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ABSTRACT 
The RNA conserved binding protein Nab2 regulates RNA targets critical for proper 

neurodevelopment 
 

By Carly Laurel Lancaster 
 
RNA binding proteins (RBPs) are critical for nearly every aspect of RNA processing and 

regulation. These regulatory roles for RBPs are particularly important within highly 

specialized cells such as neurons, which require enhanced fine-tuned spatiotemporal 

regulation of gene expression to properly pattern complex neuronal networks within the 

developing nervous system. One such RBP with critical roles in neurons and is required 

for proper brain development and function is known as ZC3H14 (Zinc finger Cystine-

Cystine-Cystine-Histidine containing protein 14). ZC3H14 encodes a ubiquitously 

expressed polyadenosine RBP with broad roles in post-transcriptional regulation of gene 

expression. Moreover, loss of function mutations in human ZC3H14 cause a form of non-

syndromic autosomal recessive intellectual disability (NS-ARID), however, our 

understanding of ZC3H14-regulated RNAs as well as elevated roles for ZC3H14 in the 

nervous system remain elusive. To investigate neurological functions of ZC3H14, we 

employ Drosophila melanogaster as a model to explore the role of this conserved RBP in 

neurodevelopment and neurodevelopmental disease. The Drosophila orthologue of 

ZC3H14, known as Nab2 (Nuclear polyadenosine RNA-binding protein 2), is critical in 

neurons and is required for proper brain development and function. Here, we present 

RNA-sequencing analysis of Nab2null heads to define the effect of Nab2 loss on the 

Drosophila head transcriptome. We further define a novel role for Nab2 in the regulation 

of sex-specific splicing and m6A methylation status of the Drosophila Sxl transcript. We 

then present evidence that Nab2 regulates splicing and abundance of Trio, a neuronally-

enriched Rho guanine nucleotide exchange factor (RhoGEF), to govern, in-part, 

Drosophila brain morphology and neuronal architecture. In aggregate, these data suggest 

that Nab2/ZC3H14 may function in neurodevelopment by regulation of m6A methylation 

levels and splicing of select neuronally-enriched transcripts to regulate downstream 

neurodevelopmental events such as regulation of m6A methylation, brain development, 

and axon development. Taken together, these studies provide insight into human ZC3H14 

function as well as ZC3H14-linked neurodevelopmental disease etiology.    
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GENERAL INTRODUCTION 
 
Parts of this introduction have been excerpted from a manuscript under review 
for publication in WIREs RNA: 
Lancaster CL, Moberg KH, and Corbett AH. Post-transcriptional regulation of gene 
expression and the intricate life of eukaryotic mRNAs. under review for publication in 
WIREs RNA.  
 
1.1 Regulation of gene expression 
 

The expression of each gene is tightly controlled during the flow of genetic information 

from DNA, to RNA, to protein-- known as the central dogma of molecular biology1. The 

central dogma describes the process by which DNA is transcribed into messenger RNA 

(mRNA) and subsequently translated into protein (Figure 1-1)1. Proteins produced work 

in concert to execute a vast array of distinct cellular functions necessary for cell 

maintenance and survival.  

It should be noted that DNA can also be transcribed into other classes of “non-coding” 

RNA (ncRNA) molecules including, but not limited to transfer RNA (tRNA), ribosomal RNA 

(rRNA), micro RNA (miRNA), small nuclear RNA (snRNA), small nucleolar RNA 

(snoRNA), piwi-interacting RNAs (piRNA), long noncoding RNAs (lncRNAs), and circular 

RNA (circRNA). All these distinct types of RNAs have critical functions necessary for 

cellular maintenance and survival. Importantly “coding” RNA, or mRNA, only makes up 

about ~2% of the transcriptome, whereas the remaining ~98% consists of ncRNA, which 

is mostly represented by rRNA 2-4. In this thesis, I will focus primarily on mRNA processing, 

and briefly discuss some ncRNAs which can regulate multiple steps of mRNA processing.   

Precise spatiotemporal regulation of gene expression is critical for cellular 

differentiation and establishment of cell-type specific functions for proper tissue 

development5. Although much of this regulation is achieved at the level of gene-specific 
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transcription, there are numerous post-transcriptional events that dictate cell-type specific 

expression patters to govern cellular function. Post-transcriptional regulation of gene 

expression includes a multitude of distinct pre-mRNA processing events including 

5’capping, splicing, epitrancriptomic modification, polyadenylation, nuclear export, 

translation, and eventually mRNA decay in the cytoplasm (Figure 1-2)5-8. Each of these 

steps is intricately coordinated by a slew of RNA binding proteins (RBPs) that associate 

with RNA molecules throughout the lifecycle of the RNA.  

 

1.1.a Regulation of gene expression in the Nucleus 
 
Transcription 

Transcription is the first step in gene expression, in which a DNA sequence is 

transcribed into a molecule of RNA by a multiprotein RNA polymerase (RNAP) complex. 

In eukaryotic organisms, transcription of protein-coding genes is carried out by RNA 

polymerase II (RNAPII/Pol II) with the help of a multitude of other proteins that act in 

concert to transcribe specific genes in response to intra- and extracellular signals. 

Transcription is critical for almost every cellular process, allowing constitutive production 

of “housekeeping” genes as well as the dynamic production of regulatory genes in 

response to specific cellular requirements. There are three intricately regulated phases of 

transcription: initiation, elongation, and termination9 (Figure 1-3).  

Transcription initiation by RNAPII requires several general transcription factors 

(GTFs) factors to properly position RNAPII at the transcription start site (TSS) and 

separate the DNA strands. These GTFs are designated TFIIA, -B, -D, -E, -F, and -H  and 

together form the preinitiation complex on promoter DNA10. The promoter DNA strands 
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are separated, allowing RNAPII to access the template strand of the DNA and begin pre-

mRNA synthesis. Once the pre-mRNA strand is approximately ~20-50 nucleotides in 

length, RNAPII pauses and other elongation factors bind RNAPII 10. Once a stable 

elongation complex is formed transcription of the gene can ensue. After RNAPII has 

transcribed ~200nts from the TSS, elongation is highly processive through most genes. 

RNAPII does not terminate transcription until after a sequence is transcribed that directs 

cleavage and polyadenylation10. After transcription of the poly(A) addition site, 

transcription termination can occur at multiple sites within the following 0.5-2kb10. 

 The C-terminal end of the largest subunit of RNAPII, RPB1, contains a 

heptapeptide repeat (Y-S-P-T-S-P-S) that is repeated multiple times known as the 

carboxyl terminal domain (CTD). Vertebrates contain 52 of these repeats which are 

essential for transcriptional regulation of gene expression. The CTD is involved in the 

initiation of DNA transcription, 5’ capping, splicing (discussed in detail in later sections). 

Phosphorylation of serine 5 (Y-S-P-T-S-P-S) is required for transcription initiation, RNAPII 

pausing, and co-transcriptional capping of the 5’ terminus of the pre-mRNA9,10. On the 

other hand, phosphorylation of serine 2 (Y-S-P-T-S-P-S) is necessary for attachment of 

the spliceosome for co-transcriptional splicing of the newly synthesized pre-mRNA and 

transcription termination9,10. Thus, the CTD of RPB1 is critical for the precise coordination 

of transcription and co-transcriptional pre-mRNA processing events.  

5’Capping 
 
 Among the first steps of pre-mRNA regulation in the nucleus is the co-

transcriptional addition of an N7-methylguanosine (m7G) cap structure onto the emerging 

pre-mRNA transcript as soon as the incorporation of the first 25-30nts by RNA polymerase 
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II11,12. In this step, termed 5’capping, an m7G is linked to the first nucleotide of the nascent 

RNA via a reverse 5’ to 5’ triphosphate linkage13 (Figure 1-3).  

The 5’ cap is an evolutionarily conserved modification that plays both protective 

and functional molecular roles in addition to its essential role in coordination of 

downstream RNA processing events such as splicing, polyadenylation, nuclear export, 

and in cap-dependent initiation of translation. The 5’cap is also required to protect the 

transcript from 5’-3’ exonuclease degradation11,14-19. Failure of the nascent pre-mRNA 

transcript to be capped causes transcript instability, as the major RNA degredation 

pathways require removal of the cap prior to exonuclease cleavage 20,21. Thus, the 

addition of the m7G cap is necessary for transcript stability and downstream RNA 

processing events.  

Splicing 
 
 The pre-mRNA transcript is comprised of regions known as exons and introns. 

Exons are the nucleotide sequences that exit the nucleus, whereas introns are sequences 

that are removed before an mRNA exits the nucleus (Figure 1-4). A  common 

misconception is that untranslated regions (UTRs) of mRNA are not exons, and that 

exons are sequences that encode protein. This is not the case. Both UTRs and coding 

sequences (CDS) exit the nucleus and are therefore considered exons (Figure 1-4).  

 For proper protein synthesis to occur, introns must be removed from the pre-

mRNA transcripts and exons must be joined together in a process known as splicing. 

Splicing of pre-mRNA is a highly ordered process occurring co-transcriptionally and is 

performed by the spliceosome–a macromolecular machine made up of a multitude of 

various proteins and RNAs that orchestrate intron removal22-24. Small nuclear 
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ribonucleoproteins (snRNPs) of the spliceosome are responsible for both recognition of 

degenerate canonical splice site sequences at the 5’ and 3’ ends of the intron, as well as 

catalysis24. Accurate removal of the introns is accomplished by a two-part 

transesterification reaction24 (Figure 1-5A). First, a lariat is formed via a nucleophilic 

attack of the phosphate group of the 5’ splice site by the 3’ hydroxyl group of the branch 

point adenosine located ~18-40 nucleotides from the 3’splice site24-26. Next, the free 

hydroxyl of the detached exon attacks the 3’ splice site, thus  forming a lariat intron and 

ligating adjacent exons24-26.  Decades of research as well as the advent of sequencing 

technologies such as single-molecule and long-read sequencing have also uncovered 

several noncanonical splicing mechanisms27,28. These noncanonical splicing 

mechanisms include recursive splicing, backsplicing, and the splicing of microexons 29.  

Recursive splicing is a mechanism by which long introns (>50kb) are removed in 

a multistep splicing process. This unique splicing mechanism was first described for the 

splicing of the 74kb intron found within the ultrabithorax gene of Drosophila melanogaster 

30,31. For proper splicing to occur the 5’ and 3’ splice sites must be in proximity, allowing 

the 2-step transesterification reaction to occur 32. Thus, longer introns where the 5’ and 3’ 

splice sites are separated by thousands of bases or more, pose a unique challenge for 

the spliceosome. To solve this problem, the spliceosome utilizes recursive splice sites 

(also known as ratcheting sites) consisting of combined 3’ and 5’ splice sites to 

progressively remove the large intron in pieces (Figure 1-5B) 30-34. These recursive splice 

sites are highly enriched within long introns (>20kb), illustrating their critical role in the 

accurate splicing of large intronic sequences30.                                                                                                        
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Backsplicing is a noncanonical form of splicing whereby the 5’ terminus of an 

upstream exon is covalently linked to the 3’ terminus of a downstream exon (Figure 1-

5B) generating a circularized RNA (circRNA) molecule35. The precise function of 

circRNAs remains elusive, however, recent evidence suggests a role for circRNAs in the 

sequestration of microRNAs (miRNAs) and in protein regulation36-38. Finally, the splicing 

of microexons refers to the splicing of very small exons (3-27nts) which insert only 1-9 

amino acids into the resulting protein39. Recent evidence suggests that microexon 

inclusion requires specific U/C repeats and UGC motifs forming intronic splicing 

enhancers located upstream of the 3’ splice site, necessary for recognition by 

spliceosomal proteins40.  To date, several reviews have been published that provide an 

in-depth discussion of these distinct splicing mechanisms29,41,42.   

 In addition to traditional splicing mechanisms, many pre-mRNA transcripts also 

undergo a process known as alternative splicing.  Alternative splicing is a mechanism by 

which exons of a given pre-mRNA molecule are assembled in different ways (e.g., exon 

skipping or mutually exclusive cassette exons) (Figure 1-5B)43. In this process, the 

spliceosome utilizes alternative splice sites allowing variants of one gene to encode 

distinct proteins or include alternative regulatory sequences which can have disparate, or 

in some cases, even opposing functions44. Remarkably, over 90% of all human genes 

undergo alternative splicing, contributing to extraordinary transcriptome and proteome 

diversity45-47. This process like many other processes involved in the regulation of gene 

expression, requires interactions of the pre-mRNA molecule with a diverse set of RBPs 

that orchestrate the precise selection of exons to be included in the mature mRNA 

molecule occurring in a highly regulated, cell type-specific manner43,48.  
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Endonucleolytic Cleavage and Polyadenylation 
 

Akin to the processing steps that take place at the 5’ end of the mRNA molecule, 

the 3’ end of an mRNA transcript also undergoes a series of processing and maturation 

steps. The 3’ ends of almost all eukaryotic mRNAs are generated in a two-step process: 

endonucleolytic cleavage followed by polyadenylation. Within the nucleus, pre-mRNAs 

are co-trasncriptionally cleaved at a polyadenylation signal (PAS) – a conserved 

sequence (typically AAUAAA or a similar variant) found within the 3’ untranslated region 

(3’UTR) of the pre-mRNA. The PAS as well as downstream cis elements are responsible 

for the recruitment of cleavage and polyadenylation factors required to guide the 

formation of the poly(A) tail49-51. Poly(A) tails are non-templated additions of adenosine 

residues to the 3’ end of the mRNA that serve several critical roles for downstream mRNA 

processing and transcript regulation. Cleavage of the pre-mRNA molecule takes place 

co-transcriptionally, approximately 10-30nt downstream of the PAS, allowing poly(A) 

polymerase (PAP) to catalyze the addition of adenosine residues onto the 3’end52. After 

the addition of 10-14 adenosine residues, a nuclear poly(A)-binding protein (PABN1) 

binds the growing poly(A) tail allowing for processive synthesis of a full-length poly(A) tail 

(~200-250nts in metazoans) by PAP51-54.  

The mRNA poly(A) tail is necessary for mature mRNA export from the nucleus and 

acts as a critical regulator of gene expression in the cytoplasm, contributing both to the 

translational status and the stability of the mRNA. For instance, the poly(A) tail can 

interact with the 5’cap structure to facilitate translation55. Transcripts with shorter poly(A) 

tails have reduced rates of translation in some specific cell types, thus deadenylation 

represses translation causing subsequent decay of the transcript 56. Reciprocally, poly(A) 
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tails can be elongated in the cytoplasm to stabilize and stimulate translation of 

translationally repressed mRNAs56,57. Cumulatively, the dynamic nature of poly(A) tails is 

critical for fine-tuned regulation of gene expression and shapes the overall architecture of 

the cellular proteome.  

1.1.b Nucleocytoplasmic transport  
 

Eukaryotic cells segregate their RNA and protein synthesis into two distinct cellular 

compartments i.e., the nucleus and cytoplasm. The genetic materials within the nucleus 

are separated from the cytoplasmic contents by a highly regulated membrane known as 

the nuclear envelope. This compartmentalization necessitates nucleocytoplasmic 

exchange mechanisms which are mediated by the nuclear pore complex (NPC) – a 

cylindrical ring-like structure embedded within the nuclear envelope (Figure 1-6). The 

NPC is one of the largest macromolecular complexes (~120MDa) consisting of ~1,000 

protein subunits called nucleoporins (Nups), which play critical roles in the regulation of 

transport across the membrane57,58. Nups contain phenylalanine-glycine repeat domains 

which create a permeability barrier preventing the passive diffusion of larger cargos 

(>60KDa), however, even smaller molecules, such as histones, require import into the 

nucleus in a carrier-mediated manner59,60.  

Nucleocytoplasmic transport is a complex mechanism involving a multitude of 

protein-protein interactions, regulatory mechanisms, and signaling pathways to efficiently 

import and export protein and transcript cargos. Nucleocytoplasmic transport of most 

cargoes involves karyopherin-mediated receptors, and the directionality of transport is 

determined by a RanGTP gradient (reviewed in:61-63). Unlike protein and other RNA 

cargoes, mRNA export is atypical and requires a mechanism distinct from other types of 
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cargoes. The export of mRNA is performed in three steps (1) packaging of mRNAs into 

mRNP complexes; (2) targeting and translocation of the mRNP; (3) intracytoplasmic 

release of the mRNPs for translation. Prior to export, newly synthesized mRNAs are 

packaged into mRNP complexes comprised of heterogeneous nuclear ribonucleoproteins 

(hnRNPs). In humans, the NFX1-NXT1 heterodimer acts as an export receptor for the 

mRNP and physically interacts with Nups to facilitate mRNP passage through the NPC 

64-66. Once the mRNP reaches the cytoplasmic face of the NPC, NFX1-NXT1 is released, 

and new proteins associate with the mRNP complex.  

The Untranslated Regions 

 Although a majority of the mature transcript encodes the resulting protein, some 

exons instead play a regulatory role making up a region of the transcript known as the 

untranslated region (UTR). UTRs are found at both the 5’ and 3’ ends of the mRNA 

molecule (Figure 1-7) and play critical roles in post transcriptional regulation of gene 

expression. These transcribed, but not translated regions of the mRNA contain numerous 

cis regulatory elements that recruit trans-acting factors that govern critical steps in post-

transcriptional gene expression including mRNA processing, stability, localization, and 

translation.  

 The 5’ UTR contains several cis-regulatory elements including upstream open 

reading frames (uORFs), internal ribosomal entry sites (IRES), microRNA (miRNA) 

binding sites, as well as structural elements critical for regulation of splicing, mRNA 

stability, and famously, translation initiation. Dysregulation of the 5’UTR cis-regulatory 

elements or secondary structures can cause changes in gene expression that underlie a 

multitude of diseases, including cancer and neurodevelopmental disorders67-69. 
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Moreover, the 5’UTR plays a crucial role in translation initiation (discussed in detail in the 

Translation section). Thus, precise regulation of the 5’UTR is critical for proper control of 

gene expression.   

 Like the 5’UTR, the 3’UTR is a critical regulator of gene expression, with important 

roles in modulating mRNA stability, localization, and translation70. Moreover, decades of 

work have identified functions for the 3’UTR in control of nuclear export71, 

polyadenylation72, subcellular targeting73, and rates of degradation74-76. Alterations in 

3’UTR-mediated functions can affect the expression of one or more genes and thereby 

underlie the pathogenesis of many diseases including myotonic dystrophy (DM)77, 

inflammatory diseases78, and cancers79,80.   

1.1.c Regulation of Gene Expression in the Cytoplasm 

Translation  

 Translation is the process through which a protein is synthesized from the 

information contained within a mRNA molecule. Specifically, nucleotides encoded within 

the mRNA molecule are “decoded” by a macromolecular complex known as the ribosome, 

which directs the addition of amino acids onto an elongating polypeptide chain to generate 

a functional protein. Initiation of translation can occur via two distinct mechanisms: (1) a 

cap-dependent mechanism requiring a free 5’ end and 5’ cap, or (2) a cap-independent 

mechanism which utilizes an internal ribosome entry site (IRES), which is an RNA 

element that allows for translation initiation during conditions of cellular stress (e.g., 

hypoxia, apoptosis, starvation, or viral infection)81-83.  

 Cap-dependent translation initiation is a four-step process that begins with 

recruitment of the 40S small ribosomal subunit and the associated eukaryotic initiation 
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factors (eIFs) to the 5’ cap. First, the cap-binding complex is assembled wherein cap-

binding protein eIF4E interacts with the scaffolding initiation factor eIF4G and the RNA 

helicase eIF4A. eIF4G interacts with cytoplasmic poly(A) binding protein (PABP) located 

on the 3’ poly(A) tail, allowing circularization of the mRNA molecule to aid in translational 

control. Subsequently, eIF4G, via an interaction with eIF3, recruits the 43S pre-initiation 

complex consisting of eIF3, the 40S ribosomal subunit, the ternary complex (eIF2-GTP-

Met-tRNAi), eIF1, eIF1A, and eIF5 (Step 1). After the 43S pre-initiation complex binds 

near the 5’cap, the complex travels along the 5’UTR (an ATP-dependent process known 

as ‘scanning’), until it encounters a start codon (typically, AUG) (Step 2). Next, the eIF4A 

RNA helicase travels along the mRNA molecule with the 43S complex to unwind any 

inhibitory secondary structures within the 5’UTR. The 48S initiation complex is then 

assembled after stable binding of 43S at the start codon, and triggers release of eIFs 

(Step 3). Finally, the 60S large ribosomal subunit joins the 40S small ribosomal subunit 

to form the elongation-competent 80S ribosome (Step 4), which then proceeds with 

translation elongation (discussed later in this section). The steps described above are 

reviewed in:10,84,85.  

 Cellular stress conditions such as starvation or hypoxia, can inhibit the formation 

of the ternary complex thereby suppressing cap-dependent translation82. Thus, 

alternative translation mechanisms are required to synthesize proteins necessary for 

cellular survival under stress conditions. Non-canonical translation initiation mechanisms 

can vary with respect to cellular stress conditions. For example, ribosomal shunting 

requires the 5’ cap as well as canonical initiation factors to load the 40S ribosomal subunit 

onto the mRNA molecule before translocating the 40S subunit downstream to initiate 
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translation86. On the other hand, IRESs can recruit a ribosome internally without the need 

for a 5’ cap or a free 5’ end. IRES translation initiation mechanisms have a range of 

initiation factor requirements depending on the type of IRES. For example, the simplest 

IRES studied (the Dicistroviridae intergenic region) requires no initiation factors87, while 

others require all the initiation factors required for canonical translation initiation (such as 

the hepatitis A viral IRES)88.  

 Translation elongation mechanisms are evolutionarily conserved and have been 

extensively studied in bacteria, with the key steps shared between bacteria and 

eukaryotes89. The ribosome contains three binding sites for tRNA: designated the A 

(aminoacyl) site, which accepts incoming aminoacylated tRNA; P (peptidyl) site, which 

holds the tRNA with the nascent peptide chain; and the E (exit) site, which holds the 

deacylated tRNA before it leaves the ribosome (Figure 1-8A). In eukaryotes, translation 

initiation concludes with the formation of the 80S initiation complex in which MET-tRNAiMet 

is bound to the P site of the ribosome, with an empty A site. Aminoacylated tRNA is then 

brought to the A site as a ternary complex with eukaryotic elongation factor-1A (eEF1A) 

and GTP. Correct codon-anticodon interactions cause conformational changes in the 

ribosome that allow the A-site tRNA to translocate into the P-site. A peptide bond can then 

be formed through diacylation of the P-site tRNA and transfer of the peptide chain to the 

A-site tRNA. The deacylated tRNA in the P-site is then translocated to the E-site for exit 

from the ribosome. This process is repeated and translocation of the mRNA and the tRNA 

is facilitated by eEF2 (Figure 1-8B). Finally, translation termination occurs when the 

ribosome encounters a stop codon (typically UGA, UAG, or UAA). There are no tRNA 

molecules that can recognize these codons; thus, the ribosome recognizes that 
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translation is complete. Translation termination is mediated by release factors eRF1 and 

eRF3 which form a ternary eRF1/eRF3-GTP complex in which eRF1 recognizes the stop 

codon, and after hydrolysis of GTP by eRF3, mediates release of the nascent peptide90. 

The translation complex is disassembled, and the new chain of polypeptides is released 

and chaperone proteins aid in the folding of the protein into the correct structure. The 

steps described above are reviewed in:10,90,91 

Transport/Trafficking/Localization 

Once in the cytoplasm, the mRNA molecule can be trafficked to distinct subcellular 

locations for translation. Localization of mRNA to specific subcellular compartments 

provides a highly orchestrated mechanism for spatiotemporal control of gene expression, 

which is critical within highly polarized, asymmetric cells92. For example, in Drosophila 

melanogaster the localization of mRNAs that regulate developmental signaling, such as 

bicoid, oskar, and nanos, to the anterior and posterior poles of the oocyte to establish s 

morphogen gradient for proper embryonic development93. Similarly,  mRNA encoding the 

S. cerevisiae transcriptional repressor Ash1 is transported to the bud tip of a dividing yeast 

cell such that only the daughter cell receives the ASH1 mRNA, ensuring mother and 

daughter cells have distinct mating types94. Thus, localization of mRNAs to distinct 

subcellular locations allows spatial restriction of gene expression which is critical for many 

cellular and developmental processes.  

 The neuron is one type of highly polarized cell that relies extensively on mRNA 

trafficking mechanisms to regulate synaptic transmission and cell-cell communication. 

mRNA localization and local translation in neurons is crucial for a multitude of processes 

including polarization95, neuronal development96,97, and synaptic plasticity98,99. Neurons 
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contain four main parts: (1) dendrites, which receive messages from other neurons; (2) a 

cell body which contains the nucleus and cytoplasm; (3) an axon, which transmits 

information away from the nucleus; and (4) axon terminals, which transmit electrical and 

chemical signals to other neurons or effector cells (Figure 1-9). Unlike other cells in the 

body, many neurons must extend great lengths to perform their given functions, thus 

trafficking of mRNAs produced in the nucleus all the way to distal neurites for local protein 

synthesis is an intricate mechanism necessary for neuronal function.  For example, the 

sciatic nerve is longest neuron in our body that stretches from our spinal cord all the way 

to our toes and can exceed one meter in length. Thus, our cells require intricate 

mechanisms to properly orchestrate the trafficking and localization of mRNA molecules 

across these great lengths.  

