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Abstract 
 

Mutation of the Conserved Polyadenosine RNA binding protein, ZC3H14/dNab2, 
Impairs Neural Function in Drosophila and Humans 

 
By ChangHui Pak 

 
Every cell contains the same genetic make up composed of DNA sequence. Yet tight 
regulation of gene expression occurs such that different tissues of a multicellular 
organism achieve gene expression appropriate for their functions in cell-type specific, 
spatial and temporal manners. While this regulation of gene expression can occur at the 
level of transcription and epigenetic modification, post-transcriptional regulatory 
mechanisms are also critical. Between transcription and translation, many processes are 
dedicated to ensure proper processing and maturation of transcripts and thus allow for 
proper regulation of translation both spatially and temporally. RNA-binding proteins play 
critical roles in achieving this regulation as highlighted by mutations that give rise to 
many human diseases. Interestingly, mutations in genes encoding RNA-binding proteins 
that are ubiquitously expressed and play important roles for overall RNA metabolism in 
all cell types result in tissue-specific phenotypes. Why certain tissues are more sensitive 
to defects in general RNA-binding protein functions is unclear. Studies addressing both 
the developmental and tissue-specific functional characterization of critical RNA-binding 
proteins will allow for better understanding of human disease biology.     

We show for the first time that mutations in the human ZC3H14 gene lead to non-
syndromic autosomal recessive intellectual disability (NS-ARID) and use Drosophila 
melanogaster to model key aspects of the disease. Here we describe the first 
identification and characterization of dNab2, a Drosophila orthologue of ZC3H14/Nab2 
class of Cys3His (CCCH) tandem zinc finger (ZnF) polyadenosine RNA-binding protein. 
dNab2 is essential for development and required in neurons for normal locomotion and 
flight. Biochemical and genetic data indicate that dNab2 restricts bulk poly(A) tail length 
in vivo, suggesting that this function may underlie its role in development and disease. 
Furthermore, we define the role of dNab2 in controlling locomotor activity and memory 
formation in the Drosophila mushroom bodies (MBs), a highly specialized structure 
involved in higher cognitive functions and locomotion. Finally, using a genetic modifier 
screen, we identify putative dNab2 targets and/or interacting proteins that modulate 
dNab2-mediated neuronal function. These studies reveal a conserved requirement for 
ZC3H14/dNab2 in the metazoan nervous system and allow for future studies on the 
molecular mechanisms underlying ZC3H14-associated human intellectual disability. 
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Introduction 

Every cell contains the same genetic make up composed of DNA sequence. Yet, tight 

regulation of gene expression occurs such that different tissues of a multicellular 

organism achieve gene expression appropriate for their functions in cell-type specific and 

spatiotemporally regulated manners. While this regulation of gene expression can occur 

at the level of transcription and epigenetic modification, post-transcriptional regulatory 

mechanisms are also critical. Between transcription and translation, many processes are 

dedicated to properly process and mature transcripts and allow for proper translation into 

proteins at the right location within the cell and at the right time throughout development.  

RNA-binding proteins play critical roles in achieving these processes as 

highlighted by mutations that give rise to many human diseases. Recently, we identified 

that mutations in the evolutionarily conserved Cys3His (CCCH) tandem zinc finger (ZnF) 

polyadenosine RNA-binding protein, ZC3H14, lead to non-syndromic autosomal 

recessive intellectual disability (NS-ARID) (Chapter 2). Including this disease, many 

human mutations in RNA-binding proteins that show ubiquitous expression and play 

important roles for overall RNA metabolism in all cell types result in tissue-specific 

phenotypes. Why certain tissues are more sensitive to defects in general RNA-binding 

protein functions is unclear. In order to address this fundamental biological question, I 

undertook studies addressing both the developmental and tissue-specific functional 

characterization of the Drosophila melanogaster orthologue termed dNab2 in this 

dissertation. Our findings allow for better understanding of human disease biology and 

offer potential therapeutic insights.     
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I. Post-transcriptional regulation of gene expression in eukaryotes  

Eukaryotic gene expression is highly regulated by many different post-

transcriptional regulatory mechanisms in order to make proper protein products. 

Messenger RNAs (mRNAs) are first synthesized as pre-mRNAs in the nucleus that are 

subject to multiple regulatory steps to achieve proper processing, including 5’-end 

capping, splicing, 3’-end cleavage and polyadenylation (Figure 1.1). Numerous human 

diseases have been linked to defects in mRNA processing (Figure 1.1’). Once processed, 

mRNAs are exported to the cytoplasm for translation into proteins. As opposed to this 

simplistic description of post-transcriptional mRNA processing events, many recent 

studies have begun to appreciate the complexities, regulation and cross-talks among 

different regulatory steps that are traditionally thought to be separate processes (1, 2). 

 At the core of post-transcriptional gene regulation is a cohort of RNA-binding 

proteins (RBPs), that coat the mRNAs to form messenger ribonucleoprotein (mRNP) 

complexes, which guide these transcripts through the precise and intricate processing 

steps and finally, translation into proteins. These mRNPs, which act as adaptors, contact 

multiple proteins and machineries that mediate different aspects of mRNA metabolism. It 

is the unique combination of these factors that associate with mRNAs and the dynamic 

exchange of the different mRNPs along the given transcript that dictate the ultimate fate 

of the mRNA in the cytoplasm. By examining the different types of mRNPs a single 

mRNA associates with during its life cycle, one can appreciate the multiple interactions 

an mRNA has to go through in order to achieve precise spatial and temporal regulation of 

its gene expression. However, given the complexity of mRNA processing, nuclear export 

and translational regulatory mechanisms, not all the players have been identified or their 
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precise molecular interactions with their target mRNAs and/or interacting proteins. In 

light of these concerns, the focus of this dissertation lies on investigating how a particular 

mRNP component, dNab2/ZC3H14, affects processing of mRNAs in the context of the 

development of a muticellular organism and how mutations in ZC3H14 lead to NS-ARID 

in humans.  

  

Dynamic composition and diversity of mRNPs   

Messenger RNAs associate with a wide range of RBPs to form distinct mRNPs 

that mediate and regulate pre-mRNA processing as well as transport, localization, 

translation and stability of the mature transcripts, in both the nucleus and cytoplasm. An 

important concept in mRNP composition is how the combination of factors dynamically 

changes within a given mRNP as the mRNA proceeds through its various stages of life 

(3). Moreover, depending on the cellular environment, dynamic interactions of mRNPs 

can be regulated, adding yet another layer of complexity (4, 5).  

Coincident with transcription, many of the mRNPs are bound to pre-mRNAs to 

mediate pre-mRNA splicing, nuclear export and subsequent steps. Many of these mRNPs 

have overlapping functions, as evident by the coupling of transcription with capping, 

splicing and polyadenylation, as well as coupling of the different mRNA processing 

steps, such as splicing and nuclear export. mRNPs also function both in the nucleus and 

the cytoplasm, as many of the mRNPs shuttle between both subcellular compartments, as 

they travel with their mRNA. Due to these findings, trying to distinguish mRNP 

components based on certain mRNA processing steps is no longer meaningful.   
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To date, there are numerous RBPs that decorate the mRNAs and serve as 

components of mRNPs, including proteins with different RNA-binding motifs, such as 

RNA recognition motif (RRMs), RGG boxes, KH domains, zinc fingers and double-

stranded RNA binding domains (dsRBDs) (6-8). Different mRNPs can target different 

positions along the transcript in both sequence-dependent and sequence-independent 

manners. Some RBPs bind to the 7-methylguanosine cap at the 5’-end of mRNAs while 

others can bind to the poly(A) tails at the 3’-end of mRNAs (9, 10). Certain mRNPs, such 

as the exon junction complex (EJC), bind to specific positions of the mRNA, the exon-

exon junctions, independent of sequence (11). Most commonly, mRNPs target specific 

structures or sequences in the untranslated regions (UTRs) at the 5’- and 3’-end of 

messages. In this chapter, I will focus on a specific set of RBPs, the poly(A)-binding 

proteins, and their key roles in regulation of polyadenylation and translation. 
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II. Control of poly(A) tail length as a key step in post-transcriptional regulation of 

gene expression 

One key post-transcriptional mechanism that modulates gene expression is the control of 

poly(A) tail length. Poly(A) tails of mRNAs play critical roles in regulating gene 

expression including nuclear export, mRNA stability and translation. In the nucleus, 

poly(A) tails are first synthesized and added at the 3’UTR of pre-mRNAs by the 

polyadenylation complex, consisting of the poly(A) polymerase (PAP), cleavage and 

polyadenylation specificity factor (CPSF), and poly(A) binding protein, nuclear 1 

(PABPN1) (12). Once synthesized to a certain length (around 200-250 adenosines in 

higher eukaryotes), polyadenylated mRNAs are then exported out of the nucleus into the 

cytoplasm where the length of poly(A) tails are further regulated. Cytoplasmic 

polyadenylation has been extensively studied in Xenopus oocytes during early 

development (13) and emerging studies reveal that critical regulatory events take place in  

both vertebrate and invertebrate neurons, associated with synaptic plasticity and memory 

consolidation (14, 15). Despite this critical regulatory role in neurons, prior to this 

dissertation work, no polyadenylation defect had been linked directly to a brain disorder. 

 

Nuclear polyadenylation – making the tails 

Upon transcription of protein coding genes by RNA polymerase II (Pol II), 

several protein complexes are recruited to the carboxy-terminal domain (CTD) of the 

polymerase in order to co-transcriptionally process RNA transcripts (16). The protein 

complexes are subsequently loaded onto the nascent transcript for the addition of 5’-cap 

structure, removal of the introns by the splicesosome, and addition of 3’-poly(A) tails 
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(12, 17, 18). Addition of poly(A) tails involves two steps: cleavage of pre-mRNAs at the 

3’-end and subsequent synthesis of poly(A) tails. Specific sequence elements 

(AAUAAA) that are present near the cleavage site allow the recruitment of a multi-

subunit cleavage and polyadenylation complex (12). Average lengths of poly(A)s in 

budding yeast S. cerevisiae and human are about 70 and 250 adenosyl residues, 

respectively. In all eukaryotic species, poly(A) tails are recognized by poly(A)-binding 

proteins (Pabs). In humans, the nuclear Pab, PABPN1, is thought to stimulate the 

processivity of PAP along with CPSF (19, 20) and then terminate processive elongation 

once the poly(A) tail has reached ~250 nts (21). Once mRNAs are exported out of the 

nucleus, it is thought that nuclear Pabs are displaced by their cytoplasmic counterparts, 

PABCs, although the mechanistic details of this molecular displacement are unclear. 

Studies in S. cerevisiae show a direct link between nuclear polyadenylation and 

mRNA export, as specific mutations in poly(A) polymerase, Pap1, and the nuclear Pab, 

Nab2 (Nuclear polyadenylated RNA-binding protein), result in export defects with 

accumulation of poly(A) RNAs in the nucleus (22-27). In addition, disruption of the 

nuclear Pabs results in defective poly(A) tail lengths, arguing for the important roles of 

Pabs in maintaining proper length of poly(A) tails. For example, mutants in the 

Drosophila nuclear Pab, Pabp2, show shortening of specific transcripts (28) and the 

budding yeast Nab2 mutants lead to hyperadenylated transcripts (25). In mammalian 

systems, knock-down experiments in primary muscle cells showed that partial loss of 

PABPN1 results in shortening of bulk poly(A) tails (29). However, it is not yet clear how 

the length of poly(A) tails is determined through cooperation of these factors.  
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Cytoplasmic polyadenylation – the role in early development and neuronal function 

During early metazoan development, mRNAs in the oocyte are thought to be 

dormant and repressed from translation until oocyte maturation or fertilization occurs. 

Several of these repressed mRNAs have short poly(A) tails (~20-40 nts) and only when 

the poly(A) tails are extended does translation occur. The biochemical mechanisms 

underlying the regulation of translation through polyadenylation is best described from 

studies in the Xenopus oocytes through the discovery of a sequence-specific RNA-

binding protein called cyotoplasmic polyadenylation element-binding protein (CPEB) 

(13). CPEB recognizes the 3’UTR-residing cytoplasmic polyadenylation element (CPE; 

with a consensus sequence of UUUUUAU) and is responsible for both translational 

activation and translational repression through association of multiple factors (15).  

Following processing and polyadenylation, mRNAs are exported out of the 

nucleus into the cytoplasm, where specific CPE-containing mRNAs interact with CPEB 

and additional factors that remove the poly(A) tails. This CPEB-containing multi-subunit 

complex includes symplekin, which acts as a platform for the recruitment of factors; 

poly(A) ribonuclease (PARN), which is a deadenylating enzyme; and germ-line 

development factor 2 (Gld2), which is a poly(A) polymerase (30-32). Since the 

biochemical activity of PARN outcompetes Gld2, poly(A) tails are trimmed and remain 

short. Following a progesterone-based signaling cascade, Aurora A kinase is activated 

leading to phosphorylation of CPEB at Ser174 (33). Once phosphorylated, PARN is 

expelled from the mRNP complex, allowing Gld2 to elongate the poly(A) tails (Figure 

1.2A).       
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Translational control can also be achieved by CPEB-Maskin interaction-mediated 

mechanisms. Maskin is a CPEB-interacting protein that associates with eukaryotic 

translation initiation factor 4E (eIF4E). Maskin acts as a competitor for eIF4G, which 

normal binds to eIF4E for indirect recruitment of 40S ribosomal subunit to the 5’ end of 

mRNAs to initiate translation. Hence, binding of Maskin inhibits translation by 

preventing the recruitment of 40S ribosomal subunit to the mRNA. When poly(A) tails 

remain short, Maskin interacts with CPEB and eIF4E, thereby inhibiting translation. 

However, upon phosphorylation of CPEB and elongation of the poly(A) tail, cytoplasmic 

Pab is recruited to the poly(A) tail which, in turn, binds eIF4G, in doing so, displacing 

Maskin from eIF4E and facilitating initiation of translation (Figure 1.2B).  

 Recent evidence reveals that similar polyadenylation-mediated regulatory 

mechanisms controlling early development are also present in the central nervous system 

of both invertebrate and vertebrate animals (34-37).  In the brain, neurons can 

differentiate between synaptic inputs that have been stimulated just once and those that 

were stimulated multiple times. This phenomenon where synapses undergo biochemical 

and morphological changes in response to stimulation is termed synaptic plasticity. 

Synaptic plasticity, which is the underlying basis for learning and memory, is highly 

dependant on localized protein synthesis (38). One mechanism for regulating synaptic 

protein synthesis is mediated by polyadenylation as evidenced by studies showing CPEB-

mediated polyadenylation and translation of αCamKII (the α subunit of calcium-

calmodulin-dependent protein kinase II) mRNA (39-41). CPEB is now thought to control 

mRNA translation in neurons of several metazoans (34, 42, 43) and emerging studies in 

Drosophila indicate that both orb2 and DmGLD2, Drosophila orthologues of CPEB and 
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Gld2, respectively, are both required for long-term memory (36, 37). These studies 

highlight the significance of regulation of translation through polyadenylation as a means 

to control higher order brain function.  

 

Engaging the translational machinery in the cytoplasm 

The 5’- and 3’-ends of mRNAs are sites for dynamic exchange of mRNPs that 

couple mRNA processing, namely capping and polyadenylation, to protein synthesis in 

the cytoplasm. Cap binding complex, CBC20/80, which is initially loaded onto the 5’-end 

of mRNAs in the nucleus, interacts with the translation initiation factor 4G (eIF4G) 

which then recruits the small ribosomal subunit and eventually facilitates formation of 

80S complex, competent for protein synthesis (44). After the initial round of translation, 

another major remodeling of mRNPs occurs, which allows the switch between CBC20/80 

with the major cytoplasmic cap-binding protein eIF4E. This is also the point where the 

binding of Nuclear poly(A) binding protein (PABPN1) to the poly(A) tails at the 3’-end 

of transcripts is replaced by its cytoplasmic counterpart, PABCs (45, 46). The network of 

interactions between the 5’ cap, eIF4E, eIF4G, PABCs and the poly(A) tails allows the 

formation of a loop that is efficiently translated by polyribosomes, protected from mRNA 

degradation and serves as a platform for translational control by other mRNPs at the 

3’UTRs (see Figure 1.1).  

 

Localized mRNPs – location matters 

Numerous mRNPs are important for maintaining both the quiescent state of 

mRNAs and localization to specific subcellular regions for protein synthesis. As one can 
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imagine, depending on which proteins are bound, mRNAs can have multiple fates. This is 

especially the case for highly specialized cells, such as oocytes and neurons. For instance, 

in Drosophila, oskar mRNA is specifically localized to the posterior pole of the oocyte 

for proper germline and abdomen formation in the future embryo (47, 48). The mRNP 

that constitutes the translationally silenced oskar mRNA during transport includes Cup, 

which is a 3’ UTR-bound 4E inhibitory protein (14). In addition to Cup, deposition of 

EJC components, Mago nashi and Tsunagi, is required for oskar cytoplamsic localization 

(49, 50).  

In mammalian neurons, ~400 different mRNAs have been identified that localize 

asymmetrically in the dendrites (51). This highly regulated subcellular localization of 

translationally dormant mRNAs is mediated by large RNP particles that house multiple 

mRNAs and mRNPs (51). One particular example is the localization of β-actin mRNA 

into axons and growth cones of neurons (52). The molecular interaction required for this 

transport of RNA particle is mediated by Zipcode binding protein (ZBP1), which binds to 

the zipcode sequences located in the 3’ UTR of β-actin mRNAs (53). Moreover, fragile X 

mental retardation protein (FMRP), which acts as a translational repressor (54), is also 

present in RNP particles that associate with microtubules for mRNA transport in 

dendrites (55).  

 
 
Poly(A)-binding proteins (Pabs) – the traditional RRM-containing Pabs  

Poly(A)-binding proteins (Pabs) are critical for binding to poly(A) tails of 

mRNAs to control polyadenylation, mRNA export, translation and mRNA stability. 

Nuclear Pabs facilitate the synthesis of poly(A) tail and regulate its length and maturation 
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whereas cytoplasmic Pabs facilitate the formation of a ‘closed loop’ structure that allows 

binding of additional factors in regulating translation, recycling of ribosomes and mRNA 

stability.  In humans, there are four cytoplasmic Pabs (PABPC1, PABPC3, iPABP and 

PABPC5) (10). Prior to this dissertation, one nuclear Pab, PABPN1 had been identified 

(10). As seen in Figure 1.3, conventional Pabs contain RNA-recognition motifs (RRMs), 

which comprise a globular domain of four-stranded anti-parallel β sheet backed by two α 

helices (56). Pabs interact with poly(A) RNA via these RRMs (56).  

 

New class of Pabs in town – tandem zinc finger polyadenosine RNA-binding 

proteins 

While these conventional RRM-containing Pabs have been extensively studied, a 

new class of Pabs that recognizes poly(A) RNA through tandem zinc-finger (ZnF) motifs 

has recently been described (57). The founding member of this family is the S. cerevisiae 

Nuclear abundant poly(A)-Binding protein 2 (Nab2), which recognizes poly(A) RNA 

through a tandem Cys3His (CCCH) ZnF motif (57, 58), unlike the conventional Pabs 

(Figure1.4). In budding yeast, Nab2 plays the role of nuclear Pab. Nab2 is essential for 

cell viability and required for proper mRNA processing and export (25, 59, 60). Specific 

mutations in Nab2 result in increased bulk poly(A) tail length and accumulation of bulk 

poly(A) RNA in the nucleus (25). The N-terminal PWI-like domain of Nab2 interacts 

with Mlp proteins at the nuclear pore which suggested the model that Nab2 facilitates 

efficient poly(A) RNA export (61, 62). Based on the findings that Nab2 shuttles between 

the nucleus and the cytoplasm in a transcription dependent manner (60), binds 

specifically to poly(A) RNA and regulates poly(A) tail length and nuclear export of 
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mRNA transcripts, the current model is that Nab2 functions to properly process and 

escort transcripts out of the nucleus.  

Recently, a human counterpart of Nab2, Cys3His Zinc Finger Protein #14 

(ZC3H14), was identified (63). ZC3H14 is homologous to Nab2 at both the N-terminal 

PWI-like domain and C-terminal tandem CCCH ZnF domain (Figure1.4). ZC3H14 binds 

to poly(A) RNA in vitro via the ZnF domain (57). The ZC3H14 locus encodes several 

alternatively spliced transcripts (63) (Figure 1.5). Longer isoforms 1-3, which shares the 

most similarity with Nab2, are found in the nucleus at steady-state and co-localize to 

SC35-positive nuclear speckles, which are sites of RNA metabolism (63). The shorter 

isoform, isoform 4, localizes to the cytoplasm at steady-state and is brain and testes 

enriched suggesting possible tissue-specific roles in modulating gene expression (63). 

However, no studies have examined the functional role of this novel class of ZnF Pabs in 

multicellular organisms or their contribution to development, despite the fact that 

candidate Nab2 orthologues are present in all higher eukaryotes including humans, mice, 

zebrafish and most importantly for this dissertation, the fruit fly Drosophila 

melanogaster. 
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III. RNA-binding proteins implicated in human disease   

RNA-binding proteins (RBPs) are the core components of mRNP complexes that guide 

mRNAs through maturation and translation into proteins. Since RBPs are involved in 

multiple aspects of RNA metabolism, altering expression or function of these proteins 

can impact different genes and pathways, likely resulting in complex phenotypes. In 

humans, more than 500 RBPs have been identified (64). To date, there are many human 

diseases related to aberrant RBP function either through a loss-of-function or toxic gain-

of-function mechanism (65). Interestingly, diseases that arise from mutations in RBPs 

that show ubiquitous expression and play important roles for overall RNA metabolism in 

all cell types, result in tissue-specific phenotypes. Why certain tissues are more sensitive 

to defects in specific RNA-binding protein functions is unclear. To describe this 

phenomenon further, this section focuses on three specific human genetic disorders.  

 

Fragile X syndrome  

Fragile X syndrome (FXS) is the most commonly inherited form of intellectual 

disability. It is an X-linked disorder affecting about 1 in 4000 males and 1 in 6000 

females.  In addition to moderate to severe cognitive impairment, patients display an 

array of autism-associated behaviors (66). Common physical features associated with 

FXS include elongated faces, prominent ears and macroorchidism (67). The gene 

responsible for FXS is fragile X mental retardation 1 gene (FMR1), in which most 

commonly an expansion in a noncoding CGG-trinucleotide repeat in the 5’ UTR and in 

turn, loss of gene expression, gives rise to the disease. Interestingly, greater than 200 

CGG repeats give rise to FXS, whereas individuals with 60-200 CGGs, often referred to 
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as a premutation, carry an independent neurological disorder, fragile-X-associated 

tremor/ataxia syndrome (FXTAS). 

