 of ZC3H14 is primarily nuclear and has an isoform specific
phosphorylation site, while Isoform 2 and/or Isoform 3 is/are the dominant isoform(s) in
the cytoplasm. Differentially utilizing the different isoforms of ZC3H14 expands the
function of the ZC3H14 protein. Each ZC3H14 isoform could interact with specific factors

and participate in distinct mRNA processing events.

As ZC3H14 and AMPD?2 interact, AMPD2 could have a role in mRNA processing.
Metabolic enzymes can moonlight as RNA-binding proteins and/or be incorporated into
mRNPs (123). These enzymes adopt a role in the regulation of target transcripts, while
maintaining their primary function of participating in a metabolic pathway (123). The
known function of AMPD?2 is to maintain the cellular pool of guanine nucleotide by
regulating the feedback inhibition of adenosine derivatives on de novo purine synthesis.
ZC3H14 could regulate the function of AMPD2 in the brain by targeting AMPD?2 to sites
of mRNA processing or degradation (120,124). As adenosine deaminase deficiencies cause
behavioral and neurological impairments (125), loss of ZC3H14 could result in
misregulation of the AMPD?2 protein, which could underlie the phenotypes observed in the

ZC3H14 mutant patients.

Based on our results, we suggest that ZC3H14 is involved in a variety of RNA
processing pathways in the brain. Posttranscriptional regulation is particularly critical in
neurons, which rely on sophisticated spatial and temporal control of gene expression
(126,127). We present evidence that ZC3H14 is physically linked to multiple RNA

processing factors in the brain suggesting that ZC3H14 could coordinate the interplay of
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multiple RNA processing factors. Fully understanding the molecular function of ZC3H14
would serve as a cornerstone for elucidating the complex roles of RNA-binding proteins in
regulating neuronal gene expression. Ultimately, the information gained from this study
could provide insight into how ZC3H14 and other RNA-binding proteins affect proper

higher order brain function.



41

A

—ound__ mRNA processing
s Input ZC3H14  IgG
100m] o - : RNA splicing
. . ZC3H14
70m| s RNA e)é?ort
from nucleus

spliceosomal complex
nuclear speckle

nucleus

nucleic acid binding

C 0 5 10 15
O N
Lae SEWIgs ., 8 Z score

© 883230 FELS & o M biological process

g 335 _ _ VS8 &5 . O cellular component

% 2 > : | & L5 O molecular function
© % o = LI L
) ﬁd NER

Prpofrg oo
Pnn —
Phf5a
Pabpn1
Ncbp2
Ncbp1
Magoh
wnaros3
Fip1
gifaad




42



43

Figure 2.1: ZC3H14 interacts with RNA processing factors

A. Immunoblot of immunoprecipitation of ZC3H14 from mouse brain lysate. ZC3H14 is
enriched in the ZC3H14 Bound lane compared to the IgG control. The ZC3H14 is detected
as a two-band pattern with the top bane corresponding to the ~100 kDa of ZC3H14 and the
~70 kDa band corresponding to a doublet of the smaller isoforms of ZC3H14 B. Gene
Ontology analysis of the “top” ZC3H14-interacting proteins. Gene terms are grouped by:
biological process, cellular component, and molecular function. C. Graph of the gene terms
that cluster into the Gene Ontology categories in B.
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Figure 2.2: Protein Interactions of ZC3H14 mediated through RNA

A. Theoretical models of how RNA-binding proteins can interact with other proteins in
RNA dependent manner, RNA-independent manner, and a combination of both. B.
Immunoblot of ZC3H14 immunoprecipitation from control and RNase-treated lysate.
ZC3H14 protein is enriched in the Bound lanes and depleted in the Unbound lanes
compared to the Input lanes of the ZC3H14 and ZC3H14 + RNase fractions. IgG serves as
the negative control and ZC3H14 protein is absent from the IgG Bound lane. C. Box
grouping of ZC3HI14 interaction proteins that are RNA independent, Partially RNA-
dependent, and RNA-dependent.
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Figure 2.3: ZC3H14 isoform specific phosphorylation site

A. Fractionated mouse brain lysate into Nuclear and Cytoplasmic fractions. PABPC1 and
Histone serve as the cytoplasmic and nuclear markers respectively. B. Immunoblot of
ZC3H14 immunoprecipitation from Nuclear and Cytoplasmic brain lysate. Molecular
weights are given in kDa to the left of each blot C. Identified ZC3H14 peptides from mass
spectrometry analysis of ZC3H14 protein isoforms. Identified peptides are highlighted in
green. Numbers correspond to sequence number of amino acids. Protein domains of
ZC3H14 are indicated at the top of the protein sequence. Highlighted box indicates a
phosphorylated serine at position 516.
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Figure 2.4: ZC3H14 interacts with AMPD2

A. Number of Spectral Counts for ZC3H14 and AMPD?2 from mass spectrometry analysis of
ZC3H14 immunoprecipitation. Numbers are an average from 3 experiments. B. Immunoblot of
ZC3H14 immunoprecipitation from nuclear (ZC3H14-Nuc) and cytoplasmic (ZC3H14-Cyto)
brain lysate. C. Immunoblot of AMPD2 from ZC3H14 immunoprecipitation experiments from

Nuclear and Cytoplasmic mouse brain lysate. Molecular weights are given as kDa to the left of
the blot.
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Chapter 3: The Polyadenosine RNA-Binding Protein, ZC3H14 Interacts with the
THO

Complex and Coordinately Regulates the Processing of Neuronal Transcripts

Kevin J. Morris

3.1 Summary:

The polyadenosine RNA-binding protein ZC3H14 is important for multiple steps
in RNA processing. Although ZC3H14 is ubiquitously expressed, mutation of the ZC3H14
gene causes a non-syndromic form of intellectual disability. Here, we examine the function
of ZC3H14 in the brain by identifying ZC3H14-interacting proteins using unbiased mass
spectrometry. Through this analysis, we identified physical interactions between ZC3H14
and multiple RNA processing factors. Notably, proteins that comprise the THO complex
were amongst the most enriched proteins. We demonstrate that ZC3H14 physically
interacts with THO components and that these proteins are required for proper RNA
processing, as loss of ZC3H14 or THO components leads to extended bulk poly(A) tail
length. Furthermore, we identified the transcripts Atp5g/ and Psd95 as shared RNA targets
of ZC3H14 and the THO complex. Our data suggest that ZC3H14 and the THO complex
are important for proper processing of Atp5gl and Psd95 RNA, as depletion of ZC3H14
or THO components leads to decreased steady-state levels of the mature transcript and
accumulation of Afp5g/ and Psd95 pre-mRNA in the cytoplasm. Taken together, this work

provides the first unbiased identification of nuclear ZC3H14-interacting proteins from the
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brain and further establishes a role for ZC3H14 and the THO complex in the processing of

RNA.
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3.2 Introduction:

Control of eukaryotic gene expression involves a highly ordered regulatory network
of cis-acting elements and trans-acting factors to ensure that a given gene product is
produced in the correct amount at the proper time and location. RNA-binding proteins are
critical regulators in the co- and posttranscriptional events that control gene expression
(128). These events include processing steps such as the initial capping of the nascent
mRNA emerging from RNA polymerase, the splicing of the primary transcript, and the
formation of the 3’end of the mRNA through cleavage and polyadenylation (129,130).
Upon completion of these steps, a mature mRNA is generated that is packaged with RNA-
binding proteins to form a messenger ribonucleoprotein (mRNP) complex (131). This
mRNP can then be exported from the nucleus and undergo further regulation in the

cytoplasm.

The importance of RNA-binding proteins is evident in both their critical role in
gene expression and the growing number of diseases that are associated with the mutation
of genes encoding RNA-binding proteins (112,132). Interestingly, an emerging subset of
these diseases are tissue-specific diseases that result from mutation in genes encoding
ubiquitously expressed proteins (132). Recently, mutations in the gene encoding the
ubiquitously expressed RNA-binding protein ZC3H14 were linked to an inherited form of
autosomal recessive intellectual disability (80). This finding suggests that ZC3H14 plays a
critical role in the brain. However, the function of ZC3H14 has been largely studied in

cultured cell lines and lower order model organisms (80,89,96).

Initial understanding of the function of ZC3H14 came from studies of the budding

yeast orthologue Nab2 (88). ZC3H14 and Nab2 share conserved domain structures that
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consist of an N-terminal PWI-like domain and C-terminal tandem CCCH zinc fingers
(84,88). This work showed that NAB2 is an essential yeast gene that is required for proper
poly(A) tail length control and mRNA export from the nucleus (85-87). Like Nab2,
ZC3H14 is primarily localized to the nucleus and both Nab2 and ZC3H14 bind with high
affinity to polyadenosine RNA (82,93). Although Nab2 and ZC3H14 bind to
polyadenosine RNA tracts and therefore could bind to all mRNA transcripts, previous work
has shown that loss of ZC3H14 only alters the steady-state levels of a small number of
transcripts (96). This finding focuses the regulation of mRNA processing by ZC3H14 to a

select group of transcripts.

As patients with mutations in the ZC3H14 gene that cause loss of the ZC3H14
protein display brain phenotypes, the role of ZC3H14 in the brain has begun to be studied
(80). Studies of the ZC3H14 orthologue in Drosophila, dNab2, provide evidence that the
function of dNab?2 is critical in neurons (80). dNab2 mutant flies have compromised brain
function and severe brain morphology defects (91). Importantly, these defects in the fly
can be rescued by the expression of either dNab2 or the mammalian ZC3H14 protein
exclusively in neurons (91). Furthermore, the generation of a Zc3h14 mutant mouse model
revealed that loss of ZC3H14 impairs higher order brain function with the mutant mice
displaying defects in working memory (98). These findings coupled with the phenotype of
the ZC3H14 patients further emphasize the continued need to understand the function of

ZC3H14 in the brain.

In this study, we identify proteins that interact with ZC3H14 in the brain. We
employ a proteomic approach using fractionated mouse brain lysate to identify the nuclear

factors that interact with ZC3H14. Among the most enriched factors is a group of proteins
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that belong to an RNA-processing complex known as the THO complex. The THO
complex is a multi-subunit complex that is essential for RNA processing (41). Most studies
of this complex have been performed in budding yeast and these studies have linked this
complex to transcription elongation, mRNA splicing, and mRNA export (41,66,133,134).
Interestingly, mutations in genes encoding components of this complex THOC2 and

THOCG6 are associated with brain disorders, similar to mutations in ZC3H14 (135-137).

Here, we demonstrate that ZC3H14 and the THO complex physically interact and
coordinately regulate the processing of mRNA transcripts. As previously shown for
ZC3H14, we demonstrate that THO components are required for proper control of bulk
poly(A) tail length. As these factors do not affect all RNAs (96,138,139), we have
identified the transcript A#p5gl, which encodes a component of the ATP synthase
machinery (140), and the transcript Psd95 (DIlg4), which encodes a component of the
neuronal post synaptic density (141), as shared targets of ZC3H14 and the THO complex.
This work reveals that ZC3H14 and the THO complex are required to coordinate nuclear
processing of Atp5gl and Psd95 mRNAs with export from the nucleus. Loss of these
factors leads to a decrease in the steady-state levels of the mature AtpS5gl and Psd95
mRNAs and accumulation of the pre-mRNAs of these transcripts in the cytoplasm. Taken
together, these results suggest coordination between ZC3H14 and the THO complex to

ensure proper mRNA processing prior to export from the nucleus.