 After post-transcriptional processing and export from the nucleus, mRNAs are 

trafficked through the cytoplasm as mRNP complexes containing RBPs that regulate 

stability, localization and translation100. In many cases, this mRNP complex forms a part 

of a larger structure called an RNA transport granule which is transported through 

association with motor proteins, such as kinesin, dynein, and myosin along the 

cytoskeleton to the intended destination. Once the mRNA has arrived at its destination, 

local and regulated translation can ensue providing the cell with a spatially distinct 

proteome to govern a multitude of regulatory and developmental processes.  

Decay 

mRNA degradation is a highly regulated process that plays a crucial role in post-

transcriptional regulation of gene expression. Evidence for mRNA turnover is highlighted 

by early studies demonstrating that mRNA steady-state levels do not directly correlate 
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with the rates of mRNA synthesis101. In general, mRNA is typically degraded at the end 

of its useful life, but mRNA molecules with defects in processing, folding, or assembly 

with proteins can also be rapidly recognized and degraded by RNA surveillance pathways 

to ensure the functional integrity of the cell102. Moreover, mRNA half-lives can differ 

significantly between mRNA transcripts103. For instance, mRNAs that encode 

housekeeping proteins tend to have longer half-lives than the average mRNA molecule104. 

Thus, intricate RNA surveillance pathways must be in place to regulate precise 

spatiotemporal degradation of mRNA.  

Three major mRNA decay pathways exist in the mammalian cells: 5’-3’ 

exonucleolytic-, 3’-5’ exonucleolytic, and endonucleolytic decay.  Deadenylation has long 

been considered the first and rate-limiting step during mRNA turnover105,106, which is 

crucial for activation of decay in both the 3’-5’ and 5’-3’ directions106. The deadenylation 

complex (Ccr4-Not or Pan2-Pan3) is often recruited to the mRNA molecule to help 

accelerate deadenylation and thereby stimulate RNA decay107. Deadenylation also 

disrupts the closed circle of the mRNA molecule required for translation, and therefore 

removal of the poly(A) tail leads to translational repression108. After deadenylation, 

decapping factors are recruited to the 5’end of the mRNA molecule to efficiently remove 

the m7G-methylguanosine cap109,110. Next, the 5’-3’ exoribonuclease, XRN1, can 

recognize the 5’ monophosphate and degrade the mRNA transcript111,112. Alternatively, 

the deadenylated mRNA can also be degraded by a multisubunit complex known as the 

RNA exosome, via the 3’-5’ exonucleolytic subunit, DIS3L113,114. In particular cases, 

mRNA decay can also be initiated via endonucleolytic cleavage to trigger decay. Few 

endonucelases have been described in mammalian cells, but those that have been 
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defined include Pmr1, ZC3H12A, the NMD-specific endonuclease Smg6, and the 

siRNA/miRNA RNA-induced silencing complex (RISC)115. Each of these decay 

mechanisms is capable of endonucleolytic cleavage of the mRNA molecule to induce 

mRNA decay.  

N6-methyladenosine  
 
 In recent years, there has been a growing appreciation for the critical and diverse 

roles that epigenetic modifications play in post-transcriptional regulation of gene 

expression. Post-transcriptional modifications of the pre-mRNA molecule chemically alter 

cis regulatory sequences to control several downstream processing events including 

splicing, localization, translation, and RNA stability. Presently, over 160 different types of 

chemical modifications of RNA have been identified116, among which RNA methylation is 

the most prevalent117. To date, the most well-studied chemical modification on eukaryotic 

mRNA is known as N6-methyladenosine (m6A)–a methylation modification deposited co-

transcriptionally onto the N6 position of select adenosine (A) residues (Figure 1-10A) and 

constitutes the most abundant internal modification on eukaryotic mRNAs116,118. 

Intriguingly, m6A is enriched within the brain and nervous system highlighting a key 

regulatory role for m6A in nervous system development (discussed in detail in later 

sections)119.  

 The m6A methylation of mRNA was first observed in 1974120, and decades of 

research following its discovery have uncovered a multitude critical functional roles for 

this epigenetic modification. Molecularly, m6A modifications are deposited within DRACH 

sequence motifs (D=Uracil, Guanine, or Adenine, R=Guanine or Adenine, Adenosine, 

Cytosine, H=Uracil, Adenine, or Cytosine)121-123 and are enriched near stop codons and 
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in 3’ untranslated regions (3’UTRs; discussed in later section) 124-126. Critically, m6A has 

key post-transcriptional regulatory roles in mRNA splicing127-129, alternative 

polyadenylation site selection125, nuclear export130, translation 131,132, and stability 133-135. 

The spatiotemporal regulation of m6A modifications is coordinated by three types of 

proteins called writers, readers, and erasers (Figure 1-10B)136.  

 The m6A writer machinery, also known as the methyltransferase complex, is 

responsible for catalyzing the addition of a methyl group from the donor S-

adenosylmethionine (SAM) onto the N6 position of target adenosine residues137. The 

methyltransferase complex is a multi-subunit complex consisting of methyltrasferase-like 

protein 3 (METTL3; previously known as IME4 or MT-A70)137,138, methyltrasferase-like 

protein 14 (METTL14)139, Wilms’ tunmor 1-associated protein (WTAP)140, vir-like m6A 

methyltransferase-associated protein (VIRMA, also known as KIAA1429)141, and RNA 

binding motifs protein 15/15B (RBM15/15B)142. METTL3 is the highly conserved core, 

catalytic subunit of the methyltransferase complex, which binds SAM143. Genetic 

depletion of METTL3 in mammalian cells as well as plants, Drosophila melanogaster and 

yeast leads to complete or near complete loss of m6A in polyadenylated RNA144-147, 

defining METTL3 as the major m6A forming enzyme for mRNA transcripts.  METTL14 on 

the other hand is highly homologous to METTL3 and is required to support METTL3 

structurally and enhance METTL3 catalytic activity139. WTAP is also a core component 

that associates with METTL3-METTL14 to enhance the catalytic activity of METTL3 

140,146, while VIRMA and RBM15/15B participate in regulating the catalytic activity of the 

complex and help aggregate the core components141.   
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Protein readers, defined as m6A recognition proteins, function through recognizing 

and binding m6A modifications to modulate downstream RNA processing and fate136,148. 

Reader proteins recognize m6A modifications via a YTH (YT521B homology) domain that 

selectively binds m6A-modified RNA. Mammalian genomes contain five different YTH 

domain containing proteins that can bind m6A: YTHDF1, YTHDF2, YTHDF3, YTHDC1, 

and YTHDC2142.  The YTHDF proteins are highly similar to one another and are primarily 

localized within the cytoplasm. There have been conflicting studies seeking to define the 

precise function of the YTHDF family proteins. However, studies clearly demonstrate that 

YTHDF1 promotes translation and interacts with translation initiation factors (such as 

eIF3)132. On the other hand, YTHDF2 is the most abundant YTHDF family member in 

most cell types and has a well-established role as a regulator of mRNA stability133. 

Previous work illustrates that mRNAs in YTHDF2-depleted cells have increased half-lives, 

indicating a key role for YTHDF2 in mediating mRNA decay124,145,149. In contrast to YTHDF 

proteins, YTHDC1 is primarily nuclear and is the major m6A reader protein within the cell 

136. YTHDC1 was originally identified as a regulator of splicing and subsequent studies 

have focused on elucidating the function of YTHDC1 in m6A-mediated splicing127. On the 

other hand, YTHDC2 is a nucleocytoplasmic protein with poorly defined functions136,142. 

Several groups have resolved the structure of a YTH domain complexed with m6A121-123. 

Intriguingly, these studies demonstrated that the affinity of YTH domain binding for m6A is 

relatively weak (~1-2 µM)121-123, suggesting that YTH-domain containing proteins may 

require additional factors to form a stable complex with m6A.  

 Finally, m6A eraser proteins are responsible for the demethylation of m6A-modified 

RNAs. Two different enzymes have been identified with the ability to demethylate m6A: 
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fat mass and obesity-associated protein (FTO)150 and AlkB homolog H5 (ALKBH5)151. 

However, conflicting evidence suggests that the roles for these proteins in regulating m6A 

methylation may be less exciting than initially perceived. For instance, FTO was the first 

enzyme linked to demethylation of m6A, however, more recent studies suggest that FTO 

instead preferentially targets m6Am (a different highly prevalent methylation modification 

on mRNA)152. Moreover, analysis of m6A levels in Fto knockout mice showed little to no 

change in m6A levels across the transcriptome apart from a small subset of m6A peaks153, 

and FTO did not show a preference for m6A in its physiological consensus site150. 

Similarly, the degree to which ALKBH5 targets and demethylates m6A-modifed RNAs 

remains unclear, and characterization of the enzymatic catalytic activity of ALKBH5 

reported slow kinetics towards m6A151.  

 

1.2 RNA binding proteins  

  RBPs are critical for nearly every aspect of RNA processing and regulation. RBPs 

associate with RNA molecules to form dynamic ribonucleoprotein (RNP) complexes that 

regulate every step of RNA processing from synthesis to decay. The specific RBPs that 

associate with a given RNA molecule change depending on cellular context or the 

functional state of the RNA.  

RBPs bind mRNAs via evolutionarily conserved, modular RNA-binding domains 

(RBDs) including RNA recognition motifs (RRMs), zinc finger domains (ZnF), hnRNP K 

homology (KH) domains, and RGG-motifs among other binding domains154. The RRM is 

the most common and well-characterized RNA binding domain154. Over 9,000 RRMs have 

been identified with functions in most steps of gene expression155. Intriguingly, ~0.5-1% 
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of human genes encode an RRM, and there are typically multiple RRMs within a given 

gene155. Unlike RRMs, ZnFs are classical DNA-binding protein domains that can also 

bind RNA156-160. ZnFs are classified based on the amino acid residues that coordinate 

zinc binding: Cystine2Histidine2 (C2H2), CCH, CCHC. Like RRMs, these ZnF domains 

are typically present in multiple repeats within a single RBP. Similar to ZnFs KH-domains 

are typically found in multiple copies within a single RBD and can associate with DNA or 

RNA to regulate transcription and translation161. Finally, RGG-motifs are arginine-glycine-

rich domains that bind RNA and are found in proteins critical for many cellular processes 

including translation, splicing, and apoptosis162. These RBDs as well as others not 

mentioned here associate with RNA in a sequence- and structure-dependent manner154 

and are critical for mediating the function of RBPs and their RNA targets to govern gene 

expression. 

RBPs are critically important in governing RNA structure, regulatory functions, 

catalytic capacities (in the case of ncRNA), and all aspects of mRNA processing (as 

described in section 1). A wealth of literature documents critical roles for RBPs in RNA 

processing often in a dynamic, cell type-specific manner. Given the diverse functional 

roles for RBPs throughout mRNA processing, it is unsurprising that RBP loss or 

dysfunction has been linked to numerous diseases including neurological disorders, 

muscular atrophies, metabolic diseases, and cancer 163-165. Thus, elucidating normal roles 

for RBPs during homeostasis or development will reveal important aspects of RBP 

function that are directly related to pathogenetic mechanisms underlying disease.  
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1.2.a RBPs in disease 

RBPs are evolutionarily conserved and widely distributed across different tissues, 

consistent with their frequent housekeeping roles. However, despite the ubiquitous nature 

of RBP expression, loss of function (LOF) mutations within genes encoding RBPs often 

results in tissue-specific disease166. The tissue-specific nature of RBP-associated disease 

is attributed to multiple different factors. First, RBPs can act on RNA targets or with protein 

partners that display tissue-specific expression patterns167. Second, RBPs can bind target 

RNAs with a wide range of affinities and specificities leading to the formation of cell-type 

specific RNA regulatory complexes168-171. Finally, RBPs form extensive networks with 

their RNA targets and other regulatory proteins that are characterized by redundancy, as 

well as feedback and feedforward control167. Together, this complex network provides 

robust regulatory control such that RBP dysfunction may have distinct consequences in 

different cell types. Considering that RBPs coordinate elaborate networks of RNA-protein 

and protein-protein interactions that regulate key aspects of RNA processing, RBP 

dysfunction can negatively influence many different cellular pathways underlying disease 

phenotypes. A multitude of different diseases are associated with RBP dysfunction 

including muscular atrophies, cancer, and neurological disease164,172,173. 

The gene PABPN1 encodes an RRM-type poly(A)-binding protein that regulates 

nuclear polyadenylation via association with adenosine molecules of a growing poly(A) 

tail and stimulating poly(A) polymerase (PAP)174. Abnormal expansion of a (GCG)n 

trinucleotide repeat in exon 1 of PABPN1 leads to the adult onset, autosomal dominant, 

degenerative disorder known as oculopharyngeal muscular dystrophy (OPMD)174. In 

unaffected individuals, (GCG)6 codes for the first six alanine residues within a 
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homopolymeric stretch of ten alanines175. However, in individuals with OPMD, this (GCG)6 

is expanded to (GCG)8-13 leading to a stretch of 12-17 alanines in mutant PABPN1175. The 

mutant PABPN1 then aggregates within the nuclei of skeletal muscle fibers causing 

progressive muscle weakness174,175.  

RBPs are key regulators of cell growth, differentiation, and proliferation. Thus, RBP 

dysfunction is implicated in a range of different cancers176. Cancer is a heterogeneous 

disease caused by mutations, chromosomal rearrangements, and gene amplifications 

resulting in altered activity of genes encoding tumor suppressors or oncogenes. One 

example of an RBP implicated in tumorgenesis is the altered expression of the mRNA 

cap binding protein eIF4E 177,178. eIF4E is a key translation factor that is highly expressed 

within different tumor types178. Behaving as a proto-oncogene, overexpression of eIF4E 

causes malignant transformation leading to cancer178.  

 

1.2.b Regulation of RNA in the nervous system 

The nervous system requires an intricate level of spatial and temporal regulation 

of gene expression for proper neuronal function. A neuron must rapidly modify synaptic 

function and connectivity to properly respond to external stimuli. However, the size, 

polarity, and structural complexity of neurons (Figure 1-9) presents unique challenges for 

fulfilling critical functions in development and plasticity. Thus, robust post-transcriptional 

regulatory mechanisms are required to enable rapid adaptation to the ever-changing 

demands of the nervous system. Activity-dependent control of gene expression within the 

neuron is established through intricate post-transcriptional regulation of mRNA 

expression via splicing, stability, trafficking, local translation, and degradation- all of which 
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require the function of RBPs to coordinate these diverse processing events in space and 

time.   

RBPs regulate every step of mRNA processing and profoundly impact 

neurodevelopment and neuronal function. The importance of RBP function in neurons is 

underscored by the prevalence of neurological diseases that have been linked to defects 

within RBPs causing aberrant processing of RNAs that are necessary for proper neuronal 

function166,172,173. Moreover, transcriptomic analysis of human brain tissue indicates RNA 

processing defects are a common feature of neurological pathologies179-182. Thus, 

understanding the mechanisms by which RBPs impact the precisely regulated expression 

of neuronal mRNAs is key to elucidating neuronal disease pathogenesis.  

  

1.3 Intellectual disability 

 Intellectual disability refers to a broad class of neurodevelopmental disorders 

characterized by significant limitations in intellectual functioning and impaired adaptive 

behavior. Clinically, these criteria are defined by an I.Q. score <70, limited independent 

functioning, and inability to adapt to the environment and social milieu. Intellectual 

disability affects ~1-3% of the world population and is etiologically heterogeneous 

associated with both environmental and genetic factors183. Environmental contributions 

to intellectual disability include asphyxia, prematurity, neonatal meningitis, trauma, 

extreme malnutrition, vascular accidents, intrauterine infections, and in utero drug 

exposure184. On the other hand, genetic etiology includes chromosomal, monogenic 

defects, such as X-linked, autosomal dominant, autosomal recessive, mitochondrial and 

imprinting epigenetic disorders183. Emerging evidence suggests that most genes linked 
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to intellectual disability converge on common molecular pathways, including those critical 

for axon guidance, synaptic structure, and plasticity, as well as neuronal morphology185-

189. A growing list of over 700 genes has been linked to intellectual disabilities and 

interestingly, many of these genes encode RBPs with critical roles in post-transcriptional 

regulation of gene expression.  

One key example of RBP dysfunction underlying intellectual disability is Fragile X 

Syndrome (FXS) 190. FXS is the most common form of inherited intellectual impairment, 

developmental delay, and autism spectrum disorder (ASD)173,191. The molecular basis of 

FXS lies in a microsatellite repeat expansion of a cytosine-guanine-guanine (CGG) triplet 

within the 5’UTR of the Fragile X mental retardation 1 (FMR1) gene encoding Fragile X 

mental retardation protein (FMRP), an RBP that regulates mRNA translation and 

intracellular trafficking173. Under normal conditions, the 5’UTR of the FMR1 gene contains 

5-45 CGG repeats, however, the disease linked FMR1 has over 200 CGG repeats 

causing abnormal methylation and subsequent transcriptional silencing192-196.  

FMRP is a largely cytoplasmic RBP, predominantly expressed within the granule 

layers of the hippocampus and cerebellum197, that contains two KH domains and an 

RGG-type RBD198,199. Functionally, FMRP is responsible for translational repression of 

mRNA targes via ribosomal stalling and mRNA trafficking200-203. Given the role of FMRP 

in translational repression, elevated baseline global protein synthesis within the brain is 

a hallmark phenotype within FXS patients204. Moreover, several studies have 

demonstrated that FRMP is required for the trafficking of mRNAs with key neuronal 

functions (e.g., CAMKIIa, Map1b,GABA-AR, and SAPAP4) into dendrites and dendritic 

spines201,205,206. Given that FMRP-dependent mRNA trafficking is important in the 



 26 

development of dendritic spines, FXS patients exhibit dendritic spines with long and thin 

immature morphologies compared to mature mushroom-shaped spines207. This example 

illustrates how defects in RNA post-transcriptional processing lead to neurological 

disease, however, further studies are required to precisely define molecular defects that 

underlie RBP-linked intellectual disability. 

 

1.4 Drosophila melanogaster as a model for intellectual disability 

 Although the number of genes known to cause human monogenic intellectual 

disability is increasing rapidly208, our understanding of the molecular mechanisms and 

neurodevelopmental pathways that are disrupted by these genetic aberrations is severely 

lacking. Moreover, studying these genetic aberrations in humans is extremely difficult for 

many reasons including our relatively long lifespan, uncontrollable environmental factors, 

and the plethora of ethical concerns (e.g. you cannot ethically dissect a human 

brain…especially if the person is still using it). In the words of my dear mentor, Dr. Anita 

Corbett, “humans are a crappy model organism”. Animal models are typically preferred 

because of their genetic similarity to humans, anatomy, and physiology. Also, animal 

models (with some exceptions) are often in unlimited supply and have great ease of 

manipulation. Of the various model organisms, Drosophila melanogaster  has emerged 

as a powerful model to help us better understand the cellular and molecular 

underpinnings of genetic diseases, including intellectual disability. Despite the 

evolutionary distance between flies and humans, there is a strong conservation of genes, 

pathways, and regulatory networks. Approximately 75% of human disease genes have 

an orthologue in Drosophila209 and a whopping 73% of the known intellectual disability 
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associated genes have a counterpart in flies210. Moreover, the Drosophila generation time 

is very quick at 10-12 days from egg laying to eclosion (Figure 1-11), and this rapid 

generation time allows for efficient screening of candidate alleles for genetic interaction. 

In contrast to mammalian models, the generation of fly mutants is easy, inexpensive and 

rapid, and the number of publicly available stocks and tools that can be utilized for 

experiments is increasing steadily211.  

 In terms of genetic tools, flies have many well-established systems used to 

spatiotemporally control gene expression including the yeast-derived Gal4/UAS system 

(Figure 1-12) and the FLP-FRT system212. The Gal4-UAS system was adopted from 

yeast and allows researchers to control expression on transgenes in a cell-type specific 

manner212. This genetic tool is based on the finding that the Gal4 yeast transcription factor 

binds to upstream activating sequences (UAS) to activate gene expression212. Thus, a fly 

line carrying the UAS-cDNA construct of interest can be crossed into any number of fly 

lines expressing Gal4 in a tissue-specific pattern. The FLP/FRT system is another way to 

drive heritable overexpression of a transgene of interest. In this system, FLP recombinase 

catalyzes the site-specific recombination between FLP recombination target (FRT) 

sites212. A FLP-out construct contains several elements including a constitutive promoter, 

an FRT site, a marker gene with a transcription termination site, a second FRT site, and 

the cDNA of interest212. Once introduced to the genome, the expression of FLP 

recombinase by heat-shock inducible promoter excises the DNA between the FRT sites, 

leading to a random assortment of cells that overexpress the gene of interest212.  

 Drosophila are particularly well-suited for intellectual disability research, as flies 

provide numerous approaches to investigate behavior as well as neuronal morphology 
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and function. A range of assays can be used to assess fly behavior including tracking 

larval crawling and motor development, negative geotaxis, phototaxis, and flight 

assays213-215. Moreover, complex cognitive behaviors such as learning, and memory can 

be investigated using olfactory learning and courtship conditioning paradigms. To 

investigate the role of genes in the organization of the brain and nervous system 

architecture, many studies analyze Drosophila nervous system structures in greater 

detail. For instance, studies of the fly neuromuscular junction are critical to our current 

understanding of synapse formation and neurotransmitter release mechanisms216. 

Moreover, Drosophila can be used to investigate molecular mechanisms regulating axon 

outgrowth and pathfinding through study of the Drosophila mushroom body development 

(discussed further in section 1.4.b). Finally, changes in dendritic arborization are 

commonly observed in patients exhibiting intellectual disability217, and studies of 

Drosophila dendritic arborization (dA) neurons allow researchers to observe dendrite 

architecture and morphology (discussed in section 1.4.c). Taken together, these examples 

and many others not mentioned here illustrate that Drosophila melanogaster is a powerful 

model organism that provides many opportunities to advance our understanding of 

human intellectual disability and cognitive disease.  

  

1.4.a The Drosophila Nervous System 

 Drosophila melanogaster are an excellent model organism for studying the 

molecular and genetic underpinnings of neurodevelopment and circuit formation218. 

Excitingly, vertebrate nervous systems function utilizing similar mechanisms, thus, the 

smaller, more simplistic Drosophila brain (Figure 1-13) provides a genetically tractable 



 29 

model to enhance our understanding of human neurodevelopment and neuronal function 

218. To illustrate, the human brain contains over 86 billion neurons while the Drosophila 

brain contains only about 100,000 neurons 219, thereby making genetic manipulation and 

analysis more manageable. 

 The Drosophila brain contains neuronal bundles known as lineages. Lineages are 

formed from sibling neurons of a parent neuroblast that are bundled into distinct clonal 

units. The formation of neuronal lineages is advantageous as this provides the resolution 

necessary for study of critical neurodevelopmental events such as neuron development, 

axon formation, branch formation, and circuit formation. Moreover, these key neuronal 

events can be studied in an in vivo setting, in contrast to many studies of the mammalian 

brain where information about neuronal lineage remains elusive. Two neuronal structures 

commonly used to study axon pathfinding and dendritic arborization, respectively, are 

known as the mushroom body and larval dendritic arborization (dA) neurons.  

1.4.b Mushroom Bodies 

 The mushroom body is the computational center of the Drosophila brain and is 

comprised of intricate neural circuits that allow the fly to store associative memories and 

process sensory and internal state information220. The mushroom body consists of a pair 

of twin neuropil structures conventionally viewed as regulators of associative olfactory 

learning and memory, but recent studies suggest more complex, multifaceted roles for 

the mushroom body in the regulation of Drosophila behavior221-231. The mushroom body 

begins developing in early embryonic stages of and continues until late pupal stages and 

undergoes extensive remodeling into its more complex adult form232-234 (Figure 1-13).  
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Approximately 2000 intrinsic neurons known as Kenyon Cells (KCs) comprise the 

mushroom body. The unipolar KC cell bodies cluster in the posterior regions of the brain. 

The neurites of the KC cells extend anteriorly forming the peduncle. The neurites of the 

KC cells are considered axons, and harbor both pre-and post-synaptic sites, and the 

dendrites cluster and branch out near the cell bodies forming a structure known as the 

Calyx (Figure 1-13). The peduncle bifurcates to form three medial projecting lobes (g, b, 

b’) and two dorsal projecting lobes (a, a’) (Figure 1-13). The axons that comprise the a 

and b lobes emanante from the ab KCs, and the axons of the a’ and b’ lobes emanante 

from the a’b’ KCs. On the other hand, axons from the g KCs only extend medially to form 

the g lobe. These three KC classes are further subdivided into subtypes. Each subtype is 

defined by their morphology and expression of different molecular markers. For instance, 

the ab KCs have posterior (p), surface (s), middle (m), and core (c) subtypes; the a’b’ 

KCs have anterior-posterior (ap1 and ap2) and middle (m) subtypes; and the g KCs have 

dorsal (d) and main (m) subtypes. Each of these subtypes occupy distinct portions of their 

respective mushroom body lobe, and this characterization is essential to our 

understanding of mushroom body function235.  