 FMR1 encodes an mRNA-binding protein FMRP, which is thought to act as a 

regulator of translation. FMRP contains two hnRNP K-protein homology domains (KH) 

and an RGG box that mediate binding to higher order structure RNAs (68-70). FMRP 

binds to ~4% of the mRNA present in the mammalian brain (71), highlighting its 

significant function in the brain. In neurons, FMRP is present in cytoplasmic RNPs 

associated with polyribosomes (72) and is implicated in repressing translation and 

allowing transport of target mRNAs to distal locations, where localized protein synthesis 

takes place (55). Target mRNAs of FMRP that play critical roles in brain function have 

been identified, whose translation is negatively affected in FXS models, including 

MAP1B/Futsch, α-CamKII, chickadee/profiling, pickpocket and PSD-95 (73-77). Both 

mouse and fly models of FXS serve as excellent tools to understand the molecular 

pathogenesis of FXS. Yet, the underlying fundamental biological question as to how loss 

of a ubiquitously expressed protein, FMRP, leads to specific neurological phenotypes and 

syndromic clinical features still remains unknown.  

 

Spinal Muscular Atrophy  

Loss or mutations of the survival motor neuron 1 gene (SMN1) lead to reduced 

SMN protein levels, which cause selective dysfunction of motor neurons and atrophy of 

the muscle (78-80). This disease is often referred to as spinal muscular atrophy (SMA). 

SMA is an autosomal recessive disease and is a common genetic cause of infant death 

(81). In humans, two genes SMN1 and SMN2 encode SMN proteins. Loss or mutation of 
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SMN1 and retention of SMN2 is the hallmark of the disease (80). SMN1 and SMN2 are 

almost identical except for the functional difference caused by a C-T change in exon 7, 

which changes the amount of exon 7 that is incorporated into the final SMN transcript. 

SMN2 lacks this exon, which disrupts the SMN oligomerization and leads to unstable 

protein, which is then rapidly degraded. Since normally the SMN2 gene produces 

considerably less protein than SMN1, it makes sense that the severity of the disease is 

determined by the residual amount of SMN2 (82). 

Based on animal model studies, two hypotheses have been formed. First, the best-

characterized role for SMN proteins is in the functional assembly of snRNPs that are 

crucial for recognition of splice sites and catalytic removal of introns from pre-mRNAs 

(83-85). Due to this role of SMN, disrupting the formation of snRNPs likely affects the 

splicing of many different genes that are needed for motor neuron circuitry (83-85). The 

second hypothesis relies on the observation that SMN functions in a unique axonal 

complex with hnRNPQ/R and ZBPs to affect transport of β-actin mRNA and other 

mRNAs that are yet to be determined (86-88). It is yet unclear which model is correct or 

whether the two models are linked. However, as with Fragile X syndrome, one challenge 

that the field needs to address is how a mutation in a ubiquitously expressed gene causes 

a specific neurological disorder. 

  

Oculopharyngeal muscular dystrophy (OPMD)  

Oculopharyngeal muscular dystrophy is a late-onset, autosomal dominant disorder caused 

by an abnormal expansion of a (GCG)n triucleotides in the coding region of the PABPN1 

gene (89). Normally, the PABPN1 N-terminus contain 10 alanines encoded by (GCG)6 
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which is expanded to 12-17 alanines in disease-causing mutant proteins.  OPMD is 

mainly characterized by progressive eyelid drooping (ptosis) and difficulties in 

swallowing (90). In addition, progressive muscle weakness in the proximal limb, facial 

and other muscles are apparent (91, 92). One pathological hallmark of this disease is the 

presence of aggregates in the nuclei of skeletal muscle fibers (93, 94).  

PABPN1 is a ubiquitously expressed polyadeonsine RNA binding protein that is 

important for regulation of poly(A) tail length control (95). Why the mutant PABPN1 

causes OPMD is unknown. Moreover, despite the ubiquitous expression of the protein, 

why skeletal muscles are primarily affected in patients is also unknown. However, recent 

study identified a role for PABPN1 in myoblast proliferation as well as differentiation in 

primary muscle cells of mice (29), suggesting PABPN1 plays tissue-specific functions 

that are critical for skeletal muscles. Similar studies dissecting the functional and tissue-

specific roles of critical post-transcriptional regulatory RBPs are needed to understand 

how mutations in these proteins lead to tissue-specific disease. 

 

The conundrum 

One interesting observation is that disrupting the function of ubiquitously 

expressed proteins result in selective phenotypes in certain tissues and not others. In 

particular, alanine expansion within the 5’-end of the nuclear Pab, PABPN1, results in 

OPMD, which selectively impacts the muscles of the eyelid and pharynx in addition to 

skeletal muscles. In addition, mutations in the general splicing factor SMN1, affect only 

lower motor neurons. Moreover, the main clinical feature of FXS patients is impaired 

higher-cognitive function. While patients with these diseases carry the same mutations in 
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all tissues, specific tissues seem to be more sensitive to the misregulated state of these 

proteins. Characterization of tissue-specific roles and identification of targets of these 

disease-causing RBPs will provide clues to this conundrum and furthermore, suggest 

possible treatment for these disorders. 
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IV. Drosophila melanogaster as a model system  

Drosophila melanogaster is an attractive model organism due to its rapid generation time 

and tools available to dissect genetic pathways, model human disease and serve as 

biological platforms for therapeutic development. With its genome fully sequenced (96), 

there are many methods available to carry out molecular genetic research (further 

discussed in Appendix). In this section, modeling human disease with Drosophila as a 

model organism with an emphasis on intellectual disability will be described. In addition, 

a discussion on the Drosophila mushroom bodies, as a place to study higher order brain 

function, is to follow.      

 

 
Drosophila as a model for human developmental brain disorders 

Modeling human genetic disorders in Drosophila has served as a valuable tool in 

understanding the molecular pathologies underlying disease. More specifically, the 

development of fly models of human intellectual disability (97, 98), previously referred 

to as mental retardation, exemplifies the power of fly genetics in dissecting our 

understanding of developmental brain disorders.   

 

Intellectual disability (ID) 

Intellectual disability (ID) is characterized by limited intellectual capacities 

reflected by an IQ below 70 and major constraints in adaptive behavior (99). Typically 

both of these characteristics are apparent before the age of 18 years. Therapeutic options 

for the treatment of ID are extremely limited and its comparatively high prevalence of 

about 2% renders this disorder a major socioeconomic burden (99). Approximately 50% 
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of severe ID cases are thought to be the result of chromosomal abnormalities, 

rearrangements, submicroscopic deletions or duplications, and point mutations (100). In 

most cases, the phenotypes caused by these mutations follow a recessive mode of 

inheritance. Of these, more than 91 genes present on the X-chromosome have been linked 

to ID while only six autosomal recessive ID (ARID) genes have been identified; this bias 

is likely due to the fact that X-chromosomal genes affect every male carrier and are thus 

more easily detected in populations (99, 101). 

  

Fly models of ID  

Analysis of OMIM (Online Mendelian Inheritance in Man; 

http://www.ncbi.nlm.nih.gov/omim/) database reveals over 282 human genetic diseases 

that present ID as a clinical feature (102). Of those human ID genes, 76% have at least 

one orthologue in Drosophila, indicating that ID-associated molecules are remarkably 

conserved (102). The best-characterized ID gene in Drosophila is the Drosophila fragile 

X mental retardation 1 (dFmr1), a fly counterpart of the human gene responsible for 

Fragile X syndrome (FXS) (103). As mentioned in section III, FXS is the most 

commonly inherited intellectual disability.   

 Several null and hypomorphic alleles of dFmr1 have been created and 

characterized (73, 104-106). In most cases, dFmr1 null flies are viable with no gross 

abnormalities throughout development; however, some groups have reported that they are 

semi-lethal (107, 108). Morphological studies of dFmr1 mutants revealed defects in 

axons or dendrites of specific neurons. Neurons in both the peripheral nervous system 

(PNS) and central nervous system (CNS) display over-elaboration and extensive 
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arborization of dendritic morphologies in dFmr1 mutants (73, 104, 106, 107). These 

phenotypes are consistent with the finding that loss of FMRP in mice leads to abnormally 

elaborated dendritic-spine development (109). dFmr1 mutant adult brains also exhibit a 

midline-crossing defect in the β-lobe of the mushroom bodies (MBs) (110, 111). In 

certain neuronal subtypes, synaptic transmission is compromised due to loss of dFMRP 

(73).  

 Behavioral and cognitive phenotypes complement the morphological defects seen 

in dFmr1 mutants. These flies lack normal circadian rhythm and interest in courtship 

(104, 105, 107). Courtship activity is a well-described social behavior in flies that can be 

used to model social impairment. dFmr1 null flies show deficits in both short-term 

memory in courtship conditioning assays (111) and long-term memory in olfactory-based 

assays (112). 

 Using both fly and mouse models of FXS, pharmacological rescue studies have 

led to disease interventions that are currently in clinical trials. Studies were initiated 

based on the ‘mGluR theory’ which suggests that many FXS symptoms result from the 

inability of FMRP to act as a negative regulator of translation, resulting in excessive 

translation of target mRNAs that are responsive to activation of Group I metabotropic 

glutamate receptors (mGluRs) (113, 114). Strikingly, dFmr1 mutant flies that were fed 

with mGluR antagonists during development showed rescue of defects in naïve courtship, 

immediate-recall memory, short-term memory and MB crossover (111). These defects, 

except axonal crossing over in MBs, were rescued with treatment during adulthood (111), 

suggesting that post-developmental adult brains of other species might respond to drug 

treatments. Based on these observations along with other studies in mouse models, 
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mGluR antagonists including lithium, drugs fenobam and STX107 have been or are 

currently in clinical trials in hopes to treat FXS patients as well as other ID-related 

disorders (115).  

 

 
Drosophila mushroom bodies – center for higher cognitive function 

 Drosophila can be used to model cognitive functions in humans. Because flies 

manifest a wide range of experience-dependent behaviors, they can be used to identify 

and characterize genetic mutants that are defective in behavior plasticity (116, 117). In 

analysis of these genes, molecular mechanisms underlying learning and memory have 

been found to be highly conserved between vertebrates and invertebrates (118). In 

addition, flies can be subjected to various learning paradigms, such as olfactory 

discrimination, operant visual conditioning, spatial learning and courtship conditioning 

(119), in order to study how manipulation of genes and pharmacological agents can be 

used to modulate learning and memory.  

 Drosophila mushroom bodies (MBs) are highly specialized structures in the CNS 

that are responsible for learning and memory (120). Due to their roles in learning and 

memory, MBs are often cited as functional analogs of the vertebrate hippocampus (119). 

Recently, studies have shown that MBs are also implicated in control of sleep (121, 122) 

and more controversially, locomotor behavior (123, 124). Anatomically, they are a paired 

structure with thick bundles formed by the long, densely packed parallel fibers of the 

intrinsic MB neurons, the Kenyon cells (around 2500 in Drosophila) (Figure 1.6). MBs 

receive multimodal sensory signal via the dendritic calyx in the posterior brain and send 
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out axonal projections to the anterior brain where they bifurcate to form the vertical (α 

and α’) and medial (β, β’ and γ) lobes (Figure 1.6) (119).  

  Using the different learning paradigms mentioned above, learning functions of 

the MBs were identified. For example, in an olfactory discrimination learning paradigm, 

one of two odorants is paired with a positive or negative stimulus, generally a sugar 

solution or electric shock. Depending on the paired stimulus, reactions to the odorants 

can be learned and remembered (125, 126). Genetic mutants that alter the structure MBs 

or flies with chemically (HU) ablated MBs fail to learn in this paradigm (127, 128). In 

addition, studies have shown that MBs are involved in courtship conditioning-based 

memory (129-131).  In a courtship suppression assay, when a naïve male is exposed to a 

mated female, he attempts to court but finds his advances unsuccessful as the female is 

already mated. Over time, the male learns that courtship will not be productive (132, 

133). This unsuccessful courtship lasts a period of time and if this now-conditioned male 

is presented with a new virgin female, whom he is supposed to court successfully, he 

‘remembers’ the previous learning experience and the time spent courting drastically 

reduces to that of naïve males. Flies with defective MB structures show a memory defect 

(129-131). Due to these studies showing high functional similarity of the Drosophila 

MBs with the vertebrate hippocampus, we utilized the MBs as a system to dissect the 

molecular and cellular functions of dNab2/ZC3H14 in Chapter 3. 
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V. Scope and significance of the dissertation 

The aim of my dissertation focuses on answering a fundamental biological question: How 

does misregulation of RNA-binding proteins critical for RNA metabolism lead to tissue-

specific phenotypes manifested by human diseases? To answer this question, I used 

Drosophila melanogaster as a model system to understand the functional and 

developmental roles of a previously uncharacterized fly orthologue of the Cys3His 

(CCCH) tandem ZnF polyadenosine RNA-binding protein Nab2/ZC3H14. Studying both 

the developmental and functional roles of Nab2/ZC3H14 class of proteins in a 

multicellular context provides a window into understanding the biological relevance of 

mRNA processing in tissue-specific functions and furthermore, the molecular 

mechanisms underlying disease.    

Prior to my work, the role of Nab2/ZC3H14 has been exclusively studied in the 

unicellular model, budding yeast, S. cerevisiae. Previous studies found that Nab2 is 

essential for cell viability and that specific mutations lead to hyperaccumulated poly(A) 

RNA in the nucleus and increased bulk poly(A) tail length (25, 59) (60). Based on these 

findings along with other studies (26, 61), it has been postulated that Nab2 binds to 

poly(A) RNAs and functions to properly process and escort transcripts out of the nucleus. 

More recently, the identification of human Nab2, ZC3H14, has led to the idea that Nab2 

class of proteins are highly conserved across species, including its steady-state 

subcellular localization and poly(A) RNA-binding properties (57, 63). In addition, 

ZC3H14 has been shown to be alternatively spliced, generating multiple isoforms that are 

enriched in tissue-specific manner (63), suggesting possible tissue-specific roles of 

ZC3H14 in modulating gene expression. However, no studies have been done to address 
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this point. Moreover, no studies have been done with Nab2/ZC3H14 outside S. cerevisiae 

and immortalized cell lines. 

 Given the previous findings, I hypothesized that accurate processing of mRNAs is 

fundamental to gene expression important for development. By creating loss-of-function 

mutations in the fly Nab2/ZC3H14 gene, dNab2, we characterized both the organismal 

and molecular phenotypes of dNab2 mutants in Chapter 2. dNab2 is essential as loss of 

dNab2 results in organismal lethality in majority of flies; however, a portion of flies 

survive to adulthood with myriad of defective phenotypes including held-out wings, 

thoracic bristle malformation, flightlessness, poor locomotor activity and short lifespan. 

Using transgenic rescue constructs, we further showed that dNab2 is both necessary and 

sufficient in all neurons to promote normal behavior, including flight and locomotion. 

Biochemical and genetic evidence suggest that dNab2 is a polyadenosine RNA-binding 

protein that plays key regulatory role in maintaining poly(A) tail length and more 

specifically, acts to antagonize the nuclear Pab, Pabp2 in Drosophila. In the course of 

studying these mutants, we identified a novel link to human neurological disorder, 

whereby mutations in ZC3H14 gene cause non-syndromic autosomal recessive 

intellectual disability (NS-ARID).  This disease link gave us insight into identifying the 

neuronal role of dNab2 and triggered further studies in understanding the role of dNab2 

in the fly mushroom body neurons, as discussed in Chapter 3.  

 Based on the human data that mutations in ZC3H14 cause NS-ARID, I focused 

further efforts on studying the role of dNab2 in a specific subset of neurons, the fly 

mushroom bodies (MBs), which are the functional analog to the vertebrate hippocampus 

and are important for learning and memory. In Chapter 3, data is presented suggesting 
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that dNab2 is necessary for promoting normal locomotor activity in the MB neurons. 

Furthermore, we show that depletion of dNab2 in these cell types result in flies that are 

defective in short-term memory, indicating that dNab2 is important for memory 

formation. The precise molecular mechanisms underlying this process remain to be 

discovered.  

 In order to understand how dNab2 controls poly(A) tail length and promote 

normal behavior, we undertook both candidate-based and discovery-based genetic 

screens in an attempt to identify dNab2 interactors. As shown in data presented in 

Chapter 4, we found genetic interactions between multiple genes that are known to be 

important for brain function with dNab2. In characterizing these interactions, we found 

an interesting link between dNab2 and dFmr1, the Drosophila Fragile X mental 

retardation gene, whereby both dNab2 and dFmr1 might act in the same or parallel 

pathways to control normal behavior in neurons.           

 In summary, this dissertation identifies and characterizes the role of a novel 

Drosophila CCCH tandem ZnF polyadenosine RNA-binding protein, dNab2 during 

multicellular organism development. dNab2 binds to polyadenosine RNA and controls 

poly(A) tail length. dNab2 function is critical for multiple tissue-specific developmental 

processes as loss of dNab2 results in multiple organismal phenotypes. With the recent 

identification linking ZC3H14 to human disease affecting neurological function, dNab2’s 

role was shown to be both necessary and sufficient in all neurons to promote normal 

behavior. More specifically, characterization of dNab2’s function in the Drosophila 

mushroom bodies suggest the important role for dNab2 in controlling both locomotion 

and memory formation. Furthermore, novel genetic interactions between dNab2 and 
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candidate genes provide a platform for further studies understanding the molecular 

mechanisms underlying human disease. Taken together, these findings reveal a critically 

important role for a class of CCCH tandem ZnF-mediated polyadenosine RNA-binding 

proteins in organism development and provide further insight into post-transcriptional 

regulation of gene expression in human health.      
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Figure 1.1. Post-transcriptional regulatory mechanisms involving proper processing and 

expression of mRNAs. In the nucleus, transcripts are capped, spliced, cleaved and 

polyadenylated co- and post-transcriptionally. Properly processed mRNAs are then 

allowed for export into the cytoplasm where they are subject to multiple fates, including 

subcellular localization, translation and degradation. All of these processes are mediated 

by various RNA-binding proteins that form messenger ribonucleoprotein complexes 

(mRNPs) with transcripts, which help guide and determine the fate of mRNAs. (Adapted 

from McKee and Silver, 2007) 
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 Figure 1.1’. Human diseases associated with mutations in mRNA processing factors. 

Highlighted in colored boxes indicate the genes mutated in human diseases and names of 

diseases associated with those mutations. Circles represent the mRNA processing steps at 

which these genes are known to function. ZC3H14-mediated non-syndromic autosomal 

recessive intellectual disability (NS-ARID) was identified during the course of this 

dissertation. (Adapted from McKee and Silver, 2007) 



  30 

Figure 1.2. CPEB-mediated regulation of polyadenylation and translation. (A) CPEB-

regulated polyadenylation. In the cytoplasm, polyadenylated CPE-containing RNAs are 

bound to CPEB in addition to the multi-subunit complex containing CPSF, which 

recognizes the AAUAAA polyadenylation hexanucleotide; PARN, a deadenylating 

enzyme; Gld2, a poly(A) polymerase; and symplekin, a scaffolding protein. Because 

PARN activity is more robust than Gld2, poly(A) tails are trimmed and remain short. 

Following a progesterone-based signaling cascade, Aurora A kinase is activated and 

phosphorylates CPEB at Ser174, which causes expulsion of PARN from the complex and 

allows Gld2 to elongate the poly(A) tails. (B) Translational control by CPEB-Maskin. 

CPEB binds to both CPE-containing RNAs and Maskin. Maskin interacts with cap-

binding protein eIF4E and inhibits translation via inhibiting the binding of eIF4G to 

eIF4E. Following CPEB phosphorylation and polyadenylation (see Figure A), 
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cytoplasmic Poly(A)-binding protein (PABP) binds to the poly(A) tails and eIF4G. Upon 

doing so, this interaction mediates displacement of Maskin from eIF4E and allows 

initiation of translation to occur. (Adapted from Richter, 2007)  



  32 

 

Figure 1.3. Domains of human poly(A)-binding proteins (Pabs). Cytoplasmic Pabs, 

PABPC1, PABPC3, iPABP and PABPC5 all share four RNA-recognition motifs (RRMs) 

whereas the nuclear Pab, PABPN1, contains a single RRM. Purple hexagons containing 

5H represent the five conserved helices at the C-terminus. (Adapted from Mangus et al., 

2003) 
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Figure 1.4. Domain structures of the budding yeast S. cerevisiae Nab2 and human 

ZC3H14. The conserved N-terminal PWI-like fold, Q-rich, RGG/predicted nuclear 

localization signal (NLS) and C-terminal tandem Cys3His zinc finger (ZnF) RNA-binding 

motif (CCCH) domains are indicated. Budding yeast Nab2 contains seven tandem ZnFs 

whereas human ZC3H14 contains five. Crystal structure of the budding yeast PWI-like 

fold has been solved (62) and this domain mediates interaction of Nab2 to the nuclear 

pore and facilitates nuclear export (61). C-terminal CCCH domain of Nab2 has been 

extensively characterized for its recognition of polyadenosine RNA (58). 
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Figure 1.5. Alternative splicing of ZC3H14 generates multiple isoforms. Diagram 

showing exons predicted for the ZC3H14 splice variants encoding ZC3H14 isoform 1 

(Iso1), isoform 2 (Iso2), isoform 3 (Iso3), and isoform 4 (Iso4). Approximate locations of 

predicted classical NLS motifs (cNLSs) as well as the tandem Cys3His zinc finger 

domain (CCCH) are indicated. (Adapted from Leung et al., 2009) 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Figure 1.6. Structure of the Drosophila adult mushroom bodies (MBs). Each MB consists 

of approximately 2500 Kenyon cell fibers that primarily receive sensory information via 

the dendritic calyx in the posterior part of the brain (not shown) (120). Illustrated in 

cartoon images are axonal projections to the anterior part of the brain where they 

bifurcate to form the vertical (α/α’) and medial (β/β’ and γ) lobes. These lobes can be 

visualized by staining adult brains with anti-Fasciculin II (FasII) antibody. Shown on the 

right is a confocal image of control adult brain stained with FasII, marking all the lobes 

of the MB.  
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Abstract 

Here we report a new human intellectual disability disease locus on chromosome 14q31.3 

corresponding to mutation of the ZC3H14 gene, which encodes a conserved 

polyadenosine RNA-binding protein. We identify ZC3H14 mRNA transcripts in the 

human central nervous system, and find that rodent ZC3H14 protein is expressed in 

hippocampal neurons and co-localizes with poly(A) RNA in neuronal cell bodies. A 

Drosophila melanogaster model of this disease created by mutation of the gene encoding 

the ZC3H14 orthologue, dNab2, which also binds polyadenosine RNA, reveals that 

dNab2 is essential for development and required in neurons for normal locomotion and 

flight. Biochemical and genetic data indicate that dNab2 restricts bulk poly(A) tail length 

in vivo, suggesting that this function may underlie its role in development and disease. 