3.3 Material and Methods

Tissue Fractionation and Immunoprecipitations
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Brain tissue was collected from wild-type C57BL/6 mice and fractionated as first described
in Guillem et al. 2005 (117). Nuclear pellets were suspended and sonicated (5 times at 10%
output) in immunoprecipitation (IP) buffer (S0mMTris-HCI [pH 7.4], 150 mM NacCl, and
0.5% NP-40) supplemented with 1 cOmplete mini protease inhibitor tablet (Roche).
Lysates were spun at 13,000 rpm for 10 minutes (min) at 4°C and protein concentrations
were determined using a standard bicinchoninic acid (BCA) assay (Pierce). Protein A-
magnetic beads (Dynabeads; Invitrogen) were suspended in IP buffer and incubated for 30
min with preimmune rabbit serum or an equal volume of experimental antibody (4 pg/mg
of protein lysate) at room temperature. Bead/antibody complexes were added to clarified
cell lysates, followed by incubation at 4°C overnight while tumbling end over end (10%
removed prior to overnight incubation for input samples). After incubation, the beads were
magnetized and washed five times with ice-cold IP buffer. At this point, samples were
prepared for mass spectrometry analysis or for immunoblotting. For immunoblotting,
protein complexes were eluted with reducing sample buffer (250 mM Tris-HCI, 500 mM

dithiothreitol [DTT], 10% SDS, 0.5% bromophenol blue, and 50% glycerol).

Mass Spectrometry Analysis

Mass spectrometry analysis was performed as previously described in Soucek et al. 2016
(89). Magnetic beads from control and ZC3H14 immunoprecipitates were suspended in 8
M urea—100 mM NaHPO4 (pH 8.5; 50 ul, final volume) and treated with 1 mM DTT at
25°C for 30 min, followed by 5 mM iodoacetamide at 25°C for 30 min in the dark. The
samples were then diluted to 1M urea with 50 mM ammonium bicarbonate (final volume,
400 pl) and digested with lysyl endopeptidase (Wako; 1.25 ng/l, final concentration) at

25°C for 4 hours and further digested overnight with trypsin (Promega; 1.25 ng/l, final
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concentration) at 25°C. The resulting peptides were desalted with a Sep-Pak C18 column
(Waters) and dried under vacuum. Each sample was suspended in loading buffer (0.1%
formic acid, 0.03% trifluoroacetic acid, 1% acetonitrile) and analyzed independently by
reverse-phase liquid chromatography (LC) coupled with tandem mass spectrometry
(MS/MS) essentially as previously described with some minor modifications (115,142).
Briefly, peptide mixtures were loaded onto a C18 nanoLC column (75 m [inner diameter],
15-cm long, 1.9-m resin [Maisch GmbH]) and eluted over a 5 to 0% gradient (buffer A:
0.1% formic acid; buffer B: 0.1% formic acid in 100% acetonitrile). Eluates were
monitored in an MS survey scan, followed by 10 data-dependent MS/MS scans on a Q-
Exactive plus Orbitrap mass spectrometer (Thermo Scientific). The acquired MS/MS
spectra were searched against a concatenated target decoy mouse reference database (v.62)
of the National Center for Biotechnology Information (downloaded 14 November 2013
with 30,267 target entries) using the SEQUEST Sorcerer algorithm (version 4.3.0; SAGE-
N). The search parameters included the following: fully tryptic restriction, parent ion mass
tolerance of 50 ppm, up to two missed trypsin cleavages, and dynamic modifications for
oxidized Met (15.9949 Da). The peptides were classified by charge state and first filtered
by mass accuracy (10 ppm for high-resolution MS) and then dynamically by increasing
XCorr and Cn values to reduce the protein false discovery rate to 1%. If peptides were
shared by multiple members of a protein family, the matched members were clustered into
a single group in which each protein identified by a unique peptide represented a subgroup.
The total peptide spectra match (PSM) counts are provided in Supplementary Table 1 in

the Supplementary material.

Gene Ontology (GO) Enrichment and Network
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Functional enrichment of the modules was determined using the GO-Elite (v1.2.5) package
(116). The set of total proteins (1,350) identified was used as the background. We analyzed
the 62 proteins enriched in IP ([PSM] IP/bead fold change of 2). The Z-score determines
the overrepresentation of ontologies in a module, and a permutation p-value was used to
assess the significance of a Z-score cutoff of 4.5 and a p-value cutoff of 0.05, with a
minimum of three proteins per category used as filters in pruning the ontologies. A
horizontal bar graph was plotted in R. The networks were constructed using the Circlize

package in R.

Immunoblotting

Protein lysates were boiled in reducing sample buffer and resolved on 4-20% Criterion
TGX polyacrylamide gels (Bio Rad). Proteins were transferred to nitrocellulose
membranes and incubated for at least one hour in blocking buffer (5% non-fat dry milk in
0.1% TBS-Tween). This step was followed by an overnight incubation at 4°C in primary
antibody diluted in blocking buffer. Primary antibodies were detected using species-
specific horse radish peroxidase (HRP) conjugated secondary antibodies (Jackson
ImmunoResearch) followed by incubation with enhanced chemiluminescence substrate
(ECL, Sigma). Chemiluminescence was detected by exposing blots to autoradiography
film (Daigger). Immunoblots were quantified using ImagelJ software. Primary antibodies
and dilutions employed as they appear: ZC3H14, (1:6000) (82), Nuclear Pore complex
NUP93 and NUP62, (1:5000), (414, Abcam, ab24609), eIF5, (1:5000) (Santa Cruz, sc-
282), THOCI, (1:1000), (Bethyl, A302-839A), THOC2, (1:2000), (Bethyl, A303-630A),
ALYREF, (1:1000), (ALY, Santa Cruz, sc-32311), HuR, (1:1000), (Santa Cruz, sc-5261),

NPMI, (1:1000), (B23, Santa Cruz, sc-6013), THOCS, (1:1000) (Bethyl, A302-119A),
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HSP90, (1:1000), (Santa Cruz, sc-13119), and NXF1, (1:1000), (TAP, Santa Cruz, sc-

32319).

Glycerol Density Gradients

Nuclei from mouse brain tissue were collected and lysed as described for tissue
fractionation and immunoprecipitation. Nuclear lysate was nuclease treated using
Benzonase (Sigma). Approximately 1.5 mg of nuclear lysate in a 300-ul volume was
layered on top of a 10-50% glycerol gradient (10 mM HEPES pH 7.5, 2 mM MgCl,, 10
mM KCIl, 0.5 mM EDTA and 150 mM NaCl) in 14x89 mm tubes (Beckman Coulter), and
spun in a SW41Ti rotor (Beckman Coulter) at 30,000 x RPM for 16 hours at 4°C. Gradients
were fractionated top to bottom into 500-pl fractions using the Gradient Master automated

fraction collector (BioComp).

Cell Culture and siRNA Transfections

Neuro2a (N2a) cells are a mouse neuroblastoma cell line (143). Cells were maintained in
Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% FBS and
antibiotics and grown under standard environmental conditions. Individual siRNAs were
transfected into cultured cells using Lipofectamine 2000 (Invitrogen) according to the
manufacturer’s protocol in antibiotic free media. In experiments where cells were treated
with two different siRNAs, cells were transfected simultaneously with double the amount
of siRNA as the single transfections. siRNAs: Scrambled (Scr) control (Stealth siRNA Neg
Control Medium GC, Invitrogen), Zc3hi4 (Stealth siRNA, Invitrogen,
GAAGAGCCTCGATACTGACTCCAAA), Thocl (MISSION esiRNA, Sigma

EMUO081331), Thoc5 (MISSION esiRNA, Sigma EMU003181).
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RNA Isolation and Quantitative RT-PCR.

Total RNA was isolated from N2a cells using the TRIzol reagent (Invitrogen) according to
the manufacturer’s protocol. Isolated RNA was treated with Turbo DNase (Invitrogen) to
degrade contaminating DNA. For qRT-PCR analyses, cDNA was generated using the
MMLYV Reverse transcriptase (Invitrogen) from 1 pg of total RNA. Relative mRNA levels
were measured by quantitative PCR analysis of duplicate samples of 15 ng cDNA with
QuantiTect SYBR Green Master Mix using an Applied Biosystems StepOne Plus real time
machine (ABI). Results were analyzed using the AACT method and normalized to 18S

rRNA. Oligonucleotide sequences are provided in Supplementary Table 2.
Bulk Poly(A) Tail Length Assays

Bulk poly(A) tails were analyzed as described previously (89,113). Briefly, total RNA was
3’end labeled with [**P]-pCp (cytidine 3',5’ bisphosphate) (Perkin Elmer) using T4 RNA
ligase. RNA was then digested with RNase A and T1 and resolved on TBE-Urea (90
mM Tris-borate, 2 mM EDTA, 8 M urea) 7% polyacrylamide gels. Gel images were

obtained using a Typhoon phosphorimager and quantified using ImageQuant software.
RNA Immunoprecipitation

N2a cells were grown on 100-mm plates and UV crosslinked at 254 nm using a Stratalinker
UV 2400 (Stratagene). Cells were then suspended in RNA-IP buffer (50 mM Tris-HCI, pH
7.4, 150 mM NacCl, 10% RIPA-2 buffer in DEPC-treated water) supplemented with 1
cOmplete mini protease inhibitor tablet (Roche). Lysates were then sonicated on ice 5 times

at 10% output and spun at 13,000 RPM for 10 min at 4°C. Protein concentration was
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determined with a standard BCA assay (Pierce) and standard immunoprecipitation protocol

followed.

Cell Fractionation

N2a cells were collected on ice, spun down, and suspended in ice-cold fractionation buffer
(10 mM Tris-HCI, pH 7.4, 10 mM NacCl, 3 mM MgCl,, 0.5% (v/v) NP-40), supplemented
with 1 mini cOmplete protease inhibitor tablet (Roche) for 10 min on ice. Cell lysates were
centrifuged at 1,000 x g for 5 min and the supernatant or cytoplasmic fraction was separated
from the nuclear pellet. The nuclear pellet was then washed once with fractionation buffer
and centrifuged at 1,000 x g for 5 minutes. The resulting pellet was collected as the nuclear
fraction. RNA was isolated from each fraction with TRIzol reagent (Invitrogen). Protein

samples were suspended with RIPA-2 buffer and prepared for immunoblotting.

Statistical Analysis

Comparisons between experimental groups were made using Student’s t-test, unless noted
otherwise. All data are presented as means and standard error of the mean (SEM) (error
bars) for at least three independent experiments. Asterisks (*) indicate statistical

significance at *p-value < 0.05.

3.4 Results

3.4.1 ZC3H14 interacts with the THO complex.

To examine the function of ZC3HI14 in the brain, we first analyzed the
nucleocytoplasmic distribution of the protein in the brain. We collected and fractionated

mouse brain tissue as described in Materials and Methods. Figure 3.1A shows the
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distribution of the endogenous ZC3H14 protein. The polyclonal antibody raised against the
N-terminal domain of ZC3H14 detects multiple ZC3H14 isoforms generated by alternative
splicing, but does not detect a predicted cytoplasmic isoform that lacks the N-terminal
domain (82). The nuclear fraction contains the bulk of ZC3H14 protein. The cytoplasmic
(Cyto) fraction contains less ZC3H14 than the nuclear fraction with some enrichment for

the ~70 kDa isoforms of ZC3H14 as compared to the ~100 kDa isoform.

As the majority of ZC3H14 is nuclear, we sought to identify factors that interact
with ZC3H14 in the nucleus. To identify ZC3H14-interacting proteins, we collected mouse
brain tissue and isolated the nuclear fraction. We then immunoprecipitated endogenous
ZC3H14 and associated proteins from the nuclear fraction using the polyclonal ZC3H14
antibody. With unbiased mass spectrometry, we identified ZC3H14-interacting proteins
and compared results from our ZC3H14 immunoprecipitation to the results obtained with
control pre-immune serum. These interacting proteins are presented in detail in

Supplementary Table 1 as well as Figures 3.1B and 1C.

To explore the relationship between ZC3H14 and the interacting proteins
identified, we used Gene Ontology (GO) analysis. Figure 3.1B shows the GO analysis of
the 62 “top” interacting candidates identified by the mass spectrometry analysis. These
“top” candidates were selected based on the criteria that they were only identified in the
ZC3H14 immunoprecipitation and not with the control pre-immune serum and they
showed a > 2 peptide spectra matched (PSM) quantification. Of the 62 proteins, 38 proteins
grouped based on the three GO domains: Biological Process, Cellular Component, and

Molecular Function. A Z-score cutoff of > 4.5, a p-value cutoff of < 0.05, and a 3 gene per
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category minimum were used as filters to refine the ontologies. The 62 proteins selected

for GO analysis are shaded in grey in Supplementary Table 1.