Two classes of extrinsic neurons - dopaminergic neurons (DANs) and mushroom 

body output neurons (MBONs) - densely innervate the mushroom body226,235,236. DANs 

are primary input neurons projecting axons into the mushroom body thereby providing 

physiological state signals and reinforcement225,226,228,230,231,237. In contrast, MBONs are 

the primary output neurons that relay information from the mushroom body to other parts 

of the brain226,235,236. The mushroom body lobes are also innervated by several other 

neuron types including one GABAergic anterior posterior lateral neuron (APL), one 
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serotonergic dorsal paired medial neuron (DPM), and two octopamine-releasing neurons 

(OA-VPMs)226,235,236. Unlike DANs and MBONs, these neurons do not have zone-specific 

innervations. Instead, the neurites of APL and DPM branch into all of the lobes and the 

peduncle while the OA-VPMs only sparsely innervate the mushroom body lobes226,235,236.      

1.4.c Dendritic Arborization Neurons 

 Neurons of Drosophila, like many other insects, are primarily unipolar unlike most 

mammalian neurons. In the peripheral nervous system of Drosophila larvae, however, 

many neurons have multipolar morphologies238. Neuronal architecture complexity 

requires proper axon and dendritic guidance mechanisms which rely on a variety of cues 

to shape growth and projection238,239. One subgroup of multiple dendritic neurons are 

dendritic arborization (dA) neurons which are segmentally organized PNS neurons with 

elaborate dendritic arbors that tile the body wall of larvae238,240. These neurons are 

located between the basal muscle and the apical epidermal cells and are attached to the 

epidermal extracellular matrix (ECM) by integrin (dendritic) and laminin (epidermal) on 

the ECM, with a portion of the dendritic arbor in the epidermal cell241. There are four 

classes of da neurons, classes I-IV, with class I having the least elaborate arbors and 

class IV having the most complex arbors241,242 (Figure 1-14). Drosophila larvae are 

segmented, and each segment contains 15 dA neurons that function in proprioception, 

muscle contraction, and nociception241,242. The dorsal most class IV neurons are known 

as ddaC neurons extend to anterior and posterior body segments and have traditionally 

been used to study dendritic arborization mechanisms in the fly238. Class IV dA neurons 

express the mechano-transducer Pickpocket (ppk), a Degenerin/Epithelial sodium 

channel subunit, thus using a ppk>Gal4 driving membrane tethered mCD8::GFP allows 
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for visualization of these neuronal architectures in vivo making this an ideal system to 

probe mechanisms of dendritic development240,243 (Figure 1-14).   

 

1.5 ZC3H14-linked Intellectual Disability 

The recent evidence that intellectual disability-linked genes converge on a limited 

set of pathways suggests that disparate intellectual disabilities are unified by underlying 

molecular dysfunction. This convergence suggests that studies of monogenic, 

experimentally tractable forms of intellectual disability can provide molecular insight intro 

mechanisms common to all forms of the disease. A subset of monogenic intellectual 

disabilities are caused by mutations affecting genes that encode RBPs244.  One such 

recessive, monogenic form of intellectual disability is caused by loss-of-function mutations 

within the gene encoding the evolutionarily conserved RBP, ZC3H14215. 

1.5.a Mammalian ZC3H14 

 Human ZC3H14 encodes a ubiquitously expressed ZnF (see section 1.2), 

polyadenosine RBP, ZC3H14 (ZnF CysCysCysHis #14; Also known as Mammalian 

Suppressor of Tau-2, MSUT2), that is lost in a form of inherited non-syndromic, autosomal 

recessive intellectual disability215. Mutations in ZC3H14 were discovered in a cohort of 

more than 200 consanguineous Iranian families via large-scale autozygosity mapping and 

linkage analysis215. Splice variants of ZC3H14 give rise to four human ZC3H14 protein 

isoforms (Isoforms 1-4). ZC3H14 Isoforms 1-3 are ubiquitously expressed in all tissues 

and cell types, however, Isoform 4 is primarily expressed in the testes245,246. Several 

mutations in the ZC3H14 gene have been linked to intellectual disability215,247,248. The 

most well characterized mutation leading to ZC3H14-linked intellectual disability (R154X; 
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Figure 1-15) creates a premature stop codon in exon 6 of ZC3H14 causing loss of 

ZC3H14 Isoform 1-3 expression215,245. Other mutations including a frameshift (N309fs; 

Figure 1-15) and a 25bp deletion located 16-bp downstream of the 3’end boundary of 

exon 16 (∆25bp) have been described. Human ZC3H14 Isoforms 1-3 contain an N-

terminal proline-tryptophan-isoleucine (PWI)-like domain, a nuclear localization signal, 

and a C-terminal tandem CCCH ZnF domain ranging from 84-62 kDa245 (Figure 1-15). 

The PWI-like domain serves as a protein-protein interaction domain, the nuclear 

localization signal (NLS) localizes these ZC3H14 isoforms to the nucleus, and the CCCH 

tandem zinc fingers bind polyadenosine RNA. Unlike ZC3H14 Isoforms 1-3, Isoform 4 is 

much smaller (~34kDa) and does not contain a predicted NLS and is localized to the 

cytoplasm245.  

 Studies in human cell culture suggest that ZC3H14 affects the steady-state level 

of a small number of expressed transcripts (~1%)249. Specifically, loss of ZC3H14 reduces 

the stability of the ATP5G1 transcript encoding the F0 subunit of the mitochondrial ATP 

synthase 249. These studies demonstrate that ZC3H14 binds and ensures proper nuclear 

processing and retention of ATP5G1 pre-mRNA249. Consistent with the role of ATP5G1 

as a rate-limiting component of ATP synthase activity, loss of ZC3H14, and therefore loss 

of ATP5G1 processing causes reduced levels of cellular levels of ATP as well as 

mitochondrial fragmentation249. Together, these data suggest that human ZC3H14 

modulates pre-mRNA processing of select transcripts and regulates cellular energy 

levels, which likely has broad implications for proper neurodevelopment and function.  
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1.5.b Caenorhabditis elegans Sut2 

 Several studies have utilized the nematode Caenorhabditis elegans to explore 

roles for Sut2 (Suppressor of tau pathology-2), an orthologue of human ZC3H14/MSUT2. 

These studies identified a role for Sut2 in modulating Tau toxicity in a C. elegans Taupathy 

model 250-252. Tauopathies are diseases defined by the accumulation of insoluble Tau or 

hyperphosphorylation of Tau which, in part, cause neurodegeneration within the central 

nervous system253. Tau dysfunction has been implicated in several neurodegenerative 

disorders, including Alzheimer’s disease (AD) and frontotemporal dementia (FTD)253. C. 

elegans expressing mutant human Tau exhibit a plethora of defects including movement 

defects and neurodegeneration that worsen as nematodes age252. Intriguingly, sut-2 was 

identified in a mutant screen as a modifier of these behaviors. Indeed, homozygous loss 

of sut-2 restores movement of Tau-expressing nematodes back to control-levels. 

Furthermore,  loss of sut-2 reduces Tau aggregation, mitigates neurodegenerative 

changes, and restores motor function252. These studies have been extended to human 

cell culture models whereby high Tau levels lead to increased expression of mammalian 

SUT-2 (MSUT2) and RNAi knockdown of MSUT2 in cells overexpressing Tau, causes a 

decrease in Tau aggregation251. Taken together, insights from these functional studies 

suggest that SUT-2/MSUT2 influences neuronal vulnerability to Taupathies, thus, 

neuroprotective strategies that target MSUT2 may be of therapeutic interest in targeting 

tauopathy-linked disease251,254.   

1.5.c Saccharomyces cerevisiae Nab2  

 Numerous molecular functions for the Saccharomyces cerevisiae orthologue of 

human ZC3H14, Nab2, have been defined. Original studies illustrate that Nab2 is an 
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essential heterogeneous nuclear ribonucleoprotein (hnRNP) in yeast that co-purifies with 

polyadenosine RNA255. Nab2 shuttles between the nucleus and cytoplasm and is required 

for both polyadenylation and nuclear export as evidenced by extended poly(A) tails and 

nuclear accumulation of poly(A) RNA in nab2 mutant yeast cells255-258. Subsequent 

studies reveal that the Nab2 zinc finger domain mediates sequence specific binding of 

Nab2 to poly(A) RNA with nanomolar affinity (~30 nM)259.   

 Like human ZC3H14, Nab2 contains several key domains: an N-terminal domain, 

a Q-rich domain, an RGG domain, and a C-terminal tandem zinc finger domain255,256 

(Figure 1-15). The N-terminal domain of Nab2 forms a five alpha-helix bundle with a PWI-

like fold which facilitates poly(A) RNA export255,260. The Q-rich domain is not essential and 

has no defined function to date256. The RGG domain is important for nuclear import and 

mediates interaction with the import receptor, Kap104256,261-263. Finally, the C-terminal zinc 

finger domain contains seven CCCH-type ZnFs that mediate high affinity binding to 

poly(A) RNA255,256,259,264. Functionally, the N- and C-terminal domains are the most well 

characterized and play roles in mRNA export and poly(A) tail length control, respectively.  

 The N-terminal domain of Nab2 is critically important for poly(A) RNA export in 

budding yeast256,257, where nab2 mutants that lack the N-terminal domain (nab2-∆N) 

exhibit severely impaired growth and accumulation of bulk poly(A) RNA in the 

nucleus256,257. Intriguingly, nab2-∆N cells also demonstrate extended poly(A) tails, 

suggesting that the N-terminus may play a role in restriction of poly(A) tail length264. 

Alternatively, this observation my reflect hyperadenylation of mRNA transcripts due to 

nuclear residence time. The N-terminal domain of Nab2 also interacts with two nuclear 

pore-associated protein, Mlp1 and Gfd1260,265-267. Mlp1 localizes to the nuclear side of the 
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NPC and functions in pre-mRNA retention, whereas Gfd1 localizes to the cytoplasmic 

face of the nuclear pore and facilitates mRNP disassembly260,268-272. These interactions 

reflect the ability of Nab2 to concentrate correctly processed mRNAs to the nuclear side 

of the nuclear pore complex for export via interactions with Mlp1, and tether mRNPs at 

the cytoplasmic face for disassembly via interactions with Gfd1.  

 As mentioned previously, the C-terminal CCCH-type ZnF domain recognizes 

poly(A) RNA and is critical for regulation of poly(A) tail length259,264. Biochemically, ZnFs 

5-7 of yeast Nab2 are necessary and sufficient for high affinity binding to polyadenosine 

RNA256,264. To illustrate, cells expressing nab2 ZnF domain mutants, nab2-21 (Loss of 

ZnF6 and ZnF7), nab2-C437S (C437S in ZnF6), or nab2-C5-7àA (C415A in ZnF5, C437A 

in ZnF6, and C458A in ZnF7) exhibit cold-sensitive growth phenotypes and extended 

poly(A) tails256,264. Together, these data illustrate that Nab2 binds poly(A) RNA via the ZnF 

domain and facilitates targeting of these transcripts to the nuclear pore complex via the 

N-terminal PWI-like domain. 

 In addition to the roles of Nab2 in regulation of poly(A) tail length and nuclear 

export, further studies implicate Nab2 in mRNA splicing273,274. Nab2 associates with early 

branch point factors Mud2 and Msl5 and nab2 mutant yeast cells exhibit an increase in 

unspliced pre-mRNA and a significant decrease in total RNA levels273. Together, with 

proteomic evidence that human ZC3H14 associated with the U2AF2/U2AF spliceosome 

protein, these data provide a physical link between Nab2/ZC3H14 and the spliceosome 

and indicate that Nab2 plays an important role in the regulation of pre-mRNA splicing273.  
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1.5.d Drosophila melanogaster Nab2 

 As mentioned above (section 1.4), Drosophila melanogaster provide a powerful 

model for studying mechanisms of neurodevelopment and provide invaluable insight into 

the molecular pathways disrupted in neurodevelopmental disease. By exploiting 

Drosophila evolutionary conservation and ease of manipulation, crucial insights have 

been made to our understanding of RBP-linked intellectual disabilities, including Fragile 

X syndrome275 and Angelman syndrome276,277. Our labs have similarly employed a 

Drosophila model to elucidate ZC3H14 function via study of the Drosophila orthologue, 

Nab2215,274,278-282. A Nab2 mutant fly model (hereafter referred to as Nab2null or Nab2ex3) 

was generated via imprecise excision of a P-element (EY08422) located at the 5’end of 

the Nab2 genomic locus215,283. This excision removes a large portion of the Nab2 gene 

including the transcriptional start site (TSS), generating flies functionally null for Nab2 

RNA and protein215.  Unlike the four ZC3H14 protein isoforms in humans, Drosophila 

express only one isoform of Nab2215. Although Drosophila Nab2 shares only 41% amino 

acid identity with human ZC3H14, the structure is highly conserved within critical 

functional domains including the N-terminal domain, PWI-like domain, predicted NLS, and 

the five CCCH-ZnF RNA-binding domains215 (Figure 1-15). Our labs have extensively 

exploited this Drosophila model of ZC3H14-linked intellectual disability to uncover the 

functional relevance of this critical and conserved RBP.  

 We have elucidated several key developmental roles for Nab2. Loss of Nab2 

causes severe reductions in adult viability as only 3-5% of Nab2null homozygotes eclose 

from their pupal casings (the majority die in late pupal stages)215. The flies that emerge 

completely exhibit severely reduced lifespans of ~10-15 days compared to the average 
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Drosophila lifespan of ~60-80 days215. These flies exhibit severe morphological defects 

reminiscent of other RBP mutants, including a wings-held-out phenotype, in which flies 

fail to properly fold their wings over the dorsal side of their thorax and abdomen215. 

Moreover, these flies exhibit disorganization and kinking of their thoracic bristles. Nab2null 

homozygotes do not exhibit viability, morphological, or behavioral defects through mid-

pupal development215. Intriguingly however, embryos lacking germline contribution of 

Nab2 die in early embryogenesis, indicating that Nab2 is required for embryonic viability 

and development215. In addition to these developmental and phenotypic defects, Nab2null 

flies also exhibit flight impairment and compromised locomotor capabilities215. 

Experiments probing tissue-specific requirements for Nab2 illustrate that pan-neuronal 

knockdown of Nab2 mimics defects of Nab2null  homozygotes, illustrating that Nab2 is 

required in neurons for normal behavior215. Moreover, courtship-conditioning assays used 

to assess the pan-neuronal requirement for Nab2 in short-term memory acquisition 

illustrate that Nab2 regulates pathways critical for short-term memory formation284. 

Significantly, transgenic expression of human ZC3H14-isoform 1 only in fly neurons is 

sufficient to rescue a variety of Nab2null  defects, supporting a model in which Drosophila 

Nab2 and Human ZC3H14 share critical molecular roles and mRNA targets. 

 In addition to the phenotypic and behavioral defects observed in Nab2null flies, 

previous studies revealed a role for Nab2 in the regulation of Drosophila neuronal 

morphology in mushroom bodies of the central nervous system, (CNS; as discussed in 

1.4.b) and dA neurons of the peripheral nervous system (PNS; as discussed in 1.4.c) 

281,284. Within Kenyon cells of the mushroom body Nab2 localizes primarily to the nucleus, 

in foci reminiscent of nuclear speckles. Germline, pan-neuronal (Elav-Gal4), and 
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mushroom body-specific (OK107-Gal4) loss of Nab2 causes axonal projection defects in 

Kenyon cells of the mushroom body. Specifically, Nab2null flies exhibit thinning or loss of 

a lobes and thinning, loss, or midline crossing of b lobes284. To date, defects in the g lobe 

structures have not been observed284. In Chapter 3 of this dissertation, we describe the 

first observation of disrupted a’ and b’ structures in Nab2 mutant flies which exhibit a 

characteristic axonal defasciculation phenotype. Together, these data illustrate a 

requirement (in some cases cell-autonomous) for Nab2 in the regulation of Drosophila 

mushroom body morphology. Nab2 also limits dendritic arborization of class IV dA 

neurons through a mechanism that involves the planar cell polarity (PCP) pathway in the 

Drosophila PNS, as loss of Nab2 in class IV ddAC neurons (UAS-Nab2RNAi, ppk-Gal4) 

and Nab2null homozygotes exhibit severe overarborization defects281.  

 Several molecular roles for Drosophila Nab2 have been described by our labs. For 

example, loss of Nab2 moderately increases bulk poly(A) tail length in Drosophila heads, 

indicating that fly Nab2, like both yeast Nab2 and mammalian ZC3H14, plays a role in 

regulating poly(A) tail length215,278,279. Moreover, Nab2 physically and functionally 

interacts with the well-known translational repressor Fmr1 (the Drosophila homolog of 

FMRP) to support axonal morphology and olfactory memory278. In support of roles for 

Nab2 in translational repression (potentially in concert with Fmr1), knockdown of Nab2 

increases fluorescence from a transgenic CaMKII 3’UTR reporter construct. Nab2 also 

interacts with the neuronal translational regulator Ataxin-2 (Atx-2), which has dual 

functions to suppress or activate translation of RNA transcripts in neurons, further linking 

molecular functions for Nab2 to the regulation of translation282. Epitope-tagged Nab2 RNA 

immunoprecipitation (RIP; Nab2-FLAG) reveals that Nab2-associated transcripts encode 
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proteins of various neuronal and neurodevelopmental functions, linking Nab2 dysfunction 

to a variety of Nab2null phenotypes282. In support of Nab2 as a polyadenosine RBP, these 

studies also confirm that Nab2-assocoated transcripts are over-represented for A-rich 

sequence motifs (outside of the poly(A) tail). Although these recent advances have shed 

invaluable light on our understanding of Nab2 function, the precise molecular roles of 

Nab2 and the specific neuronal mRNA targets that Nab2 governs to guide 

neurodevelopment remain elusive.  

 

1.6 Nab2 regulates splicing of select neuronally-enriched transcripts within 

the fly head.   

In Chapter 2 of this thesis, we describe a novel function for Nab2 in the regulation 

of splicing of select neuronally-enriched transcripts within the fly head. Thus, 

dysregulation of transcripts critical for neuronal function may help explain, in part, the 

numerous neuronal-specific defects observed in Nab2null flies. Many of the mRNA 

transcripts with disrupted levels or splicing patterns upon loss of Nab2 encode factors 

with roles in behavior, neurodevelopment, and/or neural function. We focus on two 

transcripts in this thesis known as Sex lethal (Sxl) and trio.   

1.6.b Sex lethal (Sxl)- The master regulator of sex determination and dosage 

compensation in Drosophila 

Sex determination is essential for sexual dimorphism, the anatomical, 

physiological, and behavioral differences between sexes of the same species. Like many 

organisms, Drosophila melanogaster sex determination is governed by the inheritance of 

sex chromosomes (X and/or Y chromosomes) where males have one X and one Y 
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chromosome (XY), and females have two X chromosomes (XX). This means that females 

(XX) have twice the “dose” of the X chromosome than males (XY). Humans born with two 

X chromosomes undergo a process known as X inactivation in which transcription from 

one X chromosome is silenced in each somatic cell to “equalize” gene transcription from 

the X chromosome between sexes. This process is the essentially the opposite in 

Drosophila where males undergo a process known as dosage compensation in which 

transcription on their single X chromosome is increased to equal that of transcription of 

two X chromosomes285. Dosage compensation in Drosophila hinges on expression of the 

RBP Sex lethal (Sxl) to govern sex determination and sexual dimorphism in the fly285. 

The Sxl gene encodes an RBP that governs both RNA splicing and translational 

regulation necessary and sufficient for female sexual identity in both somatic and germline 

cells285,286. In somatic cells, transcription from the Sxl “establishment” or “early” promoter 

(SxlPe) is activated only in the presence of two X chromosomes and occurs in the early 

embryonic stages. Splicing of SxlPe is performed by default splicing machinery yielding 

an early pulse of  functional Sxl protein. Transcription from the Pe promoter is turned off 

as the embryo develops and transcription from the Sxl “maintenance” promoter Pm is 

turned on285,286. Unlike the Pe promoter, transcription from Pm occurs in both XX and XY 

animals285,286. Unlike SxlPe, SxlPm requires alternative splicing that is dependent on Sxl 

itself286. Given that only XX animals have early Sxl protein, only XX animals can initiate 

this positive feedback loop. In this sex determination cascade285,286 (Figure 1-16), Sxl 

produced from SxlPe induces female-specific skipping of SxlPm exon 3 which contains a 

premature termination codon. Thus, functional Sxl protein from the Pm promoter is only 

produed in XX animals. 
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The expression of functional Sxl protein in XX animals directs a female-specific 

sex-determination cascade via regulation of sex-specific splicing patterns. Sxl directs the 

female-specific splicing of the transformer (tra) transcript giving rise to functional Tra 

protein. Together, Tra and Tra-2 (tra-2 does not undergo sex-specific splicing) bind an 

exonic splicing enhancer (ESE) of the female-specific exon of the doublesex (dsx) 

transcript thereby acitivating a weak 3’ splicing site to generate female-type DSX (DSXF) 

285,286. On the other hand, lack of functional Sxl in XY animals causes male-specific 

splicing of tra, which similar to Sxl, contains a premature termination codon. Thus, no 

functional Tra is produced in males285,286. The absence of Tra in XY animals causes 

default splicing of dsx to generate male-type DSX (DSXM) protein. Both DSXF and DSXM 

govern sex-specific transcription of target genes that regulate Drosophila sexual 

dimorphism. Moreover, Sxl inhibits production of male-specific lethal-2 (Msl-2) protein at 

the post-transcriptional level287. Thus, Msl-2 is only expressed in XY animals where it 

associates with other factors forming the MSL complex to enhance transcription from the 

X chromosome287.  

Intriguingly, proper splicing of the Sxl transcript to govern sex-determination is 

regulated by m6A (N-6 methyladenosine; discussed in detail in 1.1.a) 129. Previous studies 

illustrate that loss of Mettl3 (previously known as Ime4) which encodes the catalytic 

subunit of the methyltransferase complex, causes masculinized splicing of the Sxl 

transcript in female heads129. Consistent with these findings, splicing of tra and msl-2 is 

also disrupted in female heads129. Moreover, various alleles perturbing function of the 

methyltransferase complex cause masculinized splicing of Sxl in female tissue, illustrating 
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that the methyltransferase complex plays a critical role in sex determination in Drosophila 

(discussed in detail in Chapter 2)129,147,288-290.  

1.6.c The RhoGEF Trio 

 The Rho (Ras homolog) family of proteins are integral members of the RAS 

superfamily of guanine nucleotide-binding proteins. As master regulators of the 

cytoskeleton, Rho family proteins control almost all fundamental cellular processes in 

eukaryotes including gene expression, morphogenesis, cell division, cell polarity, and cell 

migration291.  Rho GTPases serve as molecular switches cycling between a GDP-bound 

inactive state, and a GTP-bound active state. Active GTP-bound Rho GTPases can then 

activate downstream effector proteins to regulate a diverse array cellular functions. 

Regulation of this of this GTPase cycle involves Rho guanine nucleotide exchange factors 

(GEFs), which activate Rho GTPases by accelerating the exchange of GDP for GTP292. 

On the other hand, Rho GTPases are inactivated by Rho GTPase-activating proteins 

(GAPs) which stimulate GTP hydrolysis292 (Figure 1-17). Given the diverse roles of Rho 

family proteins in the regulation of cellular processes, mutations in Rho family proteins 

are implicated in numerous diseases including, immunological diseases, cardiovascular 

disorders, cancer, and neurodevelopmental disease (including intellectual disability)293-

296. Although the molecular mechanisms of Rho GTPase regulation have been well 

characterized, how loss of GTPase regulatory proteins disrupts cellular function and 

development remains poorly understood.  

 Rho GTPases respond to a variety of external stimuli including growth factors, 

hormones, and cytokines, and RhoGEF proteins are responsible for relaying these 

external stimuli by activating Rho GTPases297,298. There are two distinct classes of 
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RhoGEFs known as Dbl proteins and the DOCK proteins298,299. The Dbl family of proteins 

is comprised of 70 members sharing a catalytic Dbl Homology (DH) domain and a 

Pleckstrin-Homology (PH) domain that regulates GEF activation and localization300. In 

addition to this DH domain, Dbl family GEFs typically contain various catalytic or protein-

protein interaction motifs through which GEFs connect Rho GTPase signaling to 

upstream molecular pathways301. Unlike the large number of Dbl proteins, there are only 

11 members of the DOCK family of RhoGEFs302. DOCK family proteins contain a catalytic 

DHR-2 or CZH domain restricted to activation of Rac1 and Cdc42, in contrast to Dbl 

domains that can also activate RhoA303. 