These studies reveal a conserved requirement for ZC3H14/dNab2 in the metazoan 

nervous system and identify the first poly(A) RNA-binding protein associated with a 

human brain disorder. 
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Introduction 

Unraveling the complex networks underlying brain function is a challenging problem for 

both basic and medical science. One way to understand brain function is to identify and 

characterize genes that when mutated impair normal human intellectual development. 

Intellectual disability (ID), previously referred to as mental retardation, is characterized 

by limited intellectual capacities reflected by an IQ below 70 and major constraints in 

adaptive behavior (1). Therapeutic options for the treatment of ID are extremely limited 

and its comparatively high prevalence of about 2% renders this disorder a major 

socioeconomic burden (1).  

During the course of a large-scale systematic study to identify autosomal 

recessive ID (ARID) causing genetic defects in large Iranian families with intellectually 

disabled children born from blood-related parents (2, 3), we identified a locus for 

unspecific or non-syndromic ARID (NS-ARID) on chromosome 14q31.3 corresponding 

to mutation of the ZC3H14 gene in two independent families. ZC3H14 encodes an 

evolutionarily conserved Cys3His tandem zinc finger polyadenosine RNA-binding 

protein (4, 5). The founding member of this protein family, S. cerevisiae Nab2, is 

essential for viability and required for proper 3’end formation and poly(A) RNA export 

from the nucleus (6, 7). Although multiple tissue-specific splice variants of human 

ZC3H14 have been described (5), their function in multicellular organisms has not been 

examined. 

To better understand ZC3H14/Nab2 function in metazoans, we exploited D. 

melanogaster as a model for the developmental consequences of ZC3H14 loss in humans. 

Loss of the putative Drosophila ZC3H14 orthologue, dNab2, disrupts normal 
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development and impairs neural function. Using tissue-specific depletion, we identify a 

pan-neuronal requirement for dNab2 in normal behavior. Biochemical and genetic 

analyses indicate that dNab2 restricts bulk mRNA poly(A) tail length in vivo and suggest 

that this conserved function may underlie the effect of dNab2 loss on development and 

behavior. Taken together, these studies reveal a conserved requirement for 

ZC3H14/dNab2 in the metazoan nervous system and identify the first poly(A) RNA-

binding protein associated with a human brain disorder. 
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Results 

The ZC3H14 gene is mutated in ARID patients.  To identify molecular causes of NS-

ARID, we performed a large-scale autozygosity mapping and linkage analysis in a cohort 

of more than 200 consanguineous Iranian families (3). This analysis identified a novel 

NS-ARID locus on chromosome 14q31.3-q32.12 in a family with three affected males 

(Figure 2.1A; Table S2.1). The linkage interval had the maximum attainable LOD score 

of 2.7 (Figure S2.1B) and no other autosomal linkage intervals were observed according 

to the “one-LOD-down” rule (8). A second significant interval was identified on 

chromosome Xp22.11-p11.4 (LOD=1.2) but this interval contained no sequence changes 

in protein coding regions (Figure S2.1B,D,E). Sequencing of all protein coding regions 

within the 14q31.3-q32.12 locus (Figure S2.1F,G) identified a homozygous nonsense 

mutation (R154X) in exon 6 of the ZC3H14 gene (Figure 2.1B; Figure S2.2A), which co-

segregated with the disease. This mutation was absent in 1864 chromosomes from 

healthy individuals, including 1184 from ethnically matched controls, 310 from German 

controls and 370 from the 1000-genome pilot projects 1 and 2 (9). Moreover, screening 

of the entire gene in a subset of 330 chromosomes from the Iranian controls and the 370 

chromosomes from the 1000-genome project detected no deleterious mutations. 

The ZC3H14 gene encodes a poly(A) RNA-binding protein with similarity to S. 

cerevisiae Nab2 (4, 5). As shown in Figure 2.1B, ZC3H14 is alternatively spliced to 

encode four ZC3H14 protein isoforms (5). The R154X mutation is predicted to disrupt 

the ubiquitously expressed longer isoforms 1-3, but not the shorter brain and testes 

enriched isoform 4. Immunoblot analysis using an anti-ZC3H14 antibody raised against 

the N-terminal PWI-like domain of isoforms 1-3, which exclusively recognizes isoforms 
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1-3 (5), confirmed that R154X patient-derived lymphoblasts lack ZC3H14 isoforms 1-3 

(Figure 2.1C). Parallel staining of R154X patient fibroblasts with a commercial ZC3H14 

antibody that recognizes all four ZC3H14 isoforms (Abcam) revealed no detectable 

nuclear ZC3H14 (isoforms 1-3) while the cytoplasmic pool of protein, corresponding to 

isoform 4 (5), was still present (Figure 2.1D, bottom panel). Subsequent sequencing of 

ZC3H14 in a second family showing NS-ARID, and maximum attainable LOD-score 

(2.5) to the same chromosome 14 linkage interval, revealed a 25 base pair (bp) deletion 

located 16 bps downstream of the 3’-end boundary of the annotated common exon 16 of 

ZC3H14 (Table S2.1; Figure 2.1B; Figure S2.1A,C,H; Figure S2.2B-D). This mutation 

co-segregated with the patient phenotype and was not found to be homozygous in 831 

control individuals. 

 

The ZC3H14 protein is expressed in the central nervous system and co-localizes 

with poly(A) mRNA in hippocampal neurons. We confirmed that ZC3H14 is expressed 

in the brain as ZC3H14 transcripts were readily detected in adult and fetal human brain 

samples by RT-PCR (Figure 2.2A). Immunostaining of sections of adult mouse brain 

revealed that ZC3H14 protein is enriched in hippocampal neurons relative to glia (Figure 

2.2B). Furthermore, poly(A) RNA-specific fluorescence in situ hybridization (FISH) in 

combination with anti-ZC3H14 immunostaining using the anti-PWI-like domain antibody 

demonstrated that ZC3H14 and poly(A) RNA co-localize in nuclear speckles in both the 

pyramidal layer of mouse CA1 (Figure 2.2C) and cultured rat hippocampal neurons 

(Figure 2.2D).  

 



  58 

dNab2 is a putative D. melanogaster orthologue of ZC3H14 and a member of an 

evolutionarily conserved class of zinc finger (ZnF) polyadenosine RNA-binding 

proteins. We next exploited Drosophila as a system to understand tissue-specific roles 

and requirements for ZC3H14 in metazoans. Based on sequence similarity and domain 

conservation, we identified the uncharacterized gene CG5720 (Flybase.org) as the 

putative Drosophila ZC3H14/Nab2 orthologue (dNab2) (Figure 2.3A). The conserved 

dNab2 C-terminal tandem Cys3His zinc finger domain (Figure 2.3A), which mediates 

polyadenosine RNA-binding in other species (4, 10), showed preferential binding to 

polyadenosine RNA in vitro (Figure 2.3B). The intracellular localization of dNab2 

mirrored the localization of both Nab2 (7) and ZC3H14 (isoforms 1-3) (5) as 

immunostaining for dNab2 revealed nuclear expression throughout development in all 

tissues examined including the nervous system (Figure S2.3A,B).  

dNab2 is essential for normal development. To determine whether dNab2 contributes 

to development or function of the nervous system, we created dNab2 alleles by imprecise 

excision of a P-element (P{EPgy2}EY08422) located upstream of the dNab2 gene (Figure 

2.3C). Five excisions of EY08422 (ex1-ex5) were recovered with genomic deletions 

ranging from 0.9 kilobases (kb) to 1.5 kb that extend into the dNab2 gene (Figure 2.3C); 

all of these alleles failed to express dNab2 mRNA and protein (Figure 2.3D; Figure 

S2.3C). The dNab2ex3 null allele was used for all subsequent experiments. Through mid-

pupal development, dNab2ex3 homozygous mutants showed no evidence of morphological 

or behavioral defects, reduced viability, or developmental delay. However, a majority of 

the dNab2ex3 homozygotes died during late pupal phase and displayed eclosion defects 

(Figure 2.3E); the few remaining dNab2ex3 mutants (~5%) emerged completely but 
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exhibited a shortened lifespan (~1.5 weeks) and morphological defects reminiscent of 

other mutants in RNA-binding proteins, including those required for neuronal function 

(11, 12). These phenotypes include ‘wings-held out’ in which flies fail to fold their wings 

together over the dorsal surface of the thorax and abdomen (Figure 2.3G) and 

disorganization and bending of thoracic bristles (Figure 2.3J,K). All of these phenotypes 

were also present in animals carrying dNab2ex3 in trans to genomic deletions 

(deficiencies) that completely remove the dNab2 gene (Figure 2.3F,H,L,M; Figure 

S2.3D-K) but were absent in control flies that are homozygous for a precise excision (p-

ex) of the EY08422 element (Figure 2.3I,N,O). Embryos lacking germline contribution of 

dNab2 died early in embryogenesis, indicating that dNab2 is required both for embryonic 

viability and development.  

dNab2 is required in neurons for normal Drosophila behavior. In addition to 

morphological defects, dNab2ex3 mutant flies or those carrying dNab2ex3 in trans to an 

uncovering deficiency displayed severely compromised flight behavior and poor 

locomotor activity (Figure 2.4A; Figure S2.4A,B). However, zygotic loss of dNab2 

caused no changes in expression patterns of the neuronal marker Elav or the pre-synaptic 

active zone marker Nc82 that were evident at the level of the whole brain (Figure S2.3L-

O). Similarly, loss of dNab2 had no detectable effect on gross synaptic structure, based 

on analysis of synaptic bouton number and organization at the larval muscle 6/7 

neuromuscular junction (Figure S2.3P).  

To examine tissue-specific requirements for dNab2, we used an inverted repeat 

(IR) dNab2 RNA-interference transgene, which reduced dNab2 protein levels in vivo 

(Figure S2.4E), to deplete dNab2 from specific tissues. Pan-neuronal knockdown of 
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dNab2 (Elav-Gal4>Dcr2, IR) caused flight defects indicating that dNab2 is required in 

neurons for normal flight behavior (Figure S2.4A). Furthermore, pan-neuronal 

knockdown of dNab2 strongly recapitulated the locomotor defect of the dNab2 genomic 

null allele (Figure 2.4A), as well as an age-dependent decline in locomotor ability similar 

to that of dNab2ex3 flies. (Figure S2.4C, C’). A modest decline in locomotor activity was 

also observed in flies depleted of dNab2 specifically in motor neurons (OK6-Gal4>IR) 

(Figure S2.4D) suggesting that dNab2 acts within multiple types of neurons to support 

normal locomotor behavior. In contrast, pan-muscle dNab2 knockdown flies generated by 

using two independent muscle-specific Gal4 drivers (Mef2-Gal4 or Mhc-Gal4) showed a 

negative geotaxis response indistinguishable from controls (Figure 2.4A; Figure S2.4F) 

revealing that dNab2 may be specifically required in neurons for normal locomotor 

activity. 

To confirm the neuronal requirement for dNab2, we tested whether a transgene 

expressing wild type dNab2 (UAS-dNab2-Flag) only in neurons could rescue the 

dNab2ex3 mutant phenotype. The UAS-dNab2 transgene alone mildly rescued eclosion 

rates and locomotor defects among dNab2 mutants in the absence of a Gal4 driver 

(rescue control) (Figure 2.4B,C). Consistent with this rescue, a low level of leaky 

expression from the transgene was confirmed by immunoblotting. Importantly, restoring 

dNab2 expression pan-neuronally (Elav-Gal4) in dNab2 null flies completely rescued the 

eclosion and locomotor defects (Figure 2.4B,C). In control experiments, ubiquitous 

overexpression of dNab2 was lethal to wild type flies but those overexpressing dNab2 

from a pan-neuronal driver (Elav-Gal4) were viable and performed normally in 

locomotor assays (Figure S2.4G,G’) indicating that rescue by neuronal expression of 
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dNab2 was not due to enhanced performance. Thus, expression of dNab2 only in neurons 

appears to be sufficient to rescue viability and behavior in animals otherwise lacking 

dNab2. 

dNab2 is required for proper control of poly(A) tail length. To begin to understand the 

molecular role of dNab2 in the nervous system, we utilized a genetic-modifier approach 

to screen a small collection of alleles of select genes for their ability to modify a rough-

eye phenotype produced by overexpressing wild type dNab2 in the differentiating 

neurons of the eye (Figure 2.5A, panels i-ii). While most alleles tested showed little or no 

effect, we observed robust and fully penetrant genetic interactions between dNab2 and 

two components of the polyadenylation machinery (Table S2.2): the poly(A) polymerase 

hiiragi (hrg) (13) and Pabp2, the Drosophila orthologue of the nuclear poly(A)-binding 

protein PABPN1/PABP2 that promotes polyadenylation of mRNAs (14). Heterozygosity 

for an hrg loss-of-function allele, hrg10 (15), strongly enhanced the dNab2-driven adult 

eye phenotype, but had no dominant effect on eye morphology in a wild type 

background. Similarly, the Pabp255 loss-of-function allele dominantly enhanced the 

dNab2 overexpression phenotype, resulting in a smaller, more disorganized, and 

blackened eye (Figure 2.5A, panel iii). Reciprocally, overexpression of Pabp2 using the 

EP2264 allele (16) significantly suppressed the dNab2-driven rough-eye phenotype 

(Figure 2.5A, panel iv), while expression of a control UAS-eGFP transgene had no effect 

(Figure 2.5A, panel v). This qualitative modification of the dNab2-driven rough, small 

eye phenotype by Pabp2 alleles was confirmed by two-dimensional quantification of eye 

size (Figure 2.5B).  
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To determine whether the genetic interactions between dNab2 and Pabp2 in the 

adult eye reflect a role for dNab2 in poly(A) tail length control, bulk RNA poly(A) tail 

length was measured and quantified in adult heads (Figure 2.5C,D). As described for S. 

cerevisiae nab2 mutants (6, 10), poly(A) tail length was increased in dNab2ex3 mutant 

heads (Figure 2.5C, lane 2) relative to p-ex controls (Figure 2.5C, lane 1). Similar data 

were obtained from analysis of RNA isolated from whole flies (Figure 2.5E). 

Reciprocally, overexpression of dNab2 in the eye shortened bulk poly(A) tail length 

relative to p-ex control, and consistent with the genetic modification data, this molecular 

effect was rescued by co-overexpression of Pabp2 (Figure 2.5C,D). These biochemical 

effects thus parallel the genetic relationship between dNab2 and Pabp2, and argue 

strongly that these proteins have antagonistic effects on bulk poly(A) tail length in 

neuron-enriched adult tissues such as the eye. 

In contrast to the effect of dNab2 on polyadenylation, no obvious change in 

poly(A) RNA localization was apparent in clones of dNab2ex3 mutant larval wing disc 

cells (-/-) generated in the background of wild type control cells (+/+) (Figure 2.5F, top 

panels). As a control, cells mutant for the mRNA export receptor sbr (17) showed nuclear 

accumulation of poly(A) RNA (Figure 2.5F, bottom panels, see arrowheads). Thus, loss 

of dNab2 appears to dysregulate poly(A) tail length and cellular function without 

perturbing bulk poly(A) RNA export from the nucleus.  
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Discussion 

In an effort to better understand molecular and cellular processes that underlie normal 

brain function, we have sought to identify mutations that lead to ID in the human 

population. Here we identify mutations in the human ZC3H14 gene in human patients 

with NS-ARID and create a tractable genetic model that recapitulates key phenotypic 

elements of the human disease. We show that the Drosophila ZC3H14 orthologue dNab2 

regulates RNA poly(A) tail length, and that loss of dNab2 leads to extended RNA 

poly(A) tails. The effect of dNab2 on RNA poly(A) tail length coupled with neuronal-

specific behavioral phenotypes seen in dNab2 mutant flies and ZC3H14-associated non-

syndromic ARID patients provides evidence that dNab2-mediated control of RNA 

poly(A) tail length is required for normal neuronal function. 

Loss of dNab2 in Drosophila or NAB2 in budding yeast causes an increase in bulk 

RNA poly(A) tail length (6), yet the mechanism by which these hyperadenylated mRNAs 

contribute to neuronal dysfunction or possibly to human disease is not established. Likely 

consequences of hyperadenylated mRNAs could include altered transcript stability, 

titration of critical poly(A) RNA-binding proteins and/or bypass of cytoplasmic 

polyadenylation necessary for activity-dependent translation of neuronal mRNAs. 

Individually or in combination, these defects could disrupt spatiotemporal control of gene 

expression needed for development of the nervous system and higher order brain 

function. Thus, we speculate that ZC3H14/dNab2 could play critical roles in neurons 

such as ensuring that transcripts are properly targeted to sites of localized translation. 

This hypothesis is consistent with a report that budding yeast Nab2 aids in targeting 

transcripts to the bud site (18). Alternatively, ZC3H14 and dNab2 may regulate a set of 
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mRNAs that play key roles in neurons, such that ZC3H14/dNab2 loss disproportionately 

affects these cells. These mechanisms could explain why mutation of ubiquitously 

expressed post-transcriptional regulatory factors such as dNab2 and ZC3H14 leads to 

neuronal defects in flies and, more critically, to NS-ARID in humans. 

Although the NAB2 and dNab2 genes are essential (7), loss of the corresponding 

forms of the ZC3H14 protein (isoforms 1-3) in humans appears to selectively impair 

brain function as patients display non-syndromic intellectual disability. At this early stage 

of investigation, it is unclear whether ZC3H14 is simply not essential in humans or 

whether the remaining cytoplasmic isoform of the protein, isoform 4, suffices in all 

tissues except the brain. Alternatively, we cannot rule out the possibility that a protein 

that is functionally redundant with ZC3H14 exists; however, the human genome does not 

encode any apparent sequence orthologues of ZC3H14. As isoform 4 is only expressed in 

mammals (5), future studies exploiting mammalian model systems will be required to 

address the functional requirements for specific isoforms of ZC3H14 as they relate to 

human intellectual disability.  

The identification of ZC3H14 mutations in non-syndromic ARID places 

ZC3H14/dNab2 among several other RNA-binding proteins implicated in human 

diseases that impact neural function (19). However, this study identifies the first poly(A) 

RNA-binding protein altered in a human brain disorder and provides insight into the 

molecular basis of intellectual disability and brain function. 
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Figure 2.1. ZC3H14 is mutated in NS-ARID patients. (A) Pedigree of Family-1. (B) 

Schematic of four ZC3H14 splice variants indicating exons encoding the N-terminal 

PWI-like domain and C-terminal Cys3His zinc finger RNA-binding motif (CCCH) 

domain. Positions of patient mutations are indicated by red stars. (C) Anti-ZC3H14 i-

mmunoblot of two control lymphoblast lines and one derived from a Family-1 R154X 

patient. The ZC3H14 antibody (5) recognizes ZC3H14 isoforms 1 and 2/3. Anti-

PABPN1 is shown as a loading control (20). (D) Immunofluorescent detection of 

ZC3H14 (green) in control or patient (R154X) fibroblasts using a commercial ZC3H14 

antibody (Abcam) directed against the common zinc finger domain. DAPI (blue) marks 

nuclei. Scale bar=10 µm. 
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Figure 2.2. ZC3H14 is expressed in vertebrate hippocampal neurons. (A) RT-PCR 

analysis of ZC3H14 splice variants: variants 1-4 (top panel), variant 1 (middle panel), or 

variant 4 (bottom panel) from indicated tissues. For panels B, C, and D, ZC3H14 was 

detected with the N-terminal antibody that recognizes ZC3H14 isoforms 1 and 2/3 (5). 

(B) Immunofluorescent detection of ZC3H14 protein (red) in a mouse hippocampal 

section expressing oligodendroglia-GFP (green) (21). CA1 and CA3 (cornu ammonis 

fields 1 and 3) and DGC (dentate gyrus granular cells) regions of the hippocampus are 

indicated. White box indicates the zoom-in region in the merge. (C) Adolescent mouse 

brain sections probed with an oligo-dT FISH probe to detect poly(A) RNA (red) and co-

stained for ZC3H14 (green). ZC3H14 appears in poly(A) RNA-positive nuclear speckles 

in hippocampal pyramidal neurons. DAPI (blue) marks nuclei. Scale bars=20 µm. (D) 

Poly(A) RNA FISH (red) and indirect immunofluorescence in cultured rat embryonic 

hippocampal neurons reveals co-localization of ZC3H14 protein (green) with poly(A) 

RNA speckles in the nucleus (blue). Scale bar=5 µm.  
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Figure 2.3. dNab2 is a putative D. melanogaster orthologue of ZC3H14. (A) Domain 

alignment of S. cerevisiae Nab2, Drosophila dNab2 and human ZC3H14. The conserved 

N-terminal PWI-like fold, Q-rich, RGG/predicted nuclear localization signal (NLS) and 

C-terminal tandem Cys3His zinc finger RNA-binding motif (CCCH) domains are 

indicated (5, 10). Amino acid alignment of the five Cys3His tandem zinc fingers from fly 

dNab2 and human ZC3H14 show conserved spacing and intervening basic and aromatic 

residues (underlined) that are required for RNA binding in S. cerevisiae Nab2 (10). (B) 

RNA-binding properties of dNab2 analyzed by RNA electrophoretic mobility shift assay. 

GST-dNab2 ZnF (zinc fingers 1-5), but not GST, binds to polyadenosine 25-mer (pA25) 

RNA. Top arrow indicates a shift. Unlabeled pA25, but not randomized polyN 25-mer 

(pN25) RNA competitor oligonucleotide, competes efficiently for binding to dNab2 ZnF. 

(C) Schematic of the dNab2 locus indicating the location of the EP3716 and EY08422 

elements (inverted triangles) and the five imprecise excision alleles (ex1-ex5). (D) qRT-

PCR analysis of dNab2 transcript levels in adults flies. All genotypes were analyzed in 

triplicate and normalized to dNab2 transcript levels in w1118 control animals (set to 1.0). 
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β-tub is an internal control. Error bars=s.d.  (E-O) Light microscopic images of adult flies 

of indicated genotypes. (E-F) The majority of dNab2ex3 and dNab2ex3/Df 

(Df(3R)Exel8178) animals die at pharate adult stage, often as partially emerged adults. 