From our analysis, we found that all the identified GO terms relate to mRNA
processing (Figure 3.1B). This result is consistent with previous reports on the proteins that
associate with ZC3H14 and the role for ZC3H14 as a regulator of mRNA processing (89).
Previous studies show that ZC3H14 localizes to nuclear speckles and interacts with
components of the exon junction complex (EJC) (42,82,89). Consistent with these data, the
GO terms for nuclear speckle and the EJC serve as positive controls for our analysis. Figure
3.1C presents a circle graph depicting the specific genes identified in each of the GO
categories. The colored sections correspond to the GO domain, where each GO term is
linked to the individual gene symbol. All of the identified factors that cluster into GO terms
are shown. Notably, among the most significant categories identified is the THO complex.
Every member of the mammalian THO complex was identified in the ZC3H14-interacting
proteome, as indicated in Figure 3.1C by the asterisks. In addition, two THO-associated
factors were shown, ALYREF and CHTOP (39,144). Altogether, these data suggest a

potential physical link between ZC3H14 and the THO complex.

ZC3H14 physically associates with the THO complex. The mammalian THO
complex is a six-member RNA processing complex implicated in various RNA processing
events that serve critical functions in dictating mRNA fate (145,146). Functional studies of
various THO components in mammalian cells and budding yeast suggest roles in
transcription elongation, mRNA splicing and nuclear mRNA export (41,66,133,134). Like
ZC3H14, THO components are ubiquitously expressed and yet mutations in two THO

component genes THOC?2 and THOC6 are linked to brain disorders (135-137). This finding
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strengthens the rationale to further explore the relationship between ZC3H14 and the

individual THO components.

To validate the interaction between ZC3H14 and individual THO components, we
immunoprecipitated ZC3H14 from mouse brain nuclear lysate as described for the mass
spectrometry analysis. Utilizing SDS-PAGE and immunoblotting, we assessed the
enrichment of THO components in the ZC3H14 immunoprecipitate. As shown in Figure
3.2A, ZC3H14 protein is enriched in the immunoprecipitation compared to the input and
the IgG control. The THO components THOC1 and THOC2 and the THO-associated
protein ALYREF are all enriched in the bound fraction with ZC3H14 but not with the IgG
control (Figure 3.2A). The interaction between ZC3H14 and THOCI is not affected by the
addition of RNase, however, the interaction between ZC3H14 and THOC?2 is partially
reduced upon addition of RNase and the interaction with ALYREF is completely abolished.
As a negative control, we used the RNA-binding protein HuR, which was not detected as
an interacting protein in our mass spectrometry experiments. Consistent with our analysis,
HuR shows no co-enrichment with ZC3H14. To further examine the interaction between
ZC3H14 and THO components, we performed a reciprocal immunoprecipitation with
THOCI1. As shown in Figure 3.2B, ZC3H14 co-immunoprecipitates with THOCI in a
manner that is insensitive to RNase treatment. THOC2 serves as a positive control for

THOCI1 binding, as these proteins interact within the THO complex (35,147,148).

To test whether ZC3H14 and the THO complex exist in a macromolecular complex,
we employed glycerol density gradients to sediment nuclear lysate. We purified nuclei
from mouse brains and fractionated the nuclease-treated nuclear lysate through a 10-50%

glycerol density gradient. Figure 3.2C shows the resulting immunoblot performed on the
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glycerol gradient fractions. The fractions increase in density from left to right, with the
lightest protein complexes sedimenting towards the left and the heaviest complexes
towards the right. ZC3H14 has a wide distribution throughout the gradient. The THO
components THOC1 and THOC2 sediment together and are largely restricted to fractions
7-9. Fractions 7-9 also are enriched for ZC3H14 and the THO-associated protein ALYREF.
However, these THO-containing fractions do not show enrichment for all nuclear RNA-
binding proteins as evidenced by the distribution of the Nucleophosmin (NPM1) protein.
These data show a clear overlap between ZC3H14, ALYREF and THO component

containing fractions suggesting that these proteins can exist in a complex.

3.4.2 Loss of ZC3H14 and THO components affect processing of mRNAs

THO components are required for proper bulk poly(A) tail length control.
Previous studies have shown that ZC3H14 plays an evolutionarily conserved role in
poly(A) tail length control (87,91,92,98). We tested whether THO components are also
required for proper poly(A) tail length control. For these studies, we used a mouse neuronal
cell line, Neuro2a (N2a) cells, as our experimental model (143). We treated these cells with
siRNA against Zc3hi14, Thocl, or Thoc5 and compared them to cells treated with a
scrambled (Scr) control siRNA. Total RNA from these cells was then isolated and
subjected to a poly(A) tail length assay as described in Materials and Methods. Figure 3.3A
shows an immunoblot demonstrating efficient siRNA-mediated depletion of THOCI,
THOCS, and ZC3H14. The protein elF5 serves as a loading control. Figure 3.3B shows
detection of end-labeled poly(A) tracts that were resolved on a polyacrylamide gel with the
number of adenosines increasing from left to right. As shown previously for loss of

ZC3H14 (92), depletion of the THO components THOC1 and THOCS causes extended
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bulk poly(A) tails when compared to the control. This result is quantified by a line scan
analysis of the samples (Figure 3.3C). The signal from each lane is normalized to the
beginning of the gel to correct for loading. This analysis demonstrates that loss of ZC3H14,
THOCI1, or THOCS causes a significant increase in the length of bulk poly(A) tail revealing

that these factors are required for proper control of poly(A) tail length.

ZC3H14 and the THO complex regulate the processing of a shared transcript. To
begin to define specific functions shared by ZC3H14 and the THO complex in RNA
processing, processing of specific transcripts needs to be analyzed. However, the complete
set of transcripts that are regulated by ZC3H14 and/or THO components in the brain is not
known. To identify common transcripts between ZC3H14 and the THO complex, we
performed RNA immunoprecipitations for endogenous ZC3H14, THOCS and ALYREF
and analyzed candidate target RNA transcripts. While the RNA-binding mechanism for the
THO complex is not yet understood, THOCS and ALYREF were chosen based on their

suggested role as the mRNA adapters for the THO complex (39,149).

For RNA immunoprecipitations, endogenous ZC3H14, THOCS, and ALYREF
were immunoprecipitated from UV crosslinked N2a cells (Figure 3.4A). Associated RNA
was isolated, converted to cDNA and then subjected to qPCR for analysis (Figure 3.4B-E).
Transcript levels were normalized to input and then to IgG control. Using a candidate-
based approach, we tested for enrichment of RNA targets using a previously identified
ZC3H14 target transcript Atp5gl (96) and other important neuronal transcripts with
potential links to ZC3H14 (unpublished results), Psd95 (Dlg4) and Mapt. The Atp5gl,
Psd95 and Mapt mRNA are all significantly enriched in ZC3H14, THOCS, and ALYREF

precipitations as compared to the IgG control (Figure 3.4B, C, D). The Rplp0 transcript is
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not enriched in these precipitations, showing that not all transcripts associate with these

factors (Figure 4E).

We next tested whether loss of ZC3H14 or THO components affects the steady-
state levels of the Atp5gl, Psd95, or Mapt transcripts. We treated N2a cells with siRNA
against Thocl, Thoc5, Zc3h14, or a scrambled control. We isolated total protein and total
RNA samples from these cells. Protein samples were separated by SDS-PAGE and
analyzed by immunoblotting to confirm efficient siRNA-mediated depletion (Figure 3.5A).
RNA from each siRNA-treated sample was analyzed by qRT-PCR to assess steady-state
levels of the Atp5gl, Psd95, and Mapt transcripts. Depletion of ZC3H14, THOCI, and
THOCS all cause a statistically significant decrease (~50%) in the steady-state levels of
both the Atp5g1 and Psd95 transcripts (Figure 3.5B, 5C). In contrast, Mapt mRNA is only
affected by depletion of ZC3H14 with an ~50% decrease in steady-state levels (Figure 5C).
Depletion of the THO components THOC1 or THOCS does not alter the steady-state levels
of Mapt mRNA. These results suggest that Afp5g/ and Psd95 are shared transcripts
regulated by ZC3H14 and the THO complex but not all ZC3H14 target transcripts are

shared with the THO complex.

One potential explanation for the shared phenotypes of ZC3H14 and THO depletion
on poly(A) tail length and steady-state levels of RNA targets could be that depletion of
ZC3H14 decreases the levels of THO components or vice versa. To address this possibility,
we treated N2a cells with siRNA against Zc3HI4 or a scrambled control. We collected
protein samples from the transfected cells and used immunoblotting to assess the effect of
depletion of ZC3H14 on the protein level of THO components (Supplementary Figure 1A).

We quantified protein levels comparing ZC3H14 depleted samples and control samples



66

using Image J software. Depletion of ZC3H14 did not cause any significant changes in
THO protein levels (Supplementary Figure 1B-E). However, depletion of ZC3H14 does
cause a slight decrease in THOCS levels that is not statistically significant (Supplementary
Figure 1D). We also assessed whether depletion of THO components alters ZC3H14
proteins levels. Results of this analysis confirm that depletion of THO components does
not decrease ZC3H14 protein levels (Supplementary Figure 1F, 1G). These data show that
the shared phenotypes detected upon depletion of ZC3H14 and THO components are not

from changes of steady-state levels of the associated protein.

Previous work in budding yeast analyzed genetic interactions between the ZC3H14
orthologue NAB2 and THOI, the yeast orthologue of THOCI. Surprisingly, phenotypes
present in nab2 mutants were suppressed by deletion of THO! (68). To extend this analysis
to mammalian cells, we used siRNA to simultaneously deplete either ZC3H14 and THOC1
or ZC3H14 and THOCS. As shown in Figure 3.5A, we confirmed depletion of the targeted
proteins. Interestingly, in cells simultaneously treated with siRNA against Thocl and
Zc3hl14 or Thoc5 and Zc3HI14, we found that the decrease in steady-state mRNA levels
observed with individual depletion of each of these individual components is rescued.
Depletion of ZC3H14 and either THOCI1 or THOCS cause no statistically significant
decrease in the steady-state levels of ApS5gl, Psd95 and Mapt (Figure 3.5B-5D). In fact,
simultaneous depletion of ZC3H14 and THOCI1 causes an increase in the steady-state
levels of Psd95 compared to the scrambled control (Figure 3.5C) and depletion of ZC3H14
together with THOC1 or THOCS causes a slight, but not statistically significant increase

in the steady-state levels of Mapt mRNA (Figure 3.5D). These results show that
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simultaneous depletion of both ZC3H14 and THO components ameliorates the individual

effect of depletion of either one of these RNA processing factors.

Previous work demonstrated that ZC3H14 is critical to prevent the escape of
premature or intron-containing A#p5g/ transcript to the cytoplasm in cultured breast cancer
cells (96). Furthermore, studies in budding yeast show that 7HO mutants have a pre-mRNA
leakage phenotype (150). To investigate the effect of ZC3H14 and the THO complex on
pre-mRNA, we depleted either ZC3H14 or THOCI1 using siRNA in N2a cells and
fractionated the cells into nuclear and cytoplasmic fractions. We confirmed successful
knockdown and fractionation by immunoblotting (Figure 3.6A). As markers for
fractionation, we used NUP62 (nuclear) and HSP90 (cytoplasmic) proteins. As illustrated
in Figure 6B, we designed primers that specifically detect pre-mRNA of Ap5gl, Psd95,
Mapt, and a control transcript Rplp0. The location of the qPCR primers is indicated by
arrows above their targeted regions in the schematic corresponding to each pre-mRNA. We
then measured the steady-state level of Atp5gl, Psd95, and Mapt pre-mRNA following
depletion of either ZC3H14 or THOC1. We found little to no significant change in the
steady-state levels of total Atp5gl or Psd95 pre-mRNA upon depletion of ZC3H14 or
THOC1 (Supplementary Figure 2A, 2B). In contrast, the pre-mRNA for Mapt is
significantly increased upon depletion of THOC1 and significantly decreased upon
depletion of ZC3H14 (Supplementary Figure 2C). These results suggest that Atp5g/ and
Psd95 are likely both regulated at the posttranscriptional level by ZC3H14 and the THO

complex.