One unique RhoGEF with critical roles in regulation of Rac1 and RhoA to govern 

neuronal development, is known as Trio303.  Trio is a member of the Dbl family of GEF 

proteins and contains three catalytic domains, hence the name Trio (Figure 1-18). In 

humans, the Trio protein is comprised of a SEC14 domain, 9 spectrin repeats, an N-

terminal GEF domain (GEF1), two SH3 domains, a C-terminal GEF domain (GEF2), and 

Ig-like domain, and a C-terminal serine-threonine kinase domain (Figure 1-18)304. Trio is 

enriched within the nervous system and notably, the Trio A and Trio D isoforms which lack 

the second SH3 domain (SH3-2), the Ig-like domain, and the serine threonine kinase 

domain are more highly expressed in the brain than full-length Trio (Trio-FL)304.  

Importantly, loss- and gain-of-function mutations in the human TRIO gene are linked to 

genetically dominant forms of intellectual disability305-308. 

Trio is unique in that it contains two GEF domains which target the Rac1 and RhoA 

(also known as Rho1) small RhoGTPases. Specifically, the GEF1 domain of Trio activates 

Rac1 while the GEF2 domain of Trio activates RhoA295,303,304,308-318.  Rac1 and RhoA are 
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among the most widely studied RhoGTPases and play critical roles as cytoskeletal 

regulators critical for proper neuronal development and function310. Intriguingly, Rac1 and 

RhoA activate antagonistic downstream pathways that cooperate via precise 

spatiotemporal control to execute a variety of coordinated cytoskeletal processes during 

neurodevelopment310,319. In general, Rac1 activation promotes neurite outgrowth while 

RhoA activation restricts neurite outgrowth310,319,320. In axons, Rac1 is critical for axon 

formation and elongation with Rac1 conditional knock-out mice exhibiting dramatically 

impaired axon formation and routing321-323. In contrast, conditional knock-out of RhoA 

causes significantly longer axonal projections324. In dendrites, Rac1 is considered a 

positive regulator of dendritic arbor growth while RhoA typically acts as a negative 

regulator of dendritic arbor growth320,325-329. Together, these studies highlight important 

roles for both Rac1 and RhoA in fine-tuning of neurite projection throughout development, 

and as a dual GEF, Trio is uniquely positioned to provide precise spatiotemporal control 

of Rac1 and RhoA activation to govern proper neurodevelopment.  

Studies in Drosophila melanogaster have significantly enhanced our 

understanding of Trio function in neurodevelopment. The Drosophila Trio amino acid 

sequence and modular protein structure is similar to human Trio, sharing the N-terminal 

domain, spectrin-repeats, a GEF1 and GEF2 domain, and an SH3 domain (Figure-18). 

Unlike human Trio, however, Drosophila Trio lacks the Ig-like domain and the serine-

threonine kinase domain. Two variants of Trio highly enriched in the Drosophila nervous 

system are known as Trio Long (Trio L) and Trio Medium (Trio M). Trio L is most similar 

to human Trio A consisting of the N-terminal domain, spectrin-repeats, a GEF1 and GEF2 

domain, and an SH3 domain (Figure-18). On the other hand, Drosophila Trio M consists 
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only of the SH3 domain, and the GEF2 domain (Figure-18). Previous studies 

investigating Drosophila Trio focused on the role of Trio L which acts primarily via the 

GEF1 domain to illicit downstream neuronal patterning. However, little is known about the 

function of the Trio M protein and any role in Drosophila neurodevelopment (Discussed 

in detail in Chapter 3). Previous studies in Drosophila have demonstrated that Trio is 

enriched within the nervous system where it regulates axon pathfinding and dendritic 

morphology. Specifically, loss of Trio function causes mistargeting of individual axons 

within the CNS and PNS313,316,330,331, and previous work defines a critical role for Trio-

GEF1 and -GEF2 functions in patterning dA neurons within the Drosophila PNS 

(discussed in detail in Chapter 3)320. In the Drosophila brain, Trio is enriched within the 

mushroom body a’, b’, and g lobes where it directs proper axon pathfinding during 

neurodevelopment PNS (discussed in detail in Chapter 3)313. Taken together, these 

studies highlight an important role for Trio in neurodevelopment and illustrate that 

investigation of Trio function in Drosophila can help shed light on Trio-dependent 

neurodevelopmental mechanisms disrupted in neuronal diseases such as intellectual 

disability.  

 

1.7 Scope of Dissertation 
 

The mechanism by which critical RNAs are post-transcriptionally regulated during 

neurodevelopment and in the context of neurodevelopmental disease has long been an 

active area of research.  The RNA binding protein ZC3H14/Nab2 is necessary for proper 

post-transcriptional processing of RNAs and plays key roles in metazoan development. 

Using Drosophila melanogaster as a model organism, key developmental and molecular 
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functions for Nab2 have been described including roles in polyadenylation, translation, 

neurodevelopment, and cognitive function. Despite these advances in our understanding 

of the diverse roles for Nab2, few insights have been made into how disruption of specific 

Nab2-target mRNAs may lead to perturbations in molecular and developmental function 

required for proper neurogenesis. Thus, defining key mRNA targets of Nab2 and exploring 

how these transcripts are regulated is key to elucidating elevated roles for Nab2 in the 

developing nervous system.  

The overarching goal of the research presented in this dissertation, as well as the 

research that has preceded my time as a graduate student, is to investigate the role of 

the Nab2 RBP in the post transcriptional regulation of RNAs to govern neurodevelopment. 

In this thesis, I build on previous studies from our group and others to investigate the role 

of Nab2 in the Drosophila nervous system. In doing so, I address a gap in our 

understanding of Nab2 function by defining key neuronal mRNA targets of Nab2 and 

define potential mechanisms by which they are regulated by this conserved RBP (Figure 

1-19). In culmination, the studies presented here help to elucidate how perturbations in 

human ZC3H14 expression impact human neurodevelopment underlying 

neurodevelopmental disease.  

In Chapter 2, I address a function of Nab2 in the brain by revealing that Nab2 

regulates splicing and transcript levels of neuronally-enriched transcripts within the fly 

head.  I focus our studies on retention of a male-specific exon in Sxl occurring in the 

heads of female flies. Intriguingly, this analysis further identifies genetic interactions 

between Nab2 and components of the methyltransferase machinery and unveils a role 

for Nab2 in the regulation of m6A methylation on the Sxl transcript. These studies suggest 
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that Nab2 and Mettl3 may act on the similar RNA targets to regulate downstream RNA 

processing events at by modulating levels of m6A methylation. In Chapter 3, we build on 

the work presented in Chapter 2 as well as work from our previous studies215,278-282,284,332 

by focusing on how Nab2 and Mettl3 regulation of  trio pre-mRNA processing shapes 

axon guidance and dendritic arbor development within the Drosophila nervous system. In 

Chapter 4 I share some of the painstaking research I performed that will probably never 

see the light of day (apart from this thesis, of course), including how to “clean-up” a lethal 

stock of Nab2null flies, the first evidence that Sxl regulates mushroom body development, 

my thoughts on the limitations of DART for analysis of pre-mRNA methylation states and 

preliminary evidence that Nab2 regulates methylation of the trio transcript, and a pilot 

experiment for nanopore direct-RNA sequencing of the Nab2null head transcriptome. 

Finally, in Chapter 5 I discuss the findings from this dissertation, providing overarching 

context and future directions for our studies.  
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1.8 Figures 
 
Figure 1-1 

Figure 1-1. The Central Dogma. The central dogma of molecular biology illustrates the flow of 
genetic information in which DNA is transcribed into messenger RNA (mRNA) and subsequently 
translated into protein.  
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Figure 1-2 

 
Figure 1-2. Regulation of Gene Expression Regulation of gene expression occurs both in the 
nucleus and the cytoplasm. Transcription of the nascent pre-mRNA molecule occurs in the 
nucleus where it undergoes co-transcriptional 5’ capping, splicing, and cleavage followed by 
polyadenylation. The mature mRNA is then exported from the nucleus to the cytoplasm, through 
the nuclear pore. Within the cytoplasm, the mRNA is transported, translated, and undergoes 
decay. The nucleus is denoted by the purple background and the cytoplasm is denoted by the 
light-yellow background. The large purple cylinders indicate the nuclear envelope, and the cage 
structures represent the nuclear pore.  
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 Figure 1-3 
 

 
 
Figure 1-3. Transcription. Initiation: Hypophosphorylated RNA polymerase II (RNAPII) is 
recruited to a gene promoter into the preinitiation complex (not pictured) and is phosphorylated 
on serine 5. Elongation: RNAPII synthesizes an RNA molecule from the template DNA and serine 
2 is phosphorylated. Termination: RNAPII halts RNA synthesis and nobth RNAPII and RNA are 
released from the template DNA and serine 2 phosphorylation is more prevalent 9.  
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Figure 1-4 

Figure 1-4 Untranslated regions are exons too. Exons (light green and dark green) are 
sequences that exit the nucleus including untranslated regions (UTRs; light green) and the coding 
sequence (CDS). Introns (blue) are removed during splicing and do not exit the nucleus  
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Figure 1-5 
 

 
Figure 1-5. RNA splicing. A. Pre-mRNA splicing occurs through a two-step transesterification 
reaction to remove introns. B. There are multiple different types of alternative splicing including 
constitutive splicing, exon skipping/inclusion, alternative 5’ or 3’ splice sites, intron retention, and  
mutually exclusive exons.  
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Figure 1-6 

Figure 1-6. The Nuclear Pore. Schematic cross-section of the nuclear core complex embedded 
within the nuclear envelope showing major components.  
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Figure 1-7 

Figure 1-7 Untranslated Regions. The generic structure of eukaryotic mRNA, illustrating the 5’ 
and 3’ untranslated regions (UTRs) and their respective roles in regulation of gene expression.  
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Figure 1-8 

Figure 1-8 Translation A. The ribosome is made up of a 40S small subunit and a 60S large 
subunit that come together to form the translation-competent 80S ribosome. The ribosome 
contains three binding sites for tRNA: designated the A (aminoacyl) site, which accepts incoming 
aminoacylated tRNA; P (peptidyl) site, which holds the tRNA with the nascent peptide chain; and 
the E (exit) site, which holds the deacylated tRNA before it leaves the ribosome B. Overview of 
translation. An aminoacylated tRNA binds to the codon. Next, the exisiting polypeptide chain is 
linked to the aminoacid of the tRNA via a chemical reaction. Finally, the mRNA is shifted one 
codon over in the ribosome, exposing a new codon and the deacylated tRNA leaves the ribosome.  
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Figure 1-9 

Figure 1-9 Anatomy of a Neuron The generic structure of a neuron consists of dendrites, which 
receive messages from other neurons; a cell body which contains the nucleus and cytoplasm; an 
axon, which transmits information away from the nucleus; and axon terminals, which transmit 
electrical and chemical signals to other neurons or effector cells. 
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Figure 1-10 

Figure 1-10. N6-methyladenosine and the m6A mRNA pathway A. Molecular structure of 
Adenosine residue with m6A methylation modification on the N6 position (pink circle). B. The 
methyltransferase complex (“writer”) is composed of five factors and deposits a methyl group onto 
target adenosine residues. YTH domain-containing m6A “reader” proteins recognize m6A 
methylated RNA and regulated downstream RNA fate. “Eraser” proteins mediate the removal of 
m6A methylation on target RNAs.  
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Figure 1-11 

 
Figure 1-11 The Drosophila melanogaster Life CycleThe whole lifecycle of Drosophila 
melanogaster is relatively quick and takes 10-12 days. Development of the fruit fly is divided into 
various stages including: embryo, larva (first, second, and third instars), pupa, and adult.  
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Figure 1-12 

 
Figure 1-12 The Gal4/UAS System. The Gal4/UAS system is used to modulate spatial 
expression of transgenes in specific tissues. To express a transgene or RNAi construct in a certain 
tissue or type of cell, a fly carrying a “driver” with a tissue specific promoter placed upstream of 
the Gal4 transcription factor is mated to a fly carrying the gene of interest downstream of an 
upstream activating sequence (UAS). UAS is activated by Gal4. Thus, progeny of this cross will 
carry both transgenes and the tissue-specific promoter will drive expression of Gal4, which binds 
UAS driving expression of the gene of interest in the specified tissue. This system can also be 
used to express a hairpin RNA to knockdown a gene in the target tissue.  
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Figure 1-13 

 
Figure 1-13 The Drosophila brain and mushroom body. Schematic of the Drosophila brain 
containing the centrally located mushroom body, a twin neuropil structure that regulates 
associative olfactory learning and memory. The adult mushroom body is composed of several 
distinct stuctures including the calyx, penuncle, protocerebellar bridge, fan-shaped body, ellipsoid 
body, and axons of the vertically projecting alpha (a), alpha prime (a’) neurons, the medially 
projecting gamma (g), beta (b), and beta prime (b’) neurons.   
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Figure 1-14 

 
Figure 1-14 Class IV ddaC neurons. Drosophila dendritic arborization (dA) neurons provide an 
excellent system to investigate dendritic development and morphology. There are multiple types 
of da neurons, and this thesis specifically focuses on class IV dorsal dendritic arbor C (ddaC) 
neurons, as pictured. ddaC neurons have some of the largest and most elaborate dendritic arbors 
covering the body wall of the larvae. These ddaC neurons are marked in green with mCD8::GFP 
(live cell imaging methods are described in detail in Chapter 3 of this thesis).  
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Figure 1-15 
 

 
Figure 1-15 Orthologues of ZC3H14. Nab2 orthologues share a common domain structure 
based on N-terminal PWI-fold domain (orange), which serves as a protein-protein interaction 
domain, a Q-rich region (purple), a nuclear localization signal (NLS; teal), and a C-terminal zinc 
finger (ZnF) domain (yellow) containing a series of Zn fingers that bind to polyadenosine RNA. 
Additionally, S.c. Nab2 contains an RGG domain (blue) that functions in nuclear import. The 
nonsense mutation (R154X) and frameshift mutation (N309fs) are highlighted in red.   
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Figure 1-16 

 
Figure 1-16 Sex determination cascade in Drosophila A. The primary genetic signal for sex 
determination is the ratio of X chromosomes to sets of autosomes (X:A). The sex determination 
cascade, composed of Sxl, tra, tra-2, and dsx is dependent on this ratio. B. Transcription from the 
Sxl establishment promoter (Pe) is activated during early embryonic development in XX animals. 
The Sxl protein encoded by the transcripts from the early promoter (SxlPE) induces female-specific 
splicing of Sxl from the maintenance promoter to produce functional Sxl protein (SxlPM). Lack of 
Sxl in males causes male-specific inclusion of Sxl exon 3 which contains a premature termination 
codon (PTC), thus, no functional Sxl protein is made. In females, Sxl protein binds its own pre-
mRNA forming an autoregulatory loop to maintain female-specific splicing. C. Sxl directs female-
specific splicing of tra giving rise to functional Tra protein. Lack of functional Sxl causes male-
specific splicing of tra pre-mRNA which contains a PTC, thus, no functional Tra is made. Tra 
protein that acts in concert with Tra-2 to bind an exonic splicing enhancer of dsx thereby activating 
a weak 3’ splic site to generate female-specific DSX protein (DSXF). In the absence of Tra, dsx 
pre-mRNA undergoes default splicing patterns to produce male-specific DSX protein (DSXM). 
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Figure 1-17 

Figure 1-17 The GTPase cycle. Most RhoGTPases act as molecular switches by cycling through 
a GDP-bound, inactive state and a GTP-bound, active state. Rho guanine nucleotide exchange 
factors (RhoGEFs) activate RhoGTPases by accelerating the exchange of GDP for GTP, thereby 
switching ON signal transduction. On the other hand, RhoGTPase-activating proteins (GAPs) 
negatively regulate RhoGTPases by stimulating GTP hydrolysis thereby switching OFF signal 
transduction.   
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Figure 1-18 

 
Figure 1-18 Schematic of human and Drosophila Trio proteins. Schematic of the human (H.s.) 
Trio FL and Trio A and Drosophila melanogaster (D.m.) Trio L and Trio M proteins. Trio contains 
a Sec14 domain, nine spectrin repeats, two Src homology 3 (SH3-1 and SH3-2) domains, and 
two catalytic GEF domains (GEF1 and GEF2), comprised of tandem Dbl homology (DH) and 
pleckstrin homology (PH) domains, an immunoglobulin like domain (Ig-like), and a serine-
threonine kinase domain.  
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Figure 1-19

 
Figure 1-19 Model Figure. Nab2 regulates splicing and protein levels of Sxl and Trio to 
govern sexual development, organismal phenotypes, and neuronal development in 
Drosophila melanogaster.  
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Abstract  
 

The Drosophila polyadenosine RNA binding protein Nab2, which is orthologous to a human 

protein lost in a form of inherited intellectual disability, controls adult locomotion, axon 

projection, dendritic arborization, and memory through a largely undefined set of target 

RNAs. Here, we show a specific role for Nab2 in regulating splicing of ~150 exons/introns 

in the head transcriptome and focus on retention of a male-specific exon in the sex 

determination factor Sex-lethal (Sxl) that is enriched in female neurons. Previous studies 

have revealed that this splicing event is regulated in females by N6-methyladenosine (m6A) 

modification by the Mettl3 complex. At a molecular level, Nab2 associates with Sxl pre-

mRNA in neurons and limits Sxl m6A methylation at specific sites. In parallel, reducing 

expression of the Mettl3, Mettl3 complex components, or the m6A reader Ythdc1 rescues 

mutant phenotypes in Nab2 flies. Overall, these data identify Nab2 as an inhibitor of m6A 

methylation and imply significant overlap between Nab2 and Mettl3 regulated RNAs in 

neuronal tissue. 
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Introduction 
 
RNA binding proteins (RBPs) play important roles in guiding spatiotemporal patterns of 

gene expression that distinguish different cell types and tissues within organisms. There 

are an estimated ~1500 RBPs that distribute between the nucleus and cytoplasm 333, and 

each has the potential to interact with RNAs to modulate post-transcriptional gene 

expression. Such regulation is particularly critical in highly specialized cells such as 

neurons334 where regulated alternative splicing of coding regions and 3’UTRs, 

cleavage/polyadenylation, trafficking and local translation contribute to precise regulation 

of gene expression166. The critical roles of RBPs in neurons is highlighted by many studies 

that reveal the importance of this class of proteins in brain development and function 335 

and by the prevalence of human neurological diseases linked to mutations in genes 

encoding RBPs 166. Many of these RBPs are ubiquitously expressed and play multiple 

roles in post-transcriptional regulation. Thus, defining the key neuronal functions of these 

proteins is critical to understanding both their fundamental roles and the links to disease.  

Among the RBPs linked to human diseases are a group of proteins that bind with 

high affinity to polyadenosine RNAs, which are termed poly(A) RNA binding proteins or 

Pabs 264. Functional studies of classical nuclear and cytoplasmic Pabs, which utilize RNA 

recognition motifs (RRMs) to recognize RNA, have uncovered diverse roles for these 

proteins in modulating mRNA stability, alternative cleavage and polyadenylation and 

translation 336. A second, less well-studied, group of Pabs uses zinc-finger (ZnF) domains 

to bind target RNAs. Among these is the Zinc Finger Cys-Cys-Cys-His-Type Containing 

14 (ZC3H14) protein, which binds with high affinity to poly(A) RNAs via a set of C-terminal 

tandem Cys-Cys-Cys-His type zinc-finger domains 245. ZC3H14 is broadly expressed in 
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many tissues and cell types but mutations in the human ZC3H14 gene are associated 

with a heritable form of intellectual disability 215, implying an important requirement for this 

protein in the central nervous system.  

ZC3H14 has well-conserved homologs in eukaryotes, including S. cerevisiae 

Nuclear poly(A)-binding protein 2 (Nab2), Drosophila melanogaster Nab2, C. elegans 

SUT-2 and murine ZC3H14337. Zygotic loss of ZC3H14 in mice and Drosophila impairs 

neuronal function215,338, while neuron-specific depletion of Drosophila Nab2 is sufficient 

to replicate these effects 215. Reciprocally, expression of human ZC3H14 in Nab2-deficient 

neurons rescues this defect, demonstrating a high degree of functional conservation 

between human ZC3H14 and Drosophila Nab2 279. Collectively, these data focus attention 

on what are critical, but poorly understood, molecular roles for ZC3H14/Nab2 proteins in 

neurons. 

Neuronal ZC3H14/Nab2 can be divided into two pools, a nuclear pool that 

accounts for the majority of ZC3H14/Nab2 in the cell, and a small cytoplasmic pool of 

protein detected in mRNA ribonucleoprotein particles (mRNPs) of axons and dendrites 

245,278,338. Depletion of both pools in Drosophila neurons cause defects in axon projection 

within the brain mushroom bodies (MBs)284, a pair of neuropil structures involved in 

olfactory learning and memory232,339, and excess branching of dendrites on peripheral 

sensory neurons281. The Nab2 requirement in MBs is linked to a physical association 

between Nab2 and the Drosophila Fragile-X mental retardation protein homolog275 in the 

neuronal cytoplasm and translational repression of shared Nab2-Fmr1 target RNAs278. 

Genetic data indicate that Nab2 limits dendritic branching through effects on the 

cytoplasmic planar cell polarity pathway 281. Despite these insights into a cytoplasmic 
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functions of Nab2, a molecular role of the abundant pool of Nab2 protein in neuronal 

nuclei remains undefined.  

Here, we employ a broad and an unbiased RNA sequencing approach to identify 

transcriptome-wide changes in the heads of Nab2 loss-of-function mutant flies. While the 

steady-state levels of most transcripts are not significantly changed, we find a striking 

effect on splicing of a subset of neuronal RNA transcripts. We focus our analysis on a 

well-characterized sex-specific alternative splicing event in the Sex-lethal (Sxl) transcript 

286,340,341. Results reveal that Nab2 plays a novel role in regulating the alternative splicing 

of Sxl in a sex-specific manner. Recent work has revealed a role for m6A RNA methylation 

by the enzyme Mettl3 in modulating this splicing event129,288. Similar to Mettl3, the 

requirement for Nab2 in alternative splicing of Sxl is only essential for neuronally-enriched 

tissues. Genetic and biochemical experiments support a functional link between m6A 

methylation and Nab2 in which Nab2 limits m6A on target RNAs. These results 

demonstrate the role for Drosophila Nab2 in RNA alternative splicing as well as RNA 

methylation and sex determination in neurons. 

 
Results 
 
Nab2 loss affects levels and processing of a subset of RNAs in the transcriptome 
of the Drosophila head 
 
To assess the role of Nab2 in regulating the central nervous system transcriptome, a high-

throughput RNA Sequencing (RNA-Seq) analysis was carried out in triplicate on Nab2 

null mutant heads (Nab2ex3 imprecise excision of EP3716) 215 and isogenic control heads 

(Nab2pex41 precise excision of EP3716). To capture any sex-specific differences, heads 

were collected from both male and female flies of each genotype. Briefly, total RNA from 



 73 

1-day old adults was rRNA-depleted and used to generate stranded cDNA libraries that 

were sequenced (150 cycles) on a NextSeq 500 High Output Flow Cell. This generated 

a total of approximately 1.1 billion 75 base-pair (bp) paired-end reads (91 million/sample) 

that were mapped onto the Dmel6.17 release of the Drosophila genome using RNA STAR 

342. Read annotation and per-gene tabulation was conducted with featureCounts 343 and 

differential expression analysis was performed with DESeq2 344.  

RNA sequencing reads across the Nab2 gene are almost completely eliminated in 

Nab2ex3 mutants, confirming the genetic background and integrity of this analysis pipeline 

(Supplemental Figure 2-1). Principal component analysis (PCA) performed with 

DESeq2 output data confirms that the 12 RNA-seq datasets distribute into four clusters 

that diverge significantly from one another based on genotype (Nab2ex3 vs. Nab2pex41 

control; PC1 58% variance) and sex (male vs. female; PC2 26% variance) (Figure 2-1A). 

The DESeq2 analysis detects 3,799 and 1,545 genes in females and males, respectively, 

that exhibit statistically significant differences in RNA abundance between Nab2ex3 and 

control (BH adjusted p-value/false discovery rate (FDR)<0.05). Comparison of fold-

changes (Nab2ex3 vs. control) among these significantly different RNAs reveals a high 

degree of correlation in female vs. male samples (R=0.79), particularly among RNAs 

whose levels are most elevated upon Nab2 loss (Figure 2-1B). Applying a 2-fold change 

cutoff (|log2[fold-change]|³1) trims these sets to 453 significantly changed RNAs in 

females (294 ‘up’, 159 ‘down’), and 305 significantly changed RNAs in males (150 ‘up’, 

155 ‘down’) (Figure 2-1C), which merge into a combined set of 570 significantly affected 

RNAs that trend similarly in heatmap analysis of mutant vs. control samples (Figure 2-

1D). A majority of the 453 affected ‘female’ RNAs are mRNAs (439) and the remaining 
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are snoRNAs (8), snRNAs (1), pre-rRNAs (1), and tRNAs (4) (Figure 2-1E). A similar 

distribution occurs in male heads: a majority of the affected RNAs are mRNAs (297) and 

the remainder are snoRNAs (4), snRNAs (1), pre-rRNAs (1), and tRNAs (2) (Figure 2-

1E). Overall, the number of significantly changed RNAs ((|log2[fold-change]|³1 and 

FDR<0.05) in Nab2ex3 female and male heads represents a small fraction of RNAs 

detected in heads (2.2% and 3.7% in males and females, respectively), suggesting that 

Nab2 normally contributes to RNA-specific regulatory mechanisms in Drosophila head 

tissue. 