(G-H) The remainder emerge with a ‘wings held-out’ phenotype that is (I) absent in 

controls (p-ex). (J-O) Front and side views of the thorax showing thoracic bristles. 

dNab2ex3 (J-K) and dNab2ex3/Df (L-M) mutants show bent major thoracic bristles 

(arrowhead in (J, L) and enlarged in the inset) and disorganized minor thoracic bristles 

(arrow in (J, L)), compared to p-ex controls (N-O).  
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Figure 2.4. A neuronal-specific requirement for dNab2 in normal behavior. (A) 

Locomotor phenotypes of genomic alleles and tissue-specific RNAi of dNab2. Data are 

presented as the average % of flies that reach the top of a cylinder after 5 seconds across 

all trials. Groups of ten 5-day old flies were tested for at least ten independent trials per 

genotype (*p=8.36x10-9 and **p=8.38x10-9 in a two-tailed t-test). Error bars=s.e.m. (B-C) 

Pan-neuronal expression of dNab2 rescues both eclosion and locomotor defects. (B) 

Table summarizing percentage of flies eclosed (of expected) for indicated genotypes. (C) 

For the locomotor assay, data are presented as the average % of flies that reach the top of 

a cylinder after indicated time points across all trials. Groups of ten 2-day old flies were 
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tested for at least ten independent trials per genotype (*p=5.12x10-13, **p=6.59x10-13, 

***p=1.97x10-7, ****p=0.002 in a two-tailed t-test). Error bars=s.e.m. 
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Figure 2.5. dNab2 regulates poly(A) tail length. Light microscopic images of adult fly 

eye (A) and quantification of eye size (pixels) (B) for the following genotypes: (i) GMR-

Gal4/+ (GMR control), (ii) GMR-Gal4/+;dNab2EP3716/+ (dNab2 o/e), (iii) GMR-

Gal4/Pabp255;dNab2EP3716/+ (dNab2 o/e Pabp2-/+), (iv) GMR-

Gal4/Pabp2EP2264;dNab2EP3716/+ (dNab2 o/e Pabp2 o/e), (v) GMR-

Gal4/+;dNab2EP3716/UAS-eGFP (dNab2 o/e eGFP o/e), (vi) GMR-Gal4/Pabp255 (Pabp2-

/+ control), (vii) GMR-Gal4/Pabp2EP2264 (Pabp2 o/e control). o/e=overexpression. * 

p=0.0006, **p=0.0014 in a two-tailed t-test. n=5 per genotype. Error bars=s.e.m. (C) 

Bulk poly(A) tail length measurements in heads of 1) control (p-ex) 2) dNab2ex3 3) GMR-

Gal4/+;dNab2EP3716/+ 4)GMR-Gal4/Pabp2EP2264;dNab2EP3716/+. (D) Densitometric 

quantification of poly(A) tracts (Image J) from (C) showing poly(A) tail length profiles 

of the indicated genotypes (highlighted in colored lines). (E) Bulk poly(A) tail length 

from whole flies as analyzed by densitometric quantification of poly(A) tracts (Image J)  

of ~250 nucleotides (nt) normalized to poly(A) tracts of ~100 nt for WT (w1118) and 

dNab2ex3. w1118 control was set to 1.0. (*p<0.04, n=3, two-tailed t-test). Error bars=s.d. (F) 

Poly(A) RNA localization was analyzed in wing disc cells subjected to FISH to visualize 

poly(A) RNA (green) and co-stained with anti-Lamin D (red) to visualize the nuclear 



  72 

periphery. Top panels show a dNab2ex3 mosaic larval wing disc; dotted lines denote 

boundaries between wild type (‘+/+’) and dNab2ex3 mutant clones (‘-/-‘). Bottom panels 

show a wing disc homozygous for the sbrts allele (17) shifted to 33°C. Arrowheads 

indicate nuclei accumulating poly(A) RNA. 
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Supplemental Tables 

Table S2.1. Clinical features of patients. Clinical features of affected patients from two 

families are described. 

Patient Sex Age at 
examination 

Intellectual 
disability1 

Height Occipitofrontal 
circumference  

Family-1 
(M233) 

     

IV:1 Male 21 y Mild-Moderate 180cm 
(50th centile) 

57.5cm 
(97th centile) 

IV:3 Male 26 y Mild-Moderate 170 cm 
(25th centile) 

56.5 cm 
(50th centile) 

IV:4 Male 28 y Mild-Moderate 171 cm 
(25th centile) 

 

60 cm 
(>97th centile) 

Family-2 
(M168) 

     

IV:1 Male 13 y Severe 147 cm 
(10th centile) 

53.5 cm  
(50th centile) 

IV:2 Male 15 y Severe 163 cm  
(10th centile) 

54 cm  
(50th centile) 

IV:4 Male 17 y Severe 186 cm 
(75th centile) 

54.5 cm  
(50th centile) 

1Degree of intellectual disability: mild IQ 50–75, moderate IQ 35–50, severe IQ<35 
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Table S2.2. Modifiers of dNab2 eye-overexpression phenotype. Genes indicated were 

tested for their ability to modify a rough-eye phenotype produced by overexpression of 

wild type dNab2 in differentiating neurons of the developing eye (GMR-

Gal4/+;dNab2EP3716/+). All alleles tested show no dominant effect on eye morphology in 

a wild type background. 

Gene Allele Resulta 

abstrakt 00620 
f01698 

- 
- 

bruno-2 EY18918 
MB00431 

- 
- 

hiiragi 10 Enhanced 
Hrb87F KG02089 - 
Hrb98DE ZCL0558 - 
mushroom-body expressed 04093 Suppressed 
NTF2-related export protein 1 f04855  

DG05102 
- 
- 

Pabp2 55 
EP2264 

Enhanced 
Suppressed 

pumilio 3 
bem 

- 
- 

small bristles 1 - 
 magellan - 
a (-) indicates ‘no interaction’  
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Figure S2.1. Pedigree and genetic analysis of affected ARID patients. (A) Pedigree of 

Family-2. Genome-wide multipoint parametric linkage analysis identifies two candidate 

ARID regions at 14q31.3-q32.12 and Xp22.11-p11.4 (indicated by arrows) for Family-1 

with maximum LOD scores of 2.7 and 1.2 respectively (B), and one region (arrow) with a 

maximum LOD score of 2.5 at 14q31.3-q32.12 (arrow) in Family-2 (C). (D) Haplotype 

of the linkage interval on chromosome Xp22.11-p11.4 in Family-1. Markers from both 

borders of the interval on chromosome X are shown, which is defined by SNP_A-

1511545 and SNP_A-1508131 (boxed). (E) Gene names within the intervals on 

chromosome X sequenced in Family-1 are indicated. (F) Haplotype of the linkage 

interval on chromosome 14q31.3-q32.12 in Family-1. The most inclusive region of 

homozygosity on chromosome 14 is located between SNP_A-1519751 and SNP_A-

1511142 markers (boxed). (G) Gene names within the intervals on chromosome 14 

sequenced in Family-1 are indicated. (H) Haplotype of the single linkage interval with 

maximum LOD score of 2.5 in Family-2. Markers from both borders of the interval on 
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chromosome 14 are shown. The most inclusive region of homozygosity is located 

between SNP_A-1510828 and SNP_A-1514744 (boxed).  
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Figure S2.2. ZC3H14 is mutated in non-syndromic ARID patients and the ZC3H14 

mRNA is expressed in the human brain. (A and B) DNA sequence traces for identifying 

lesions found in Family-1 (A) and Family-2 (B).  (C) Schematic of the ZC3H14 

exon15/16 region and location of RT-PCR primers (blue arrows). (D) RT-PCR analysis 

to detect inclusion of Family-2 deleted sequences (red bar in (C)) in ZC3H14 cDNAs 

prepared from indicated tissues.  
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Figure S2.3. dNab2 localization, expression and organismal phenotypes. (A) Confocal 

image of dNab2-overexpressing larval wing imaginal disc cells (Engrailed-

Gal4>dNab2EP3716) co-stained to detect dNab2 protein (red) and DNA (green). (B) 

Confocal images of larval (i-ii) or adult (iii-iv) brains stained as indicated with anti-Elav 

(i and iii) or polyclonal anti-dNab2 (ii and iv).  Insets in (i) and (ii) show expression of 

dNab2 and Elav in motor neuron nuclei in the ventral nerve cord (VNC). (C) Confocal 

image of a wing disc bearing dNab2ex3 homozygous mutant clones (GFP-negative; 

absence of green) and stained for dNab2 protein (red). (D-K) Light microscopic images 

of adult flies of dNab2ex3 in trans to deficiencies. (D,E)  The majority of dNab2ex3 in trans 

to deficiencies die at pharate adult stage, often as partially emerged adults. (F,G) The 

remainder emerge as adults with a ‘wings held-out’ phenotype. (H-K) Front and side 

views of the thorax showing major and minor thoracic bristles. dNab2ex3 in trans to 

deficiencies show bent thoracic bristles (enlarged in the inset) as well as disorganization 

of minor thoracic bristles. (L, M) Confocal images of dNab2ex3 larval brains showing loss 

of dNab2 protein in the brain lobes and VNC (see inset), with no effect on expression of 

Elav or overall brain structure. (N, O) Confocal images of dNab2ex3 (N) and p-ex (O) adult 

brains stained with Nc82. dNab2ex3 adult brains show no effect on expression of synaptic 

marker Nc82 or overall brain structure. (P) Quantification of the average number of 
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Synaptotagmin-positive synaptic boutons per larval neuromuscular junction at muscle 6/7 

in p-ex (dark gray) and dNab2ex3 (light gray) larvae (p=0.748, n=10 for each genotype, 

two-tailed t-test). Error bars=s.d.  
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Figure S2.4. dNab2 is required for normal flight and locomotor behavior. (A) A flight 

assay was performed on p-ex, dNab2ex3, control (Elav-Gal4>dcr2) and pan-neuronal 

dNab2 RNAi (Elav-Gal4>dcr2, IR) flies using the apparatus depicted to the right (see 

Materials and Methods). For all genotypes, the stacked bar graph indicates the average % 

of flies landing in each vertical section of the 500-mL graduated cylinder: 1-199 mL 

(dark gray), 200-399 mL (white) and 400+ mL (black). Groups of twenty 5-day old 

female flies were tested in at least ten independent trials for each genotype. The 2x2 

tables comparing p-ex vs. dNab2ex3 and control vs. pan-neuronal dNab2 RNAi (high fliers 

>200-mL mark compared to low fliers <200-mL mark) yielded two-sided p-values of 

<0.0001 calculated by Fisher’s exact test. (B) Results of the negative geotaxis assay for 
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control p-ex#2 (a second independent precise excision allele) and dNab2ex3 in trans to 

deficiency (dNab2ex3/Df(3R)Exel8178) at Day 5 are shown. (C) A negative geotaxis assay 

measuring climbing ability was performed on control adult (p-ex) and mutant adult 

(dNab2ex3) flies at Day 2, Day 5 and Day 10 independently for both females and males. 

The climbing defect is independent of sex but is enhanced with age. (C’) Plot of age-

dependent decline in climbing ability of pan-neuronal dNab2 knockdown flies at Day 2, 5 

and 10 for both 5-second and 30-second time points. Repeated measures ANOVA 

showed significant differences by genotype (p<0.0001) and age (p=0.01), as well as a 

nominally significant interaction between age and genotype (p=0.04). (D) Results of the 

negative geotaxis assay for motor neuron dNab2 RNAi flies (OK6-Gal4>IR) compared to 

controls (OK6-Gal4>+) at Day 5 are shown. (E) Wing imaginal disc cells knocked down 

for dNab2 are positively marked by GFP expression (green) (Engrailed-Gal4>UAS-GFP, 

IR). Antibody staining for dNab2 (red) reveals reduced protein level in the GFP-positive 

cells compared to neighboring control GFP-negative cells. (F) Results of the negative 

geotaxis assay for pan-muscle dNab2 RNAi flies (Mhc-Gal4>IR) compared to controls 

(Mhc-Gal4>+) at Day 2 are shown.  (G, G') Results of the negative geotaxis assay 

measuring climbing ability for neuronal cell type-specific dNab2 overexpression flies  

(Elav-Gal4(X)>dNab2EP3716) compared to control (Elav-Gal4(X)>+) at Day 2 and Day 5. 

(B, C and E-F') Data are presented as the average percentage of flies reaching the top of a 

25-mL graduated cylinder after 5, 10, 15 and 30 seconds across all trials. Groups of ten 

flies were tested in at least ten independent trials for each genotype. Error bars=s.e.m.  
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Experimental procedures 
 

Subjects: Sample collection and clinical evaluation were carried out as previously 

described (1) with the informed, written consent of the parents. 

Genetic analyses: All affected members, parents and healthy siblings from both families 

were genotyped using the Affymetrix GeneChip® Human Mapping 10K Arrays.  

Statistical significance and multiple testing corrections: To verify the relationship 

between individuals, the data were subjected to standard quality control routines, 

including graphical representation of relationship errors (GRR) (2) and gender check by 

calculating the number of heterozygous markers on the X chromosome for each 

genotype. Additionally, mendelian inconsistencies and unlikely genotypes were detected 

by the PedCheck (3) and Merlin (4) programs, respectively, and excluded prior to linkage 

analysis.  

Linkage disequilibrium: To generate input files with the appropriate format for the 

linkage analysis programs, we utilized ALOHOMORA software (5). The two-point and 

multipoint linkage analyses, using the Genehunter (6), Allegro (7) and Merlin softwares, 

were performed assuming a fully penetrant autosomal recessive trait with a disease 

frequency of 0.001 and no phenocopies. Non-parametric linkage analysis was performed 

using Merlin and Genchunter softwares.  

Haplotype analyses: Haplotypes were constructed using the Merlin and Allegro 

programs and visualized by the Haplopainter software (8). 

PCR: Standard PCR methods were employed for all mutation mapping and sequencing. 

Sequences of primers employed for mapping human mutations on 14q31.3-q32.12 are 
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available upon request. Primers employed for fly deletion mapping are also available 

upon request.  

RT-PCR/Quantitative real-time RT-PCR (qRT-PCR): Total RNA from both human 

and Drosophila samples was extracted using TRIzol reagent (Invitrogen). Total RNA 

samples from human adult and fetal brain (Biocat, Cat#: R1234035-50-BC, Cat#: 

R1244035-50-BC), fetal and adult temporal lobe (Biocat, Cat#: R1234078-50-BC and 

Cat#: R1244078-50-BC) and hippocampus (Biocat, Cat#: R1234052-10-BC) were 

purchased. cDNAs were generated by using the SuperScript III Reverse Transcriptase 

(Invitrogen). Quantitative Real-time PCR was performed according to standard protocols 

with LightCycler 480 (9). Primer sequences are available upon request. 

Protein expression, purification and generation of antibody: A DNA fragment 

containing the entire dNab2 open reading frame was cloned into pGEX-4T (Amersham 

Biosciences) to create a GST-tagged fusion protein encoding full-length dNab2 for 

antibody generation and a DNA fragment encoding amino acids 839-1004 was cloned 

into pGEX-4T to create a GST-tagged fusion protein encoding the zinc finger domain for 

in vitro binding assay. GST-tagged proteins were expressed in E. coli and purified as 

described (10).  

Tissue preparation and neuronal cell culture: Brain tissue from C57/B6 mice 

(postnatal day 21) was prepared as described previously (11) and frozen tissue was 

sectioned at 12 µm.  Embryonic day-18 rat primary hippocampal neurons were cultured 

as described previously (12) and processed for immunostaining and FISH at three days in 

vitro. 

Immunoblotting and immunostaining: Immunoblotting was performed as described 
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previously (13). Antibodies used were rabbit anti-ZC3H14 (1:10,000) (13); rabbit anti-

PABPN1 (1:5000) (14). Immunostaining was performed as described previously for 

human cell lines (13), mounted mouse tissue section (15), and Drosophila tissues (16, 

17). Antibodies used were mouse anti-ZC3H14 (Abcam, 1:500); chicken anti-GFP (Aves 

Lab, 1:200); rabbit anti-dNab2 (1:250 for discs, 1:10 for brain); rat anti-Elav 

(Developmental Studies Hybridoma Bank, 1:25); mouse anti-Nc82 (Developmental 

Studies Hybridoma Bank, 1:2); mouse anti-Synaptotagmin (Developmental Studies 

Hybridoma Bank, 1:200). DAPI and Draq-5 (Biostatus) were used to mark nuclear DNA. 

Microscopy: Drosophila eye images were photographed with a Leica DFC500 charge-

coupled device digital camera. Fluorescent images were acquired with a Zeiss LSM510 

confocal laser-scanning microscope and Olympus IX-51 fluorescent microscope. 

Postacquisition image processing was done using Adobe Photoshop.   

RNA electrophoretic mobility shift assay: All RNA oligonucleotides were obtained 

from Dharmacon/Thermo Scientific, Inc. (Lafayette, CO). Assays were carried out as 

previously described (10).  

Fluorescence in situ hybridization: Fluorescence in situ hybridization (FISH) for 

Drosophila tissues was performed as described previously (18). Co-staining for nuclear 

periphery was performed using rabbit anti-lamin 836 antibody (1:3000) (Paul A. Fisher) 

coupled with Cy5 anti-rabbit (Jackson ImmunoResearch). FISH for hippocampal neurons 

and mounted tissue sections was performed as described previously (19). To co-localize 

ZC3H14 with poly(A) RNA, rabbit anti-ZC3H14 (1:1000 for cell culture, 1:200 for 

tissue) (13) coupled with Cy2 anti-rabbit (Jackson ImmunoResearch) was used. DAPI 

was used to mark nuclear DNA. 
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Determination of bulk poly(A) tail length: Bulk poly(A) tails were analyzed using a 

standard assay (20) as described previously (14).  

Drosophila stocks and genetics: All crosses and stocks were maintained in standard 

conditions unless otherwise noted. The w1118, Df(21)crb-F89-4, Df(21)Exel6199, 

Df(21)Exel8178, P{EPgy2} EY08422 and P{EP}CG5720[EP3716] stocks were obtained 

from Bloomington Drosophila Stock Center (BDSC) at Indiana University. Excision 

alleles were generated by mobilization of P{EPgy2}EY08422 using standard techniques. 

Mosaic wing discs were generated by crossing UbxFLP;;ubi>GFP,FRT82B and 

dNab2ex3,FRT82B/TM6B animals. Genotypes used for eye modifier screen were: Pabp255 

(22), Pabp2EP2264 (22), abs00620, absf01698, bru-2EY18918, bru-2MB00431, hrg10, Hrb87FKG02089, 

Hrb98DEZCL0558, Nxt1f04855, Nxt1DG05102, pum3, pumbem, sbr1, sbrmgln. ram alleles (23) were 

gift of Kevin Moses. sbrts allele (24) was a gift of Ilan Davis. Pabp2 alleles were gift of 

Martine Simonelig. The RNAi line for dNab2 was obtained from Vienna Drosophila 

Research Center.  

Drosophila behavioral assays: The negative-geotaxis assay was performed as previously 

described (25) with the following modifications: Briefly, newly eclosed flies (day 0) were 

collected daily, divided into groups of ten, and kept in separate vials for aging. Cohorts of 

age-matched flies were then transferred to a 25-mL graduated cylinder, gently tapped to 

the bottom, and analyzed for a climbing response. The number of flies reaching the top 

after 5, 10, 15, and 30 seconds post-tap was recorded. At least 10 groups were tested for 

each genotype and sex (where indicated). The flight assay was performed as previously 

described (26) with the following modifications: Briefly, newly eclosed flies (day 0) were 

collected daily, separated into groups of twenty, and aged as indicated. These groups 
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were funneled into a 500-mL graduated cylinder coated with paraffin oil and the number 

of flies landing within each of the ten 50-mL sections of the cylinder was recorded. At 

least 10 groups were tested for each genotype. 
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CHAPTER 3  
 
Defining the role of dNab2 in the Drosophila mushroom bodies  
 
ChangHui Pak, John J. Noto, Daniel Marenda, Anita H. Corbett, Kenneth H. Moberg 
 
CP performed all fly experiments, immunostaining and qRT-PCR. Fly locomotor 
behavior tests were performed in collaboration with John J. Noto in the Department of 
Biochemistry at Emory University (Atlanta, GA). Courtship suppression assay was done 
in the laboratory of Dr. Daniel Marenda, Department of Neurobiology, Drexel University 
(Philadelphia, PA). 
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Introduction 
 
Understanding normal brain function is critical for identifying the molecular etiology 

behind neurological disorders and therapeutic treatments. One way to understand brain 

function is to identify and characterize genes that when mutated impair normal human 

intellectual development. Intellectual disability (ID), previously referred to as mental 

retardation, is characterized by limited intellectual capacities reflected by an IQ below 70 

and major constraints in adaptive behavior (1). Therapeutic options for the treatment of 

ID are extremely limited and its comparatively high prevalence of about 2% renders this 

disorder a major socioeconomic burden (1). 

The fruit fly Drosophila melanogaster has served as an excellent system in which 

to model and dissect conserved aspects of human disease biology. In particular, fly 

models of ID have shed much light on our current understanding of the genetic factors 

involved in learning and cognition. For example, fly models of Fragile X syndrome 

(FXS), the most commonly inherited X-linked ID affecting about 1 in 4000 males and 1 

in 6000 females, have been extensively studied and provided clues as to how the Fmr1 

disease gene controls neuronal cell biology and brain function (2). 

Recently, we identified a locus for unspecific or non-syndromic autosomal 

recessive ID (NS-ARID) on chromosome 14q31.3 corresponding to mutation of the 

ZC3H14 gene in two independent Iranian families (Chapter 2). ZC3H14 encodes an 

evolutionarily conserved Cys3His tandem zinc finger polyadenosine RNA-binding 

protein (3, 4). The founding member of this protein family, S. cerevisiae Nab2, is 

essential for viability and required for proper 3’end formation and poly(A) RNA export 

from the nucleus (5-7). Although multiple tissue-specific splice variants of human 
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ZC3H14 have been described (4), their function in multicellular organisms has not been 

examined.  