As total Atp5gl and Psd95 pre-mRNA levels show no statistically significant

change upon depletion of ZC3H14 or THOCI, we next investigated the nuclear and
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cytoplasmic levels of Atp5gl, Psd95, and Mapt pre-mRNA upon siRNA-mediated
depletion of ZC3H14 or THOC1. We analyzed the nuclear pool of Atp5gl, Psd95, Mapt,
and Rplp0 pre-mRNAs with pre-mRNA specific primers (Figure 3.6C-F). RNA levels were
normalized first to /8S rRNA and then to the total pre-mRNA. After normalization, the
fold change for each condition was compared across samples. As shown in Figures 3. 6C-
6F, depletion of ZC3H14 or THOCI1 did not cause a significant change in the steady-state

levels of Atp5gl, Psd95, Mapt, or Rplp0 pre-mRNA within the nuclear fraction.

We next assessed the cytoplasmic levels of Ap5gl, Psd95, Mapt, and Rplp0 pre-
mRNA. Cytoplasmic levels of Atp5g! pre-mRNA significantly increase upon depletion of
either ZC3H14 or THOCI (Figure 3.7A). The steady-state levels of Psd95 pre-mRNA in
the cytoplasmic fraction significantly increase upon depletion of THOC]1 and trend toward
an increase when ZC3H14 is depleted (Figure 3.7B). Mapt pre-mRNA cytoplasmic levels
are slightly decreased upon depletion of THOCI and are significantly increased upon
depletion of ZC3H14 (Figure 3.7C). The level of the control transcript Rplp0 pre-mRNA
in the cytoplasm shows no statistically significant change under any of the conditions
examined (Figure 3.7D). These data demonstrate that depletion of ZC3H14 and THOC1

can cause an accumulation of cytoplasmic pre-mRNA for multiple transcripts.

As the distribution of target pre-mRNAs were changed upon loss of ZC3H14 and
THOCI1, we examined whether the distribution of the mature mRNAs is affected upon loss
of these factors. Using qRT-PCR and primers specific to the mature mRNA, we analyzed
the nuclear cytoplasmic distribution of AtpS5gl, Psd95, and Mapt mature mRNA upon
depletion of ZC3H14 or THOCI. Depletion of THOCI1 causes a significant decrease in

both the nuclear and cytoplasmic level of Atp5g] mRNA, while depletion of ZC3H14 only
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causes a slight, but not statistically significant decrease in the cytoplasmic mRNA
(Supplementary Figure 3A). Nuclear and cytoplasmic steady-state levels of Psd95 and
Mapt mRNA are not significantly affected upon depletion of ZC3H14 (Supplementary
Figure 3B-C). Depletion of THOCI causes a slight increase in Psd95 nuclear levels
(Supplementary Figure 3B), while Mapt levels are significantly increased in the nucleus
and slightly decreased in the cytoplasm (Supplementary Figure 3C). These data support the
canonical role of THOC1 as an mRNA export factor, as slight changes are observed in the

subcellular distribution of mature mRNA upon THOCT1 depletion.

The accumulation of pre-mRNA in the cytoplasm upon loss of ZC3H14 or THOC1
led us to investigate how pre-mRNA could prematurely exit the nucleus. One possibility is
that ZC3H14 and THOCI modulate the interaction of transcripts with the mRNA export
machinery. The ZC3H14 orthologue Nab2 mediates interactions between mRNA export
factors and the nuclear pore (88,151,152). To test whether ZC3H14 modulates interactions
between RNA and mRNA export components, we examined the RNA associated with the
mRNA export factor NXF1 upon depletion of ZC3H14 or THOC1. Normally, NXF1 binds
to processed mRNA and mediates the rapid export of these mature mRNAs through the
nuclear pore (153). Thus, NXF1 should not associate with pre-mRNA that is not competent

for export.

To assess whether loss of ZC3H14 or THOCI1 allows premature association of
NXF1 with transcripts that are not yet ready for export, we used siRNA to deplete either
ZC3H14 or THOCI in N2a cells, immunoprecipitated endogenous NXF1, and assessed the
NXF1-bound RNAs by qRT-PCR. Figure 3.8A shows an immunoblot of the input levels

of NXF1, THOCI, and ZC3H14 and the NXF1 immunoprecipitation from the siRNA-



70

treated cells. Depletion of ZC3H14 slightly decreases the steady-state level of NXF1 as
compared to the control, while depletion of THOC] has no significant effect on the levels

of NXF1.

To test for the association of NXF1 with pre-mRNA, RNA was isolated from the
siRNA-treated cells and subjected to qRT-PCR. RNA was normalized to the input of each
condition and then compared to the scrambled control. As shown in Figure 3.8B and 3.8C,
depletion of ZC3H14 or THOCI causes a significant increase in the association of NXF1
with both Atp5g1 (3.8B) and Psd95 (3.8C) pre-mRNA compared to the siRNA control.
Depletion of ZC3H14 but not THOCI causes a significant increase in the association of
NXF1 with Mapt pre-mRNA compared to scrambled control (Figure 3.8D). As a control,
we measured NXF1 enrichment with RPLPO pre-mRNA because this transcript was
unchanged upon depletion of ZC3H14 or THOCI. Neither depletion of ZC3H14 or

THOCI increases the association of NXF1 with Rp/p0 pre-mRNA (Figure 3.8E).

3.5 Discussion:

In this study, we employed an unbiased proteomic approach to identify factors that
interact with ZC3H14 in the murine brain. From this analysis, we identified a link between
ZC3H14 and proteins that comprise the THO mRNA processing complex. Detailed
analysis reveals that ZC3H14 interacts with THO components in the nucleus. We present
evidence that ZC3H14 and the THO complex can cooperate to ensure proper processing of
mRNA. In fact, ZC3H14 and the THO components THOC1 and THOCS are required for

proper control of bulk poly(A) tail length. In addition, we identified the transcripts Atp5g1,



71

a nuclear encoded component of the mitochondria ATP synthase machinery (140) and the
neuronal post synaptic density component, Psd95 (141), as shared targets of ZC3H14 and
the THO complex. Both ZC3H14 and the THO complex are required for the proper
processing of the Atp5g1 and Psd95 transcripts, as loss of either of these factors leads to a
decrease in the steady-state levels of the mature transcripts. Furthermore, we provide
evidence that the decrease in the steady-state level of the mature transcripts could be due
to the improper export of the unprocessed pre-mRNAs from the nucleus via association
with RNA export factors. Thus, these data suggest a model where ZC3H14 and the THO
complex are critical RNA regulatory factors that cooperate to coordinate nuclear mRNA
processing events with export from the nucleus.

This work highlights the requirement for ZC3H14 and the THO complex in mRNA
processing and establishes ZC3H14 and the THO complex as surveillance factors for
nuclear mRNA processing in vertebrate cells. These data support the model presented in
Figure 3.9A, where ZC3H14 and the THO complex are recruited to the transcript as early
as splicing to ensure that the proper processing of the transcript is coupled with nuclear
export. Once the transcript is checked for quality, ZC3H14 and the THO complex would
then facilitate subsequent association with export factors such as NXF1.

Loss of ZC3H14 or the THO complex also causes defects in nuclear mRNA
processing, possibly by uncoupling processing events and mRNA export (Figure 3.9B).
This compromised quality control pathway, resulting from loss of ZC3H14 and the THO
complex, could underlie the increase in the bulk poly(A) tail length of RNA and a decrease
in the steady-state levels of mature target transcripts. These defects could occur because

the improperly processed transcripts can bypass further processing steps and gain access
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to the export machinery. This defect would then cause an increase in the amount of pre-
mRNA in the cytoplasm and possibly lead to downstream effects on gene expression.
Although our studies provide evidence that ZC3H14 and the THO complex
cooperate to regulate mRNA processing, additional studies are required to define the
precise nature of the interaction. Our mass spectrometry data reveals that all six members
of the THO complex as well as the THO-associated proteins ALYREF (39) and CHTOP
(144) co-immunoprecipitate with ZC3H14. We confirmed that ZC3H14 interacts with the
THO components THOC1, THOC2, and the THO-associated protein ALYREF and that
these proteins can exist in a macromolecular complex. The interaction between ZC3H14
and THOCI1 is RNase insensitive, but the interaction between ZC3H14 and THOC?2 is
decreased by RNase treatment suggesting an RNA-independent interaction between
ZC3H14 and THOCI1. While the composition of the evolutionarily-conserved THO
complex has been studied extensively in budding yeast (148,154-156), there is little
information about the organization of the vertebrate THO complex or how the complex
binds RNA. The THO complex could interface with various RNA-binding proteins to
dictate the fate of different target transcripts. As our data reveals that ZC3H14 interacts
with the THO complex, ZC3H14 could be an auxiliary component of the THO complex
that targets the complex to certain mRNAs for specific functions. Thus, the THO complex
could cooperate with distinct RNA-binding proteins to modulate different RNA processing
events. Additional studies will be required to determine if ZC3H14 interacts directly with
the THO complex, however; more knowledge of the overall organization of the THO

complex must be acquired to lay the groundwork for these studies.
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Both ZC3H14 and components of the THO complex are localized to nuclear
speckles (41,82), which are nuclear domains enriched for RNA processing factors such as
those required for pre-mRNA splicing (157,158). The location of ZC3H14 and the THO
complex within these nuclear speckles appropriately poises these factors to surveille
mRNA processing. While a direct role for ZC3H14 in mRNA quality control has not been
fully established, our proteomic data provide additional evidence for a link between
ZC3H14 and proteins that comprise the exon junction complex (EJC). The EJC is deposited
20-24 nucleotides upstream of the 5° end of splice junctions and then dictates further
processing events including mRNA export (159,160). Together with the EJC, ZC3H14 and
the THO complex could ensure that the proper processing of the mRNAs occurs prior to
mRNA export.

Both our analysis of simultaneous depletion of ZC3H14 and THO components and
genetics studies in budding yeast provide interesting insight into how these factors
cooperate. Studies in budding yeast have shown that growth defects of nab2 mutants can
be suppressed by other mutants in the mRNA export pathway including tho /A and pmi39A
(68,161). Deletion of THO! results in restoration of nuclear export and improved growth
of nab2 mutants (68), while pm/39A mutants suppress the growth phenotypes of nab2
mutants (161). In agreement with these data, our work shows that the combined loss of
ZC3H14 and THO components rescues the steady-state levels of target mRNAs that are
decreased upon depletion of either individual component. We suggest that this rescue could
be the result of an increase in the export of defective RNA. As quality control factors,
ZC3H14 and the THO complex would normally prevent export of defective or unprocessed

mRNAs from the nucleus. The loss of one factor would cause an increase in mRNA
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processing defects as ZC3H14 and the THO complex have roles in mRNA processing. The
defective RNAs would then be retained in the nucleus and presumably degraded, resulting
in the decreased steady-state levels of the target mRNA seen with individual depletion of
one component. However, in our model with the simultaneous loss of both ZC3H14 and
the THO complex, the defective RNAs are not retained and degraded in the nucleus but
instead can escape to the cytoplasm, which accounts for the restored steady-state levels of
the target mRNA. Further characterization of the defects observed upon simultaneous
depletion of ZC3H14 and THO components is needed to test this model and elucidate the
exact role these factors play in the mRNA quality control pathway. Nonetheless, the
confluence of the results obtained with genetic studies in budding yeast and siRNA in
cultured cells strongly supports functional interplay between these mRNA processing
factors.