 

Nab2 loss alters levels of transcripts linked to mRNA processing 
 
To identify functional groups within Nab2-regulated RNAs, Gene Set Enrichment Analysis 

(GSEA) 345,346 was performed with the goal of defining enriched gene ontology (GO) terms 

347,348 among the significantly changed female and male RNAs identified by DESeq2. This 

filtering uncovers significant enrichment (p<0.05) for “RNA splicing” GO (GO:0008380) 

within the upregulated group of RNAs in both sexes (Figure 2-2A). In Nab2ex3 females, 

32 of 155 genes annotated under this term are present among upregulated RNAs; 

whereas in males, 75 of 159 genes annotated under this term are present among 

upregulated RNAs (Figure 2-2A). This enrichment for upregulated splicing-related factors 

indicates that Nab2 loss could shift splicing patterns in the adult head. Consistent with 

this hypothesis, MISO (mixture of isoforms) analysis 349 of annotated alternative splicing 

events confirms that Nab2 loss significantly alters splicing patterns within a small number 

of transcripts in female (48) and male (50) heads (Supplemental File 2-2) that fall into a 

variety of GO terms (Supplemental Figure 2-2). These MISO-called alternative splicing 
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events include 5’ and 3’ alternative-splice site usage, intron retention events, and 

previously annotated exon skipping events, some of which are detected in the same 

transcripts (Figure 2-2B).  

To test whether Nab2 loss results in unannotated or aberrant splicing events among 

head RNAs, DEXSeq analysis350 was performed to scan for differential abundance of 

individual exons relative to other exons within the same transcript. This analysis detects 

151 affected RNAs in Nab2ex3 females and 114 in Nab2ex3 males, with many top-ranked 

transcripts encoding factors with roles in behavior, neurodevelopment, and/or neural 

function. Re-analysis with a lower significance threshold yielded additional transcripts that 

show evidence of altered post-transcriptional processing in Nab2 mutant heads but did 

not alter the group of RNAs identified as most significantly affected by Nab2 loss. Among 

the 151 most affected RNAs, the most statistically significant exon usage change in either 

sex is female-specific inclusion of exon 3 in the Sex lethal (Sxl) mRNA (p=3.08x10-235). 

This effect on Sxl mRNA in Nab2ex3 females is followed in rank order of statistical 

significance by enhanced inclusion of exons 1 and 2 of the MIF4GD homolog transcript 

CG13124, exons 1 and 2 of the voltage-gated ion channel transcript Ih channel (Ih), and 

exon 1 of the synaptic enzyme transcript Acetylcholine esterase (Ace). In Nab2ex3 males, 

the top four events are enhanced inclusion of exon 1 of the Ace transcript, exon 1 of the 

Protein kinase C at 53E (Pkc53E) transcript, exons 1 and 2 of the Rab GTPase pollux 

(plx) transcript, and exons 1 and 2 of Protein kinase N (Pkn) transcript. In a number of 

cases, identical exons are affected in both Nab2ex3 sexes and accompanied by retention 

of the intervening intron (e.g., see CG13124 and Ih traces in Supplemental Figure 2-3). 

The robust increase in Sxl exon 3 in Nab2ex3 females is noteworthy both for the central 
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role that differential inclusion of Sxl exon 3 plays in Drosophila sex determination351 and 

because DEXSeq did not detect changes in exon 3 inclusion or abundance in Nab2ex3 

males. In light of this sex-specific effect of Nab2 loss on alternative splicing of Sxl exon 

3, subsequent analyses focused on the role of Nab2 in Sxl mRNA splicing in female 

heads.  

 

Nab2ex3 females exhibit masculinized Sxl splicing in neuron-enriched tissues  
 
The Sex lethal (Sxl) protein is a female-specific, U-rich RNA binding protein that is best 

defined for  its role acting through the tra-dsx and msl-2 pathways to promote female 

somatic and germline identity 352,353. Sxl pre-mRNA is expressed in both males and 

females, but alternative splicing regulated by m6A RNA methylation and several RBPs 

leads to female-specific skipping of exon 3 during splicing129,341,354. Because exon 3 

includes an in-frame translation ‘stop’ codon, full-length Sxl protein is only made and 

active in female cells355. The inclusion of Sxl exon 3 in Nab2ex3 mutants would thus 

implicate Nab2 as a novel component of molecular machinery that controls Sxl pre-mRNA 

splicing. 

 Visualizing Sxl RNA-Seq reads with IGV Viewer356 confirms a large increase in 

exon 3 reads in Nab2ex3 females (Nab2ex3 F) relative to control females (control F), and 

also reveals retention of ~500 bases of intron 3 sequence in Nab2ex3 females (Figure 2-

3A). Normal splicing patterns are detected across all other Sxl intron-exon junctions in 

both genotypes of males and females, including female-specific exon 9 inclusion. 

Quantification of reads across the entire Sxl locus detects an ~1.5-fold increase in the 

overall abundance of the Sxl mRNA in Nab2ex3 females compared to control females. 
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Parallel reverse transcription polymerase chain reaction (RT-PCR) on fly heads using Sxl 

primers that detect exon 2-exon 4 (control females) and exon 2-exon 3-exon 4 (control 

males) confirms the presence of the mis-spliced exon 2-exon 3-exon 4 mRNA transcript 

in Nab2ex3 females (Figure 2-3B). The exon 2-exon 3-exon 4 mRNA transcript appears 

to be more abundant in Nab2ex3 female heads than in female heads lacking Mettl3, which 

encodes the catalytic component of the m6A methyltransferase complex that promotes 

exon 3 skipping in nervous system tissue 129,288,341. RT-PCR also reveals a ~1kb band in 

Nab2ex3 females (arrowhead, Figure 2-3B) that sequencing identifies as aberrantly 

spliced transcript that incorporates 503 bases of intron 3 leading up to a cryptic 5’ splice 

site (i.e., exon 2-exon 3-intron 3503-exon 4), which matches the Sxl intron 3 sequencing 

reads observed in IGV (see Figure 2-3A).  

qRT-PCR confirms a statistically significant increase in the inclusion of the male-

specific exon 3 in females with a concomitant decrease in the level of correctly spliced 

(exon 2-exon 4) transcript in both Nab2ex3 and Mettl3null  female heads (Figure 2-3C). 

Because Sxl exon 3 includes an in-frame translation ‘stop’ codon, we tested whether full-

length Sxl protein levels decrease in Nab2ex3 female heads. Indeed, immunoblotting 

analysis reveals reduced levels of Sxl protein in Nab2ex3 female heads compared to 

control or Mettl3 null heads (Figures 2-3D-E). Together, these data implicate Nab2 in 

post-transcriptional regulation of Sxl splicing and control of Sxl protein levels within female 

heads.  

As all the analysis carried out thus far employed heads as source material, we 

tested whether Nab2-dependent splicing changes were also detected in other tissues. 

Significantly, RT-PCR analysis of Sxl mRNA in dissected control and Nab2ex3 females 
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detects exon 3 retention in Nab2ex3 samples prepared from the thorax, but little to no 

retention in the abdomen and ovary (Figure 2-3F). This result implies that Nab2 is only 

necessary to direct Sxl exon 3 exclusion in specific tissues or cell types such as neurons, 

which are enriched in the head (brain) and thorax (ventral nerve cord). In sum, these data 

reveal a tissue-specific role for Nab2 in blocking Sxl exon 3 inclusion in females and 

regulating 5’-splice site utilization at the exon 3-exon 4 junction. 

As Sxl is itself an RBP with roles in alternative splicing352,355, we performed a 

bioinformatic scan for RBP motifs enriched in proximity to the Nab2-dependent alternative 

splicing events identified by MISO analysis (see Figure 2-2B). Input sequences were 

composed of retained introns plus 25nt extending into each flanking exon, and alternative 

splice sites with 25nt of exon plus 1kb of adjacent intron (see schematic, Figure 2-3G). 

This unbiased scan detected candidate Sxl binding sites as the single most abundant 

RBP motif within the Nab2-regulated MISO events in females (Figure 2-3G). Notably, Sxl 

motifs were not detected as enriched in the male Nab2ex3 MISO dataset, which otherwise 

strongly resembles the remaining group of female-enriched RBP motifs [(e.g., the 

hnRNPL homolog smooth (sm), RNA binding protein-9 (Rbp9), the U1-SNRNPA homolog 

sans fille (snf), and the U2-SNRNP component (U2AF50)]. The female-specific 

enrichment for Sxl binding sites raises the possibility that Nab2 regulates a portion of the 

alternative splicing events indirectly via control of a Sxl-regulated splicing program, or that 

Sxl and Nab2 proteins target common splicing events. Intriguingly, the Sxl target 

transformer (tra) and the Tra target double-sex (dsx) 357,358 were not recovered in the 

Nab2ex3 MISO or DESeq2 datasets, and IGV reads show little evidence of altered 

structure of tra and dsx RNAs as compared to Nab2pex41 controls (Supplemental Figure 
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2-4). Together, these data suggest that Sxl may not control the tra-dsx pathway in the 

adult head, or that tra and dsx splicing are only altered in a subset of Nab2ex3 head cells 

and thus not detectable by bulk RNA-Seq analysis. 

 

The dosage compensation complex contributes to phenotypes in Nab2ex3 mutant 
females 
 
The decrease in Sxl protein in Nab2ex3 female heads suggests that aberrant inclusion of 

Sxl exon 3 could contribute to Nab2ex3 phenotypes by reducing Sxl activity. To test this 

hypothesis, the constitutively female-spliced SxlM8 allele359 was placed as a heterozygote 

into the background of Nab2ex3 animals. SxlM8 contains a 110bp deletion spanning the 3’-

end of intron 2 and 5’-end of exon 3, and consequently undergoes constitutive splicing to 

the feminized exon 2-exon 4 variant regardless of sex (top panel, Figure 2-4A). 

Consistent with the original report describing SxlM8 359, the allele is male-lethal in both 

control and Nab2ex3 backgrounds. However, heterozygosity for SxlM8 produces strong 

rescue of Nab2ex3 mutant female viability from ~4% to 71% (SxlM8/+;;Nab2ex3) (Figure 2-

4A). Female Nab2ex3 siblings that did not inherit the SxlM8 allele also exhibit elevated 

viability (64%), perhaps due to maternal loading of Sxl mRNA. SxlM8/+;;Nab2ex3 females 

also show improved locomotion in a negative geotaxis assay (Figure 2-4B) and 

lengthened lifespan (Figure 2-4C) relative to Nab2ex3 females. This female-specific 

rescue of Nab2ex3 by SxlM8 indicates that partial restoration of Sxl expression can 

compensate for Nab2 loss. 

The absence of any effect on tra or dsx transcripts upon loss of Nab2 

(Supplemental Figure 2-4) prompted us to analyze the other major role of Sxl, which is 

to bind to the male-specific lethal-2 (msl-2) mRNA and inhibit its translation in female 
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somatic and germline tissues 360,361. As a result, Msl-2 protein is only expressed in male 

cells, where it promotes assembly of a chromatin modifying complex termed the Dosage 

Compensation Complex (DCC; composed of Msl-1, Msl-2, Msl-3, Mof, Mle and roX1 and 

roX2 non-coding RNAs), which is recruited to the male X chromosome to equalize X-

linked gene expression between males and females 360,361. A number of DCC components 

are expressed at high levels in the adult nervous system 362, which correlates with the 

tissue-restricted link between Nab2 and Sxl splicing (as in Figure 32-F). As a functional 

test of interactions between Nab2 and the DCC pathway, the msl-2kmA (msl-2killer of males-A) 

male lethal EMS allele 363 was tested for dominant effects on Nab2ex3 female phenotypes. 

A single copy of msl-2kmA significantly rescues defects in viability (Figure 2-4D), 

locomotion (Figure 2-4E), and lifespan (Figure 2-4F) in Nab2ex3 females. Furthermore, a 

second msl-2 mutant allele over a deficiency that uncovers the msl-2 locus (msl-

l227/Exel7016) 364, as well as roX1 and mle loss-of-function alleles, rescue Nab2ex3 mutant 

phenotypes (Supplemental Figure 2-5). Given that Msl-2 is not normally active in adult 

female tissues 362,365 and its forced expression reduces female viability 366, rescue of 

Nab2ex3 females by these msl-2, mle, and roX1 alleles provides evidence that the DCC 

pathway is inappropriately activated upon Nab2 loss. Of note, the msl-2, mle and roX1 

RNAs appear similar in IGV reads from both control and Nab2ex3 adult heads 

(Supplemental Figure 2-4), suggesting that genetic interactions between these loci are 

not through direct effects of Nab2 loss on post-transcriptional processing of these RNAs 

in a large fraction of cells.  

Loss of the Mettl3 m6A methyltransferase rescues Nab2ex3 phenotypes 
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Genetic interactions between Nab2, Sxl, and msl-2 alleles are consistent with a role for 

Nab2 protein in regulating sex-specific splicing of Sxl exon 3. One mechanism that 

promotes exon 3 exclusion in females is based on N6-methylation of adenosines (m6A) in 

Sxl pre-mRNA by the Methyltransferase like-3 (Mettl3)-containing methyltransferase 

complex129,341. Inactivating mutations in components of this m6A ‘writer’ complex 

masculinize the pattern of exon 3 splicing in female flies in a manner similar to Nab2ex3 

and molecular studies indicate that the Mettl3 complex promotes exon 3 exclusion in 

females by depositing m6A within Sxl exon 3 and flanking introns129,147,288,341.  

To assess Nab2-Mettl3 functional interactions, the Mettl3null allele (formerly known 

as Ime4null) 129 was carefully recombined with Nab2ex3 (the loci are less than 1cM apart; 

Supplemental Figure 2-6) Multiple recombinant Nab2ex3,Mettl3null chromosomes were 

found to be lethal at pre-larval stages but semi-viable over the Nab2ex3 chromosome; we 

therefore analyzed phenotypes in Nab2ex3,Mettl3null/+ mutant females. Consistent with 

prior work129,288,341, homozygosity for the Mettl3null allele reduces adult viability (Figure 2-

5A), decreases locomotion in a negative geotaxis assay (Figure 2-5B), and shortens 

lifespan (Figure 2-5C). However, Mettl3null heterozygosity has the inverse effect of 

suppressing each of these defects in Nab2ex3 females: Nab2ex3,Mettl3null/+ mutant 

females show approximately 3-fold higher viability (Figure 2-5A), 6-fold higher climbing 

rates (at the 30 sec time point; Figure 52-B), and 1.75-fold longer lifespan (Figure 2-5C) 

than Nab2ex3 mutant females. As both Nab2 and Mettl3 act within the Drosophila nervous 

system129,147,278,280,288,367, we sought to test whether this rescue of Nab2ex3 by reduced 

Mettl3 stems from cell autonomous roles for both factors within neurons. To address this 

hypothesis, we expressed a UAS-Mettl3-RNAi transgene in Nab2ex3 neurons using the 
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pan-neuronal driver elav-Gal4368 (i.e., elav-Gal4;UAS-Mettl3-RNAi;Nab2ex3). Notably, this 

depletion of Mettl3 only in neurons was sufficient to suppress Nab2ex3 associated defects 

in both viability (Figure 2-5D) and locomotion (Figure 2-5E) in female flies, consistent 

with a functional interaction between Nab2 and Mettl3 in neurons. Similarly, we reasoned 

that reducing other components of the m6A ‘writer’ complex could rescue Nab2ex3 defects. 

Indeed, we observed that heterozygous loss of two other components of the 

methyltransferase complex required for Sxl exon 3 skipping, female-lethal(2)d (fl(2)d) and 

virilizer (vir)369-371, also suppresses Nab2ex3 mutant phenotypes (Figure 2-5F-G). 

Heterozygous loss of fl(2)d in a Nab2ex3 mutant suppresses defects in female locomotion 

but not viability, while heterozygous loss of virilizer dominantly suppresses defects in both 

viability and locomotion. 

 

Nab2 binds Sxl pre-mRNA and modulates m6A methylation  
 
The finding that reduced Mettl3 expression rescues viability, lifespan, and locomotor 

defects in Nab2ex3 females indicates that the Mettl3 m6A ‘writer’ complex is required to 

promote developmental and behavioral defects in Nab2 mutants. However, loss of the 

same Mettl3 m6A ‘writer’ complex normally causes developmental and behavioral defects 

that resemble Nab2 mutant phenotypes documented here (Figures 2-4 and 2-5), and 

that are accompanied by Sxl exon 3 inclusion due to hypomethylation of Sxl 

mRNA129,147,288,341. This paradox could be explained if Sxl exon 3 inclusion in Nab2ex3 

females accumulate excess m6A on the Sxl pre-mRNA. To test this hypothesis, a series 

of primer sets were designed to examine Sxl pre-mRNA and mRNA transcripts by RNA-

immunoprecipitation (RIP) and anti-m6A-RIP (MeRIP) (Figure 2-6A). As illustrated in 
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Figure 2-6A, the Sxl transcript contains candidate binding sites for both Sxl protein 

(polyuridine tracts=red ticks) and the polyadenosine RNA binding protein Nab2 protein 

(AC(A)13 tract=green tick). Approximate mapped sites of m6A methylation ( ticks) 

in the Drosophila head transcriptome are also indicated 147 (see Supplemental Figure 2-

7 for a more detailed schematic).  

To assess the m6A status of total Sxl RNA, MeRIP precipitates from female head 

lysates (control, Nab2ex3, and Mettl3null) were analyzed by reverse transcription-real time 

quantitative PCR (RT-qPCR) with the exon 2-exon 2 (E2-E2) primer pair, which amplifies 

both pre-mRNA and mature mRNA (SxlE2-E2 in Figure 2-6B). This approach detects 

reduced Sxl m6A in Mettl3null heads relative to controls, which is consistent with prior 

studies 129,147,288,341, and an increase in Sxl transcript recovered from MeRIP of Nab2ex3 

heads, consistent with increased Sxl m6A modification. As additional controls for m6A 

status, two m6A-methylated Mettl3-target RNAs, Act5c and Usp16 129,147,288 were 

analyzed. MeRIP-qPCR indicates that both mRNAs show decreased m6A in Mettl3null and 

show increased m6A in Nab2ex3 flies (Supplemental Figure 2-9). Shifting this analysis to 

qPCR with the Sxl E2-E4 primer set (SxlE2-E4 in Figure 2-6B), which detects spliced Sxl 

mRNA, reveals a similar pattern of elevated Sxl m6A in Nab2ex3 heads. Together, these 

MeRIP-qPCR data argue that Nab2 either inhibits Mettl3-mediated m6A deposition or 

promotes m6A removal from Sxl mRNA. A prediction of this model is that Nab2 loss should 

result in increased levels of m6A on Sxl pre-mRNA. MeRIP analysis using the I2-E3 primer 

pair (SxlI2-E3 in Figure 2-6C) or the I3-E4 primer pair (SxlI3-E4 in Figure 2-6C) reveals 

moderate (1.5-fold) enrichment for intron 2-containing Sxl RNAs in Nab2ex3 heads, and 
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stronger (4.5-fold) enrichment for intron 3-containing RNAs, consistent with elevated m6A 

on Sxl pre-mRNAs that contain introns 2 and 3. 

To more precisely define how loss of Nab2 alters the relative abundance and/or 

location of m6A deposition along the Sxl transcript in female heads, we utilized in vitro 

DART-Sanger sequencing (Deamination adjacent to RNA modification Targets followed 

by Sanger sequencing) 372,373 (Figure 2-6D-F). This method overcomes several 

limitations of traditional antibody-based methods including limited sensitivity and 

selectivity, and struggle to distinguish m6A from other RNA modifications (i.e., m6Am) 372. 

Briefly, in vitro DART-Sanger sequencing involves incubating RNA with a chimeric fusion 

protein consisting of the deaminating enzyme APOBEC1 fused to the m6A-binding YTH 

domain of m6A ‘reader’ proteins. As m6A-modified adenosine (A) residues are followed by 

a cytosine (C) residue in the most common consensus sequence 126,372,374, the APOBEC-

YTH fusion recognizes m6A-modified A and deaminates the neighboring C, creating a 

uracil (U) base which is read as a thymine (T) during Sanger sequencing. Therefore, C-

to-U transitions and the frequency at which they occur permit mapping of m6A location 

and relative abundance. Thus, this method enables us to define the m6A modification 

status of the Sxl transcript in control and Nab2ex3 heads.  For this experiment, we treated 

RNA extracted from female control or Nab2ex3 heads with APOBEC1-YTH, and 

subsequently performed RT-PCR with primers that amplify Sxl exon 3-intron 3503 (E3-I3 

as illustrated in Figure 2-6F). Sanger sequencing and subsequent analysis of C-to-U 

transitions revealed the presence of seven m6A sites (sites #1-7) within this region (Figure 

2-6D-F, denoted by asterisk in Figure 2-6D). These sites fall within or adjacent to sites 

mapped in a previous study of Drosophila head RNAs 147. Of the seven m6A modifications 
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mapped within this region, four sites show a statistically significant increases C-to-U 

transition in Nab2ex3 female heads compared to control (Figure 2-6D; four sites are 

denoted by red color in Figures 2-6E-F). Specifically, sites 1-3 and 7 show ≥2.00 ratio of 

m6A modification (calculated as %C-to-U Nab2ex3/%C-to-U control), providing evidence 

that these sites are methylated to a greater extent in Nab2ex3 female heads as compared 

to control heads. Notably, the m6A modification mapped to site 7 falls within the first 

adenosine residue of the proposed Nab2 AC(A)13 binding site (see schematic in Figure 

2-6A,F). These results are consistent with a role for Nab2 in inhibiting m6A levels on Sxl 

pre-mRNA and suggest that modulation of m6A levels may link Nab2 to other RNA targets 

within the Drosophila head transcriptome. To test whether Nab2 physically associates 

with Sxl pre-mRNA as a potential mechanism to limit m6A levels, an anti-Flag IP of FLAG-

Nab2 was performed from head lysates of adult females expressing N-terminally tagged 

Nab2 specifically in neurons (elav>Flag:Nab2). RT-qPCR of precipitates analyzed with 

Sxl I3-E4 primers, provides evidence that Nab2 associates with unspliced Sxl pre-mRNA 

(Figure 2-6G). In sum, these data provide a molecular framework to interpret Nab2-

Mettl3-Sxl genetic interactions in which Nab2 associates with the Sxl pre-mRNA, perhaps 

via the AC(A)13 site located in I3 (green tick; Figure 2-6A) and limits levels of m6A on this 

transcript.  

In light of these m6A data, we revisited the effect of altered Mettl3 gene dosage on 

Sxl RNA structure. Reducing Mettl3 levels by half (Mettl3null/+) does not significantly alter 

Sxl splicing patterns in either control females or Nab2ex3 females (Supplemental Figure 

2-10). Because complete removal of Mettl3 is lethal in animals that also lack Nab2, we 

considered whether overexpressing Mettl3 is sufficient to reproduce Sxl splicing defects 
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we observe in Nab2ex3 female heads. To test this possibility, we compared patterns of Sxl 

splicing between Nab2ex3 female heads and heads from animals overexpressing Mettl3 

in neurons using a UAS-Mettl3 129 transgene driven by elav-Gal4 368 (Supplemental 

Figure 2-11). As shown in Figure 2-6H, RT-PCR using primers located in Sxl exon 3 and 

exon 4 detect misspliced exon 3-exon 4 RNA (green boxes) and the aberrant exon 3-

intron 3503-exon 4 (red-grey boxes) product in Nab2ex3 homozygous heads, with none or 

very low levels of these two RNA species in control (elav-Gal4 alone) and Nab2ex3 

heterozygous heads. However, overexpression of Mettl3 in neurons is sufficient to 

produce the exon 3-exon 4 and exon 3-intron 3503-exon 4 RNAs in both control and 

Nab2ex3 heterozygote heads, thus replicating the effect of Nab2 loss on Sxl splicing. This 

analysis also identified a Sxl exon 3-exon 4 splicing intermediate in female heads that is 

approximately 60nt smaller than the expected exon 3-exon 4 product, which is lost in 

Nab2ex3 female heads (grey arrow, Figure 2-6H).  Sanger sequencing of this product 

revealed the presence of a Nab2-regulated cryptic 3’ splice site located within exon 3 that 

corresponds to the Sxl-RZ, RK and RQ RNAs (see Flybase).  