We therefore took advantage of Drosophila as a model system to examine how 

mutations in the ZC3H14 gene might alter brain development or function, and to identify 

molecular roles for the Drosophila ZC3H14 orthologue in neurons. We have previously 

described a Drosophila orthologue of ZC3H14 termed dNab2 that is required specifically 

in neurons for normal development and behavior (Chapter 2). Pan-neuronal knockdown 

of dNab2 results in locomotor and flight defects similar to genomic null allele dNab2ex3 

and reciprocally, pan-neuronal expression of wild type dNab2 in animals otherwise null 

for dNab2 completely restores locomotor defects and rescues pupal lethality.  

Based on these observations, we hypothesized that the role of dNab2 in 

controlling normal behavior could be further refined to specific regions of the fly brain, 

which would then allow us to identify a more manageable region to study the molecular 

mechanisms of dNab2 in neurons. In support of this hypothesis, we have accumulated a 

significant body of experimental evidence showing that dNab2 loss results in defects in 

the structure of the mushroom bodies (MBs), (S.M. Kelly, unpublished data), which are 

highly specialized axonal structures in the CNS that are required for learning and 

memory (8). Given that the invertebrate MBs and the vertebrate hippocampus are both 

implicated in cognition, and thus show some degree of functional similarity, we chose the 

MBs as a system to examine how dNab2 controls normal behavior.  

Here we show that dNab2 protein is expressed in the cell bodies of MB neurons 

and is required specifically in the MBs to promote normal behavior including locomotion 

and memory formation. Flies depleted of dNab2 in the MBs show poor locomotor 
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activity that progressively worsens with age. Moreover, these flies also exhibit defective 

short-term memory in a courtship suppression assay (9, 10). Finally, we identify 

mushroom-body expressed (mub), which encodes a KH-type poly(C) RNA-binding 

protein, as a potential target of dNab2 whereby mub mRNA transcript levels are altered 

in dNab2 mutant heads.  Taken together, these findings reveal an MB-specific 

requirement of dNab2 and for the first time, provide potential insight into cognitive 

deficits that are present in patients with ZC3H14-associated NS-ARID.   
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Results 

dNab2 is expressed in the MB neurons 

The mushroom body (MB) consists of ~2500 Kenyon cells (the intrinsic neurons 

of the MB) whose axons project anteriorly from cell bodies located in the posterior dorsal 

region of the fly brain (8, 11). Near the site of synapse, axons extending from properly 

developed Kenyon cells bifurcate into vertical (α/α’) and horizontal (β, β’, and γ) lobes 

(8, 11). Interestingly, the MB receives inputs from a diverse set of interneurons, including 

projection neurons from the olfactory lobes, and has been extensively implicated in both 

short- and long-term memory (8, 11). Loss of dNab2 perturbs normal architecture of the 

mushroom body (MB) neurons, including β-lobe fusions and missing α-lobes (S.M. 

Kelly, unpublished data). In light of these defects in the CNS, we sought to investigate 

the role of dNab2 in the MB neurons.  

To test whether dNab2 protein is actually expressed in Kenyon cells of the MBs, 

we immunostained for dNab2 protein in adult brains expressing an MB-specific 201Y-

Gal4-driven nuclear LacZ, which can be detected by co-staining with anti-β-

galactosidase antibody (Figure 3.1). This analysis shows that dNab2 protein is widely 

expressed within the β-gal positive cell bodies of Kenyon neurons in the adult brain. 

 

dNab2 acts in the MB neurons to promote normal locomotor activity 

 Flies with pan-neuronal (Elav-Gal4) depletion of dNab2 show defects in 

locomotor activity that are very similar to locomotor defects documented in dNab2 

genomic null animals with the negative geotaxis assay (Chapter 2). Moreover, when we 

tested flies of each of these genotypes at 2, 5 or 10 days post-eclosion, we observed an 
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age-dependent decline in locomotor activity in dNab2 genomic mutants as well as in pan-

neuronal dNab2 knockdown flies, suggesting that reduced dNab2 expression in the 

nervous system leads to a physiologically significant age-related decline in neuronal 

function (Chapter 2). We also tested for locomotor defects in flies that were knocked 

down for dNab2 specifically in the MBs by using four independent MB Gal4 lines: 201Y-

Gal4, 1471-Gal4, 7B-Gal4 and OK107-Gal4 (12, 13). The partially overlapping 

expression patterns of these drivers permit us to deplete dNab2 from some or all of MB 

neurons: 201Y-Gal4 is expressed in γ and α/β neurons (12). 1471-Gal4 is preferentially 

expressed in the γ lobes (12). 7B-Gal4 is expressed strongly in α/β lobes (13). OK107-

Gal4 is expressed in all the lobes of the MB, including α/β, α’/β’ and γ lobes (12). In 

four independent dNab2-knockdown experiments using these MB Gal4 drivers, we 

observed moderate decreases in adult locomotor activity compared to control flies 

(Figure 3.2), suggesting that dNab2 is required in the MB cells to promote normal 

behavior. Moreover, this MB-specific locomotor defect worsened with age (e.g. at Day 

10 post-eclosion) in a manner similar to dNab2ex3 null flies or those with pan-neuronal 

depletion of dNab2 (data not shown).  

 Although the MB Gal4 lines used were specific to the MB cells, they do exhibit a 

low level of expression of these Gal4 lines elsewhere outside the MBs (12). To control 

for the possibility that the locomotor defects seen in the ‘MB’ dNab2 knockdown flies 

might be due to non-specific effects of dNab2 depletion in cells other than Kenyon cells, 

we utilized a transgene that expresses the Gal4 inhibitor Gal80 specifically in the MB 

αβ, α’β’, and γ neurons [MBGal80;(14);(15)]. By combining the MBGal80 transgene 

with Elav-Gal4-driven dNab2 RNAi (pan-neuronal knockdown), we can selectively 
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block RNAi of dNab2 only in the MB cells, thereby allowing dNab2 knockdown in all 

neurons except the MB neurons. As shown in Figure 3.3, flies with dNab2 depletion in all 

neurons (Elav-Gal4/+;dNab2-IR/+) show a severe decrease in locomotor activity 

compared to control (Elav-Gal4). However, when dNab2 was knocked down in all 

neurons except the MBs (Elav-Gal4/+;dNab2-IR/MBGal80), adult flies show improved 

climbing performance relative to pan-neuronal dNab2 knockdown flies (Elav-

Gal4/+;dNab2-IR/+), indicating that dNab2 is required in the MB neurons for optimal 

locomotor behavior (Figure 3.3).   

 

dNab2 is necessary but not sufficient to promote locomotor activity in the MBs 

 While MB-specific knockdown of dNab2 expression caused a significant decrease 

in locomotor activity, we hypothesized that re-introducing dNab2 in only the MBs might 

rescue the locomotor and eclosion defects seen dNab2 null flies.  In order to test this 

hypothesis, we generated flies harboring a UAS-dNab2-Flag expression construct and 

tested for rescue of the eclosion and locomotor defects observed in dNab2 null flies 

(Chapter 2). To ensure that expression of the dNab2 transgene did not adversely affect 

wild type flies, we first examined whether overexpressing wild type dNab2 (using the P-

insertion EP3716) in the MBs resulted in any observable phenotype. As shown in Figure 

3.4, wild type flies overexpressing dNab2 in the MBs do not display any gross 

abnormalities or locomotor defects as assayed by the negative geotaxis assay. By 

contrast, 201Y-Gal4-driven re-expression of dNab2 in the MB cells of dNab2 null flies 

increased survival to adulthood such that 66% of flies eclosed compared to rescue control 

(39%), which expresses a leaky wild type dNab2 transgene in the absence of a Gal4 
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driver (Table 3.1). Notably, expression of dNab2 from another MB driver 1471-Gal4 did 

not significantly alter the survival to adulthood of dNab2 null flies compared to rescue 

control (Table 3.1). This difference in phenotypic rescue between the 201Y-Gal4 and 

1471-Gal4 drivers could be explained by differential expression patterns in the MB 

neurons as 1471-Gal4 is primarily expressed in the γ lobes whereas 201Y-Gal4 

expression extends to γ and α/β lobes (12). 

 Given that expression of dNab2 in the MBs significantly rescued the eclosion 

defect seen in homozyogous dNab2 null flies, we determined whether re-expressing 

dNab2 only in the MBs is sufficient to rescue the locomotor defect of dNab2 mutants. To 

test this idea, we used negative geotaxis assay to measure climbing ability in flies that 

express wild type dNab2 transgene under the control of the following MB drivers: 1471-

Gal4, 201Y-Gal4 and OK107-Gal4. At both Day 2 and Day 5, the 1471-Gal4 driver was 

unable to rescue the locomotor defect of dNab2 null flies, and flies expressing UAS-

dNab2-Flag from the 201Y-Gal4 and OK107-Gal4 drivers actually performed worse than 

UAS-dNab2-Flag control flies (Figure 3.5). Therefore, although dNab2 is required in the 

MBs for normal locomotor behavior, adding it back only in the MB neurons of otherwise 

dNab2 mutant flies is not sufficient to restore normal behavior. This finding contrasts 

with the locomotor rescue produced by pan-neuronal re-expression of dNab2 (Chapter 2), 

suggesting that dNab2 acts at multiple points within multicellular circuits that control 

behavior and that adding it back to a single cell type is not sufficient to restore overall 

function of the circuit.  

 

Depletion of dNab2 in the MBs alters memory formation 
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 Based on the previous finding that mutations in ZC3H14 lead to NS-ARID in 

humans (Chapter 2), we hypothesized that dNab2 might function in the basis of learning 

and memory. Since MBs are the center for higher order brain function involved in 

memory consolidation and memory recall (8, 11), we subjected flies that are knocked 

down for dNab2 in the CNS to a ‘courtship suppression’ learning paradigm. Courtship 

behaviors in Drosophila are innate and involve a complex set of behaviors that can be 

modified through training (16). Conditioned courtship suppression is one method to 

modify these behaviors and has been used as an associative learning paradigm (9, 10, 16). 

Briefly, in the initial training phase, a male is placed into a small mating chamber with a 

female that is already mated and thus unreceptive to courtship advances. While he 

initially courts the female vigorously, he learns that she is unreceptive and his courtship 

activity declines over time (the ‘learning’ component). In the next phase (the ‘memory’ 

component), this ‘trained’ male is placed into a mating chamber with a virgin female that 

is receptive to courtship advances. Despite her receptiveness, a pre-trained wild type male 

will show a suppressed courtship index toward this virgin female because of his ‘learned’ 

experience with the previous unreceptive female. This type of behavioral learning 

(termed ‘courtship suppression’) usually lasts 2-3 hrs and thus provides a useful test of 

short-term memory (9, 10). 

  Initially, we observed that males with pan-neuronal dNab2 knockdown (Elav-

Gal4) did not even court virgin females (personal communication, D. Marenda), 

suggesting perhaps a defect in recognition of female olfactory and gustatory cues. 

Consequently, we knocked down dNab2 specifically in the MBs using OK107-Gal4 and 

tested the ability of these males to court. In the initial training phase, both control and 



  102 

dNab2 MB knockdown flies behaved similarly, suggesting that the learning component in 

these flies is intact (Figure 3.6). However, when tested for their short-term memory, 

dNab2 MB knockdown males showed a profound defect in remembering the suppressed 

courtship behavior they had just learned (Figure 3.6). Thus, dNab2 is required in the MB 

neurons to promote memory formation and for the first time model cognitive deficits 

present in patients with ZC3H14-mediated NS-ARID.  

 

mub is a potential target of dNab2 

 In order to determine the molecular mechanism by which dNab2 contributes to 

normal MB structure and promotes normal behavior and memory recall, we searched for 

possible dNab2 target(s). We had previously found that a loss-of-function allele of the 

gene mushroom-body expressed (mub) acts as a dominant suppressor of a rough-eye 

phenotype produced by overexpression of dNab2 in the developing eye (Chapter 2). mub 

encodes a KH-type poly(C) RNA-binding protein (Mub) that is implicated in regulation 

of alternative nuclear splicing of nuclear mRNAs (17) and mub mutant flies display 

similar phenotypes to dNab2 mutants, including defective eclosion, flightless behavior 

and defective locomotor activity (18). Based on these similar phenotypes and the strong 

genetic interaction between mub and dNab2 in the adult eye, we hypothesized that dNab2 

might control mub expression. To test this, we determined whether the levels of mub 

mRNA transcripts are altered in dNab2 mutant heads relative to control heads. By qRT-

PCR analysis, we observed an approximately 50% reduction in mub mRNA transcripts in 

dNab2 mutant flies (Figure 3.7), suggesting that dNab2 might be required for efficient 

expression, processing or stability of mub mRNA transcripts. This finding along with 
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genetic data suggests that mub might be a downstream target of dNab2 to mediate 

memory formation in the MB neurons.  
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Discussion 

Our recent discovery that mutations in ZC3H14/dNab2 lead to non-syndromic autosomal 

recessive intellectual disability (NS-ARID) in humans (Chapter 2) prompted us to further 

refine the neuronal requirement of dNab2 in the Drosophila CNS. We find that dNab2 is 

required in the mushroom body (MB), a highly specialized structure involved in learning 

and memory (8, 11), for efficient short-term memory, and that complete loss of dNab2 

leads to defects in the structure of the MBs. We show that dNab2 protein is expressed in 

the cell bodies of MB neurons and that flies depleted of dNab2 in the MBs show poor 

locomotor activity that progressively worsens with age. Moreover, these flies also exhibit 

defects in short-term memory without any learning deficit tested by conditioned courtship 

suppression assay. Finally, we identify mub as a potential target of dNab2 whereby mub 

mRNA transcript levels are altered in dNab2 mutant heads.   

 In contrast to the requirement of dNab2 in controlling locomotion in the MBs, we 

unexpectedly found that re-expression of dNab2 in animals null for dNab2 is not 

sufficient to rescue locomotor defects. This finding suggests that dNab2 might act at 

multiple points within multicellular circuits that control behavior and that adding it back 

to a single cell type is not sufficient to restore overall function of the circuit. Although 

complete ablation of the MB cells leads to enhanced walking activity (19, 20), the precise 

cellular circuits involved in MB-regulated locomotion are unclear. Future studies 

examining the neuronal circuitry of the MBs will allow us to address how dNab2 acts 

within this specialized circuit to promote normal locomotion. 

 Using the courtship suppression learning paradigm,  we observed a short-term 

memory deficit in flies that are knocked down for dNab2 specifically in the MBs. This 
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finding is significant as it appears to parallel cognitive deficits that are present in patients 

with ZC3H14-mediated NS-ARID. Having established this link between dNab2 and 

memory formation, it would be interesting to examine whether the memory defect seen in 

dNab2 knockdown flies is due to defective MB development, or to defects in synaptic 

signaling within MB neurons, or both. Since our studies utilized knockdown of dNab2 

via OK107-Gal4, which expresses from early development and throughout adult (12), 

temporal control of RNAi via temperature-sensitive Gal80 repressor (21, 22) will allow 

one to dissect the critical time points dNab2 is needed for either development of MB 

neuronal differentiation or maintenance of MB neuronal function, e.g. learning and 

memory, or both.  

 The identification of mub as a potential mRNA target for dNab2 may provide a 

molecular link between dNab2 and MB function. A mub allele scored as a strong genetic 

modifier of dNab2-mediated overexpression phenotype in the adult eye (Chapter 2) and 

shows decrease in mRNA transcript level in dNab2 mutant heads. Mub is a KH-type 

poly(C) RNA-binding protein that is strongly expressed in the MBs and has been 

implicated in regulation of alternative splicing of nuclear mRNAs (17, 23). Mub has also 

been identified as a suppressor of neurodegeneration induced by ataxin-1 (24). Since 

many genes that control learning and memory show localized expression in the MBs (25, 

26), Mub could potentially be involved in mediating learning and memory by acting 

downstream of dNab2. One remaining question then is how dNab2 regulates mub 

expression post-transcriptionally. Future studies should include examining transcript-

specific poly(A) tail length (LM-PAT) (27) and testing whether dNab2 physically 

interacts with mub transcripts by RNA-immunoprecipitation (28). In addition, whether 
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the misregulation of mub levels is the underlying cause for memory defects seen in 

dNab2 MB-knockdown flies should be addressed.  
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Figure 3.1. Localization of dNab2 protein in MB neurons of the adult fly brain. 201Y-

Gal4-driven expression of MB-specific nuclear lacZ is shown in red. Anti-dNab2 staining 

is shown in green.  
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Figure 3.2. dNab2 is required in the MB neurons for normal locomotor activity. Results 

of the negative geotaxis assay for four different MB dNab2 RNAi flies (201Y-Gal4>IR, 

1471-Gal4>IR, 7B-Gal4>IR, OK107-Gal4>IR) with respect to their Gal4 controls 

(201Y-Gal4>+, 1471-Gal4>+, 7B-Gal4>+, OK107-Gal4>+) at Day 10 are shown. Data 

are presented as the average percentage of flies reaching the top of a 25-mL graduated 

cylinder after 5, 10, 15 and 30 seconds across all trials. Groups of ten flies were tested in 

at least ten independent trials for each genotype. p<0.05 (two-tailed t-test) when 

comparing Gal4 control with MB dNab2 RNAi at 5 seconds across all genotypes. Error 

bars=s.e.m. 
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Figure 3.3. Specificity of dNab2-mediated behavior in the MBs. Results of the negative 

geotaxis assay for Gal4 control (Elav-Gal4), pan-neuronal dNab2 RNAi (Elav-

Gal/+;dNab2-IR>+) and pan-neuronal dNab2 RNAi with mushroom body-specific 

Gal80 (Elav-Gal4/+;dNab2-IR/MBGal80) at mixed ages are shown. Data are presented 

as the average percentage of flies reaching the top of a 25-mL graduated cylinder after 5, 

10, 15 and 30 seconds across all trials. Groups of ten flies were tested in at least ten 

independent trials for each genotype. p<0.05 (two-tailed t-test) when comparing Gal4 

control to pan-neuronal dNab2 RNAi and pan-neuronal dNab2 RNAi to pan-neuronal 

dNab2 RNAi + MBGal80. Error bars=s.e.m. 
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Figure 3.4. MB-specific overexpression of dNab2 in wild type flies does not alter 

locomotor/climbing behavior. A negative geotaxis assay measuring climbing ability was 

performed on control (Gal4 driver alone in wild type background) and mushroom body-

specific dNab2 overexpression flies (Gal4 driving dNab2EP3716) at Day 2 using 201Y-Gal4 
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(A), 1471-Gal4 (B) and 7B-Gal4 (C). Data are presented as the average percentage of 

flies reaching the top of a 25-mL graduated cylinder after 5, 10, 15 and 30 seconds across 

all trials. Groups of ten flies were tested in at least ten independent trials for indicated 

each genotype. Error bars=s.e.m. 
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Figure 3.5. Re-expression of wild type dNab2 only in the MB neurons is not sufficient to 

rescue locomotor defect observed in dNab2ex3 zygotic mutants. Results of the negative 

geotaxis assay performed on the indicated genotypes highlighted by colored bars at Day 2 

(A) and Day 5 (B). Data are presented as the average percentage of flies reaching the top 

of a 25-mL graduated cylinder after 5, 10, 15 and 30 seconds across all trials. Groups of 
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ten flies were tested in at least ten independent trials for indicated each genotype. Error 

bars=s.e.m. 
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Figure 3.6. dNab2 is required in the MB neurons for memory recall. Courtship 

conditioning assay of learning and memory in age-matched control (OK107-Gal4) and 

dNab2 MB-depleted (OK107>dNab2-IR) male flies. N=3 Courtship index is determined 

by the fraction of time a male spends in courtship activity during the observation period 

(10).  In the learning phase, ‘pre’ refers to mating behavior in the initial observation 

period and ‘post’ refers to mating behavior observed in later time point.  
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Figure 3.7. dNab2 regulates mub transcript levels. Quantitative real-time RT-PCR 

analysis of mub transcript levels in adult heads of Day 5 old flies. All genotypes are 

normalized to dNab2 transcript levels in p.ex control animals (set to 1.0). β-tubulin is an 

internal control. p=0.0004 (two-tailed t-test). Error bars=s.d. Representative of a single 

experiment. 
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Table 3.1. Summary of the percentage of flies eclosed (of expected) for indicated 

genotypes.  
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Experimental procedures 

Drosophila stocks and genetics: All crosses and stocks were maintained in standard 

conditions unless otherwise noted. Precise and imprecise excision alleles (p.ex and 

dNab2ex3) and transgenic rescue flies (UAS-dNab2-Flag) were obtained from previous 

studies (Chapter 2). P{EP}CG5720[EP3716] and stocks for genetic screen were obtained 

from Bloomington Drosophila Stock Center (BDSC) at Indiana University. Pabp2 alleles 

were gift of Martine Simonelig. MBGal80 was a gift of Scott Waddell. The RNAi line for 

dNab2 was obtained from Vienna Drosophila Research Center.  

Immunostaining: Immunostaining was performed as described previously for 

Drosophila tissues (29). Antibodies used were rabbit anti-dNab2 (1:10 for brain) 

(Chapter 2) and mouse anti-beta-galactosidase (1:1000). 

Microscopy: Fluorescent images were acquired with a Zeiss LSM510 confocal laser-

scanning microscope and Olympus IX-51 fluorescent microscope. Postacquisition image 

processing was done using Adobe Photoshop.  

Quantitative real-time RT-PCR (qRT-PCR): Total RNA from Drosophila samples 

was extracted using TRIzol reagent (Invitrogen). cDNAs were generated by using the 

SuperScript III Reverse Transcriptase (Invitrogen). Quantitative Real-time PCR was 

performed according to standard protocols with LightCycler 480 (30). Primer sequences 

for mub: gccctggcccaatacttaat (left), ctgggcgcaatgtagtgata (right).  

Drosophila behavioral assays: The negative-geotaxis assay was performed as previously 

described (31) with the following modifications: Briefly, newly eclosed flies (day 0) were 

collected daily, divided into groups of ten, and kept in separate vials for aging. Cohorts of 

age-matched flies were then transferred to a 25-mL graduated cylinder, gently tapped to 
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the bottom, and analyzed for a climbing response. The number of flies reaching the top 

after 5, 10, 15, and 30 seconds post-tap was recorded. At least 10 groups were tested for 

each genotype and sex (where indicated). Courtship suppression assay was done as 

previously described (9, 10). 
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CHAPTER 4 
 
A genetic-modifier screen identifies factors that functionally interact 
with the Drosophila dNab2 gene 
 
ChangHui Pak, John J. Noto, Seth M. Kelly, Anita H. Corbett, Kenneth H. Moberg 
 
CP devised the screen and performed the candidate-based EP screen, all fly experiments, 
qRT-PCR and immunoblotting. A discovery-based EP screen and fly locomotor behavior 
tests were performed in collaboration with John J. Noto in the Department of 
Biochemistry at Emory University (Atlanta, GA). Fly line bearing stable neuronal dNab2 
RNAi (Elav-Gal4;UAS-dNab2-IR) was built by Seth M. Kelly in the Department of Cell 
Biology at Emory University (Atlanta, GA). 
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Introduction 

Mechanisms regulating cognitive function are of considerable biological interest. 