A future challenge remains in understanding precisely how ZC3H14 and the THO
complex cooperate to dictate the fate of a given mRNA. The mechanisms by which
ZC3H14 and the THO complex are recruited to transcripts and the exact roles they play in
mRNA processing are still not understood. With ZC3H14 and the THO complex localized
to nuclear speckles, one possible model is that these factors are recruited to the transcript
concomitant with the processing of the pre-mRNA. As the pre-mRNA is undergoing
processing, ZC3H14 and the THO complex would govern proper polyadenylation of the
3’end and then the eventual export of the mRNA. Furthermore, recent reports have found
that ZC3H14 and some THO components are detected in the cytoplasm (97,162,163),
suggesting these proteins could accompany the mature mRNP to the cytoplasm for further

regulation. Thus, these components potentially influence gene expression both through
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mediating and/or monitoring processing steps in the nucleus or through direct modulation
of mRNA fate in the cytoplasm. For example, ZC3H14, which binds with high affinity to
polyadenosine RNA (93) could compete with the cytoplasmic poly(A) binding protein,
PABPCI1, for binding to poly(A) tails to modulate translation.

As ZC3H14 and members of the THO complex are ubiquitously expressed
(35,82,98), how the loss of these factors can cause brain-specific pathology is unclear. If
ZC3H14 and the THO complex influence the fate of mRNA transcripts in the cytoplasm
either by ensuring proper completion of nuclear processing events or by accompanying
specific RNAs to the cytoplasm, this function could be more critical in neurons than in
other cell types (164,165). Alternatively, ZC3H14 and the THO complex could be critical
for the regulation of a specific subset of key neuronal transcripts. The loss of ZC3H14 and
THO components does not affect all transcripts (96,138) raising the possibility that these
factors have specificity for certain neuronal transcripts. Indeed, the ApS5gl and Psd95
transcripts studied here are critical for proper neuronal function and are also trafficked to
neurite extensions to modulate local mitochondrial function in the case of Atp5g1 (166) or
to maintain the integrity of the post synaptic density in the case of Psd95 (141). Loss of
either ZC3H14 or THO components would impair the processing of these transcripts,
potentially interfering with proper temporal and spatial control of gene expression.

While we identified the interaction between ZC3H14 and the THO complex in the
brain, this interaction is likely conserved in other tissues and cell types as these factors are
all ubiquitously expressed. Thus, interplay between ZC3H14 and the THO complex could
provide a fundamental mechanism to couple nuclear mRNA processing with export from

the nucleus. We speculate that ZC3H14 and THO may be critical for a subset of transcripts.
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Indeed, the THO complex has been implicated in the resolution of R loops (167-169).
Transcripts prone to form R loops may be dependent on THO and ZC3H14 for efficient
processing. In fact, recent studies report that the splicing out of introns prevents the
formation of R-loops (167) and that retained introns with high GC contents are prone to
the formation of R-loops leading to DNA damage (170). While the introns examined in
this study have not been classified as retained introns, they do have high GC contents (>
50%). ZC3H14 and the THO complex could work alongside the splicing machinery to aid
in the resolution of R-loops during the splicing out of introns with high GC contents prior
to nuclear export. Depletion of ZC3H14 or THO components could lead to more R-loop
formations and impact mRNA processing such that pre-mRNA accumulates, allowing for
the improperly processed mRNA to gain access to the export machinery. Studies are
underway to define the spectrum of direct targets for these factors in a common cell type
and assess whether ZC3H14 and the THO complex are required for the proper processing
of transcripts that are prone to R-loop formation.

In summary, our work identifies the THO complex as a novel protein interactor of
ZC3H14. Using detailed biochemical and molecular approaches, we characterized the
interaction between ZC3H14 and the THO complex as well as their regulation of target
transcripts. Our work supports a model where ZC3H14 and the THO complex work
together as quality control factors for nuclear mRNA processing and this work highlights
the importance of both ZC3H14 and the THO complex in the mRNA quality control

pathway.
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Figure 3.1: ZC3H14 interacts with multiple mRNA processing proteins in the brain.
(A) Fractionation of mouse brain lysate. Equal amounts of protein lysate from Total,
Nuclear, or Cytoplasmic (Cyto) fractions were analyzed by immunoblotting with ZC3H14
antibody. The ZC3H14 antibody recognizes multiple isoforms of ZC3H14 resulting from
alternative splicing of the ZC3H14 gene (82). To ensure proper fractionation, a nuclear
marker (NUP93) and a cytoplasmic marker (elF5) are shown. Molecular weights are
indicated in kDa. (B) The gene ontology (GO) terms for the proteins that are mostly highly
enriched within the immunoprecipitation of ZC3H14 compared to IgG control as identified
by tandem mass spectrometry. These proteins are grouped based on the three GO domains:
Biological Process, Cellular Component, and Molecular Function. The inclusion criteria
for this analysis were a Z-score of > 4.5, a p-value of < 0.05, and at least three gene terms
per GO term. (C) The gene terms that cluster into the listed GO terms in (B) are depicted.
Colored lines connect GO categories to GO terms and individual term members. All core
members of the THO complex (THOC1, THOC2, THOC3, THOCS, THOC6, THOC?7) are
present (indicated by an asterisk).
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Figure 3.2: ZC3H14 interacts with the THO complex.

(A) Co-immunoprecipitation of ZC3H14 and THO components from mouse brain lysate.
The Input and immunoprecipitated samples for ZC3H14, ZC3H14 + RNase, and control
IgG are shown. THOC1 and THOC?2 serve as representative members of the THO complex,
together with the THO-associated protein ALYREF. HuR serves as a negative control.
Asterisks indicate non-specific protein bands detected by the commercial antibodies. (B)
Reciprocal co-immunoprecipitation using anti-THOC]. The Input and immunoprecipitated
samples for THOC1, THOC1 + RNase and control IgG immunoprecipitations were probed
to detect THOC1, ZC3H14 and THOC?2 proteins. (C) Sedimentation of ZC3H14 protein
complexes from the nuclear fraction of mouse brain lysate through a 10-50% glycerol
gradient. Gradient fractions from top to bottom were resolved on SDS-PAGE from left to
right. Fractions were probed with antibodies to detect ZC3H14, THOCI, THOC2,
ALYREF, and Nucleophosmin (NPM1) as a control. The Input sample is shown on the
left. Overlapping fractions are outlined. Molecular weights are shown in kDa and indicated
to the left.
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Figure 3.3: Knockdown of ZC3H14 and THO components cause extended bulk
poly(A) tails. N2a cells were treated with scrambled (Scr), Thocl, Thoc5, or Zc3hi4
siRNA to deplete the corresponding proteins. (A) Immunoblot of protein samples from
siRNA-treated N2a cells. Antibodies against THOC1, THOCS, and ZC3H14 were used to
confirm depletion of each protein. elF5 serves as a loading control for each sample.
Molecular weights are given in kDa and indicated to the left. (B) Representative image of
3’-end labeled poly(A) tracts from bulk poly(A) tails of the siRNA-treated cells that have
been resolved on a denaturing polyacrylamide gel and detected by autoradiography. (C)
Line scan analysis of bulk poly(A) tail length. Poly(A) tails were quantified using
ImageQuant software by plotting Pixel Intensity versus poly(A) tail length and normalizing
to the start of the gel. Size markers are shown for 100 nt, 200 nt, and 300 nt. Line scan data
are presented as means for three independent experiments. Statistical analysis was
performed using a non-parametric, one-way ANOVA Kruskal-Wallis test. Asterisks (*)
indicate results that are statistically significant at *p-value < 0.05.
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Figure 3.4: ZC3H14 and THO components bind to common mRNA targets. (A)
Endogenous ZC3H14, THOCS, and ALYREF RNA immunoprecipitation from N2a cells.
The Input fractions and the Bound immunoprecipitated fractions were compared to the IgG
immunoprecipitated control to confirm efficient and specific immunoprecipitation of
ZC3H14, THOCS, and ALYREF. Molecular weights are indicated in kDa to the left.
Asterisk indicates a non-specific band recognized by the commercial ALYREF antibody.
(B-E) Quantification of RNA IP enrichment in (A). RNA isolated from the RNA-IPs was
subjected to RT-qPCR analyses to detect the (B) Ap5gl, (C) Psd95, (D) Mapt, and (E)
Rplp0 transcripts. RNA levels in the bound fractions are normalized to input levels and are
presented as fold change normalized to IgG control, with the value of the IgG control set
to 1.0. Values represent the mean + SEM for n=3 independent experiments. Asterisks (*)
indicate results that are statistical significance at *p-value < 0.05.



83

SiRNA B
A NG N> = 1.5- Atp5g1 mRNA
¢ wP Y A oa Ol a
A K AT QI =
100 T e g2
e o -THoct g £1.01
o
1003— e r!s 3 ~&THOCS §£0 . _’,‘_ .3 *
. © WO
100 e —— JzC3H14G 2
| — O — K]
(]
«‘\ «‘(\ @ AV &‘oﬂ_,‘\
'\' /\,0 ,‘,0
C D M RNA
= Psd95 mRNA = aptm
S 1.5_ % o 1.5'
N =
&5 £2
gg10_ 5810' T *
cl =
S50.5- T S20.51
5 G
- T
3 (]
e 0.0' ' 00'
SRNA_.¢ N & N M @ SiRNA_ ¢ N o & Ny &»
% A O O P A (OGN N
QPO IRAY RS NEAEPT-ERAY NIAX
DI Y AR

Figure 3.5: Depletion of ZC3H14 or THO components decreases steady-state mRNA
levels. N2a cells were treated with siRNA to deplete THOC1, THOCS, or ZC3H14. Cells
where either treated with individual siRNA or siRNA used in combination to deplete both
THOCI1 and ZC3H14 or both THOCS5 and ZC3H14. Protein samples were analyzed by
immunoblotting in (A) and RNA was analyzed by qRT-PCR in (B-D). (A) Antibodies
against THOC1, THOCS, and ZC3H14 were used to confirm depletion of each protein with
NPMI serving as a loading control. Molecular weights are given in kDa and indicated to
the left. Asterisk indicates a non-specific band recognized by the commercial THOCI1
antibody. (B-D) RNA levels for (B) Atp5gl, (C) Psd95, and (D) Mapt mRNA are
normalized to /&S transcript levels and are presented as fold change normalized to Scr
control, with the value for the Scr control set to 1.0. Values represent the mean = SEM for
n=3 independent experiments. All primers span exon-exon boundaries to specifically
detect mature mRNA. Asterisks (*) indicate results that are statistically significant at *p <
0.05.
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Figure 3.6: Depletion of ZC3H14 or THOC1 does not affect the nuclear levels of target
pre-mRNA. N2a cells were treated with scrambled (Scr), Thocl, or Zc3hi14 siRNA and
fractionated into Total, Nuclear, and Cytoplasmic (Cyto) fractions. Protein and RNA from
these fractions were analyzed by immunoblotting (A) and qRT-PCR (C-F). (A) Fractions
were probed with antibodies to detect ZC3H14 and THOCI to confirm efficient depletion.
Antibodies against the nuclear protein NUP62 and the cytoplasmic protein HSP90 were
used to normalize loading and confirm proper fractionation. Molecular weights are given
in kDa and indicated to the left. Asterisks indicate non-specific bands recognized by the
commercial THOC1 and NUP62 antibody. (B) Schematic of pre-mRNA primers. The
locations of the qPCR primers are indicated by arrows in the schematics above their
targeted regions. Exons are represented as boxes and introns are represented as lines for
each pre-mRNA. Dashed lines indicate regions of the transcript that are not shown. (C-F)
Quantification of Nuclear levels for (C) Atp5gi, (D) Psd93, (E) Mapt, and (F) Rplp0 pre-
mRNA compared to Total levels. RNA levels are normalized to /8S transcript levels and
are presented as fold changes normalized to Total levels, which are set to 1.0. Fold changes
of experimental groups were compared to Scr control. Values represent the mean £+ SEM
for n=3 independent experiments. Asterisks (*) indicate results that are statistically
significant at *p-value < 0.05.
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Figure 3.7: Depletion of ZC3H14 or THOC1 leads to an increase in the cytoplasmic
level of target pre-mRNA. N2a cells were treated with scrambled (Scr), Thocl, or Zc3hi14
siRNA and fractionated into Total, Nuclear, and Cytoplasmic (Cyto) fractions. RNA from
the total and cytoplasmic fractions were analyzed by qRT-PCR. (A-D) Quantification of
Cytoplasmic (A) Atp5gl, (B) Psd95, (C) Mapt, and (D) Rplp0 pre-mRNA levels compared
to Total levels. RNA levels are normalized to /8S transcript levels and are presented as
fold changes normalized to Total levels, which are set to 1.0. Fold changes for experimental
groups are compared to Scr control. The locations of the qPCR primers are indicated by
arrows in the schematics above each bar graph. Exons are represented as boxes and introns
are represented as lines for each pre-mRNA. Dashed lines indicate regions of the transcript
that are not shown. Values represent the mean + SEM for n=3 independent experiments.
Asterisks (*) indicate results that are statistically significant at *p-value < 0.05.
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Figure 3.8: Loss of ZC3H14 affects NXF1 target mRNA selection