The increase in m6A levels detected on Sxl pre-mRNA upon loss of Nab2 provides 

evidence that Nab2 normally limits methylation on some RNAs. Excess m6A on transcripts 

in Nab2ex3 heads could lead to over-recruitment of the nuclear m6A YTH-domain 

containing ‘reader’ protein, Ythdc1 (or YT521-B), which regulates nuclear processing of 

many pre-mRNA targets including the removal of Sxl exon 3 in females128. Thus, we 

tested whether reducing levels of Ythdc1 with the Ythdc1∆N null allele129 could rescue the 

lethality of Nab2ex3 mutants. Indeed, heterozygous loss of Ythdc1 increases viability of 

Nab2ex3 females approximately 5-fold (Figure 2-6I). This finding is consistent with 
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biochemical evidence that Nab2 represses m6A levels on the Sxl RNA and provides 

additional evidence that Nab2 interacts genetically with multiple elements of the m6A 

machinery.  

 

Discussion 
 
Through an unbiased high-throughput RNA sequencing approach, we identify a set of 

head-enriched RNAs in Drosophila whose levels or structure are significantly affected by 

loss of the Nab2 RBP, with the latter effect on RNA structure traced to splicing defects 

(including intron retention, alternative 5’ and 3’ splice site usage, and exon skipping) in a 

small group of approximately 150 transcripts. The top ranked Nab2-regulated splicing 

event is skipping of Sxl exon 3 in females, which prior studies 129,288,341 have shown to be 

guided by m6A methylation of specific sites in the Sxl pre-mRNA. Our biochemical studies 

reveal that Nab2 inhibits hypermethylation of sites in and around Sxl exon3, and genetic 

data show that developmental and behavioral phenotypes resulting from Nab2 loss are 

rescued by decreasing levels of the Mettl3 methyltransferse, other components of the 

Mettl3 complex, or the nuclear m6A reader protein Ythdc1. Data suggest that Nab2-Mettl3 

coregulation of Sxl splicing is most significant in neurons - the effect of Nab2 on Sxl 

splicing is strongest in tissues that contain CNS components (e.g., brain and ventral nerve 

cord), while Mettl3 overexpression only in neurons is sufficient to replicate Sxl splicing 

defects seen in Nab2 mutant heads. This apparent tissue specificity of the link between 

Nab2 and Mettl3 may help explain neurological defects in mice and humans lacking the 

Nab2 ortholog ZC13H14, although lethality of animals lacking both Nab2 and Mettl3 is 

consistent with only partial overlap between RNA targets of these two RBPs.  
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Because Sxl exon 3 contains a translational termination (stop) codon, inclusion of 

this exon disrupts female-specific expression of Sxl protein, a U-rich RNA binding protein 

that controls somatic and germline sexual identity via effects on splicing and translation 

of target mRNAs rev. in 352,375. Multiple lines of evidence suggest that Sxl mRNA may be 

a particularly significant target of Nab2 in neurons: mis-spliced RNAs in Nab2 mutant 

female heads are enriched for bioinformatically predicted Sxl binding motifs, and the SxlM8 

allele that constitutively skips exon 3 359 substantially reverses developmental and 

behavioral defects in Nab2 null females (Figure 2-4). Moving downstream of Sxl, alleles 

of male-specific dosage compensation complex (DCC) components, including the direct 

Sxl target msl-2 376,377, also rescue phenotypic defects in Nab2 mutant females (Figure 

2-4 and Supplemental Figure 2-5). Given that these DCC components are not normally 

expressed or active in females, these data provide evidence that masculinized Sxl 

splicing and DCC activity contribute to developmental and behavioral defects in Nab2 

mutant female flies. Elevated DCC activity could contribute to axon projection defects in 

female MBs, but this seems unlikely given that Nab2ex3 males develop similar MB axonal 

defects 284. Overall, these data imply a specific link between Nab2 and the Sxl exon 3 

splicing machinery, which is confirmed by strong genetic interactions between Nab2 and 

the Mettl3 methyltransferase that promotes exon 3 skipping by depositing m6A on Sxl pre-

mRNA 129,288,341.  

Molecular assays provide key insight into the Nab2-Sxl interaction. A tagged form 

of Nab2 protein associates with unspliced Sxl pre-mRNA when expressed in brain 

neurons, and Nab2 loss results in excess m6A on Sxl mRNA as detected by two 

independent assays used to map m6A sites, meRIP-qPCR and DART. The high resolution 
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of the DART technique allowed us to map m6A sites in the Sxl exon 3-intron 3-exon 4 

region that are more highly methylated in Nab2 mutants than in controls, consistent with 

Nab2 inhibiting m6A accumulation at sites normally modified by the Mettl3 complex. 

Significantly, these Nab2-regulated methylation sites lie under or adjacent to anti-m6A-

CLIP peaks mapped in the Sxl RNA from adult female heads 147 and thus complement 

and extend our knowledge of m6A patterns on Sxl mRNAs expressed in the adult head. 

Given the known role of m6A in promoting Sxl exon 3 excision 129,288,341, these data 

collectively support a model in which Nab2 interacts with the Sxl pre-mRNA in the nucleus 

and opposes m6A methylation by the Mettl3 complex, thus ensuring a level of m6A 

necessary to guide Sxl exon 3 skipping in the female nervous system. We term this a 

‘Goldilocks’ model in which either too little or too much m6A methylation of the region 

surrounding Sxl exon 3 can result in its retention in the developing female brain. These 

data provide the first evidence that the highly conserved Nab2 RBP is a key regulator of 

splicing in the adult brain, and that Nab2 is required to limit m6A modification of an RNA.  

Studies employing the SxlM8 allele indicate that altered Sxl splicing and decreased 

Sxl protein contribute to Nab2 mutant phenotypes in females. As Sxl is itself an RBP that 

can control splicing, some fraction of the mis-sliced mRNAs detected by Nab2ex3 high 

throughput sequencing may thus be Sxl targets. This hypothesis is supported by the 

substantial rescue conferred by the SxlM8 allele and the enrichment for candidate Sxl-

binding sites among mis-spliced mRNAs in Nab2 mutant female heads. However, splicing 

of the Sxl target RNA tra is unaffected in the Nab2 mutant RNA-Seq datasets. The lack 

of effect on tra could be due to lack of read depth in the RNA-seq data, although this does 

not seem to be the case (see Supplemental Figure 2-4), or to alternative Sxl target RNAs 
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in adult heads. Unbiased screens for Sxl target RNAs have carried out in ovaries 378 and 

primordial germ cells 379, but a similar approach has not been taken in the adult nervous 

system, where Sxl targets may differ from other tissue types. In this regard, the group of 

Nab2-regulated RNAs identified here may be enriched for neuronal RNAs that are directly 

regulated by Sxl.  

Although this study focuses on Sxl as a female-specific Nab2 regulated RNA, a 

large majority of other mis-splicing events in Nab2 mutant head RNAs occur in both males 

and females. This evidence of a Nab2 role in non-sex specific splicing events parallels 

evidence of accumulation of ~100 intron-containing pre-mRNAs in nab2 mutant S. 

cerevisiae cells 273. Rescue of Nab2 mutant males and females by neuron-restricted 

expression of human ZC3H14 279 implies that this specificity may be a conserved in 

ZC3H14 proteins in higher eukaryotes. Indeed, knockdown of ZC3H14 in cultured 

vertebrate cells results in pre-mRNA processing defects and intron-specific splicing 

defects in the few RNAs that have been examined 249,380. The basis for Nab2 target 

specificity in Drosophila heads is not clear but could be due selectivity in binding to 

nuclear pre-mRNAs (e.g., Sxl) or interactions between Nab2 and partner proteins that 

define splicing targets.  

Site-specific hypermethylation of Sxl resulting from Nab2 loss could arise by 

several mechanisms, including Nab2 modulating m6A deposition by blocking access of 

the Mettl3 complex to its target sites, or to Nab2 recruitment of an m6A ‘eraser’. However, 

recent studies demonstrating that Nab2 and ZC3H14 each co-purify at nearly 

stoichiometric levels with the exon junction complex (EJC) 381,382 and that the EJC binding 

locally excludes Mettl3-mediated m6A deposition on pre-mRNAs 134,383,384, suggest an 
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alternate model in which Nab2 inhibits m6A deposition in cooperation with the EJC. 

Notably, the human homolog of the Drosophila protein Virilizer, which is an m6A 

methyltransferase subunit and splicing factor 370,371, was recovered in an IP/mass-

spectrometry screen for ZC3H14 nuclear interactors 380. This finding raises an additional 

possibility that ZC3H14/Nab2 modulates m6A methylation via interactions with both the 

Mettl3 complex and the EJC. Moreover, evidence that m6A modulatory role of Nab2 is not 

restricted to the Sxl mRNA (see Figure 2-6B and Supplemental Figure 2-6) raises the 

additional hypothesis that changes in abundance or structure of the group of Nab2-

regulated RNAs defined in this study (see Figures 2-1 and 2-2) are due in part to changes 

in m6A status. 

Prior work has shown that almost all developmental and behavioral defects caused 

by Nab2 loss can be traced to a Nab2 role within central nervous system neurons 

215,279,281,284,367. Suppression of these phenotypes by heterozygosity for SxlM8 or Mettl3null 

alleles or by neuron-specific Mettl3 RNAi is thus consistent with a mechanism in which 

Nab2 inhibits steady-state m6A levels on a group of neuronal RNAs, and that Sxl is one 

of these RNAs in the female brain. However, the lack of statistically significant rescue of 

Sxl splicing defects by Mettl3 heterozygosity (Supplemental Figure 2-10) implies that 

Sxl splicing is only rescued in a small subset of cells or that SxlM8 and Mettl3null 

heterozygosity rescue Nab2 mutant phenotypes through different mechanisms. While 

SxlM8 specifically restores a single splicing event in a single mRNA, the Mettl3null allele 

has the potential to broadly affect m6A levels on multiple RNAs with subsequent effects 

on multiple m6A-dependent processes in the cytoplasm, including mRNA export to the 

cytoplasm and translation. One potential candidate mRNA of this type is Wwox, which 
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encodes a conserved WW-domain oxidoreductase that accumulates in brains of Nab2 

mutant flies 280 and is mutated in human spinocerebellar ataxia type-12 385,386. 

Significantly, the Wwox RNA has a 3’UTR intron that is retained in Nab2 mutant heads 

(this study) and contains a candidate m6A site 147, suggesting that Wwox RNA may be a 

target of both Nab2 and Mettl3. Elevated Wwox protein is also detected in the 

hippocampus of ZC3H14 knockout mice, raising the possibility that Nab2 and ZC3H14 

share some common RNA targets across species 338. ZC3H14 has to date not been linked 

to the m6A mark in mouse or human cells. However, the enrichment for Sxl mis-splicing 

in neuronal tissue (see Figure 2-3F) and rescue by ZC3H14 when expressed in neurons 

of otherwise Nab2 deficient animals 284 supports the hypothesis that the Nab2/ZC3H14 

family of RBPs may share an m6A inhibitory role that is specific to neurons, and that 

excessive m6A methylation of RNAs also contributes to neurological deficits in mice and 

humans lacking ZC3H14.  
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Materials and Methods  
 
Drosophila stocks and genetics 
 
Drosophila melanogaster stocks and crosses were maintained in humidified incubators 

at 25oC with 12hr light-dark cycles. The alleles Nab2ex3 (null), Nab2pex41 (precise excision 

41; control) and UAS-Flag-Nab2 have been described previously 215,279. Lines from 

Bloomington Drosophila Stock Center (BDSC): GMR-Gal4 (#1350), elavC155-Gal4 (#458), 

msl-2227 (#5871), msl-2kmA (#25158), mle9 (#5873), roX1ex6 (#43647), UAS-Mettl3, UAS-

Mettl3-RNAi (#80450), fl(2)d2 (#36302), vir2F (#77886).  The Mettl3null, UAS-Mettl3, and 

Ythdc∆N alleles were all kind gifts of J-Y. Roignant. The Nab2ex3,Mettl3null  and Nab2ex3, 

Ythdc∆N  chromosomes were generated by meiotic recombination and confirmed by 

genomic PCR. A total of 200 recombinant lines were screened to identify Nab2,Mettl3 

double mutants. 

 
RNA Sequencing (RNA-Seq) on Drosophila heads 
 
RNA-Seq was performed on three biological replicates of 60 newly-eclosed adult female 

and male Drosophila heads genotype (control and Nab2ex3 mutants). Heads were 

collected on dry ice, lysed in TRIzol (ThermoFisher), phase-separated with chloroform, 

and ran through a RNeasy Mini Kit purification column (QIAGEN). Samples were treated 

with DNase I (QIAGEN) to remove DNA contamination and transported to the University 

of Georgia’s Genomics and Bioinformatics Core for sequencing. rRNA was depleted using 

a Ribo-Zero Gold Kit (Illumina) and cDNA libraries were prepared using a KAPA Stranded 

RNA-Seq Kit (Roche). Quality control steps included initial Qubit quantification along with 

RNA fragment size assessment on an Agilent 2100 Bioanalzyer before and after rRNA 

depletion. The cDNA libraries were then sequenced for 150 cycles on a NextSeq 500 
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High Output Flow Cell (Illumina) set to generate paired-end, 75 base-pair (bp) reads. Total 

sequencing yield across all samples was 81.48 Gbp, equivalent to about 1.1 billion reads 

in total and 91 million reads per sample. Sequencing accuracy was high; 93.52% of 

reported bases have a sequencing quality (Q) score greater than or equal to 30. 

Read mapping, differential expression, and visualization  
 
Raw read FASTA files were analyzed on the Galaxy web platform usegalaxy.org  387. The 

BDGP6 release Drosophila melanogaster genome 388 from release 92 of the Ensembl 

database 389 was used as input for subsequent read mapping, annotation, and 

visualization. Briefly, reads from all four NextSeq500 flow cell lanes were concatenated 

using the Galaxy Concatenate datasets tail-to-head (cat) tool and mapped using RNA 

STAR 342 with default parameters with some modifications. For each Galaxy tool, version 

numbers and exact parameters used are detailed in the Table below: 
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Mapped reads were assigned to exons and tallied using featureCounts 343 default 

parameters with some modifications noted above. Differential expression analysis was 

conducted for all 12 samples using DESeq2 344 (Galaxy Version 2.11.40.1) and default 

parameters with some modifications noted above. Differential exon usage was analyzed 

using Galaxy Version 1.20.1 of DEXSeq 350 and the associated Galaxy tool DEXSeq-

Count in both “prepare annotation” and “count reads” modes. Both tools were run with the 
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Ensembl GTF with default parameters with some modifications noted above. Unlike with 

DESeq2, female samples and male samples were compared in independent DEX-Seq 

analyses. Outputs from all tools were downloaded from Galaxy for local analysis, 

computation, and visualization.  

Custom R scripts were written to generate volcano plots and heatmaps. Additional 

R packages used include ggplot2 390 and ggrepel 391. R scripts were written and compiled 

in RStudio 392. Principal component analysis was conducted on Galaxy. Mapped reads 

were visualized in the Integrative Genomics Viewer (IGV) 356 and annotated based on 

data available on Flybase 393. Significant fold change values in either male or female from 

DESeq2 (adj. p-val<0.05 and |log2FC|>1) were plotted, with the color indicating the fold 

change threshold reached in either males or females. Significantly DE genes (adj. p-

val<0.05 and |log2FC|>1) were classified by type, as indicated by their gene ID.  

 

Mixtures of Isoforms (MISO) Analysis 
 
Mixtures of isoforms (MISO) 349 version 0.5.4 was used to determine percent spliced in 

(PSI) PSI values for annotated alternative 3’ splice sites, alternative 5’ splice sites, and 

retained introns for each sample separately as follows. Alternative splicing annotations 

were generated using the rnaseqlib (a direct link to script is provided here) 

(https://rnaseqlib.readthedocs.io/en/clip/) script, gff_make_annotation.py, with flags--

flanking-rule commonshortest --genome-label dm6. Replicates for each sample were 

pooled, and only full-length, mapped reads (76 bp) were used for the MISO analysis as 

MISO requires all reads input to be of the same length. MISO was run with the flag-

prefilter, and the output was then input into the script, summarize_miso, with the flag --

summarize-samples. Next, differential, alternative 5’ and 3’ splice sites, and differential 

https://rnaseqlib.readthedocs.io/en/clip/
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retained introns, were determined comparing Nab2ex3 and control for males and females, 

separately, using the script, compare_miso, with flag --compare-samples. The output of 

compare miso was then input into the script, filter_events, with the flags --filter --num-inc 

10 --num-exc 10 --num-sum-inc-exc 50 --delta-psi 0.3 --bayes-factor 10, to obtain the final 

differential PSI values.  

Gene ontology (GO) analysis 
 
Gene Set Enrichment Analysis (GSEA) software 346 was employed for Gene Ontology 

(GO) analysis 348. For clarity, analyses were conducted separately for each of the three 

top-level GO domains: molecular function, biological process, and cellular component. 

GSEA-compatible GO term gene sets for Drosophila melanogaster were acquired using 

the GO2MSIG web interface 394. GSEA Desktop for Windows, v4.0.3 (Broad Institute) was 

then used to identify two distinct classes of GO terms, independently for females and for 

males: (1) terms enriched among up- and downregulated transcripts in Nab2ex3 compared 

to controls, and (2) terms enriched among transcripts alternatively spliced in Nab2ex3 

compared to controls. For the first class, inputs consisted of all genes whose expression 

could be compared by DESeq2 (i.e., adjusted p-value ≠ NA). For the second class, inputs 

consisted of all genes with previously annotated alternative splicing events according to 

MISO. To identify the first class of GO terms, genes were ranked by log2 (fold change) 

calculated by DESeq2 and analyzed by the GSEA-Pre-ranked tool. To identify the second 

class of GO terms, genes with were ranked by the absolute value of the difference in PSI 

(Percent Spliced In) comparing Nab2ex3 and control calculated by MISO. This second 

ranking was analyzed by the GSEA-Preranked tool. Enriched GO terms (nominal p-

value<0.05) identified for the first class were evaluated manually, surfacing multiple terms 
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directly related to splicing. Enriched GO terms (nominal p-value<0.05) for the second 

class were ordered by normalized enrichment score (NES) and evaluated to identify the 

top “independent” GO terms. Terms were defined as “independent” by reference to their 

position in the GO hierarchy as reported on each term’s “Inferred Tree View” page of the 

AmiGO2 GO database web tool 395. “Independent” terms had no parent, child, or sibling 

terms in the GO hierarchy associated with a higher NES than their own. 

 

RBPs Motif Enrichment Analysis using Mixture of Isoforms (MISO) Analysis 
 
RNA sequences were analyzed at differentially retained introns and alternative 3’ and 5’ 

splice sites obtained from the MISO analysis on males and females separately (Nab2ex3 

mutants vs. control).  The sequence for each of these went 25 bp into the exon(s) of 

interest and 1 kb into the intron of interest.  In the case of alternative 3’ and 5’ splice sites, 

the sequences went 25 bp into the exon starting from the alternative spice site that is 

closest to the center of the exon (i.e., the inner-most splice site), and 1 kb into the intron 

starting from that inner-most spice site. To convert these to RNA sequences, DNA 

sequences were first obtained using fastaFromBed 396, and then all T’s were converted 

to U’s with a custom script. To obtain putative binding sites for RBPs at these sequences, 

the sequences were then input into fimo using the flags --text --max-strand and the 

”Ray2013_rbp_Drosophila_melanogaster.meme” file 397. 

 
RNA isolation for reverse transcription (RT) PCR and real-time qPCR 

Total RNA was isolated from adult tissues with TRIzol (Invitrogen) and treated with DNase 

I (Qiagen). For RT-PCR, cDNA was generated using SuperScript III First Strand cDNA 

Synthesis (Invitrogen) from 2 μg of total RNA, and PCR products were resolved and 
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imaged on 2% agarose gels (BioRad Image). Quantitative real-time PCR (qPCR) 

reactions were carried out in biological triplicate with QuantiTect SYBR Green Master Mix 

using an Applied Biosystems StepOne Plus real-time machine (ABI). Results were 

analyzed using the ΔΔCT method, normalized as indicated (e.g., to Act5C), and plotted 

as fold-change relative to control.  

 

Primers used for RT and qPCR  analysis: 

 

Immunoblotting  
 
For analysis of Sxl protein levels, Drosophila were reared at 25°C. Heads of newly 

eclosed flies were collected on dry ice. Protein lysates were prepared by homogenizing 

heads in 0.5mL of RIPA-2 Buffer (50 mM Tris-HCl, pH 8; 150 mM NaCl; 0.5% sodium 

deoxtcholate; 1% NP40; 0.1% SDS) supplemented with protease inhibitors (1mM PMSF; 

Name                        Sequence Detects 
Sxl pre-mRNA Fwd: AGAACCAAAACTCCCTTACAGC 

Rev: GTGAGTGTCTTTCGCTTTTCG 
intron 2-exon 3 

Sxl pre-mRNA Fwd: ACCAATAACCGACAACACAATC 
Rev: ACATCCCAAATCCACGCCCACC 

intron 3-exon 4 

Sxl mRNA 
 
 

Sxl RT-PCR 
 
 

Sxl RT-PCR 
 
 

Sxl RT-PCR 

Fwd: GCTGAGCGCCAAAACAATTG 
Rev: AGGTGAGTTTCGGTTTTACAGG 
 
Fwd: ACACAAGAAAGTTGAACAGAGG 
Rev: CATTCCGGATGGCAGAGAATGG 
 
Fwd:  CTCTCAGGATATGTACGGCAAC 
Rev: CATTCCGGATGGCAGAGAATGG 
 
Fwd: AGTATGTAGTTTTTATTTGCACGGG 
Rev: CATTCCGGATGGCAGAGAATGG 

exon 2-exon 2 
 
 

exon 2-3-4 
 
 

exon 2-3-4 
 
 

exon 3-4 

Sxl mRNA 
exon 2-4 transcript 

Fwd: GATTGAATCTCGATCATCGTTC 
Rev: CATTCCGGATGGCAGAGAATGG 

exon 2-exon 4 

Sxl mRNA 
exon 3-4 transcript  

Fwd: CGAAAAGCGAAAGACACTCACTG 
Rev: CATTCCGGATGGCAGAGAATGG 

exon 3-exon 4 

Act5C Fwd: GAGCGCGGTTACTCTTTCAC 
Rev: ACTTCTCCAACGAGGAGCTG 

Actin5C 

USP-16-45-RF Fwd: ACACTTGGTCACGTCGTTCA 
Rev: GGGCGCGCTCTTGAATTTAC 

USP-16 
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Pierce Protease Inbinitors [Thermo Fisher Scientific]). Samples were sonicated 3 X 10 

seconds with 1 minute on ice between repetitions, and then centrifuged at 13,000g for 15 

min at 4°C. Protein lysate concentration was determined by Pierce BCA Protein Assay Kit 

(Life Technologies). Head lysate protein samples (40-60 µg) in reducing sample buffer 

(50 mM Tris HCl, pH 6.8; 100 mM DTT; 2% SDS; 0.1% Bromophenol Blue; 10% glycerol) 

were resolved on 4-20% Criterion TGX Stain-Free Precast Polyacrylaminde Gels (Bio-

Rad), transferred to nitrocellulose membranes (Bio-Rad), and incubated for 1hr in 

blocking buffer (5% non-fat dry milk in 0.1% TBS-Tween) followed by overnight incubation 

with anti-Sxl monoclonal antibody (1:1000; DHSB #M18) diluted in blocking buffer. 

Primary antibody was detected using species-specific horse-radish peroxidase (HRP) 

conjugated secondary antibody (Jackson ImmunoResearch) with enhanced 

chemiluminescence (ECL, Sigma).  

 
Viability and lifespan analysis 
 
Viability at 25°C was measured by assessing eclosion rates of among 100 wandering L3 

larvae collected for each genotype, and then reared in a single vial. Hatching was 

recorded for 5-6 days. At least three independent biological replicates per sex/genotype 

were tested and significance was calculated using grouped analysis on GraphPad 

(Prism). Lifespan was assessed at 25°C as described previously 398. In brief, newly 

eclosed animals were collected, separated by sex, placed in vials (10 per vial), and 

transferred to fresh vials weekly. Survivorship was scored daily. At least three independent 

biological replicates per vial of each genotype were tested and significance was 

calculated using grouped analysis on GraphPad (Prism).  
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Locomotion assays  
 
Negative geotaxis was tested as previously described 398. Briefly, newly eclosed flies (day 

0) were collected, divided into groups of 10 male or females, and kept in separate vials 

for 2-5 days. Cohorts of age-matched flies were then transferred to a 25-ml graduated 

cylinder for analysis. At least three biological replicates per sex were analyzed per 

genotype using GraphPad (Prism).  

 
Flag and m6A RNA immunoprecipitation (Flag-RIP and MeRIP) 
 
The FLAG-RIP and MeRIP protocols were performed using previously described 

protocols 278 and 129 with some modification. Briefly, three replicates of 30 newly eclosed 

female flies were collected in 1.5 ml Eppendorf tubes and frozen in dry ice. Heads were 

removed with a 5.5 Dumont tweezer and homogenized with a mortar/pestle in Isolation 

buffer (50 mM Tris-HCl pH 8.1, 10 mM EDTA, 150 mM NaCl, and 1% SDS, 50 mM NaCl). 