Growing number of developmental brain disorders affecting cognition has allowed for 

identification and characterization of key regulatory genes important for normal human 

intellectual development. Intellectual disability (ID), previously referred to as mental 

retardation, is characterized by limited intellectual capacities reflected by an IQ below 70 

and major constraints in adaptive behavior (1). Therapeutic options for the treatment of 

ID are extremely limited and its comparatively high prevalence of about 2% renders this 

disorder a major socioeconomic burden (1).  

Recently, we identified a locus for unspecific or non-syndromic autosomal 

recessive ID (NS-ARID) on chromosome 14q31.3 corresponding to mutation of the 

ZC3H14 gene in two independent Iranian families (Chapter 2). ZC3H14 encodes an 

evolutionarily conserved Cys3His tandem zinc finger polyadenosine RNA-binding 

protein (2, 3). The Drosophila orthologue of ZC3H14, dNab2, is required specifically in 

neurons for normal development and behavior (Chapter 2). Pan-neuronal knockdown of 

dNab2 results in locomotor and flight defects similar to genomic null allele dNab2ex3 and 

reciprocally, pan-neuronal expression of wild type dNab2 in animals otherwise null for 

dNab2 completely restores locomotor defects and rescues pupal lethality (Chapter 2). 

Biochemical and genetic evidence show that dNab2 preferentially binds to polyadenosine 

RNAs and acts to restrict bulk poly(A) tail length in vivo (Chapter 2), consistent with the 

previous findings that the budding yeast orthologue Nab2 is required for proper 3’end 

formation and poly(A) RNA export from the nucleus (4-6). These findings highlight the 
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significance of post-transcriptional gene regulatory mechanisms in controlling neural 

function.  

How dNab2/ZC3H14 controls nervous system function and whether this is 

mediated solely through the control of poly(A) tail length remains unclear and will 

certainly be a focus of future studies. At present, we hypothesize that dNab2 controls 

neuronal function through specific target mRNAs and interactors as yet unidentified and 

that tissue-specific variation in the identity of these factors may underlie pleiotropic 

phenotypes observed in dNab2 genomic mutants. In an initial attempt to identify these 

factors, we designed and implemented for a genetic screen intended to identify factors 

that either act in a complex with dNab2 or that are mRNA targets of dNab2. By utilizing 

a rough-eye phenotype caused by overexpression of dNab2 in the developing Drosophila 

eye, we screened a total of 662 loss-of-function and gain-of-function alleles for their 

ability to modify the dNab2 induced rough-eye phenotype. Here we describe the results 

of this genetic screen and follow up experiments characterizing the interactions between 

dNab2 and dFmr1 (Drosophila fragile X mental retardation gene).  
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Results 

Overexpression of dNab2 reveals tissue-specific phenotypes  

To identify tissues that were sensitive to the dosage of dNab2 protein, we 

overexpressed dNab2 in a tissue-specific manner via the EP-element insertion EP3716, 

located upstream of the dNab2 locus, in combination with multiple GAL4 drivers (Table 

4.1). Different temperatures were used to achieve varying strengths of expression of the 

GAL4 transgenes and flies were then scored for gross organismal phenotypes. As shown 

in Table 4.1, dNab2 overexpression caused lethality when overexpressed in all tissues 

(Act-Gal4). Similarly, pan-muscle overexpression of dNab2 (Mef2-Gal4) caused lethality 

at the pupal stage. By contrast, dNab2 overexpression using various neuronal drivers 

(Elav-Gal4, OK6-Gal4, CHA-Gal4) did not cause any noticeable phenotypes. These 

results suggest that excess dNab2 protein level is more toxic to muscle cells compared to 

neuronal tissues. A partially penetrant (~60%) phenotype resulting in scutellar bristle 

defects was observed when dNab2 was overexpressed with Patched-Gal4, which 

expresses in the epithelial anterior-posterior axis (Table 4.1). These flies displayed 

defects in the arrangement of scutellar bristles, including missing, excess bristles, or 

asymmetrically distributed bristles. Importantly, eye-specific dNab2 overexpression in 

developing photoreceptor neurons via the GMR-Gal4 driver resulted in a rough-eye 

phenotype that was easily visualized and fully penetrant (Table 4.1). Based on these 

observations, we chose the GMR-driven dNab2 rough-eye phenotype as the basis of a 

screen to identify genes that interact with dNab2 in neuronal cells. 
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Modification of dNab2 mediated rough-eye phenotype as the basis of a screen 

In order to identify factors that genetically interact with dNab2, we performed 

both candidate-based and discovery-based screens for alleles that could modify the 

roughness and reduced size of Drosophila eyes expressing dNab2 from the GMR-Gal4 

driver. A stable fly stock carrying the GMR-Gal4 driver and dNab2EP3716 insertion (Figure 

4.1A) exhibits a 100% penetrant small rough-eye phenotype relative to GMR-Gal4 

control (Figure 4.2A). Candidate modifier alleles were introduced in the 

GMR>dNab2EP3716 background by crossing GMR>dNab2EP3716 flies with either known 

alleles of genes selected as likely dNab2 interactors (candidate-based screen) or alleles in 

the Enhancer-Promoter (EP) collection(7) (discovery-based screen) (Figure 4.1B). 

As a proof-of-principle, we also tested whether the GMR>dNab2EP3716 rough-eye 

phenotype could be dominantly modified by modulating expression of genes known to 

act with dNab2 in controlling poly(A) tail length. Indeed, we found that dNab2 shows 

strong genetic interactions with both the poly(A) polymerase hiragi and the poly(A) 

RNA-binding protein Pabp2 (Figure 4.2B). A single loss-of-function allele of hiragi, 

hrg10, dominantly enhanced the GMR>dNab2EP3716 rough-eye, resulting in even smaller, 

rougher, and necrotic eye (Figure 4.2B). In a similar manner, loss-of-function allele of 

Pabp2, Pabp255, dominantly enhanced the GMR>dNab2EP3716 rough-eye phenotype 

(Figure 4.2B), whereas co-overexpression of Pabp2 via Pabp2EP2264 allele strongly 

suppressed the GMR>dNab2EP3716 small, rough-eye phenotype (Figure 4.2B). These 

genetic relationships entirely match our previous finding that dNab2 antagonizes poly(A) 

tail length (Chapter 2) while both hrg and Pabp2 promote it (8, 9).  
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Candidate-based screen for dNab2-dominant interactors 

 We carried out a candidate-based screen of genes encoding RNA-binding 

proteins, RNA processing factors, translational regulatory proteins and proteins known to 

regulate neural function (Table 4.2). Loss-of-function and gain-of-function alleles were 

tested for their ability to modify the GMR>dNab2EP3716 rough-eye phenotype. Subsequent 

enhancers/suppressors of the rough-eye phenotype were then crossed to GMR-Gal4 alone 

to eliminate alleles, which produced phenotypes independent of dNab2. 

 As shown in Table 4.2, we identified 24 alleles (out of 112 tested) that were able 

to dominantly modify the rough-eye phenotype produced by GMR>dNab2EP3716. Three of 

these alleles produced eye phenotypes in combination with GMR-Gal4 and were 

therefore eliminated from further analysis. The remaining 21 alleles correspond to 18 

genes encoding factors involved in mRNA processing and translation (i.e. mushroom-

body expressed, Rm62, smaug, mitochondrial ribosomal protein S29 (mRpS25) and 

Eukaryotic initiation factor 4E) as well as factors involved in RNA localization, long-

term memory and synaptic transmission (i.e. couch potato, dFmr1 and staufen) (Table 

4.2).  

 

Discovery-based screen for dNab2-dominant interactors  

In parallel to the candidate-based screen above, we also carried out a discovery-

based screen for dNab2 interacting genes. For this, we chose to screen against a small 

subset of (EP) collection (7) consisting of 550 lines randomly distributed throughout the 

Drosophila genome. Depending upon the orientation of the EP insertion in the genome, 

the affected gene can either be overexpressed or disrupted. As noted in Table 4.3, “sense 
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orientation” designates an EP element that is inserted in the same orientation of the gene, 

which is then able to overexpress the gene in the presence of Gal4. The “antisense 

orientation” designates an EP element that is inserted in the opposite orientation of the 

gene, which could potentially disrupt gene function. Of 550 lines tested, 85 EP lines 

dominantly modified the GMR>dNab2EP3716 rough-eye phenotype (25 suppressors, 60 

enhancers) but had no eye phenotypes on their own when crossed to GMR-Gal4. It is 

notable that an EP element in the mRpS25 gene scored as a strong modifier of the 

GMR>dNab2EP3716 rough-eye phenotype and that an allele of mRpS25 also scored in our 

parallel candidate screen (Table 4.2). This result validates each screening approach and 

suggests that the results from one may be used to corroborate the other. 

 Interestingly, multiple genes involved in neuronal functions such as learning and 

memory were strong modifiers of dNab2-mediated rough eye phenotype. These genes 

include leak (robo2), rhomboid (rho), silver (svr) and rutabaga (rut). These findings 

suggest that dNab2 might act in pathways that play critical roles learning and memory 

formation either together or upstream of these learning and memory genes. Consistent 

with the neuronal function of dNab2, Rab-protein 6 (Rab6) and egalitarian (egl), which 

are important for RNA localization and RNA transport, were also strong modifiers of 

GMR>dNab2EP3716 rough-eye phenotype, suggesting that dNab2 might function to affect 

localization of mRNAs.  

 

dFmr1 dominantly modifies dNab2 mediated locomotor defect  

In the course of the candidate-based screen, we found that introducing one null 

allele of dFmr1 (Δ50M) was sufficient to suppress the rough-eye phenotype caused by 
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GMR>dNab2EP3716 (see Table 4.2; Figure 4.3A), suggesting that dFmr1 might act in the 

same or in parallel genetic pathways as dNab2. Due to this observation, we decided to 

further characterize the genetic relationships between dNab2 and dFmr1. dFmr1 encodes 

the Drosophila orthologue of Fragile X mental retardation protein (FMRP) (10), in which 

mutations affecting FMRP levels lead to the most commonly inherited X-linked human 

intellectual disability (11). FMRP is an mRNA-binding protein that binds to higher-order 

structure RNAs (12-14) and negatively regulate translation (15, 16). Interestingly, dFmr1 

mutant flies exhibit similar developmental phenotypes that resemble those of dNab2 

zygotic mutants, including defects in wing position, locomotor activity, flight, courtship-

mediated short-term memory and MB β-lobe fusion (17-20), further strengthening the 

argument that both genes might act in similar neurodevelopmental pathways.  

To pursue this hypothesis further, we tested whether heterozygosity for a loss-of-

function allele of dFmr1 could dominantly modify a dNab2 loss-of-function locomotor 

phenotype. Both complete loss-of-function and pan-neuronal knockdown of dNab2 

results in poor locomotor activity (Chapter 2). Using a fly line that stably expresses 

dNab2 RNAi transgene in pan-neuronal manner (Elav-Gal4;UAS-dNab2-IR), we tested 

dominant modification by dFmr1 measured by negative geotaxis assay. Significantly, 

introducing a single loss-of-function allele of dFmr1 (Δ113M) enhanced the locomotor 

defect of flies lacking neuronal dNab2 but had no effect on Elav-Gal4 control flies 

(Figure 4.4), confirming that both dNab2 and dFmr1 act in similar genetic pathways or 

alternatively, dFmr1 acts downstream of dNab2 to modulate normal locomotor behavior 

in neurons. 
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Loss of dNab2 affects dFmr1 expression 

As dNab2 is a polyadenosine RNA-binding protein and regulates tail length of 

poly(A) RNAs (Chapter 2), we tested whether dNab2 regulates dFmr1 mRNA 

abundance. By qRT-PCR, we observed a modest downregulation of dFmr1 mRNA levels 

(~20%) in dNab2 null heads compared to control (Figure 4.5A). This downregulation of 

dFmr1 mRNA levels was more prominent in older animals (Day 11-13) showing further 

decrease in Fmr1 mRNA level (~70%) (Figure 4.5A’). Parallel age-dependent decline in 

locomotor activity was observed in both dNab2 genomic null mutants and pan-neuronal 

dNab2 knock down flies (Chapter 2), which suggests that the loss of dNab2 may lead to a 

progressive neurodegeneration phenotype facilitated by progressive loss or decrease of 

dFmr1 transcripts. 

In parallel to the analysis of dFmr1 mRNA, we also looked at protein levels in 

dNab2 null heads by immunoblotting with an anti-dFMRP antibody (Developmental 

studies hybridoma bank). This analysis produced a very interesting result: when RIPA 

buffer (see Experimental procedures) was used to solubilize protein, we detected less 

dFMRP in dNab2 mutant heads relative to control heads (Figure 4.5B), but when a more 

stringent SDS-sample buffer was used to extract proteins, dFMRP levels were unchanged 

(Figure 4.5B’). Loading was controlled by immunoblotting with a β-tubulin antibody. 

This link between the dNab2 genotype and dFMRP extractability was also observed in 

human immortalized cell lines comparing human FMRP in ZC3H14 null and control 

patient lymphoblasts (R154X) (S.W. Leung, unpublished data). Moreover, preliminary 

evidence from Fmr1 knockout mice suggests that the lack of FMRP shifts ZC3H14 

protein into a more soluble fraction (C. Gross, unpublished data). While these findings 
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are very preliminary, they could be indicative of reciprocal requirements for 

dFMRP/FMRP and dNab2/ZC3H14 in regulating the subcellular distribution of the other.  
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Discussion 

In order to gain insight into the molecular mechanisms underlying ZC3H14-

associated human intellectual disability, we sought out to identify the molecular partners 

or downstream targets of dNab2, the Drosophila orthologue of ZC3H14. To this end, we 

devised and implemented a screen for genetic modifiers a rough-eye phenotype caused by 

overexpression of dNab2 in the developing Drosophila eye. A total of 662 loss-of-

function and gain-of-function alleles were tested and of those, 106 alleles were found to 

be suppressors or enhancers of the dNab2 mediated rough-eye phenotype. Among these 

modifiers are factors involved different aspects of post-transcriptional regulation of gene 

expression (e.g. polyadenylation, nuclear alternative splicing, translation, and RNA 

localization) as well as factors important for learning and memory. These results are 

consistent with the previous findings that place dNab2 in post-transcriptional regulatory 

steps to modulate gene expression (Chapter 2; Appendix). Moreover, our identification of 

factors that regulate learning and memory as modifiers of dNab2 overexpression provides 

additional support for a role for dNab2 in short-term memory formation (Chapter 3).  

 To extend from the results of the screen, we chose to focus on the genetic 

interaction between dNab2 and dFmr1, the Drosophila fragile X mental retardation gene 

(10), which encodes an mRNA-binding protein, dFMRP, that acts as a negative regulator 

of translation (15, 16). Loss of function allele of dFmr1 dominantly suppresses the 

GMR>dNab2EP3716 gain-of-function adult eye phenotype and dominantly enhances the 

dNab2 loss-of-function locomotor phenotype (Chapter 2). This pattern of dFmr1 

modification of the dNab2 gain-of-function and loss-of-function phenotypes indicates 

that dFmr1 and dNab2 act synergistically in vivo. How they do so is not yet clear. 
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However, in addition to our genetic data, we also have molecular evidence showing that 

dNab2 regulates dFmr1 mRNA abundance as well as dFMRP extractability and/or 

stability. Yet, the precise molecular mechanism by which dNab2 regulates dFmr1 

expression is still unclear. Mechanistically, dFmr1 and dNab2 could act together, in 

parallel, or alternatively dFmr1 could be a downstream target of dNab2 function. Thus, 

one focus of future work will be to determine whether this interaction is via the effects on 

poly(A) tail length or via a direct protein-protein interaction. In addition, finding out the 

subcellular localizations of dNab2 and dFMRP in cultured neurons would allow better 

understanding of spatial regulation of these two proteins in such highly polarized cells. 

Preliminary data suggest that ZC3H14 localizes to both the nucleus and axonal cytoplasm 

in primary rat hippocampal cultured neurons (C. Gross, unpublished data). Perhaps we 

can speculate a model where ZC3H14/dNab2 have dual functions in both the nucleus and 

cytoplasm where they can contact messenger ribonucleoprotein (mRNP) complexes 

associated with FMRP/dFMRP and affect translation and/or mRNA transport including 

FMR1/dFmr1 transcripts. At a genetic level, it will be interesting to test whether loss of 

either factor affects the localization of the other in cultured Drosophila brain neurons, 

and whether overexpression of dFMRP is sufficient to rescue behavioral phenotypes 

associated with neuronal loss of dNab2 (Chapter 2, 3).  

In summary, we have designed and implemented a genetic screen that has 

identified numerous candidate dNab2-interacting genes that could potentially encode 

factors that complex with dNab2 protein or that represent mRNAs that are by dNab2 in 

neurons. This work provides a strong foundation for future studies of molecular 
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mechanisms underlying the neuronal role of Drosophila dNab2 and the etiology of 

ZC3H14-associated human intellectual disability.  
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Table 4.1. Tissue-specific misexpression of dNab2. 
 
GAL4 driver Expression pattern Phenotype Temperature (°C) 

Actin All cell types Pupal lethal 25 
β-tubulin All cell types Larval lethal 25 
  Larval lethal 21 
  Lethal 18 
MEF2 Pan-muscle Pupal lethal 25 
  Pupal lethal 21 
  Pupal lethal 18 
24B Pan-muscle Reduced viability; 

thinner body 
25 

  Larval lethal 29 
5058 Larval muscle #12 - 25 
Mhc Muscle - 25 
Elav (C155) Pan-neuronal - 25 
  - 29 
OK6 Motor neurons - 25 
  - 29 
CHA Cholinergic neurons - 25 
  - 29 
Patched Epithelial anterior-

posterior axis  
Defects in scutellar 
bristles 

25 

Engrailed Epithelial posterior 
compartment  

- 25 

Wingless Epithelial dorsal-ventral 
axis  

- 25 

C96 Wing margin precursors - 25 
GMR Eye Rough-eye 25 
  Rough-eye 29 
Eyeless Eye - 25 
  - 29 

(-) denotes no phenotypes observed. 
 



  137 

Table 4.2. Candidate genes tested for genetic interaction with dNab2 in the eye  
 
Gene Allele§ E or S* Function and/or associated biological 

process 
abstrakt abs00620 

absf01698 

absEY04479 

- 
- 
- 

ATP-dependent helicase; nervous system 
development, mRNA splicing 

 

Adar AdarBG02235 - double-stranded RNA adenosine 
deaminase; adult behavior 

 

Argonaute 2 AGO2EY04479 - RNA interference  
Ataxin-2 Atx206490 

Atx2DG08112 
- 
S 

regulation of actin filament 
polymerization 
 

 

Aubergine aubQC42 
aubHN 
aubKG05389 

- 
- 
- 

piRNA binding  

belle bel6 

belNEO30 

belCAP1 

- 
S 
- 

ATP-dependent RNA helicase  

Bicaudal D BicDr5 

 
- mRNA transport 

 
 

bancal 
 

blKG02524 
blEY09813 

 

- 
- 

alternative nuclear mRNA splicing 
 

 

bruno-2 
 

bru-2f00171 

bru-2EY18918 

bru-2MB00431 

bru-2G5819 

- 
- 
- 
- 

negative regulation of translation  

Clipper 
 

ClpG2556 

 
- mRNA cleavage; mRNA 

polyadenylation;Dm CPSF 
 

 

couch potato 
 

cpo1432 

 
S mRNA binding; synaptic transmission 

 
 

CCR4/twin CCR4/twin8115 

 
- nuclear-transcribed mRNA poly(A) tail 

shortening 
 

discs overgrown 
 

dcoJ3B9 - kinase activity 
 

 

Dodeca-satellite-
binding protein 1 

Dp1BG0145B 

Dp1BG02288 
- 
- 

mRNA 3’UTR-binding 
 

 

Elongation factor 
1α48D 

Ef1α48D1275 - translation elongation factor activity  

Eukaryotic 
initiation factor 
4a 

eIF-4aK01501 - translation initiation factor activity; RNA 
helicase activity 

 

Eukaryotic 
initiation factor 
4E 

eIF-4E7238 S translation initiation factor activity; RNA 
cap binding 

 



  138 

Fmr1 UAS-Fmr1.Z§ 
Fmr1Δ113M 

Fmr1Δ50M 

lethal 
S 
S 

synaptic transmission; locomotory 
behavior; learning or memory 

 

found in neurons UAS-fne.C 4-10B§ lethal poly(U) RNA binding  

Glutamate 
receptor IIA 

GluRIIAAD9 - glutamate receptor activity; synaptic 
transmission 

 

 GluRIIASp16 -   

Helicase at 25E Hel25Ee02545 S ATP-dependent RNA helicase activity  

hoi-polloi hoipK07104 S mRNA binding; nervous system 
development 

 

held out wings howJ5B5 - mRNA 3'-UTR binding  

Heterogeneous 
nuclear 
ribonucleoprotein 
at 27C 

Hrb27C2647 - regulation of nuclear mRNA splicing; 
axon guidance 

 

Heterogeneous 
nuclear 
ribonucleoprotein 
at 87F 

Hrb87FKG02089 - regulation of alternative nuclear mRNA 
splicing 

 