Endogenous NXF1 was immunoprecipitated from N2a cells treated with scrambled (Scr),
Thocl, or Zc3hi4 siRNA. (A) Immunoblot of NXF1 immunoprecipitation. Antibodies
against THOC1 and ZC3H14 were used to confirm knockdown of ZC3H14 and THOCI.
NPMI1 serves as a loading control. Molecular weights are given in kDa and indicated on
the left. Asterisk indicates a non-specific band recognized by the commercial THOCI1
antibody. (B-E) Quantification of RNA-IP enrichment. RNA isolated from the NXF1
RNA-IP was subjected to qRT-PCR analyses to detect (B) Atp5gl (B), (C) Psd95, (D)
Mapt, and (E) Rplp0 pre-mRNA. RNA levels in the NXF1 bound fractions are normalized
to respective input levels and are presented as fold changes normalized to Scr control,
which was set to 1.0. The locations of the qPCR primers are indicated by arrows in the
schematic above the graph. Exons are represented as boxes and introns are represented as
lines for each pre-mRNA. Dashed lines indicate regions of the transcript that are not shown.
Values represent the mean + SEM for n=3 independent experiments. Asterisks (*) indicate
that the data are statistically significant at *p-value < 0.05.
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Figure 3. 9: Model

Nuclear surveillance model for ZC3H14 and the THO complex. (A) In our speculative
model, ZC3H14 and the THO complex are recruited to mRNA upon splicing. After binding
to the mRNA, ZC3H14 and the THO complex facilitate the subsequent interaction of the
mRNA with export factors such as NXF1 and nuclear pore proteins (Nups), such as the
nuclear basket Nup, TPR (171). (B) Loss of ZC3H14 or the THO complex causes the
uncoupling of mRNA processing from nuclear export. This impairment decreases the
amount of mature mRNA exported to the cytoplasm and allows for an increase in the export
of intron-containing premature mRNA. Loss of ZC3H14 or the THO complex allows the
pre-mRNA to bypass further processing steps and improperly gain access to the mRNA

export machinery.
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Chapter 4: Discussion ~ Summary of Presented Studies and Further Perspectives
About the

Function of ZC3H14
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4.1 Summary of presented studies:

We began this study by using a proteomic approach to define the protein interaction
network of ZC3H14 and provide insight into the function of ZC3H14. Using the rationale
that proteins that interact often have similar functions, we purified ZC3H14 from mouse
brain lysate and used mass spectrometry analysis to identify proteins that associate with
ZC3H14. This approach led to the creation of an interaction network of the proteins that
associate with ZC3H14 in the brain. Our analysis revealed that ZC3H14 interacts with a
variety of mRNA processing factors, metabolic enzymes, and proteins of unknown
function. We probed deeper into understanding the nature of these interactions by
examining whether ZC3H14 interacts with these factors in an RNA-dependent manner.
Using RNase to degrade the accessible RNA in the lysate, we determined which of the
ZC3H14 protein interactions were mediated through RNA. These approaches led to a
detailed interaction network of proteins that both physically interact with ZC3H14 and
proteins that interact with ZC3H14 through association with RNA, allowing us to begin to

define the molecular functions of ZC3H14.

One group of proteins that emerged as abundant interactors with ZC3H14 was a
group of proteins that comprise the mRNA processing complex, THO. Components of the
THO complex were amongst the top proteins that interact with ZC3H14 based on spectral
count abundance and components of the THO complex were enriched in our gene ontology
(GO) analysis of the factors that interact with ZC3H14 (Chapter 3). Interesting, like
ZC3H14, mutations in genes encoding components of the THO complex are linked to

intellectual disability and brain dysfunction despite ubiquitous expression of the proteins
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(136,137) (THOC2, OMIM:300395) (THOC6, OMIM:612733). The enrichment for the
THO complex in ZC3H14 immunoprecipitations as well as the links between the THO
complex and brain disorders opened the possibility that ZC3H14 and the THO complex
could have overlapping functions. As the function of the THO complex is to link early
mRNA processing steps to nuclear export (41), ZC3H14 could also be implicated
coordinating mRNA processing events. These findings strengthen the rationale to
investigate the relationship between ZC3H14 and the THO complex to learn more about

the function of ZC3H14.

As described in Chapter 3, we found that ZC3H14 and the THO complex physically
interact in the nucleus, confirming our mass spec analysis. In examining the effect of
ZC3H14 and the THO complex on mRNA processing, we found that ZC3H14 and the THO
complex share two RNA targets and coordinately regulate the processing of these
transcripts. Loss of either ZC3H14 or components of the THO complex causes a decrease
in steady-state levels of the mature target transcripts and an accumulation of pre-mRNA of
target transcripts in the cytoplasm. Furthermore, we show that this accumulation of
cytoplasmic pre-mRNA is due to improper export of the pre-mRNA from the nucleus by
premature association with the mRNA export factor, NXF1. Through our work, we further
established a role for ZC3H14 and the THO complex in mRNA processing and proposed
a model where these proteins play a role in surveilling the quality of the mRNA in the

nucleus prior to nuclear export.

As we used GO ontology analysis to better understand the relationship between the
proteins that interact with ZC3H14, we reexamined the individual proteins we identified

co-purifying with ZC3H14 because this analysis ignores proteins that do not group into
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specific categories. By prioritizing the proteins that interact with ZC3H14 based on the
abundance of each protein peptide identified in the mass spectrometry analysis, we found
that ZC3H14 does not just interact with RNA regulatory factors. The most abundant protein
found to interact with ZC3H14 is the adenosine deaminase, AMPD2. Finding a metabolic
enzyme so tightly associated with ZC3H14 was surprising but this interaction supports
current models that metabolic enzymes can acts as RNA-binding proteins and/or be part of
mRNPs (123). Like ZC3H14, AMPD?2 is a ubiquitously expressed protein that when
mutated causes a brain specific phenotype (120,124) (OMID: 102771). AMPD?2 patients
display a form of pontocerebellar hypoplasia with affected patients presenting with
developmental delays and neuronal defects (124). This finding supports the idea that when
proteins that form complexes are dysregulated they can lead to similar pathologies (172).
In Chapter 2, we demonstrate that ZC3H14 and AMPD2 physically interact in both the
nucleus and the cytoplasm, suggesting that these proteins are tightly coupled as they
function in both cellular compartments. This finding provides new insight into the function
of ZC3H14 and the interaction between ZC3H14 and AMPD?2 presents the possibility that
more metabolic enzymes that are often overlooked in proteomic data sets of RNA-binding

proteins have biological relevance in RNA processing.

To fully understand the function of ZC3H14, we considered that different ZC3H14
isoforms could have distinct functions and interactions of the ZC3H14 protein isoforms.
As ZC3H14 is alternatively spliced to produce at least four distinct protein isoforms (82),
there could be specific functions for each isoform. Having the high throughput analyzing
power of mass spectrometry allowed us to expand our analysis of the ZC3H14 protein and

study isoform-specific differences in ZC3H14. We found that while the majority of the
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protein is nuclear, a population of ZC3H14 exists in the cytoplasm (Chapter 2) (97). In
fact, the ~70 kDa isoform(s) (Isoform 2/3) of ZC3H14 is/are the primary ZC3H14
isoform(s) in the cytoplasm. In addition, we identified an isoform-specific PTM on the
~100 kDa isoform (Isoform 1) of ZC3H14 (Chapter 2). Isoform 1 contains a
phosphorylated serine at amino acid position 516. Interestingly, this region is encoded by
exon 12 which is located in the variable splicing region of ZC3H14 and is specific to
Isoform 1. As Isoform 1 is not detected in the cytoplasm, the phosphorylation site could be
a mechanism by which Isoform 1 is restricted to the nucleus, while Isoforms 2/3 can travel
to the cytoplasm. This possibility presents a model where Isoform 1 is the dominant
isoform in early mRNA processing steps. As the mRNP undergoes remodeling, Isoform 1
is phosphorylated and released from the transcript. Isoforms 2/3 bind the transcript and
facilitate the translocation of the mRNA through the nuclear pore. These analyses have
provided interesting observations about the isoform-specific differences between the
isoforms of ZC3H14, demonstrating the need to study the isoforms independently to fully

understand the multifaceted functions of ZC3H14.

By defining the network of ZC3H14 interacting proteins, we have gained insight
into how ZC3H14 functions in the cell. We found that ZC3H14 interacts with a variety of
mRNA processing factors, which supports a role for ZC3H14 in the coupling of early
nuclear processing steps. The information gained from this study has laid the foundation
for future studies that will probe deeper into understanding the relationship between
ZC3H14 and splicing factors, components of the THO complex, and other interacting
partners. By understanding the relationship between ZC3H14 and associated proteins, we

can increase our knowledge about the function of ZC3H14. As more mutations in genes
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that encode proteins of unknown function are being found (173), this study serves as a
foundational study in seeking to elucidate the function of a protein by defining the complete

spectrum of interacting proteins.

4.2 Conclusions from our presented studies

Our work sought to understand the function of ZC3H14 in the brain by identifying
the regulatory factors that interact with ZC3H14 in murine lysate. Through this study, we
have provided information that has improved our understanding about the cellular function
of ZC3H14. The identified protein interaction network of ZC3H14 revealed interesting
protein factors that links the major function of ZC3H14 to RNA processing. Like ZC3H14,
the majority of identified interacting proteins are ubiquitously expressed, making it likely
that these interactions occur in various tissues. The enrichment of factors associated with
pre-mRNA splicing and mRNA export from the nucleus links the function of ZC3H14 to
these processes. Through our work, we demonstrated that ZC3H14 is important for proper
mRNA processing in the nucleus, as loss of ZC3H14 leads to extended bulk poly(A) tails,
decreased steady-state levels of target transcripts, and escape of pre-mRNA from the
nucleus to the cytoplasm (Chapter 3). ZC3H14 likely works with the identified factors in
various cells to confer proper mRNA processing. However, ZC3H14 has been shown to
only affect a subset of transcripts (96) and the transcripts regulated by ZC3H14 could differ
within different cell types. The RNA processing defects that occur due to loss of ZC3H14
could determine which cells are more sensitive to loss of ZC3H14, as the expression of
critical genes could be compromised in select cells. Understanding cell-specific
requirements for ZC3H14 will require further analysis of the exact processing defects in

specific transcripts within different cell types.
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By examining RNA processing defects that result upon depletion of ZC3H14
protein, we can begin to model the general role of ZC3H14. Recent work with ZC3H14
has demonstrated that this protein is important in the brain, particularly in neurons.
Analysis of the expression of the ZC3H14 protein in the brain revealed that ZC3H14
protein levels are higher in neurons compared to glia cells of the hippocampus (80),
possibly indicating a more critical requirement for the protein. In agreement with this data,
work in Drosophila demonstrated that dNab2, the ZC3H14 orthologue is important for
neuronal functions as dNab? mutant flies have neuronal morphological defects.
Furthermore, the reduced vitality of the Nab2 mutant flies can be rescued by the expression
of dNab2 or the 100 kDa isoform of the human ZC3H14 protein specifically in neurons.
Moreover, the generation of the Zc3h14 mutant mouse model allowed us to test whether
ZC3H14 is required for proper brain function, revealing that Zc3h14 mutant mice display
impairments in learning and memory. These findings support the argument that ZC3H14
is important for neuronal function and development. Whether ZC3H14 plays a critical role
in neurons by regulating the processing of specific transcripts or some other function is yet
to be determined. Continuing research is needed to elucidate the exact functional

requirements for ZC3H14 in neurons.