This preparation was diluted into IP buffer (50 mM HEPES, 150 mM NaCl, 5 mM EDTA, 

0.5 mM DTT, 0.1% NP-40) supplemented with protease inhibitors (Roche) and RNasin 

Plus Inhibitor (Promega). Lysates were incubated with anti-Flag (M2 clone; Sigma) or 

anti-m6A (Synaptic Systems) antibody and recovered on magnetic Protein G Dynabeads 

(Invitrogen). After overnight incubation at 4oC with rocking, beads were washed 5x in IP 

buffer and RNA was isolated from antibody-bead precipitates, or controls (input samples) 

using TRIzol (ThermoFisher). Samples were treated with DNase-I and RNA was purified 

using RNeasy Kit (Qiagen). 

 
Deamination adjacent to RNA modification targets (DART) 
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APOBEC-YTH and APOBEC-YTHmut were purified and in vitro DART-Sanger sequencing 

assays were performed as previously described 373 with minor modifications. Briefly, total 

RNA was isolated from adult heads with TRIzol (Invitrogen) and treated with DNase I 

(NEB). RNA was isolated once more with TRIzol (Invitrogen) to remove DNase I and 

DNase I Buffer (NEB). Next, 200 ng of purified RNA from Drosophila heads was incubated 

with 1000 ng of purified DART protein in DART buffer (10mM Tris-HCl, pH 7.4, 50 mM 

KCl, 0.1 M ZnCl2) and 1 µL of RNaseOUT (Invitrogen) in a total volume of 200 µL for 4 

hours at 37°C. RNA was isolated with the Qiagen Plus Micro Kit (Qiagen) and stored at -

80°C before being thawed for downstream Sanger sequencing analysis. cDNA was made 

using iScript Reverse Transcription Supermix (BioRad). PCR amplification of Sxl pre-

mRNA was carried out with Phusion High Fidelity PCR Kit (NEB). The resulting PCR 

product was PCR-purified using the Qiagen PCR Purification Kit (Qiagen). Samples were 

submitted for Sanger sequenceing (McLabs) and %C-to-U editing was quantified using 

EditR software 399.  

 
Primers used for DART PCR and Sanger sequencing: 

Name Sequence Detects 
Sxl DART-PCR Fwd:ACATATTTTTTTTCACAGCCCAG 

Rev:TCAAAACGATCCCCCAGTTAT 
exon 3-intron 3 

Sxl DART Sanger 

Seq 

Fwd:TTTTCACAGCCCAGAAAGAAGC exon 3-intron 3 

 

Statistical Analysis 
 
Group analysis on biological triplicate experiments was performed using Two-way ANOVA 

(Turkey’s multiple comparison test) on GraphPad (Prism) Version 8.4.2(464). Sample 



 103 

sizes (n) and p-values are denoted in the text, figures, and/or figure legends and indicated 

by asterisks (e.g., *p<0.05).  
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Figure 2-1. RNA sequencing detects effects of Nab2 loss on the head transcriptome. (A) 
Principal component analysis (PCA) of RNA-seq data from three biological replicates of control 

and Nab2 mutant (Nab2ex3) male and female heads. (B) Correlation scatter plot of log2 fold change 

(∆) in abundance of affected RNAs in males and females (log2 average gene counts: grey<1, 

1≤green<2, 2≤blue<3, red≥3). (C) Volcano plots of fold-∆ in abundance vs false discovery rate 

(FDR -log10) of affected RNAs in Nab2ex3 females and males (dot plot color coding as in B). 

Elevated (≥1), reduced (≤-1), and total RNAs are indicated. (D) Heatmap comparison of 

significantly changed gene counts (FDR<0.05;|log2 fold-∆| ≥1) in Nab2ex3 females and males vs 

sex-matched controls. (E) Pie chart distribution of RNA classes among significantly affected RNAs 

detected in C and D.  
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Figure 2-2. Significantly up/down-regulated RNAs in Nab2ex3 heads are enriched for 
predicated splicing factors. (A) Gene set enrichment analysis (GSEA) detects enrichment for 

the ‘RNA splicing’ GO term in up- and down-regulated gene sets in both female (top) and male 

(bottom) Nab2ex3 datasets. Gene enrichments are indicated with corresponding p-values. (B) 
Pie chart illustrating the distribution of previously annotated alternative splicing RNA splicing 

events that are significantly altered in Nab2ex3 mutant female and male heads (ss=splice site).  
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Figure 2-3. Sxl alternative splicing and protein levels are disrupted in Nab2ex3 female heads. 
(A) Top panel: normal Sxl alternative splicing patterns across exon 2-4 and exon 8-10 regions in 

Female (F) and Male (M). Bottom panel: corresponding sequencing reads across the Sxl locus 

in the indicated sexes and genotypes. Dotted lines and boxed insets highlight exon 3 and exon 9 

reads. (B) RT-PCR analysis of Sxl mRNA in control, Nab2ex3 and Mettl3null Female (F) and Male 

(M) heads. Exon 2-3-4 and exon 2-4 bands indicated. Arrowhead denotes exon 2-3-intron-4 

product noted in text. Asterisk (*) is non-specific product. (C) RT-qPCR analysis of Sxl transcripts 

in adult female, control Nab2ex3, and Mettl3null heads using the indicated primer sets. Asterisk 

indicates results that are statistically significant at p-value <0.05. (D)  Immunoblot of protein 

samples from control, Nab2ex3, and Mettl3null female heads. Antibody against female-specific Sxl 

protein isoform was used to detect Sxl in each sample. Lamin serves as a loading control. 

Molecular weights are given in kDa and indicated to the left. (E) Quantification of Sxl protein levels 

in D using ImageLab software. Protein levels are normalized to control, with the value for control 

set to 1.0. Asterisk indicates results that are statistically significant at p-value <0.05. (F) RT-PCR 

analysis of Sxl mRNA in adult female control and Nab2ex3 tissues with exon 2-3-4 and 2-4 bands 

indicated. (G) RNA binding protein (RBP) motif enrichment analysis detects predicted Sxl binding 

sites as the most frequent motif among Nab2-regulated splicing events in female heads. Other 

enriched motifs are similar between male and female heads. Regions used for motif analysis 

(retained introns, and alternative 5’ or 3’ splice sites plus flanking sequence) are described in the 

text and illustrated in the schematic to the right. 
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Figure 2-4. Alleles of SxlM8 or the DCC component male-specific lethal-2 (msl-2) rescues 
Nab2 phenotypes. (A) A single copy of the SxlM8 allele, which harbors a 110bp deletion that 

causes constitutive exon 2-4 splicing, partially suppresses lethality of Nab2ex3, both zygotically 

and maternally (calculated as #observed/#expected). (B-C) SxlM8 dominantly (i.e., M8/+) 

suppresses previously defined (B) locomotion (as assessed by negative-geotaxis) and (C) 
lifespan defects in age-matched Nab2ex3 females. (D) Percent of control, Nab2ex3, or msl-

2kmA/+;;Nab2ex3 (msl-2 is on the X chromosome) that eclose as viable adults (calculated as 

#observed/#expected). (E-F) msl-2kmA dominantly (i.e., kmA/+) suppresses previously defined (E) 
locomotion (as assessed by negative-geotaxis) and (F) lifespan defects in age-matched Nab2ex3 

females. Significance values are indicated (*p<0.05, ****p<0.0001). 
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Figure 2-5. Reduction of the Mettl3 m6A transferase suppresses viability and behavioral 
defects in Nab2 mutant females. (A) Percent of control, Nab2ex3, and Nab2ex3,Mettl3null/+ flies 

that eclose as viable adults (calculated as #observed/#expected). (B) Negative geotaxis of age-

matched adult females of the indicated genotypes over time in seconds. (C) Survival of age-

matched adult female flies of the indicated genotypes over time in days. (D) Percent of elav>Gal4 

alone control, elav-Gal4;;Nab2ex3, elav-Gal4;UAS-Mettl3-RNAi;Nab2ex3, and elav-Gal4;UAS-

Mettl3-RNAi flies that eclose as viable adults (calculated as #observed/#expected). Note that 

baseline Nab2ex3 viability is elevated in the background of the elav-Gal4 transgene, and 

significantly suppressed by inclusion of UAS-Mettl3 RNAi. (E) Negative geotaxis assay for age-

matched adult females of the indicated genotypes over time in seconds. (F)  Percent of control, 

Nab2ex3, Nab2ex3,fl(2)d2/+, or Nab2ex3,vir2F/+  flies that eclose as viable adults (calculated as 

#observed/#expected). (G) Negative geotaxis of age-matched adult females of the indicated 

genotypes over time in seconds. Significance values are indicated (*p<0.05, 

**p<0.01,****p<0.0001).  
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Figure 2-6. Nab2 associates with the Sxl mRNA and inhibits its m6A methylation (A) 
Diagram of exons (E2,E3,E4) and introns (I2 and I3) of the Sxl pre-mRNA annotated to show 

coding sequence (CDS; black), the retained intronic region in Nab2ex3 female (grey), and 

location of color-coded primer pairs (E2-F(orward) and E2-R(everse), E2-F and E4-R, I2-F and 

E3-R, I3-F and E4-R), poly(U) sites (red lines), AC(A)13 site (green line), and mapped m6A 

positions in Drosophila heads (yellow lines) (Kan et al. 2021). (B) RT-qPCR analysis of Act5c 

and Sxl mRNA present in anti-m6A precipitates of control (control; black), Nab2ex3 (white), or 

Mettl3null (grey) female heads. The position of Sxl primer pairs is indicated (E2-F+E2-R and E2-

F+E4-R). (C) Similar analysis as in (B) using I2-F+E3-R and I3-F+E4-R primer pairs to detect 

unspliced Sxl transcripts in anti-m6A precipitates of control (black), Nab2ex3 (white), or Mettl3null 

female heads. (D) Sanger sequencing traces showing C-to-U editing adjacent to m6A sites in 

control and Nab2ex3 female head RNA samples subjected to DART-sanger sequencing 372 within 

the retained intronic region of Sxl pre-mRNA. m6A sites are indicated by red asterisks. (E) Table  

of the m6A sites (red=hypermethylated in Nab2ex3, blue=no change in Nab2ex3) mapped by 

DART-sanger sequencing in (D) with the corresponding location (dm6), average C-to-U editing 

fraction (%), and ratio of C-to-U editing for Nab2ex3 to control female head samples. Data are 

representative of three biological replicates. (F) Schematic showing the location of the m6A sites 

mapped by DART within exons (E3 and E4) and intron 3 of Sxl pre-mRNA. Site numbering 

corresponds to numbering in (E). (G) RT-qPCR analysis with the I3-F+E4-R primer pair in (A) 
from anti-Flag precipitates of control and elav-Gal4,UAS-Nab2:Flag female heads. (H) Top: 
Schematic of the exon3-exon4 region of Sxl mRNA showing the intron region retained in 

Nab2ex3 (grey fill) and the normal exon 3-exon 4 splicing product (green fill) and the aberrant 

exon 3-intron 3503-exon 4 (red-grey fill). Bottom: RT-PCR analysis of Sxl using the E3-E4 primer 

pair and RNAs harvested from female heads of the indicated genotypes: elav-Gal4 alone, elav-

Gal4+Nab2ex3/+, Nab2ex3 mutant, Nab2ex3/+, UAS-Mettl3 alone, or elav>Mettl3+Nab2ex3/+. 

Arrowheads denote exon3-exon4 and exon3-intron3503-exon4 bands are indicated. Small grey 

arrow indicates Nab2-dependent splice variant. Asterisk marks a non-specific band. (I) Percent 

of control, Nab2ex3, or Nab2ex3;Ythdc1∆N/+ flies that eclose as viable adults (calculated as # 

observed/# expected).   
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Supplemental Figure 2-1 RNA sequencing reads across the Nab2 locus. IGV image of RNA 
sequencing reads across the Nab2 locus in Nab2ex3 (top tracks) and control (Nab2pex41) adult 
female and male heads. Intron-exon structure is indicated at bottom. Read depth scale is 
indicated (0-155).  
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Supplemental Figure 2-2 GO term enrichment among Nab2-regulated alternative splicing 
events. Chart illustrating gene ontology (GO) terms enriched in the ‘molecular function’, 
‘biological process’ and ‘cellular component’ categories among altered alternative splicing events 
detected by MISO in female and male Nab2ex3 head RNAs. 
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Supplemental Figure 2-3. RNA sequencing reads across the CG13124 and Ih channel loci. 
IGV images of RNA sequencing reads across CG13124 and Ih channel in Nab2ex3 (top tracks) and 
control (Nab2pex41) adult female and male heads. Intron-exon structure is indicated at bottom. 
Read depth scales are indicated. Arrowheads indicate reads across the first intron of each gene. 
Also related to data displayed in Table 1.  
  

0-200

0-200

0-200

0-200

Nab2ex3 Female

Nab2ex3 Male

control Male

control Female

CG13124 

Ih channelNab2ex3 Female

Nab2ex3 Male

control Male

control Female

0-432

0-455

0-355

0-388



 117 

 



 118 

Supplemental Figure 2-4 RNA sequencing reads across the tra and dsx loci. IGV images of 
RNA sequencing reads across tra, dsx, msl-2, mle and roX1 in Nab2ex3 (top tracks) and control 
(Nab2pex41) adult female and male heads. Intron-exon structure is indicated at bottom. Read depth 
scales are indicated.  
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Supplemental Figure 2-5 Additional genetic interactions between Nab2ex3 msl-2,  roX1, and 
mle (A) Adult viability of control females (black bar) with one copy of Nab2ex3 in a msl-2 deficient 
background (msl-2227 truncating allele over Exel7016 deletion), females lacking Nab2 (Nab2ex3, 
dark grey bar), or Nab2ex3 mutant females in msl-2227/Exel7016 background (light grey bar). (B) 
Negative geotaxis of age-matched adult female controls (Nab2pex41), Nab2ex3 mutants, or Nab2ex3 
mutants carrying single copies of the roX1e6 or mle9 loss-of-function alleles at 5sec, 10sec, and 
15 sec timepoints. Significance values between indicated groups are indicated at the 30sec 
timepoint (p-values are indicated; n.s.=not significant). 
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Supplemental Figure 2-6 Genomic PCR confirms the Nab2ex3,Mettl3null recombinant 
Genomic PCR of two different isolates (#10, #26) of the Mettl3null,Nab2ex3 double mutant 
chromosome balanced over TM6B. (A) and (C) show PCR products generated from each isolate 
using primers that flank the deletions in each gene; the normal wt product from TM6B and 
truncated products (∆) are indicated. (B) and (D) show PCR products generated from each isolate 
using primers that lie within the deleted regions of each gene; the wt products from TM6B are 
indicated. Numbers of adults used for extraction of gDNA is indicated 
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Supplemental Figure 2-7. Detailed schematic of the exon 2-3-4 Sxl locus with annotated 
locations of introns and exons annotated to show coding sequence (CDS; blue), the retained 
intronic region in Nab2ex3 females (grey), and locations of color-coded primer pairs (E2-F and E2-
R, and , I2-F and E3-R, I3-F and E4-R), poly(U) sites red lines, poly(A) sites green 
lines, and mapped m6A locations in Drosophila embryos  288. Colored dotted lines 
indicated sex-specific splicing in wildtype adults and the altered splicing documented in this study. 
Boxed areas below summarize exon-intron structure in wild type heads and Nab2ex3 heads. Base 
pair coordinates are indicated (Dm Release 6).  
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Supplemental Figure 2-9  figure supplement 2. Nab2 limits m6A methylation of additional 
RNAs Quantitative real-time PCR analysis of Act5c and Usp16 mRNAs present in anti-m6A 
precipitates of control (Nab2pex41; black), Nab2ex3 (grey), Mettl3null (dark grey) adult female heads. 
1-day old female heads were used in three biological replicates, and data represent bound vs. 
input ratios normalized to control (Nab2pex41). p-values are indicated (n.s.=not significant). 
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Supplemental Figure 2-10 Heterozygosity for Mettl3 does not alter Sxl splicing in control 
or Nab2ex3 mutant female heads. (A) qRT-PCR analysis of RNAs harvested from adult female 
heads of the indicated genotypes with primers that amplify spliced Sxl exon 2-exon 3 (E2-E3) or 
exon 3- exon 4 (E3E4-E4). The E3E4 primer spans the exon 3-exon 4 junction. Fold-change is 
calculated relative to ‘control’ (Nab2pex41) and normalized to CT values of Act5c. ns = not specific. 
(B) Semi-quantitative RT-PCR analysis of Sxl (top) or control RpL32 (bottom) in adult female head 
RNA of the indicated genotypes. Sxl was analyzed with a E2-E4 primer pair that detects Sxl RNAs 
indicated by arrowheads. Genotypes and nt size ladder are indicated. 
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Supplemental Figure 2-11 Neuronal overexpression of Mettl3 RNA using the Gal4/UAS 
system. qRT-PCR analysis of Mettl3 RNA levels in heads of control w1118 (lane 1), or Mettl3 
overexpressing (elav-Gal4,UAS-Mettl3) adult females in the absence (lane2) or presence (lane 
3) of a single Nab2ex3 allele. p-values  *<0.05, **<0.005 
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CHAPTER 3: The RNA binding protein Nab2 regulates levels 
of the RhoGEF Trio to govern axon and dendrite morphology 
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ABSTRACT 
 
The Drosophila RNA binding protein (RBP) Nab2 acts in neurons to regulate 

neurodevelopment and is orthologous to the human intellectual disability-linked RBP, 

ZC3H14. Nab2 governs axon projection in mushroom body neurons and limits dendritic 

arborization of class IV sensory neurons in part by regulating splicing events in ~150 

mRNAs. Analysis of the Sex-lethal (Sxl) mRNA revealed that Nab2 promotes an exon-

skipping event and regulates m6A methylation on Sxl pre-mRNA by the Mettl3 

methyltransferase. Mettl3 heterozygosity broadly rescues Nab2null phenotypes implying 

that Nab2 acts through similar mechanisms on other RNAs, including unidentified targets 

involved in neurodevelopment. Here, we show that Nab2 and Mettl3 regulate the removal 

of a 5’UTR intron in the trio pre-mRNA. Trio utilizes two GEF domains to balance Rac 

and RhoGTPase activity. Intriguingly, an isoform of Trio containing only the RhoGEF 

domain, GEF2, is depleted in Nab2null nervous tissue. Expression of Trio-GEF2 rescues 

projection defects in Nab2null axons and dendrites, while the GEF1 Rac1-regulatory 

domain exacerbates these defects, suggesting Nab2-mediated regulation Trio-GEF 

activities. Collectively, these data indicate that Nab2-regulated processing of trio is critical 

for balancing Trio-GEF1 and -GEF2 activity and show that Nab2, Mettl3, and Trio function 

in a common pathway that shapes axon and dendrite morphology. 
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Significance Statement 
 
• Drosophila Nab2, ortholog of the human RBP ZC3H14 lost in inherited intellectual 

disability, acts through unknown RNA targets to control axon and dendrite 
morphology. 
 

• This study shows that Nab2 and the Mettl3 methyltransferase guide splicing of trio 
mRNA, which encodes a conserved GEF-domain protein. Loss of Nab2 is associated 
with an imbalance in levels of Trio GEF domains in Nab2-deficient neurons. Restoring 
this balance partially rescues neuronal defects. 

 
• These findings suggest that Nab2 control of Trio levels is required to pattern axon and 

dendrite growth and suggests that ZC3H14 may play a similar role in the vertebrate 
brain. 

 

  



 128 

INTRODUCTION 
 
RNA binding proteins (RBPs) associate with nascent RNA transcripts and govern 

expression via a multitude of mechanisms, including regulation of splicing, 

polyadenylation, nuclear export, translation, and stability 6,400-402. These RNA-RBP 

interactions are particularly important in highly specialized cells such as neurons which 

require fine-tuned spatiotemporal control of gene expression to ensure proper 

development and function of the nervous system 167,244,334,403,404. The importance of RBP 

function in neurons is highlighted by the prevalence of neurodevelopmental diseases that 

have been linked to defects in RBPs, leading to aberrant processing of RNAs encoding 

neurodevelopment factors 163,215,244,335,403,405-407. Intriguingly, many of these RBPs are 

ubiquitously expressed and have roles in relatively common RNA processing 

mechanisms 408-413. Therefore, defining roles for these RBPs in neurons has become key 

to understanding why they are linked to neurological disease. 

One important family of post-transcriptional regulatory proteins consists of 

polyadenosine binding proteins (Pabs) 264. Conventional Pab family members bind 

polyadenosine RNA via RNA recognition motifs (RRMs) and modulate a multitude of RNA 

processing events such as splicing, export, polyadenylation, translation, and stability 

174,414,415. Another less well-studied group of Pabs utilize zinc finger (ZnF) domains to bind 

specific RNA motifs and modulate downstream processing events 259,264,279. One such 

ZnF Pab termed zinc finger Cys-Cys-Cys-His-type containing 14 (ZC3H14; also termed 

MSUT2) is expressed ubiquitously and binds tracts of polyadenosine RNA with high 

affinity via tandem ZnF domains 245,259,264,279,416. Despite ubiquitous expression, mutations 

in human ZC3H14 cause a form of inherited non-syndromic autosomal recessive 
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intellectual disability, which implies a specific requirement for ZC3H14 in the developing 

brain 215,332.  

The ZC3H14 protein is evolutionarily conserved among eukaryotes and has been 

studied in Mus musculus (Zc3h14) 215,251,273, Caenorhabditis elegans (sut-2) 252, 

Sacchromyces cerevisiae (Nab2) 255-259,264,273,417, Sacchromyces pombe (Nab2) 418, and 

Drosophila melanogaster (Nab2) 215,Jalloh and Lancaster et al., 274,280-282,284,337,419. These 

studies have collectively uncovered molecular and neuronal functions for this conserved 

ZnF Pab. For example, Zc3h14 loss impairs working memory in mice where ZC3H14 

protein localizes to synaptosomes in hippocampal neurons and regulates the abundance 

of synaptic proteins, including CaMK2a 420,421. Moreover, studies in C. elegans identified 

SUT-2 as a modulator of Tau-induced toxicity, as loss of sut-2 robustly rescues the toxic 

consequences of Tau overexpression in worms 252,422, a function of ZC3H14/MSUT2 that 

extends to mice 423. On the other hand, yeast NAB2 is essential for viability 255 and has 

critical functions in regulating transcription termination 424, nuclear export 258, and 

transcript stability 337,417,424,425. Moreover, NAB2/Nab2 loss leads to increases in bulk 

poly(A) tail length in yeast, mice, and flies supporting a conserved function for Nab2 in 

restricting poly(A) tail length 257,258,264,279. Taken together, these findings suggest that 

ZC3H14/Nab2 is involved in multiple aspects of post-transcriptional RNA metabolism and 

that these roles may be particularly significant in neurons. 

Drosophila melanogaster is a genetically tractable system in which to define 

molecular and developmental roles of the ZC3H14 invertebrate homolog, Nab2 215. Our 

prior studies have determined that Nab2 function is necessary in neurons, as pan-

neuronal expression of Drosophila Nab2 or human ZC3H14 is sufficient to rescue viability 
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and locomotor defects associated with zygotic loss of Nab2 215,279. Moreover, Nab2 has a 

cell-autonomous role in Kenyon cells to pattern axonal projections from these cells into 

the mushroom bodies 284, a twin neuropil structure that regulates Drosophila associative 

olfactory learning and memory 339,426-428. Biochemical studies show that Nab2 interacts 

with Fmr1, the fly homolog of Fragile X Syndrome RBP, FMRP 275, and that these two 

RBPs co-regulate mushroom body morphology and olfactory memory through a 

mechanism likely to involve translational repression of shared Nab2-Fmr1 target RNAs 

278. Beyond the brain, Nab2 limits dendritic branching of class IV dorsal dendritic 

arborization (ddaC) sensory neurons through a mechanism involving the planar cell 

polarity (PCP) pathway 281, suggesting that Nab2 controls RNA targets encoding 

regulators of the actin cytoskeleton. Our recent work studying the effect of Nab2 loss on 

the brain transcriptome revealed that Nab2 is required for proper splicing of ~150 mRNAs 

Jalloh and Lancaster et al., 274. Furthermore, Nab2 limits methylation at the N-6 position 

of adenosine (m6A) on key mRNAs, including the alternatively spliced Sex-lethal (Sxl) 

transcript Jalloh and Lancaster et al., 274. However, Nab2-regulated transcripts encoding 

factors that guide axon and dendrite morphology have not been identified.  