Heterogeneous 
nuclear 
ribonucleoprotein 
at 98DE 

Hrb98DEZCL0558 - negative regulation of RNA splicing  

hiragi hrg10 E+++ mRNA polyadenylation  
 hrgp1 -   
 hrg1 -   

IGF-II mRNA-
binding protein 

ImpEP760 - mRNA binding; nervous system 
development 

 

lark UAS-lark-3HA 
23A§ 

E mRNA binding  

 larkEY00297 -   
 larkDG23107 -   
 larkEY23084 -   

maelstrom maelR20 - intracellular mRNA localization  
 maelKG03309 -   
 maelEY08554 -   

mitochondrial 
ribosomal protein 
S29 

mRpS29KG07362 S structural constituent of ribosome; 
translation 

 

musashi msi1 - mRNA binding; negative regulation of 
translation 
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mushroom-body 
expressed 

mub4093 S poly(C) RNA binding; regulation of 
alternative nuclear mRNA splicing 

 

muscleblind mblE27 - Zinc finger, CCCH-type  
no on or off 
transient A 

nonA4B18 - poly-pyrimidine tract binding; mRNA 
binding 

 

nanos nosL7 - dendrite morphogenesis  

NTF2-related 
export protein 1 

Nxt1f04855 - mRNA export  

 Nxt1DG05102 -   

oo18 RNA-
binding protein 

orbdec - mRNA localization; mRNA 
polyadenylation 

 

 orbEY08547 -   

orb2 orb2BG02373 - long-term memory; male courtship 
behavior 

 

polyA-binding 
protein 

pAbpK10109 - positive regulation of translation  

 pAbpk10109 -   
 pAbpEP310 -   
 pAbpEY11561 -   

Pabp2 Pabp2EP2264 S+++ mRNA polyadenylation  
 Pabp255 E+++   
 Pabp26 E   

Parkin park25 - protein autoubiquitination  

pasilla ps10615 - mRNA binding; nuclear mRNA splicing  
 psMB04043 -   

poly U binding 
factor 68kD 

pUf68EY07952 - nuclear mRNA splicing  

pumilio pum13 - mRNA 3'-UTR binding; long term 
memory 

 

 pum3 -   
 pumBEM -   

Purine-rich 
binding protein-α 

Pur-αKG05743 S transcription activator activity  

quaking related 
58E-2 

qkr58E-2KG07766 - mRNA binding  

 qkr58E-2EP2103 E+++   

quaking related 
58E-3 

qkr58E-3EY02038 - regulation of alternative nuclear mRNA 
splicing 

 



  140 

RNA-binding 
protein 9 

Rbp9P2690 - mRNA binding  

Resistant to 
dieldrin 

Rd1 - GABA-A receptor activity  

Rm62 Rm621086 - RNA interference; regulation of 
alternative nuclear mRNA splicing 

 

 Rm62EY06795 S   

 Rm62DG12402 -   
 Rm62EY10915 -   
 Rm62 (excision 

L3) 
-   

SC35 SC35KG02986 - regulation of alternative nuclear mRNA 
splicing 

 

Stem-loop 
binding protein 

SlbpEP1045 - histone mRNA 3'-end processing  

smaug smg1 E++ nuclear-transcribed mRNA poly(A) tail 
shortening 

 

small 
ribonucleoprotein 
particle U1 
subunit 70K 

snRNP-U1-70K2107 - negative regulation of nuclear mRNA 
splicing 

 

split ends spen3 - transcription regulator activity  
 spen3350 S   

squid sqdJ6E3 - mRNA binding  

staufen stauRY9 - RNA localization; long term memory  
 stau1 S++   

TBPH TBPHKG08578 - mRNA binding; adult locomotor 
behavior 

 

Tis11 homolog Tis11BG00309 - RNA interference; Zinc finger, CCCH-
type 

 

 Tis11EY09433 -   
 Tis11EY09107 -   

transformer 2 tra2KG08361 - mRNA processing; regulation of nuclear 
mRNA splicing 

 

Trf4-2 Trf4-2EY05585 S polyadenylation of snRNAs  
tsunagi tsuEO567 - mRNA binding  
 tsuKG04415 -   

tudor tudKG10175 - P granule organization  
vasa intronic 
gene 

vigEY07816 - heterochromatin organization; RNA 
interference 

 

Zn72D Zn72DBG02677 - mRNA binding  
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small bristles sbr1 - mRNA export  
 sbrMagellan -   

wispy wisp12-3147 - polynucleotide adenylyltransferase 
activity 

 

 wispKG05287 -   
     
(-) denotes no interaction. 
*E=enhancement, S=suppression 
+ indicates modification strength (+ = mild, ++ = moderate, +++ = strong). 
§ denotes modifier alleles that produced phenotype with GMR-Gal4. 
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Table 4.3. Modifiers of dNab2-mediated rough-eye phenotype in a discovery-based 
screen  
Gene EP tested 

(BL stock#)§ 
s or as E or S* Function and/or associated biological 

process 
Rab-protein 6 
(Rab6) 

17051 as E++ mRNA localization during oogenesis 

leak (robo2) 17071 as S++ axon guidance receptor activity 

XNP/dATRX 17188 s E+++ ATPase activity; chromatin remodeling 
egalitarian 
(egl) 

17205 as E mRNA transport 

rhomboid 
(rho) 

17276 as E++ serine-type peptidase activity; learning 
and memory 

TBP-
associated 
factor 1 (Taf-
1) 

17281 as S+++ positive regulation of transcription 

mitochondrial 
ribosomal 
protein S25 
(mRpS25) 

11418 as S+ structural constituent of ribosome 

silver (svr) 10042 s S++ carboxypeptidase activity; long term 
memory 

longitudinals 
lacking (lola) 

17254 as E++ neuromuscular process 

Protein 
tyrosine 
phosphatase 
4E (Ptp4E) 

10088 s S+ motor axon guidance; central nervous 
system development 

rutabaga (rut) 10126 s S+ calcium- and calmodulin-responsive 
adenylate cyclase activity; learning and 
memory 

 
(-) denotes no interaction. 
BL = Bloomington 
s=sense orientation of EP insertion with respect to the affected gene 
as=antisense orientation of EP insertion with respect to the affected gene 
*E=enhancement, S=suppression 
+ indicates modification strength (+ = mild, ++ = moderate, +++ = strong). 
§ denotes alleles that produced phenotype with GMR-Gal4. 
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Figure 4.1. A schematic of the genetic screen. (A) A chromosome bearing an EP-element 

(dNab2EP3716) and a chromosome bearing a GMR-Gal4 were combined to produce a fly 

line that stably expresses GMR>dNab2EP3716 with a rough-eye phenotype. (B) dNab2 

overexpressing flies (GMR>dNab2EP3716) were crossed with either collection of a known 

allele (Allele X) or a subset of the EP collection (UAS-gene X EP) in a candidate-based 

screen or a discovery-based screen, respectively. 
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Figure 4.2. Modification of GMR>dNab2EP3716 rough-eye phenotype. Light microscopic 

images of adult fly eye for the following genotypes: (A) GMR-Gal4/+ (GMR control) and 

GMR-Gal4/+;dNab2EP3716/+ (dNab2 o/e), (B) GMR-Gal4/hrg10;dNab2EP3716/+ (dNab2 o/e 

hrg-/+), GMR-Gal4/Pabp255;dNab2EP3716/+ (dNab2 o/e Pabp2-/+), GMR-

Gal4/Pabp2EP2264;dNab2EP3716/+ (dNab2 o/e Pabp2 o/e). o/e=overexpression.   
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Figure 4.3. Loss-of-function allele of dFmr1 dominantly suppresses dNab2-mediated 

rough-eye phenotype. Light microscopic images of adult fly eye for the following 

genotypes: GMR-Gal4/+;dNab2EP3716/+ (dNab2 o/e) and GMR-

Gal4/+;dNab2EP3716/dFmr1delta50M (dNab2 o/e dFmr1 +/-). 
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Figure 4.4. Loss-of-function allele of dFmr1 dominantly suppresses the locomotor defect 

in flies knocked down for dNab2 in neurons. Results from negative geotaxis assay for 

Gal4 control (Elav-Gal4), pan-neuronal dNab2 RNAi (Elav-Gal4/+;dNab2-IR/+), pan-

neuronal dNab2 RNAi + dFmr1 lof (Elav-Gal4/+;dNab2-IR/+;dFmr1delta113M/+), and 

dFmr1 control (Elav-Gal4/+; dFmr1delta113M/+). Data are presented as the average 

percentage of flies reaching the top of a 25-mL graduated cylinder after 5, 10, 15 and 30 

seconds across all trials. Groups of ten flies with mixed ages were tested in at least ten 

independent trials for each genotype. p<0.05 (two-tailed t-test) when comparing Gal4 

control to pan-neuronal dNab2 RNAi and pan-neuronal dNab2 RNAi to pan-neuronal 

dNab2 RNAi + dFmr1 lof at 5 seconds. Error bars=s.e.m. 
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Figure 4.5. Expression levels of dFmr1 mRNA and dFMRP are altered in dNab2 zygotic 

mutant heads. (A-A’) Quantitative RT-PCR analysis of dFmr1 transcript levels in adults 

fly heads. All genotypes were normalized to dFmr1 transcript levels in p. ex control 

animals (set to 1.0). β-tub is an internal control. Error bars=s.d. Representative of a single 

experiment. (B-B’) Anti-dFMRP immunoblot of p.ex control and dNab2ex3 mutant adult 

heads. Proteins were extracted with RIPA buffer (B) or SDS-sample buffer (B’). Anti-β-

tubulin is shown as a loading control. 



  148 

Experimental procedures 

Drosophila stocks and genetics: All crosses and stocks were maintained in standard 

conditions unless otherwise noted. Precise and imprecise excision alleles (p.ex and 

dNab2ex3) were obtained from previous studies (Chapter 2). P{EP}CG5720[EP3716] and 

stocks for genetic screen were obtained from Bloomington Drosophila Stock Center 

(BDSC) at Indiana University. Pabp2 alleles were gift of Martine Simonelig. The RNAi 

line for dNab2 was obtained from Vienna Drosophila Research Center.  

Drosophila behavioral assays: The negative-geotaxis assay was performed as previously 

described (21) with the following modifications: Briefly, newly eclosed flies (day 0) were 

collected daily, divided into groups of ten, and kept in separate vials for aging. Cohorts of 

age-matched flies were then transferred to a 25-mL graduated cylinder, gently tapped to 

the bottom, and analyzed for a climbing response. The number of flies reaching the top 

after 5, 10, 15, and 30 seconds post-tap was recorded. At least 10 groups were tested for 

each genotype and sex (where indicated).  

Immunoblotting: Immunoblotting was performed as described previously (3). Mouse 

anti-dFMRP (Developmental Studies Hybridoma Bank, 1:1000) and goat anti-β-tubulin 

(Santa Cruz, 1:10,000) were used. RIPA buffer (150 mM NaCl, 1% NP40, 0.5% 

deoxycholate, 0.1% SDS and 50 mM Tris 8.0). 

Microscopy: Drosophila eye images were photographed with a Leica DFC500 charge-

coupled device digital camera. Postacquisition image processing was done using Adobe 

Photoshop.   

Quantitative real-time RT-PCR (qRT-PCR): Total RNA from Drosophila samples 

was extracted using TRIzol reagent (Invitrogen). cDNAs were generated by using the 
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SuperScript III Reverse Transcriptase (Invitrogen). Quantitative Real-time PCR was 

performed according to standard protocols with LightCycler 480 (22). Primer sequences 

for dFmr1: caaacgaagtgcaaaagtgc (left), tgtactcaaatcagtcttttgcttg (right). 
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CHAPTER 5 
 
Conclusion and Discussion 
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Conclusion  

Here we describe the first identification and characterization of dNab2, a Drosophila 

orthologue of ZC3H14/Nab2 class of Cys3His (CCCH) tandem zinc finger (ZnF) 

polyadenosine RNA-binding protein (1, 2). We show for the first time that mutations in 

the human ZC3H14 lead to non-syndromic autosomal recessive intellectual disability 

(NS-ARID) and use Drosophila melanogaster to model key aspects of the disease. Our 

results reveal that dNab2 is essential for development and required in neurons for normal 

locomotion and flight (Chapter 2). Furthermore, biochemical and genetic data indicate 

that dNab2 restricts bulk poly(A) tail length in vivo, suggesting that this function may 

underlie its role in development and disease (Chapter 2). We go on to refine the role of 

dNab2 in controlling locomotor activity and memory formation in the Drosophila 

mushroom bodies (MBs), a highly specialized structure involved in higher cognitive 

functions and locomotion (3) (Chapter 3). Finally, using a genetic modifier screen, we 

identify putative dNab2 targets and/or interacting proteins that modulate dNab2-mediated 

neuronal function (Chapter 4). These studies reveal a conserved requirement for 

ZC3H14/dNab2 in the metazoan nervous system and allow for future studies on the 

molecular mechanisms underlying ZC3H14-associated human intellectual disability. 

 

A model  

Our findings that ZC3H14 is mutated in patients with NS-ARID and that dNab2 is 

both necessary and sufficient to promote normal behavior in all neurons, including the 

MB neurons, illustrate the overall significance of dNab2/ZC3H14 in neuronal function. 

We have evidence supporting the role of dNab2 in controlling poly(A) tail length and 
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suggest that misregulation of poly(A) tails of mRNAs could potentially underlie the 

developmental defects observed by loss of dNab2. However, whether misregulated 

poly(A) tails are direct cause of the neuronal defects seen in dNab2 mutants or patients 

are yet to be proven.   

The precise molecular function of dNab2/ZC3H14 in neurons is still unclear; 

however, we propose a model based upon our genetic, biochemical and cell biological 

studies whereby dNab2/ZC3H14 plays an important role in regulating translation of 

specific neuronal mRNAs and proper transport of these mRNAs along the axonal 

cytoplasm (Figure 5.1). Our model is based on the following observations: dNab2 acts to 

restrict poly(A) tail length in vivo (Chapter 2); dNab2 acts in similar genetic pathways as 

dFmr1, a known negative regulator of translation important for neuronal function (4, 5) 

(Chapter 4); dNab2 genetically interacts with known components of RNA transport and 

translation as well as specific genes involved in learning and memory (Chapter 4); 

ZC3H14 (isoforms 1-3) localizes to both poly(A) RNA containing nuclear speckles and 

the axonal cytoplasm including the growth cones (C. Gross, unpublished data); and 

ZC3H14 (isoforms 1-3) associates with 80S ribosomes (C. Gross, unpublished data). We 

suggest that dNab2/ZC3H14 binds to poly(A) tails of mRNAs in the nucleus and interacts 

with other poly(A)-binding proteins (Pabs), such as Pabp2/PABPN1. Since 

dNab2/ZC3H14 function is antagonistic to Pabp2/PABPN1 and limiting the length of 

poly(A) tails, its activity is probably inhibited by the polyadenylation machinery 

including Pabp2/PABPN1, which acts positively to lengthen poly(A) tails in the nucleus 

(6, 7). Once properly polyadenylated transcripts are exported out into the cytoplasm, 

dNab2/ZC3H14 associates with translation factors and other translational regulators, such 
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as dFMRP/FMRP, to repress translation. It is tempting to spectulate that dNab2/ZC3H14 

acts in concert with factors, such as CPEB and Maskin, to regulate translation through 

controlling polyadenylation. Moreover, possibly with dFMRP/FMRP and RNA transport 

factors such as Staufen (Chapter 4), dNab2/ZC3H14 might act to maintain translationally 

repressed state of mRNAs while they are transported along the axons.   

The fact that we find nuclear isoforms of ZC3H14 (isoforms 1-3) in both the 

nucleus and cytoplasm is not unprecedented. Studies of the budding yeast orthologue 

Nab2 show that Nab2 shuttles between nucleus and cytoplasm in a transcription-

dependent manner (8). In addition, Nab2 bound mRNAs locate to the bud tip and are 

displaced by Kap104-dependent mechanism (9). Although dNab2 locates to the nucleus 

at steady-state, subcellular distribution in neurons might mimic that of ZC3H14. In fact, 

we have preliminary evidence suggesting that dNab2 localizes to axonal granules in 

cultured Drosophila neurons (S.M. Kelly, unpublished data). 

A growing literature now provides evidence for unexpected roles of nuclear Pabs 

in the cytoplasm and reciprocally, cytoplasmic Pabs in the nucleus (10). One specific 

example is the Drosophila nuclear Pab, Pabp2. In addition to its canonical nuclear role in 

poly(A) tail lengthening in nuclei of somatic tissues, Pabp2 also regulates poly(A) tails of 

specific cytoplasmic transcripts important in ooctyes and early embryos, as mutations in 

Pabp2 cause elongated poly(A) tails of key maternal mRNAs correlated with early 

developmental arrest (11). Our data suggest that dNab2 might also play a dynamic role in 

controlling poly(A) tail length throughout development, as dNab2 mutant embryos and 

larvae show decreased poly(A) tail length compared to p.ex controls (Figure 5.2). In 

contrast to a role in limiting bulk poly(A) tail length in adult tissues (Chapter 2), this 
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finding suggests that dNab2 has an opposing role in stimulating polyadenylation during 

early development. How the function of dNab2 switches between a positive regulator of 

polyadenylation in early embryonic and larval stages of development to a negative 

regulator of polyadenylation in the adult remains to be defined. 

 

Remaining questions 

From my dissertation work, several questions arise. The first is, are 

hyperadenylated poly(A) RNAs biologically relevant? In other words, can these 

hyperadenylated transcripts explain the defects seen in the development of dNab2 

mutants and/or the neurological defects seen in NS-ARID patients? In our dNab2 mutant 

flies, we have clear evidence of hyperadenylation of poly(A) RNAs. However, we do not 

formerly know whether patient cells exhibit increased poly(A) tail length. Preliminary 

data revealed that in Family-1 lymphoblast cell line, which is null for isoforms 1-3 but 

has isoform 4 intact, there is no change in bulk poly(A) tail length compared to control 

(S.W. Leung, unpublished data). Whether this is due to the presence of isoform 4 remains 

to be tested. Transcripts with shorter poly(A) tails are targeted for rapid degradation by 

nuclear quality control pathways such as the exosome. However, what happens to 

transcripts with poly(A) tails that extend beyond the canonical length, termed 

hyperadenylated, is unclear. One hypothesis would be that hyperadenylated transcripts 

could be more stable and thus, be translated to a greater extent. Alternatively, 

hyperadenylated transcripts could be subject to degradation through as yet unidentified 

degradation machinery. Yet, the answer to this puzzling question is not so 

straightforward.   
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Mutations in several genes, in addition to Nab2/dNab2, lead to an increase in bulk 

poly(A) tail length. mRNA export mutants in budding yeast show hyperadenylation of 

transcripts (12, 13). In Drosophila, mutants in the deadenylation machinery lead to 

hyperadenylated transcripts (14). In addition, overexpression of poly(A) polymerase 

results in elongated poly(A) tails (15). Depending upon the developmental context, these 

hyperadenylated transcripts were shown to either induce or not induce translation (15). 

Despite these numerous reports, the functional consequences of hyperadenylated 

transcripts have not been studied. In explaining the neurological phenotypes seen in 

patients, we can speculate that likely consequences of hyperadenylated mRNAs could 

include altered transcript stability, titration of critical poly(A) RNA-binding proteins 

and/or bypass of cytoplasmic polyadenylation necessary for activity-dependent 

translation of neuronal mRNAs. Individually or in combination, these defects could 

disrupt spatiotemporal control of gene expression needed for development of the nervous 

system and higher order brain function. 

The second question is, if both Nab2 and dNab2 are essential, why do patients 

display only neurological defect? Deletion of Nab2 in budding yeast is lethal (16) and 

germline and zygotic loss of dNab2 results in embryonic lethality (Chapter 2). Yet, 

mutations in ZC3H14 lead to non-syndromic neurological deficit. One possibility is that 

human mutations in ZC3H14 are hypomorphic rather than null mutations. Family-1 

mutation affects expression of isoforms 1-3 but presumably isoform 4 is present in these 

patients (Chapter 2). Moreover, although Family-2 mutation affects all ZC3H14 splice 

variants and patients display a more severe intellectual disability than Family-1 (Chapter 

2), the exact molecular defect is not yet known as cells from these patients in rural Iran 
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are not yet available for analysis. Alternatively, we cannot rule out the possibility that a 

protein that is functionally redundant with ZC3H14 in higher eukaryotes exists; however, 

the human genome does not encode any apparent sequence orthologues of ZC3H14. 

Future studies exploiting mammalian model systems will be required to address the 

functional requirements for ZC3H14 as they relate to human intellectual disability. 

 
 
Future directions 

The molecular mechanism of dNab2/ZC3H14 

In order to understand the molecular mechanism of dNab2/ZC3H14, we should 

test whether dNab2/ZC3H14-mediated phenotypes are due to functional consequences of 

hyperadenylated transcripts or by misregulation of specific target mRNAs that control 

neuronal function. First, we can test whether hyperadenylated mRNAs contribute to 

neuronal phenotypes by creating a transgenic fly expressing a UAS-reporter construct 

(e.g. GFP) with a stretch of abnormally lengthened adenosines at the 3’-end. This 

transgene could be driven by tissue-specific Gal4 lines to express hyperadenylated GFP 

transgene in the tissue of choice. If hyperadenylated transcripts are causative, flies should 

have a phenotype similar to dNab2 mutants. As mentioned above, one likely consequence 

of hyperadenylated mRNAs include titration of critical poly(A)-binding proteins (Pabs). 

To test this hypothesis, we can examine the overall levels of Pabs (e.g. PABPN1) by 

western blot analysis. If these Pabs are bound to these abnormally hyperadenylated 

reporter construct and sequestered away from their normal functions, the overall levels of 

Pabs should be decreased. In addition, the amount of Pabs bound to hyperadenylated GFP 

mRNAs could be indirectly assayed by RNA-immunoprecipitation. If Pabs bind to the 
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long stretches of adenosines on the reporter, the amount of RNA that is pulled down 

should exceed that of a transgenic control reporter with normal length of adenosines.   

 Another possibility is that upon loss of dNab2/ZC3H14, target mRNAs could be 

misregulated. To test this hypothesis, a direct approach such as RNA-

immunoprecipitation should be used. Either endogenous dNab2/ZC3H14 or 

overexpression constructs of dNab2/ZC3H14 can be used to pull down the protein in fly 

heads or primary rat hippocampal cultures, and RNAs that are bound to the protein 

should be analyzed by either microarray or pyrosequencing. This approach will allow us 

to find direct mRNA targets that are bound to dNab2/ZC3H14. Upon validation of certain 

target mRNAs, these transcripts could be tested for their effects on neuronal function 

regulated by dNab2/ZC3H14 in flies or in mammalian models. 

 

Placing ZC3H14 in the spectrum of RNA-binding proteins causing intellectual disability 

 Many RNA-binding proteins are associated with intellectual disability (ID) (17). 

Among those proteins, FMRP (Fragile X mental retardation protein) is best studied (18). 