4.2.1 Linking mutations in ZC3H14 to intellectual disability

To understand why ZC3H 14 mutant patients are affected by intellectual disability,
we need to understand more about how inherited genetic mutations give rise to intellectual
disability. Recent large-scale sequencing studies performed on various neurodevelopment
diseases have revealed an enrichment of de novo mutations in certain genes (174). These

analyses have revealed patterns of overlapping affected genes in a variety of
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neurodevelopmental diseases. For instance, intellectual disability and Autism Spectrum
Disorder (ASD) show a large overlap of loss-of-function de novo mutations (175),
suggesting that affected genes shared between disorders possibly overlap in biological
pathways. Another interesting finding is that mutations in some genes give rise to a wide
variety of neurodevelopmental phenotypes. For example, mutations in sodium channel,
voltage gated, type Il a-subunit (SCN24) have been identified in individuals with
intellectual disability, ASD, epilepsy and ataxia (176-178). The different manifestations of
neurological phenotypes for mutations within the same gene could be attributed to
stochastic processes during development, the difference in genetic background between
patients and/or the effects of different mutations (179). Taken together, these findings
demonstrate that some basic molecular pathways are shared between all
neurodevelopmental disorders, indicating why some genetic mutations can give rise to
multiple neurodevelopmental phenotypes while some are more exclusively linked to a
particular neurological disorder.

To fully understand how mutations in ZC3H14 give rise to intellectual disability,
we need to establish a better framework that assesses shared characteristics of de novo
mutations in the ZC3H14 gene. Recent studies have developed assessment criteria to
determine the role of de novo mutations in different brain diseases (180,181). For
example, a study examining the de novo mutations of ASD, found a significant role for
loss-of-function mutations in the neurodevelopmental process (181). As of now, the
number of individuals with loss-of-function mutations in ZC3H4 is limited to 6 known
individuals (80). To extend this type of assessment to ZC3H14 mutations, we would

need a greater number of individuals to determine whether mutations in ZC3H14 are



98

linked to neuronal developmental processes. As a lot of cases of inherited intellectual
disability are not genetically characterized (182), the number of individuals with mutations
in ZC3H14 could be a lot greater than the reported cases. Alternatively, the complete loss
of ZC3H14 could be lethal, explaining why no other ZC3H14 mutant patients have
emerged. This event is likely based on evidence that the functional orthologues of ZC3H14
in budding yeast (86) and Drosophila are essential (80). With the discovery of more
patients, we can start to assess the contribution of de novo mutations in ZC3H14 to the
intellectual disability phenotypes.

4.3 Further perspectives on the function of ZC3H14

4.3.1 Role of ZC3H14 in nuclear mRNA processing

As the ZC3HI14 protein is primarily localized to the nucleus at steady-state,
understanding the nuclear function of the protein is critical. Our work reveals that ZC3H14
interacts with a variety of mRNA processing factors and works with the THO complex to
coordinately regulate the processing of transcripts. We demonstrate that ZC3H14 and THO
components are needed for proper poly(A) tail length control. We found that ZC3H14 and
the THO complex regulate the processing of two transcripts, AtpSgl and Psd95.
Interestingly, loss of ZC3H14 or the THO component THOCI causes an accumulation of
the pre-mRNAs of these transcripts in the cytoplasm due to premature association with the
mRNA export factor, NXF1. The defects observed in mRNA processing could stem from
defects in splicing that result from loss of ZC3H14 or THOC1. The THO complex interacts
with splicing factors (41), and our work reveals that ZC3H14 interacts with splicing factors,
strengthening the possibility that these factors are involved in splicing (89) (Chapter 2).

The defects observed in the processing of the pre-mRNA upon loss of ZC3H14 or THOC1
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could be indicate a requirement for ZC3H14 and the THO complex in splicing. Indeed,
recent studies of the ZC3H14 orthologue Nab2 in buddy yeast support a role for this protein

in splicing (89) (Chapter 2).

4.3.1.1 How ZC3H14 and THO components can affect poly(A) tail length:

In Chapter 3, we demonstrate that ZC3H14 and THO components are important for
proper poly(A) tail length control. ZC3H14 has been shown to bind to polyadenosine RNA
tracts (95), making it likely that ZC3H14 is associated with the poly(A) tails of RNAs. The
mechanism by which the THO complex binds RNA has not been determined. One potential
mechanism is that the THO complex binds to RNAs through an adapter protein, which
could be ZC3H14. With ZC3H14 recruiting the THO complex to the poly(A) tail, these
proteins could ensure that the poly(A) tail is formed properly before the mRNA is exported
from the nucleus. Based on a model of Nab2 function in budding yeast (87,89), ZC3H14
could serve as a molecular ruler for the poly(A) tail by recruiting RNA processing factors
such as the RNA exosome to trim the poly(A) tail. In fact, the THO complex has been
shown to interact with the RNA exosome in yeast to degrade improperly processed RNAs
(66). Together, ZC3H14 and the THO complex could work to recruit the RNA exosome to
ensure that the poly(A) tails are the proper length needed for export. Alternatively, ZC3H14
and the THO complex could signal for the RNA exosome to degrade RNAs with extended
poly(A) tails. With either model, the loss of ZC3H14 or the THO complex would result in

the accumulation of RNAs with extended poly(A) tails.

4.3.1.2 ZC3H14 ensures proper processing of target transcripts:



100

Our analysis of the effect of ZC3H14 and the THO complex on mRNAs revealed
that depletion of ZC3H14 or THO components causes a decrease in the steady-state levels
of mature target transcripts. Recent work in budding yeast shows that the depletion of Nab2
leads to the rapid depletion of RNAs mediated by the RNA exosome (90). This finding
suggests that loss of Nab2 would either lead to an increase in the misprocessing of RNAs
that would be targeted for decay or a failure of Nab2 to protect processed RNAs from
degradation. Similarly, the loss of ZC3H14 could cause an increase in mRNA processing
defects or a failure to protect the RNA from degradation factors. Our work in Chapter 3
would support the first model where loss of ZC3H14 leads to misprocessed target
transcripts. The defective RNAs would then be retained in the nucleus and presumably
degraded, resulting in the decreased steady-state levels of the target mRNA seen with
depletion of ZC3H14 (Chapter 3). Further characterization of the defects observed upon
depletion of ZC3H14 is needed to test this model and elucidate the exact role ZC3H14
plays in ensuring proper mRNA processing.

4.3.1.3 How ZC3H14 prevents the escape of pre-mRNA to the cytoplasm

Another interesting observation is how depletion of ZC3H14 or THOCI leads to
the escape of pre-mRNA out to the cytoplasm. Recent work shows that the THO complex
is important for the resolution of R-loops during splicing (168). R-loops are structures that
form from base pairing of the nascent RNA emerging from RNA polymerase and the
transcribing DNA template, interfering with mRNA processing and possibly causing to
DNA damage (170,183). Generally, the splicing out of introns prevents the formation of
R-loops but introns with high GC contents are prone to R-loop formation and pose a

challenge for the splicing machinery (150,170). Like the THO complex, ZC3H14 could
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have a role in the resolution of R-loops during splicing. The pre-mRNAs of the two
identified transcripts of ZC3H14 and THO complex, A#p5g/ and Psd95, contain introns
with high GC contents (greater than 50%). We analyzed the high GC-content introns of
these transcripts by qRT-PCR in Chapter 3 and found that they were retained in the
cytoplasmic pre-mRNA. These findings present the possibility that with loss of ZC3H14
or THOCI, the high GC-content introns remain in the transcript and are exported to the

cytoplasm.

In Figure 4.1A, we present a model where ZC3H14 and the THO complex
contributes to pre-mRNA splicing by preventing the formation of R-loops for introns that
have high GC contents. Through the actions of ZC3H14 and the THO complex, the splicing
machinery is not inhibited by the formation of R-loops and can excise the intron allowing
downstream processing of the mRNA to occur. ZC3H14 and the THO complex then
facilitate the transfer of the transcript to the mRNA export machinery and the mature
mRNA is exported to the cytoplasm. Conversely, the loss of ZC3H14 or the THO complex
allows R-loops of GC-rich introns to form during splicing, preventing the splicing
machinery to excise the intron (Figure 4.1B). The formation of the R-loops causes
incomplete splicing of the transcript but the intron-containing RNA is still recognized as
spliced and gains access to the RNA export machinery. The requirement for ZC3H14 and
the THO complex for the resolution of R-loops during splicing makes these factors critical

for nuclear processing and prevents the export of improperly processed mRNA.

4.3.2 Role of ZC3H14 in the cytoplasm

As a pool of ZC3H14 exists in the cytoplasm (97) (Chapter 3), work has begun to

elucidate the function of ZC3HI4 in this compartment. To better understand the
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cytoplasmic function of ZC3H14, we performed mass spectrometry analysis on the
cytoplasmic fraction of ZC3H14 in murine lysate to identify the factors that interact with
ZC3H14 (Appendix 1). This work revealed that in the cytoplasm ZC3H14 interacts with a
variety of factors including translation machinery and cytoskeletal components. Additional
work with ZC3H14 demonstrates that the protein associates with ribosomes in the
polysome profile (97). Furthermore, work in Drosophila showed that dNab2 interacts with
a known regulator of translation dFMR (184) and regulates the expression of a translational
reporter (97) Taken together, these data present the possibility that ZC3H14 works with
other RNA-binding proteins and the translation machinery to regulate translation. One role
of ZC3H14 could be to ensure proper nuclear processing and then regulate the translation
of the transcript in the cytoplasm. As dNab2 interacts with dFMR, ZC3H14 could exhibit
functions similar to FMRP, where ZC3H14 would negatively regulate the translation of

the transcript until it is properly localized in the cytoplasm.

My work has shown that both Psd94 and Atp5gl are transcripts of ZC3H14 and
these transcripts are locally translated in neurons (166,185). Taken together, the fact that
ZC3H14 interacts with translational machinery and cytoskeletal components in the
cytoplasm, associates with ribosomes in the polysomes, and binds to transcripts that require
localized translations presents the possibility that ZC3H14 is involved in local translation.
As ZC3H14 binds to polyadenosine tracts (93), the protein is likely associated with the
poly(A) tails of mRNAs. ZC3H14 is poised to prevent access of the poly(A) tail from the
translation machinery. One model for the role of ZC3H14 in the cytoplasm is that ZC3H14
travels with the mRNA from the nucleus and safe guards the poly(A) tail as the mRNA is

trafficked to either the axon in the case of Afp5g/ (166) or the dendrite in the case of Psd95
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(185). Upon loss of ZC3H14, the poly(A) tail is not protected as the mRNA exits the
nucleus and the translation initiation machinery can gain access to the transcript. The
failure of the transcripts to be targeted to the correct region of the neuron prevents the
proteins from being expressed where they are needed, resulting in neuronal defects. As
ATP5GI1 is important for axonal maintenance (166) and PSD95 is important for the
integrity of the post synaptic density (185), loss of the expression of these proteins in the
proper areas would have devastating effects on the function of the neuron and could
underlie the molecular phenotypes of the ZC3H14 patients. Thus, this model prevents one

possibility for how loss of ZC3H14 preferentially affects the brain.

4.3.3 The role of ZC3H14 in non-canonical mRNPs

The association between ZC3H14 and AMPD2 presents the possibility that these
proteins function together. AMPD2 functions in purine metabolism by maintaining
guanosine pools and loss of AMPD?2 leads to increased levels of adenosine (120). As
ZC3H14 is involved in nuclear mRNA processing, AMPD?2 could associate with ZC3H14
to regulate nucleotide levels at sites of mMRNA processing. Together as an mRNP, ZC3H14
could target AMPD?2 to sites of RNA processing where maintenance of nucleotide pools is
needed, such as sites of transcription, polyadenylation or RNA degradation. As loss of
ZC3H14 causes extended bulk poly(A) tails (94), ZC3H14 could normally direct AMPD2
to sites of polyadenylation to control and regulate the pool of adenosines for poly(A)
polymerase. As growing evidence suggests that elevated adenosine levels in the cell are
toxic and can lead to neurodegeneration (186), misregulation of AMPD2 due to loss of

ZC3H14 could underlie the phenotypes of the ZC3H14 patients. Further examination of
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the relationship between ZC3H14 and AMPD?2 is needed to uncover how these factors

could work together to influence mRNA processing.

4.4 Future research in examining the function of ZC3H14

The advancements in the understanding of ZC3H14 from the time of this study has
positioned us to carry out more detailed analysis to probe the function of ZC3H14. My
work has defined the protein interaction network of ZC3H14 in the brain. Characterization
of the Zc3hi14 mutant mouse model has revealed that the mutant mice have defects in
working memory and changes in the steady-state levels of hippocampal proteins.
Furthermore, work in Drosophila with dNab2 and follow up studies with ZC3H14 have
revealed that in addition to RNA processing, these factors are possibly involved with
regulating the translation of target transcripts (97). In addition to the established role in
regulation of poly(A) tail length, my work has shown that ZC3H14 interacts with splicing
factors and works with mRNA processing complexes such as the THO complex to
coordinate nuclear mRNA processing. Taken together, we have stronger evidence that
ZC3H14 plays a critical role in mRNA processing, a well characterized list of proteins that
interact with ZC3H14, and evidence that ZC3H14 is involved in regulating the translation
of target transcripts. More work is needed to further characterize the exact RNA processing
defects that arise from loss of ZC3H14 and the function of ZC3H14 both in the nucleus
and the cytoplasm. In the next section, we will discuss ways in which we can continue to

assess the function of ZC3H14.

4.4.1 Characterizing the mRNA processing defects resulting from loss of ZC3H14
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My work provides insight into the function of ZC3H14 by discovering RNA
processing defects that result from loss of ZC3H14. Previous work showed that loss of
ZC3H14 causes extended bulk poly(A) tails (94) and that ZC3H14 affects the steady-state
levels of a target transcript, AtpSgl (96). My work shows that loss of ZC3H14 causes a
decrease in the steady-state levels of two additional target transcripts Psd95 and Mapt and
that loss of ZC3H14 causes an accumulation of the pre-mRNA of these transcripts in the
nucleus due to premature export by NXF1. Establishing the mRNA processing defects that
occur due to loss of ZC3H14 positions us to examine these defects globally by performing
targeted RNA-seq experiments on ZC3H14-depleted neuronal cells or ZC3H14 knockout
mouse tissue. As loss of ZC3H14 causes extended poly(A) tails, we can use new advances
in RNA sequencing to sequencing to assessing changes in poly(A) tail length for specific
transcripts (187). To complement this approach, we can examine changes in RNA steady-
state levels and changes in splicing of mMRNAs upon loss of ZC3H14. As recent work shows
that polyadenylation factors can influence 3-end formation (188), we can examine whether
changes in the 3’end of transcripts occur upon ZC3H14 depletion. Lastly, we can expand
upon our finding of improper nuclear export in Chapter 3 by performing RNA-seq on
fractionated samples. We can examine whether cytoplasmic accumulation of more pre-
mRNAs occurs upon loss of ZC3H14. By using these high-throughput sequencing
techniques, we can gain a greater understanding of the exact defects that occur on an RNA

transcript with the loss of ZC3H14.

4.4.2 Testing whether ZC and R- loops

In Chapter 3, we postulated that ZC3H14 and the THO complex could be involved

in the resolution of DNA:RNA hybrids or R-loops during splicing. To test this model, we
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can examine whether transcripts are more prone to R-loop formation upon loss of ZC3H14
by using a newly developed monoclonal antibody, S9.6 (189) to detect R-loops. Using the
antibody, we can perform immunostaining on cells that have been depleted of ZC3H14 or
primary cultures from the Zc3h14 knockout mouse. The S9.6 antibody has also been used
in immunoprecipitation experiments to purifying and sequence R-loops in yeast (190). We
can take advantage of this method and purify R-loops from ZC3H14-depleted cells and
assess whether any of the ZC3H14 target transcripts (Ap5gl, Mapt or Psd95) are more
enriched with the R-loop purification from ZC3H14-depleted cells. These approaches will
allow for us to determine if ZC3H14 contributes to R-loop resolution and identify a pool

of transcripts that are prone to R-loop formation with loss ZC3H14.

4.4.3 Examining the requirement for ZC3H14 in local translation

We can test the requirement of ZC3H14 in local translation by using a protein
tagging method to measure the effect of ZC3H14 on the rate of protein synthesis. In
neurons, RNA-binding proteins regulate spatial and temporal control of gene expression to
facilitate local translation (191). As ZC3H14 is localized to the processes of primary
hippocampal neurons (97), we can assess whether ZC3H14 mediates translation in these
localized areas. We will examine compartmentalized protein synthesis in cultured primary
hippocampal neurons obtained from wild type and Zc3414 knockout mice, using Click-it
Detection technology (192). Click-it Detection measures protein synthesis by using the
chemistry of azide and alkyne groups to metabolically label newly synthesized proteins.
Fluorescent intensity of the incorporated biomolecule is used as a direct measure of the rate

of protein synthesis, which is detected by microscopy to provide spatial information. With
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this approach, we will be able to determine if the loss of ZC3H14 influences the rate of

protein expression in the processes of hippocampal neurons.

4.4.4 Future of the ZC3H14 mutant mouse model

The generation of the Zc3h14 knockout mouse has been a great tool to assess the
requirement of ZC3H14 in various tissues. Initial characterization of the Zc3h14 knockout
mouse yielded that the mice have working memory impairments (98) which agrees with
the brain defects present in the ZC3H 14 mutant patients. Starting with the neuronal defects
of the Zc3h14 mouse, we can examine the molecular phenotypes underlying the memory
disorder in the mutant mice. First, we can determine whether the neurons of the Zc3hi14
mutant mouse develop properly by observing the morphology of the neurons in the mutant
mice. Using Golgi staining, we can examine whether neurons have gross morphological
defects. We will prioritize neurons of the hippocampus as the mice have memory defects.
In addition to our in vivo approaches, we can take advantage of the ability to culture and
isolate primary hippocampal neurons. We can assess whether neurons from the mutant
mice have any growth and developmental defects. To support our claim that ZC3H14 is
important for neuronal development, we can express ZC3H14 protein in the neurons from
the knockout mouse and assess whether there is rescue of the morphological phenotypes.
These studies will allow for us to test the requirement for ZC3H14 in neuronal development

and maintenance.

4.4.4.1 Examining the Zc3h14 mutant mouse along with the Thocl mutant mouse

As our work in Chapter 3 demonstrated a physical and functional interaction

between ZC3H14 and the THO complex, we can exploit mouse genetics to further examine
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the relationship between ZC3H14 and the THO complex. Recently, a Thoc! mutant mouse
was generated that has reduced expression of the Thocl gene (193). The initial study of
this mouse has no observable phenotypes; however, the studies of this mouse did not extend
to analysis of molecular phenotypes. As loss of ZC3H14 and THOCI share phenotypes in
N2a cells, we can observe the Thocl mutant mouse for neuronal or learning and memory
defects. We can expand upon or work in N2a cells and test whether the Zc3h14 and Thocl
mutant mice have defects in RNA processing. As simultaneous depletion of ZC3H14 and
THO resulted in a rescue of RNA steady-state levels (Chapter 3), we can observe whether
crossing the mutant Zc3h14 mouse and Thocl rescues the behavioral and molecular defects
in the Zc3h14 mice. The combined use of the mouse models will allow for us to further
increase our understanding of the functional relationship between ZC3H14 and the THO

complex.

4.4.4.2 ZC3H14 and FMRP mouse models

Recent work in Drosophila established a network of interactions that link dNab2 to
the cytoplasmic control of neuronal mRNAs in conjunction with the fragile X protein
ortholog dFMR. dNab2 and dfmrl genetically interact in control of neurodevelopment and
olfactory memory, co-localize in puncta within neuronal processes, and share regulation of
target RNAs (97). These findings make the FMRP mouse model an interesting mouse
model to study in conjunction with the Zc3h 74 mutant mice. The use of these two mouse
models affords us the opportunity to build upon our fly studies and observe the relationship
between ZC3H14 and FMRP in the mammalian system and assessed more shared defects
between the two mouse models. By crossing the two mouse models, we can gain better

insight into the functional relationship between these two factors. We can assess whether
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the combined loss of ZC3H14 and FMRP ameliorate or worsen the observed phenotypes
in each individual mouse model. The characterization of the double mutant mouse will
provide a greater understanding about the relationship between ZC3H14 and FMRP and

highlight shared pathways that these proteins participate in.

4.5 Conclusion and final thoughts.

Our work sought to define the protein interaction network of ZC3H14 and assess the
requirement for ZC3H14 in neuronal mRNA processing to increase our understanding of
the cellular functions of ZC3H14 in the brain (Figure 4.2A). We hypothesized that ZC3H14
works cooperatively with specific RNA regulatory factors to ensure proper mRNA
processing. Critically, we identified proteins that interact with ZC3H14 and started to
elucidate the mechanisms by which ZC3H14 works with these factors to coordinate mRNA
processing. We have now established novel connections between ZC3H14, other RNA-
processing factors, and metabolic enzymes that uniquely position us to pursue our goal of
understanding the molecular function of ZC3H14 and gaining insight into the complex

roles of RNA-binding proteins in regulating gene expression (Figure 4.2B).

By understanding the function of ZC3H14, we enhanced the current knowledge
about the role of RNA-binding proteins in mRNA processing. Our work suggests that
ZC3H14 is involved in mRNA splicing, mRNA export, and mRNA quality control in the
nucleus. In defining the function of ZC3H14, we provided insight into all of these processes
and increased our understanding of how mRNA processing events are coordinated. In
addition, identifying the protein partners of ZC3H14 not only provided information about
the function of ZC3H14 but also provided insight into the function of ZC3H14 protein

partners. For example, our work in Chapter 3, established a role for the THO complex in
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mRNA processing and identified novel mRNA processing defects that result from loss of
THO components. Ultimately, through understanding the function of ZC3H14, we gained
insight into how RNA-binding proteins interact with one another in the brain and work

together to coordinately regulate mRNA processing.
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Figure 4.1: ZC3H14 and the THO complex are responsible for the resolution of R-
loops during splicing.

A. ZC3H14 and the THO complex contribute to pre-mRNA splicing by preventing the
formation of R-loops of introns that have high GC contents. Through the actions of
ZC3H14 and the THO complex, the splicing machinery is not inhibited by the formation
of R-loops and can excise the intron allowing for downstream processing of the mRNA to
occur. ZC3H14 and the THO complex then facilitate the transfer of the transcript to the
mRNA export machinery and the mature mRNA is then exported to the cytoplasm. B. The
loss of ZC3H14 or the THO complex allows R-loops of GC-rich introns to form during
splicing, preventing the splicing machinery to excise the intron. The formation of the R-
loops causes incomplete splicing of the transcript but the intron-containing RNA is still
recognized as spliced and gains access to the RNA export machinery.
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Figure 4.2: ZC3H14 interacts with splicing factors, mRNA export factors, the THO
complex and metabolic enzymes.

A. Our work aimed to define the protein interaction network of ZC3H14 and assess the
requirement for ZC3H14 in neuronal mRNA processing to increase our understanding of
the cellular functions of ZC3H14 in the brain. B. We identified proteins that interact with
ZC3H14 and started to elucidate the mechanisms by which ZC3H14 works with these
factors to coordinate mRNA processing. We have now established novel connections
between ZC3H14, other RNA-processing factors, and metabolic enzymes.
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