In the course of this dissertation, we uncovered an interesting link between 

dNab2/ZC3H14 and dFmr1/Fmr1. We show genetic evidence that dNab2 and dFmr1 act 

in the similar genetic pathways to control locomotor activity in neurons (Chapter 4). In 

addition, in dNab2 null heads, we find that dFmr1 transcripts are downregulated and 

show differential extractability of dFMRP in RIPA buffer while the total protein level is 

unchanged (Chapter 4). Based on these data, we speculate on different models that could 

act independently or in combination: 1) dNab2 and dFMRP work cooperatively, together 

in a complex; 2) dNab2 and dFMRP work in parallel pathways to control neuronal 
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function; or 3) dFmr1 is downstream target of dNab2. In order to test these models in the 

future, co-immunoprecipitation experiments should be performed to determine the direct 

interaction between dNab2 and dFMRP. In addition, RNA-immunoprecipitation and 

transcript-specific poly(A) tail length assay (LM-PAT) should be performed to address 

whether dNab2 regulates dFmr1 mRNAs directly.    

Since there is less RIPA-soluble dFMRP in dNab2 mutants and dNab2/ZC3H14 is 

found in the axonal cytoplasm (Chapter 4), it is also tempting to speculate that dNab2 

might be required for targeting dFMRP-containing RNA granules to the dendrites. In the 

absence of dNab2, dFMRP might not be properly targeted and confer differential 

solubility. Moreover, there could exist a feedback mechanism whereby dFMRP might 

autoregulate its own mRNAs; therefore, in the absence of dNab2, mistargeting of dFMRP 

might explain the downregulation of dFmr1 transcript levels with no change in total 

protein. In the future, we should test whether this model is correct by determining the 

requirement of dNab2/ZC3H14 in proper transport/targeting of dFMRP/FMRP-

containing RNA granules in cultured neurons. Cell biological experiments in 

combination with live cell imaging will allow for better understanding of the role 

dNab2/ZC3H14 plays in RNA transport. 

 Due to the interesting biological link between FMRP and ZC3H14 and the fact 

that mutations in both of these genes lead to intellectual disability, both FMRP and 

ZC3H14 could possibly be involved in common signaling pathways that are important for 

normal brain function. However, even if this is the case, mutations in other RNA-binding 

proteins suggest that there are other signaling pathways that are affected and give rise to 

intellectual disability. Future studies examining the functions of these RNA-binding 
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proteins and different pathways that affect normal cognitive function will together allow 

for better understanding of the complex networks underlying brain function. 

 

Drug discovery to ameliorate intellectual disability 

Our findings indicating that dNab2 is required for neuronal function suggest that 

potential signaling pathways could be altered in dNab2 mutants and may provide insight 

into parallel mechanisms that might contribute to neurological dysfunction in ZC3H14-

mediated NS-ARID. Future studies following up on genetic interactors of dNab2 

(Chapter 4) and dNab2-regulated mRNA transcripts (Appendix) would allow for 

discovery of signaling pathways and networks that are important for neuronal function. 

Once dNab2 is placed within such a signaling pathway, a small molecule screen 

identifying potential inhibitor or agonist that would affect dNab2-mediated function 

could be useful. Since depletion of dNab2 in the Drosophila MB neurons leads to defects 

in short-term memory (Chapter 3), the courtship suppression assay could be used to 

search for small molecules that could rescue the courtship-mediated memory. Such 

studies performed on fly models of Fragile X syndrome confirm the possibility of such an 

approach (19). In addition, other learning paradigms such as olfactory discrimination 

assay (20, 21) could be used for dissecting both short-term and long-term memory 

deficits in flies with altered dNab2 function and for identification of small molecules that 

modify the learning and memory phenotypes. Furthermore, with our current efforts in 

creating a mouse model for ZC3H14, characterization of both cellular and behavioral 

phenotypes will allow for better understanding of the molecular pathologies present in 

human patients, as alternative splice variants of ZC3H14 are present only in mammals.  
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In conclusion, both fly and future mouse models will serve as excellent tools in modeling 

NS-ARID and provide insight into understanding the complex networks underlying 

normal brain function. 
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Figure 5.1. A model of dNab2/ZC3H14 function in neurons. In the nucleus, 

dNab2/ZC3H14 binds to poly(A) tails of mRNAs, functioning to antagonize PABPN1 in 

promoting polyadenylation. Upon nuclear export of mRNAs into the cytoplasm, 

PABPN1 is possibly displaced from the poly(A) tails but dNab2/ZC3H14 is still bound to 

its target transcripts. dNab2/ZC3H14 associates with translation factors (e.g. ribosomes 

and cap-binding eIF4E) and other translational regulators (e.g. dFMRP/FMRP). This 

model speculates that dNab2/ZC3H14 might also interact with CPEB and Maskin in 

order to maintain the translationally dormant state of mRNAs. Since dNab2/ZC3H14 acts 

to limit poly(A) tails (Chapter 2) and the footprint of yeast Nab2 has been shown to bind 

to ~10 adenosines (unpublished data), it is likely that dNab2/ZC3H14 binds to the short 
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poly(A) tails that are maintained in the CPEB-Maskin/PARN complex (22). Moreover, 

possibly with RNA transport factors, such as dFMRP/FMRP and Staufen, 

dNab2/ZC3H14 might act to properly transport RNA granules along the axon and finally 

target these complexes to the dendrites for translation. Upon a signaling event, translation 

occurs and dNab2/ZC3H14 could be replaced by a cytoplasmic Pab, such as PABC1 

which then binds to elongated poly(A) tails and promote translation.   
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Figure 5.2. dNab2 acts to lengthen bulk poly(A) tail length during early development. (A) 

Bulk poly(A) tail length measurements in whole animals from 1) p.ex control larvae 2) 

dNab2ex3 larvae 3) p.ex control embryo 4) dNab2ex3 maternal and zygotic null embryo. (B) 

Densitometric quantification of poly(A) tracts (Image J) of ~250 nucleotides (nt) 

normalized to poly(A) tracts of ~100 nt for each genotype. Each p.ex controls were set to 

1.0. p<0.05 (two-tailed t-test) when each p.ex controls were compared to dNab2 mutants. 

n=4. Error bars=s.d. 
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APPENDIX Part 1 
 
Knockdown of dNab2 affects transcript abundance of specific mRNAs 
in S2 cells.  
 
Todd Bradley, ChangHui Pak, Marco Blanchette, Kenneth H. Moberg, Anita H. Corbett 
 
S2 cell knockdown, high-throughput sequencing and initial data analysis were performed 
by Todd Bradley and Marco Blanchette at Stower’s Institute for Medical Research 
(Kansas City, MO). CP performed analysis of knockdown by qRT-PCR. 
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Brief summary 

In order to identify dNab2-specific target transcripts, we utilized knockdown of dNab2 in 

the haemocyte-driven Drosophila cell line, S2 cells (1), and subsequently analyzed 

relative abundance in transcript levels on a genome-wide scale by high-throughput 

sequencing. Upon treatment of S2 cells with double-stranded RNAs (dsRNAs) targeted to 

dNab2 transcript, we observed greater than 50% knockdown in both protein and mRNA 

levels compared non-specific control  (Figure A.1). After achieving dNab2-specific 

knockdown, we isolated total RNA and analyzed relative transcript abundance by high-

throughput sequencing. 

By this method, we have identified ~90 mRNAs that decline in abundance in S2 

cells depleted of dNab2 by RNAi (Table A.1). Interestingly, only 2 mRNAs were 

upregulated upon dNab2 knockdown (Table A.2). Although dNab2 binds polyadenosine 

RNA tracts in vitro (Chapter 2), our data indicate that dNab2 appears to have transcript-

specific regulatory roles in vivo. This result is consistent with our current findings that 

knockdown of the human ZC3H14 in MCF7 cell line results in changes in transcript 

levels of ~200 mRNAs (C.P. Wigington, unpublished data).  

A number of the dNab2-regulated mRNAs encode proteins with predicted 

neuronal function. Gef64C encodes a Rho GTP exchange factor, which has previously 

been reported to be involved promoting in axon guidance in Drosophila embryos (2). In 

addition, Neuroglian, which encodes a cell-adhesion molecule (CAM), functions in 

synapse formation and axon pathfinding (3, 4). Interestingly, mutations in the human 

gene, L1-CAM, result in a broad spectrum of neurological phenotypes (the CRASH 

syndrome), including intellectual disability (5, 6). Downregulation of these transcripts 
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could potentially explain the neurological phenotypes that we observe in both dNab2 

mutants and human patients (Chapter 2). Further validation of the data in the fly central 

nervous system would allow us to better understand whether these mRNAs are putative 

dNab2 targets and how they might contribute to dNab2-mediated phenotypes.     
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Figure A.1. Knockdown of dNab2 expression. (A) Immunoblot detecting both dNab2 and 

α-tubulin in S2 cells that were treated with double-stranded RNAs (dsRNAs) targeted to 

either a non-specific control (NS control) or dNab2 transcript. (B) Quantitative real-time 

RT-PCR analysis detecting dNab2 transcripts for NS control (set as 1.0) compared to two 

independent dNab2 knockdown experiments (KD1 and KD2). β-tubulin is an internal 

control. Representative of a single experiment. 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Table A.1. Genes downregulated upon dNab2 knockdown in S2 cells. 

Rank  Symbol  Full name  Log2 fold 
change  

q-value (BH 
adujsted)  

Tags in 
experiment  

Tags in 
control  

1  CG33465   -5.16  7.47e-04  0  9  
2  CAH2  Carbonic anhydrase 2  -3.44  8.16e-04  2  11  
3  CG31028   -3.21  2.11e-04  3  14  
4  CG6834   -3.10  4.74e-04  3  13  
5  CG10814   -3.02  1.03e-12  12  49  
6  tor  torso  -2.91  2.98e-05  5  19  
7  Rya-r44F  Ryanodine receptor 44F  -2.75  1.45e-04  5  17  
8  CG17650   -2.40  2.32e-05  9  24  
9  Cyp4ad1  Cyp4ad1  -2.16  8.08e-04  8  18  
10  CG30377   -2.14  4.10e-04  9  20  
11  CG8420   -2.06  2.09e-07  20  42  
12  CG7447   -1.93  1.24e-08  28  54  
13  CG15412   -1.93  1.02e-04  14  27  
14  CG2680   -1.93  2.03e-04  13  25  
15  CG10352   -1.88  3.04e-06  21  39  
16  CG4259   -1.74  3.72e-18  81  137  
17  CG8369   -1.69  9.98e-07  30  49  
18  lectin-33A  lectin-33A  -1.63  6.88e-14  73  114  

19  GstD2  Glutathione S transferase 
D2  -1.62  3.93e-18  98  152  

20  CG6499   -1.61  2.10e-10  55  85  
21  CG14302   -1.61  6.35e-27  149  230  
22  Tsf1  Transferrin 1  -1.58  1.66e-13  77  116  
23  modSP  modular serine protease  -1.57  3.34e-14  82  123  
24  CG10433   -1.57  4.55e-04  20  30  
25  Hsp67Bb  Heat shock gene 67Bb  -1.55  4.52e-05  27  40  
26  CG16959   -1.55  4.21e-04  21  31  
27  CG12766   -1.51  1.67e-05  32  46  
28  CG12520   -1.49  1.55e-25  173  245  

29  GstD10  Glutathione S transferase 
D10  -1.47  2.56e-06  40  56  

30  Kaz1-
ORFB  Kaz1-ORFB  -1.46  2.65e-05  33  46  

31  CG7724   -1.44  1.91e-06  43  59  
32  CG13565   -1.42  1.42e-06  46  62  

33  Vdup1  Vitamin D[[3]] up-
regulated protein 1  -1.39  1.66e-20  163  216  

34  CG13116   -1.37  2.99e-07  56  73  
35  Prx2540-2  Peroxiredoxin 2540  -1.36  2.27e-05  40  52  
36  Msr-110  Msr-110  -1.36  1.45e-16  138  179  
37  Unc-89  Unc-89  -1.35  1.84e-05  42  54  
38  Mlc2  Myosin light chain 2  -1.35  1.96e-07  60  77  

39  Gef64C  Guanine nucleotide 
exchange factor GEF64C  -1.34  2.50e-04  32  41  

40  CG5142   -1.33  9.55e-07  55  70  
41  Snmp  Sensory neuron membrane -1.30  3.35e-06  53  66  
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protein  
42  Cad96Cb  Cad96Cb  -1.29  8.06e-09  80  99  
43  alphaPS4  alphaPS4  -1.29  2.70e-24  234  289  
44  l(2)03659  lethal (2) 03659  -1.29  1.86e-08  77  95  
45  CG10924   -1.28  1.18e-04  39  48  

46  GstE2  Glutathione S transferase 
E2  -1.28  3.78e-14  135  166  

47  GstD5  Glutathione S transferase 
D5  -1.27  5.30e-49  494  603  

48  Hsp67Ba  Heat shock gene 67Ba  -1.27  3.31e-05  46  56  

49  Ance  Angiotensin converting 
enzyme  -1.27  3.98e-06  56  68  

50  CG14567   -1.26  2.17e-04  38  46  
51  CG6830   -1.25  5.15e-10  100  120  
52  CG8398   -1.24  5.44e-05  46  55  
53  CG34231   -1.24  4.42e-04  36  43  
54  CG32625   -1.24  1.70e-05  52  62  
55  Cyp4p1  Cytochrome P450-4p1  -1.22  1.38e-09  100  118  
56  CG4301   -1.21  2.63e-06  64  75  

57  Reg-2  Rhythmically expressed 
gene 2  -1.21  7.66e-06  59  69  

58  Sp212  Serine-peptidase 212  -1.21  2.25e-04  42  49  
59  betaInt-nu  beta[nu] integrin  -1.20  8.85e-27  306  356  
60  CG16700   -1.20  2.02e-04  43  50  
61  CG1090   -1.20  6.35e-04  37  43  
62  CG6040   -1.19  4.76e-11  125  144  
63  CG18622   -1.18  6.32e-08  88  101  
64  CG17270   -1.16  9.14e-04  38  43  
65  CG3940   -1.15  2.42e-18  231  259  
66  CG9813   -1.15  1.18e-11  145  162  
67  CG13102   -1.13  1.40e-05  66  73  
68  CG13924   -1.12  9.09e-04  42  46  
69  CG9573   -1.11  2.21e-05  66  72  
70  Cht2  Chitinase 2  -1.10  7.48e-14  191  207  
71  TfIIA-S-2  TfIIA-S-2  -1.10  4.48e-04  48  52  
72  CG9270   -1.10  6.89e-15  207  224  
73  mthl14  methuselah-like 14  -1.09  4.76e-20  287  309  
74  CG5381   -1.07  5.76e-16  235  250  
75  fon  fondue  -1.07  4.86e-04  51  54  
76  CG11378   -1.07  3.74e-05  69  73  
77  CG17124   -1.06  2.49e-14  215  227  
78  CG30502   -1.06  3.04e-04  55  58  
79  Cyp6a8  Cytochrome P450-6a8  -1.06  1.35e-26  415  436  
80  Npc2b  Niemann-Pick type C-2b  -1.05  1.74e-12  191  200  
81  CG10232   -1.05  7.45e-17  263  275  
82  CG4804   -1.04  8.90e-14  219  227  
83  CG5955   -1.04  1.89e-07  113  117  
84  CG31116   -1.03  1.68e-16  267  276  
85  CG12206   -1.03  1.14e-76  1300  1337  
86  Nrg  Neuroglian  -1.02  6.11e-17  286  292  
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87  CG14545   -1.01  2.60e-17  293  299  
88  stv  starvin  -1.01  8.04e-04  54  55  
89  CG7702   -1.01  2.63e-10  171  174  

90  dtr  defective transmitter 
release  -1.01  1.20e-04  70  71  

91  ry  rosy  -1.00  4.24e-22  387  392  
92  CG8136   -1.00  4.04e-11  190  192  

Genes significantly affected with q-value (Benjamini-Hochberg adjusted) <= 0.001 that 
are affected at least by 2 fold are shown. ‘CG’ indicates uncharacterized gene.
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Table A.2. Genes upregulated upon dNab2 knockdown in S2 cells. 
 

 

Rank  Symbol  Full name  Log2 fold 
change  

q-value (BH 
adujsted)  

Tags in 
experiment  

Tags in 
control  

1  Ser  Serrate  1.80  4.29e-20  289  42  
2  Pxn  Peroxidasin  1.73  5.71e-183  2839  432  

 
Genes significantly affected with q-value (Benjamini-Hochberg adjusted) <= 0.001 that 
are affected at least by 2 fold are shown. ‘CG’ indicates uncharacterized gene. 
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Experimental procedures 

Standard procedures were used to achieve knockdown in S2 cells (7). Libraries for 

Illumina sequencing were created using standard protocols (Illumina mRNA seq kit). 

High-throughput sequencing was performed at the core facility at Stower’s Institute for 

Medical Research (Kansas City, MO). For all other methods, refer to Experimental 

procedures in Chapter 2. 
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APPENDIX Part 2 

Introduction to Drosophila genetic tools  
 
In this section, the versatile gene-overexpression system, the GAL4-upstream activating 

sequence (UAS) system, and newly generated techniques and genetic screen methods 

based on GAL4-UAS system, and P-element mediated mutagenesis will be described. 
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The GAL4-UAS system 

The most widely used technique in Drosophila to achieve spatially controlled gene 

expression is the GAL4-UAS system that originates from yeast (8). As shown in Figure 

A.2, a P-element carrying the GAL4 transcriptional activator is randomly distributed 

throughout the genome, allowing the expression of GAL4 under the control of 

endogenous promoters. In a different parental line, target transgene is cloned downstream 

of the UAS element. When GAL4 is introduced by crossing the two parental lines, target 

transgene is expressed in a tissue-specific pattern as the GAL4 activator.  

 Based on this over-expression system, variations of techniques have been 

manipulated to achieve both spatial and temporal expression of transgenes (9). Among 

them is TARGET (temporal and regional gene expression targeting) system, which 

makes use of a temperature-sensitive GAL80 (ts-GAL80) protein that acts as a repressor 

for GAL4 (10, 11). When introduced in flies, tsGAL80 represses GAL4 expression at 

19°C and when flies are introduced to higher temperatures beginning at 30°C, it allows 

optimal de-repression of GAL4 expression (Figure A.3). Using this system, one can 

tightly control transgene expression for both time and space throughout development and 

beyond. Another great tool emerged after the discovery of RNA interference (RNAi) 

(12). In combination with GAL4-UAS system, double-stranded RNAs can be expressed 

in both spatial and temporal-controlled manner to knockdown a target gene (13). This 

method allows gene inactivation for both maternal and zygotic transcripts, thereby 

bypassing the need for germ-line clone analysis.  
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Enhancer-Promoter (EP) over-expression screens 

One advantage of the Drosophila as a model system is the availability of 

established genetic screens. The Enhancer-Promoter (EP) over-expression system allows 

conditional expression of Drosophila genes based on their proximity to randomly 

inserted P-elements within the genome (14). These inserted P-elements each carry 

multiple copies of the UAS recognition site for the GAL4 transcription factor. When a 

library of such insertions scattered randomly throughout the genome is combined with a 

transgene that expresses GAL4 in a particular spatial or temporal pattern, genes near the 

insertion will be ectopically expressed in the same pattern. By using GAL4 'drivers' with 

known expression patterns, the EP system thus allows one to screen through an 'EP 

library' for genes that elicit a phenotype in the tissue of interest.  

EP screens allow one to find genes and pathways that interact with the gene of 

interest. For example, an EP collection, covering 7000 P-elements, was used to screen 

modifiers of neurodegeneration caused by polyglutamine tracts in the fly eye to model 

Huntington’s disease as well as other polygluatmine diseases (15). This study along with 

many other recent studies are identifying modifiers of polyglutamine toxicity using 

Drosophila, aiming to enhance our understanding of trinucleotide repeat instability in 

disease (16).       

  

P-element excision mutagenesis 

In a large-scale effort to achieve gene disruption, several systematic P-element 

gene disruption projects have generated thousands of stocks that harbor a single P-

element construct inserted at a known location in the genome (17). Most often P-element 
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insertions cause hypomorphic mutations of genes nearby where they are inserted; 

however, it is not uncommon to find P-element insertions to fail to disrupt any gene. In 

addition, it is desirable to obtain complete loss-of-function and not hypomorphic alleles 

to study gene function. In order to achieve this, a mutagenesis strategy called ‘imprecise 

excision’ can be used, in which P-element insertions can be used to generate new 

mutations close to the original insertion (18).  

 The basis of this method is to generate many independent excisions of the P-

element and to screen for those that remove some of the genomic sequence flanking the 

insertion site (Figure A.4). In an imprecise excision screen, flies that harbor both the P-

element insertion and a chromosome that expresses high level of P-transposase are 

generated by an appropriate crossing scheme. Once the P-transposase catalyzes the 

excision reaction, the P-element is cut out of the donor site, leaving a double-stranded 

break. This site is normally repaired by DNA-repair mechanisms; however, the 

alternative outcome of the repair process is most useful, whereby enlarged deletions that 

extend in either direction are isolated. Because P-element insertions often are present 

near the promoter regions, one can obtain deletions that partially or completely disrupt 

gene function by removing coding sequences.  
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Figure A.2. The GAL4-UAS system. The yeast transcriptional activator GAL4 is 

expressed in a specific spatial pattern, driven by a defined promoter or an endogenous 

enhancer. The GAL4 protein (GAL4P) binds to the upstream activating sequence (UAS) 

and allows activation of transcription of your favorite gene (YFG) cloned downstream of 

the UAS. (Adapted from McGuire et al., 2004.) 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Figure A.3. TARGET (temporal and regional gene expression targeting) system. The 

conventional GAL4-UAS system is modified such that it is conditionally regulated by a 

temperature sensitive allele of GAL80 (GAL80ts) to provide spatial and temporal control 

of gene expression. At 19°C, YFG is repressed due to the binding of GAL80ts to GAL4P. 

With a temperature shift to 30°C, this repression is relieved, allowing for transcription 

and high level of expression of YFG in a specific tissue. (Adapted from McGuire et al., 

2004.) 
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Figure A.4. A schematic of imprecise excision-based mutagenesis. A P-element insertion 

in the genome is mobilized by introducing a source of P-transposase, which catalyzes the 

excision of the element. Generally, precise excision occurs such that the P-element is 

precisely removed, restoring the normal genomic sequence. In rare instances, however, 

small deletions can be isolated whereby the P-element takes part of the flanking genomic 

sequences with it (imprecise excision). The genomic locus of dNab2 is shown with the 

location of the neighboring gene, ramschackle.      
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