A recent study uncovered multiple Nab2-regulated candidate transcripts with key 

functions in neurodevelopment Jalloh and Lancaster et al., 274. Specifically, this work 

revealed significant retention of a 5’UTR intron in the trio transcript. Trio is a member of 

the Dbl homology (DH) family of guanine nucleotide exchange factor (GEF) proteins with 

well-conserved orthologues in C. elegans and mammals that control F-actin 

polymerization through the Rac and Rho small GTPases 305,308,313,314,316,330,331,429-432. As a 

result of these roles, Trio loss affects axon guidance and dendritic branching as well as 
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synaptic transmission and plasticity 305,306,320,430,433. Notably, Drosophila Trio is enriched 

in the brain mushroom bodies where it controls axon projection and Trio also regulates 

arborization of sensory ddaC neurons in the larval peripheral nervous system (PNS) 

313,320,434. Moreover, several recent studies have identified loss- and gain-of-function 

mutations in the human TRIO gene and its paralogue KALRN that lead to genetically 

dominant forms of intellectual disability and neurodevelopmental disease 305,307,308,431. 

 Trio contains two GEF domains, GEF1 and GEF2, that differentially activate Rac1 

or RhoA/Rho1 GTPases, respectively 309,432,435. Trio-GEF1 activation of Rac1 regulates 

motor neuron axon guidance, cell migration and axon outgrowth 316,330,430,436,437. 

Comparatively, little is known about the function of Trio-GEF2; however, recent work 

suggests that it promotes growth cone collapse through RhoA/Rho1 429. Supporting this 

model of opposing roles for Trio GEF1 and GEF2 function, studies in Drosophila ddaC 

neurons suggest that Trio promotes dendritic branching via GEF1 and restricts this 

process via GEF2 320. Despite insight into Trio GEF specificity for Rac and RhoA/Rho1, 

how these two opposing Trio activities are modulated within axons and dendrites remains 

unclear.  

Here, we exploit both genetic and molecular approaches to assess the role of Nab2 

and the m6A machinery in regulating expression of the neuronally enriched protein Trio in 

the adult fly brain. Consistent with our previous findings that Nab2 limits m6A methylation 

on specific transcripts, reduced levels of either Drosophila  m6A reader protein - the 

nuclear reader Yt521-B or the cytoplasmic reader Ythdf - is sufficient to rescue Nab2null 

viability and locomotion defects, indicating that m6A-mediated changes in RNA nuclear 

processing and cytoplasmic metabolism contribute to defects in Nab2 mutants. Focusing 
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on the trio mRNA, we find that Nab2 and the m6A methyltransferase, Mettl3, each promote 

an intron-excision event within the 5’UTR of a trio mRNA species encoding only the GEF2 

(RhoGEF) domain. Intriguingly, levels of the corresponding Trio-GEF2 protein drop in 

heads of Nab2null but not Mettl3null flies, consistent with a model in which Nab2 modulates 

both nuclear splicing and cytoplasmic metabolism of the GEF2-only variant of trio mRNA. 

Critically transgenic expression of Trio-GEF2 rescues axon projection defects in Nab2null 

mushroom body neurons and class IV ddaC neurons while Trio-GEF1 has the opposite 

effect of exacerbating Nab2null axon projection defects. Together, these data identify Nab2 

and Mettl3 as key regulators of trio 5’UTR structure and provide evidence that altered 

expression of Trio-GEF2 contributes to axon and dendrite defects in Drosophila lacking 

Nab2. 

 

RESULTS 

Loss of m6A-reader proteins rescues Nab2null defects in viability and adult 
locomotion 
 
Nab2 loss causes severe defects in Drosophila viability, adult locomotion, and lifespan 

215. Building on the previous finding that Nab2 loss elevates m6A methylation on select 

mRNAs Jalloh and Lancaster et al., 274, we hypothesized that some Nab2null organismal 

phenotypes could result from ectopic recruitment of m6A reader proteins onto affected 

mRNAs. These m6A reader proteins recognize m6A-modified adenosines via a YTH-

domain 123 and act downstream of the methyltransferase machinery to bind and regulate 

the fate of methylated RNAs 121-123,438,439. Unlike more complex mammalian systems, 

Drosophila have a single nuclear m6A reader protein, YT-521-B (or Ythdc1) and a single 

cytoplasmic m6A reader protein, Ythdf 128,288.  



 133 

To assess roles of nuclear Yt521-B and cytoplasmic Ythdf in Nab2 mutant 

phenotypes, the yt521-B∆N and ythdf∆YTH alleles 129,440 were individually recombined with 

a zygotic Nab2null allele (also known as Nab2ex3; imprecise excision of EP3716) 215 and 

assessed for effects on viability, adult locomotion, and lifespan. Homozygous double 

mutant yt521-B∆N/∆N,Nab2null  flies show increase viability compared to Nab2null flies 

indicating that the nuclear m6A reader is required for the effect of Nab2 loss of viability 

(Figure 3-1A). The ythdf∆YTH ,Nab2null double mutants are inviable; furthermore, 

heterozygous reduction of cytoplasmic Ythdf (ythdf∆YTH/+, Nab2null) does not improve 

Nab2null viability (Figure 3-1A). In contrast, homozygous loss of nuclear Yt521-B has no 

effect on Nab2null locomotion, whereas heterozygous reduction of cytoplasmic Ythdf 

rescues Nab2null climbing rates by approximately 6-fold as assessed in a negative 

geotaxis assay (at the 30s time point; Figure 3-1B). Despite the ability of reader alleles 

(e.g., yt521-B∆N/∆N or ythdf∆YTH /+) to rescue viability or adult locomotion, neither mutant 

alone rescues Nab2null lifespan defects (Figure 3-1C). Together, these genetic rescue 

data provide evidence that neurological effects of Nab2 loss require nuclear and 

cytoplasmic m6A readers, and suggest that each of these mechanisms may involve 

different mRNAs. 

 

Nab2 and Mettl3 regulate splicing of the trio 5’UTR in the Drosophila head  

In light of the effects of Nab2 loss on axon and dendrite development 278,281,284,367, we 

mined our high-throughput RNA sequencing (RNA-seq) analysis of adult heads from 

Nab2null mutants (zygotic null; imprecise excision of EP3761) and isogenic Controls 

(precise excision of EP3716) 215,Jalloh and Lancaster et al., 274 to identify potential Nab2 
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target transcripts regulated by m6A  with functions in neurodevelopment. One transcript 

identified in this analysis was trio, which encodes a Rho guanine nucleotide exchange 

factor (RhoGEF) that activates specific downstream Rho family GTPases 314,432. There 

are multiple different variants of the trio transcript, two of which are readily detected in 

adult fly heads: hereafter referred to as trio Medium  (trio M) and trio Long (trio L) (Figure 

3-2A, top panel). Visualization of RNA-seq reads from Nab2null and Control heads using 

Integrative Genomics Viewer (IGV) 356 reveals an increase in reads in introns within the 

5’UTR of both trio M and trio L in Nab2null heads relative to Control (Figure 3-2A). Normal 

splicing patterns are detected across all other trio intron-exon junctions. Utilizing a publicly 

available me-RIP-Seq dataset from Drosophila heads 147, we bioinformatically identified 

three m6A sites in the trio M 5’UTR (Figure 3-2A, red lollipops), but none in the trio L 

5’UTR. These data suggest that Nab2 is required for removal of 5’UTR introns in trio M 

and trio L and present the possibility that the removal of the trio M 5’UTR could also 

involve m6A.  

To experimentally test this prediction, we first analyzed the trio M transcript using 

reverse transcription polymerase chain reaction (RT-PCR) analysis with primers that 

detect the trio M 5’UTR intron (exon 1-intron 1 and intron 1-exon 2) (Figure 3-2B, blue 

and orange primer pairs). This analysis reveals that the trio M 5’UTR intron-retaining 

transcript is enriched in adult heads of Nab2null flies as well as in heads lacking Mettl3, 

the catalytic subunit of the methyltransferase complex (Figure 3-2C) with concomitant 

reduction or loss of properly spliced trio M 5’UTR (exon 1-exon 2) (Figure 3-2B, red 

primer pair; see Figure 3-2C). Primers that detect correctly spliced exon 1-exon 2 trio M 

transcript (Figure 3-2B, red primer pair) also amplify a ~550bp band in Nab2null heads 
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that is an aberrantly spliced product corresponding to the trio M pre-mRNA transcript 

(Figure 3-2C). This RT-PCR analysis did not detect the ~4kb trio M 5’UTR intron-retaining 

transcript, possibly due to the large size of the expected product. To quantitate these 

results, we performed reverse transcription quantitative PCR (RT-qPCR) analysis, which 

confirms a significant increase in the levels of the trio M 5’UTR intron-retaining transcript 

in both Nab2null and Mettl3null heads (Figure 3-2D). Reciprocal RT-qPCR analysis to 

quantify the levels of properly spliced trio M confirms reduced levels of the properly 

spliced transcript in Nab2null heads and a complete loss of the properly spliced transcript 

in Mettl3null heads (Figure 3-2E).  

Shifting the analysis to the trio L 5’UTR intron using primers to detect exon 1-exon 

2 confirms the presence of the trio L 5’UTR intron-retaining transcript (exon 1-intron 1-

exon 2) in Nab2null heads and reduced levels of the properly spliced transcript (exon 1-

exon 2) (Figure 3-2F, green primer pair; Figure 3-2G). In contrast, only properly spliced 

trio L 5’ UTR is detected in heads of flies lacking Mettl3 (Figure 3-2G). RT-qPCR analysis 

confirms increased levels of the trio L 5’UTR intron-retaining transcript in Nab2null, but not 

Mettl3null heads, as compared to Control (Figure 3-2H). Reciprocally, RT-qPCR analysis 

using primers that detect levels of properly spliced trio L 5’UTR show reduced transcript 

levels in Nab2null heads and no change in Mettl3null heads compared to Control (Figure 

3-2I). Collectively, these data confirm that splicing of the trio M and trio L 5’UTR introns 

are both Nab2-dependent, but that only splicing of the trio M 5’UTR and not the trio L 

5’UTR is Mettl3-dependent. 
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Nab2 regulates levels of Trio M in the Drosophila head 

The Drosophila Trio L protein is most similar to a form of human Trio protein (Trio A) that 

is enriched in the human brain and nervous system 304. As illustrated in Figure 3-3A, Trio 

L contains a Sec14 domain, nine spectrin repeats, one Src homology 3 (SH3) domain, 

and two catalytic GEF domains comprised of tandem Dbl homology (DH) and pleckstrin 

homology (PH) domains, referred to as GEF1 and GEF2. The Drosophila Trio M protein 

corresponds to the C-terminal end of Trio L, including only the SH3 domain and the GEF2 

catalytic domain (Figure  3-3A).  

Based on the finding that Nab2 regulates splicing of the trio L and trio M 5’UTR 

introns and that Mettl3 only regulates splicing of the trio M 5’UTR intron, we tested 

whether these intron retention events affect levels of Trio L or Trio M proteins in the fly 

head. Immunoblotting analysis reveals that Trio L and Trio M are the major isoforms of 

Trio in Control brains, and that Nab2 loss reduces levels of Trio M but has no apparent 

effect on Trio L protein levels relative to Control (Figure 3-3B). Densitometry analysis of 

the Trio L and Trio M protein levels demonstrates that the decrease in the steady-state 

level of Trio M protein is statistically significant (Figure 3-3C).  Although loss of Mettl3 or 

Nab2 results in trio M 5’UTR intron retention (Figure 3-2C-E), only loss of Nab2 causes 

a concomitant drop in Trio M protein levels (Figure 3-3B&C). These results imply an 

independent effect of Nab2 on post-splicing metabolism of the trio M 5’UTR intron 

retaining mRNA, suggesting additional roles for Nab2 in the regulation of trio M 

translation, trafficking, or turnover.  
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Trio is altered in the Nab2null mushroom body 

Previous studies demonstrated that Trio is enriched in the mushroom bodies 313, which 

are divided into five lobes per hemisphere (a/a’, b/b’ and g) that project anteriorly from the 

dorsally located Kenyon cells (Figure 3-4A) 441,442. The a/a’ lobes project dorsally, while 

the b/b’ and g lobes project medially, towards the central ellipsoid body (EB) (Figure 3-

4A). As demonstrated previously, loss of Nab2 causes defects in a and b lobe structures, 

specifically loss or thinning of the a lobes and midline fusion of the b lobe structures 

281,282,284 (Figure 3-4B). To visualize Trio in these structures, we stained Control brains 

overexpressing membrane tethered GFP in a/b/g lobes (201Y-Gal4, UAS-mcd8::GFP) 

with an a-Trio antibody, which recognizes both Trio L and Trio M protein  313 (Figure 3-

4B). This analysis confirms that Trio is enriched in g lobes, Kenyon cell bodies, and the 

calyx as shown by colocalization with GFP, but absent or below the level of detection in 

a and b lobes 313 (Figure 3-4B and Supplemental Figure 3-1). Intriguingly, Trio 

accumulates in dysplasic axons near the midline that are not labeled with the 201Y-Gal4 

driver (which exclusively drives mcd8::GFP expression in a/b/g lobes), suggesting these 

dysplasic axons belong to the b’ lobe (Figure 3-4B, middle panel, bottom row). 

We extended this analysis to explore how loss of Nab2 impacts Trio localization. Trio is 

lost in the GFP-positive g lobes of Nab2null brains (Figure 3-4B, bottom row).  Given the 

strong reduction of Trio M protein detected by immunoblotting of Nab2null heads (see 

Figure 3-2B), this result suggests that Trio M may be the primary isoform of Trio present 

in mushroom body g lobes.   

To explore the localization of Trio specifically in the a’ and b’ lobe structures, we 

utilized the Gal4-UAS system to overexpress GFP (UAS-mcd8::GFP) using a prime lobe 
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specific Gal4 driver (CkaC305a-Gal4; exclusively drives mcd8::GFP expression in a’and b’ 

lobes) (Figure 3-4C). As reported previously, Trio is enriched in a’ and b’ axons, and is 

also detected in g lobe axons and ellipsoid body of Control brains 313 (Figure 3-4C, top 

row). Nab2null brains show complete loss or thinning of the a’ lobe axons as well as a 

distinct defasciculation phenotype in the b’ lobe structures (Figure 3-4C). These 

morphological phenotypes are accompanied by Trio loss in Nab2null g lobe axons and 

ellipsoid body, and Trio accumulation in the distal portion of b’ lobe axons closest to the 

brain midline (Figure 3-4C, middle panel, bottom row).  

 

Expression of Trio GEF2 rescues a/a’ and b’ defects in Nab2null mushroom bodies 
 
The reduced level of Trio M protein in Nab2null heads (Figure 3-3B) raises the possibility 

that an imbalance in the relative dose of Trio-GEF1 and Trio-GEF2 activities contributes 

to mushroom body morphology defects observed in Nab2null flies 284. This model is based 

on the established role of the Trio protein in patterning of axons in the mushroom body 

313, and predicts that loss of Trio M lowers Trio-GEF2 activity within specific mushroom 

body lobes.  

To test this model, transgenes encoding specifically the Trio-GEF1 (UAS-Trio-

GEF1; Figure 3-3A, AAs 1287-1583 tagged at the 3’end with 8 copies of the tag MYC)  

or -GEF2 domain (UAS-Trio-GEF2; Figure 3-3A, AAs 1945-2246 tagged at the 3’end with 

8 copies of the tag MYC) 313,316, were expressed in all mushroom body lobes of Nab2null 

brains using the OK107-Gal4 driver. As previously reported 278,280-282,284 and shown in 

Figures 3-5A-C, Nab2null mutant brains have highly penetrant defects in the structure of 

the mushroom body a lobes (missing or thinned) and b lobes (missing, thinned, or midline 
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crossed) as detected by a-FasII staining, which specifically recognizes the a, b and 

weakly the g lobes 443. Transgenic expression of Trio-GEF2 alone has no effect on 

mushroom body structure in a control background. Intriguingly, transgenic expression of 

Trio-GEF2 does not rescue Nab2null b lobe defects, but significantly suppresses Nab2null 

a lobe defects (Figure 3-5A-C). In contrast, mushroom body expression of Trio-GEF1 in 

control brains causes complete loss of axonal projection from the Kenyon cells (no lobe 

structures were detected in any of the brains analyzed; n=25) and is completely lethal in 

a Nab2null background (Figure 3-5A-C). Thus, Nab2 loss sensitizes mushroom body 

axons to the dose of Trio GEF domains such that expression of Trio-GEF2 rescues a lobe 

axons and expression of extra Trio-GEF1 is lethal to the animal; neither effect is observed 

in Control brains, indicative of a tight link between Nab2 and Trio GEF dosage in the 

developing mushroom body.   

Given the enrichment of Trio protein in the a’ and b’ lobes (see Figure 3-4B), we 

also tested whether transgenic expression of the Trio GEF1 or GEF2 domain could 

autonomously rescue Nab2null a’ or b’ lobe morphology as visualized with the CkaC305a-

Gal4 driver (with UAS-mcd8::GFP). As with Trio-GEF1 or Trio-GEF2 expression in the a, 

b, and g lobes using the 201Y-Gal4 driver, expression of Trio-GEF2 alone has no effect 

on a’ and b’ lobe morphology in Control brains but rescues Nab2null defects in a’ lobe 

structure and strongly reduces b’ lobe defasciculation (Figure 5D-G). Expression of Trio-

GEF1 in a’ and b’ lobes has the inverse effect of late larval lethality in both Control and 

Nab2null animals (Figure 5D). These data are consistent with a model in which Nab2 acts 

through Trio-GEF2 to guide axon projection and fasciculation in the a’ and b’ lobes.   
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Expression of Trio GEF2 rescues Nab2null dendritic arborization defects in class 
IV ddaC sensory neurons 
 
Nab2 normally restricts branching of sensory dendrites in larval class IV ddaC neurons in 

body wall neurons 281. Significantly, Trio-GEF1 promotes and Trio-GEF2 restricts 

branching of dendrites from these same class IV ddaC neurons (Figure 3-6A,B) 320. Thus, 

we reasoned that an imbalance of Trio-GEF1 and Trio-GEF2 activities in Nab2null ddaC 

neurons might contribute to dendritic defects. To test this model, we employed a 

pickpocket (ppk)-Gal4,UAS-mcd8::GFP system to visualize class IV ddaC cell bodies and 

dendritic trees. As observed previously, loss of Nab2 281 or transgenic expression of Trio-

GEF1 320 individually increases dendritic branch complexity, while transgenic expression 

of Trio-GEF2 reduces dendritic branch complexity 320 (Figure 3-6A,B). Significantly, 

combining Nab2 loss (Nab2null) with ddaC-specific expression of Trio-GEF2 rescues over-

arborization normally observed in Nab2null larvae (Figure 3-6A,B). Intriguingly, transgenic 

expression of Trio-GEF1 in Nab2null larvae causes an increase the variance between 

arborization phenotypes among the neurons analyzed (Figure 3-6B). Together, these 

data indicate that loss of Trio-GEF2 in Nab2null larvae likely contributes to Nab2null ddaC 

overarborization defects.   

 

Expression of Trio GEF2 rescues Nab2null defects in viability and locomotion 
 
Given the genetic interactions between the UAS-Trio-GEF1 and UAS-Trio-GEF2 

transgenes and Nab2, we assessed whether transgenic expression of these distinct Trio 

GEF domains in the mushroom body (OK107-Gal4, UAS-Trio-GEF1 or UAS-Trio-GEF2) 

affects the organismal phenotypes of viability, adult locomotion, and lifespan. Confirming 
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our previous findings 215, we detected severe reductions in viability, adult locomotion, and 

lifespan in Nab2null flies compared to Control (Figure 3-7A-C). As previously noted, 

expression of Trio-GEF1 in mushroom bodies is lethal at late larval stages (Figure 3-7A). 

In contrast, transgenic expression of Trio-GEF2 in mushroom bodies strongly suppresses 

Nab2null defects in viability and suppresses defects in adult locomotion but does not 

significantly alter lifespan (Figure 3-7A-C), indicating that a deficit in Trio-GEF2-regulated 

cytoskeletal dynamics within OK107-expressing brain neurons contributes to 

developmental and post-developmental defects in Drosophila lacking Nab2. 

 

DISCUSSION 
 

Here, we identify a role for the Drosophila Nab2 RBP and Mettl3 m6A 

methyltransferase in regulating the trio mRNA, which encodes a conserved RhoGEF 

protein that is altered in human intellectual disability and regulates axon guidance and 

dendritic arborization through two GEF domains that individually control the cytoskeletal 

regulators Rac and RhoA/Rho1 291,309,314,320,331,430,432,435. The data presented provide 

strong evidence that the trio transcript is a key downstream target of Nab2 in neurons 

based on an m6A- and Nab2-dependent splicing event and identifies specific effects of 

each Trio GEF domain within axons and dendrites that develop from neurons lacking 

Nab2. The results of this study combine with our previous work Jalloh and Lancaster et 

al., 274,281 to support a model in which Nab2 regulates transcripts that encode key 

regulators of neurodevelopment, including the conserved GEF, Trio. In the broader 

context, the phenotypic consequences of loss of an RBP result from the collective 

changes to numerous target transcripts, and defining the mechanistic basis of these 
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phenotypes requires systematic analysis of how individual targets, such as trio, are 

impacted. In the case of Nab2, evidence now supports both m6A-dependent and 

independent roles in trio mRNA splicing as well as potential effects on downstream 

processing such as cytoplasmic metabolism of trio mRNA. Taken together, these findings 

support a model where RBPs such as Nab2/ZC3H14 regulate a collection of target 

transcripts, potentially through multiple mechanisms, that all contribute to downstream 

phenotypes. 

Previous work illustrating broad rescue of Nab2null phenotypes by Mettl3 

heterozygosity Jalloh and Lancaster et al., 274 suggested that other regulators of m6A-

modified transcripts could also contribute to Nab2null defects in viability, adult locomotion, 

and lifespan. Here, we demonstrate that loss of nuclear or cytoplasmic m6A reader 

function rescues some, but not all, organismal phenotypes associated with loss of Nab2 

(Figure 3-1). Homozygous loss of the nuclear m6A reader YT521-B suppresses Nab2null 

defects in viability, but not locomotion or lifespan, whereas heterozygous loss of the 

cytoplasmic m6A reader Ythdf dominantly suppresses Nab2null defects in locomotion, but 

not viability or lifespan. Collectively, these data suggest that mRNA targets of Nab2 

responsible for these behavioral phenotypes may be differentially regulated between cell 

types and in an m6A-dependent manner. For instance, Nab2-regulated transcripts 

encoding proteins that govern Drosophila viability could rely more heavily on nuclear m6A 

regulatory mechanisms, such as splicing or export. On the other hand, Nab2-regulated 

transcripts encoding proteins that govern Drosophila negative geotaxis could more 

heavily require cytoplasmic m6A regulatory mechanisms, such as translation or stability. 

Moreover, the inability of YT521-B or Ythdf loss to rescue Nab2null defects in lifespan 
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suggests that Nab2-regulated transcripts that govern lifespan may not by modified by 

m6A, or that Nab2 plays m6A-independent roles in regulating transcripts critical to control 

lifespan.  

Previous studies demonstrated that loss of m6A regulatory proteins disrupts axon 

projection in the Drosophila mushroom body 147,440.  Although Mettl3 heterozygosity 

broadly rescues Nab2null behavioral defects Jalloh and Lancaster et al., 274, a decrease in 

Mettl3 does not dominantly suppress mushroom body morphology defects 

(Supplemental Figure 3-2). This finding suggests that Mettl3 heterozygosity is 

insufficient to reduce m6A methylation on Nab2-target transcripts to a degree necessary 

for rescue of axonal projection defects. Given the ability of m6A writer and reader alleles 

to broadly rescue Nab2null phenotypes, future studies will aim to further define the 

relationship between m6A machinery and Nab2 in relation to regulation of Drosophila 

mushroom body morphology. Moreover, a genome-wide approach to assess 

transcriptomic changes in m6A in Nab2null flies will help delineate the neuronal, Nab2-

regulated transcripts that exhibit changes in m6A methylation.  

 A number of trio transcript variants exist in the Drosophila brain 313. Here, we 

demonstrate that both Nab2 and Mettl3 are required for proper splicing of the 5’UTR intron 

of trio M. On the other hand, splicing of the 5’UTR intron of trio L is dependent on Nab2 

but not Mettl3. These data align with previously published RNA-seq data from Nab2null 

Drosophila heads Jalloh and Lancaster et al., 274, as well as a publicly available mi-CLIP-

seq dataset that mapped m6A sites in the trio M 5’UTR intron, but not in the trio L 5’UTR 

intron 147. Notably, our data reveal that disruptions in splicing of the trio 5’UTR due to loss 

of Nab2 or Mettl3 do not correspond with perturbations in steady-state levels of Trio L and 
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Trio M proteins. These results show that the intron retention event in the 5’UTR of trio M 

is associated with a significant reduction in the level of Trio M protein in the Nab2null fly 

head. Surprisingly, the steady-state level of Trio M protein is unaffected in Mettl3null heads 

even though trio 5’UTR intron retention is comparable to the levels observed in Nab2null 

heads. These data imply that Nab2 may regulate trio M protein levels in a manner 

independent of trio M 5’UTR splicing.  However, given previously defined roles for Nab2 

as a negative regulator of m6A methylation Jalloh and Lancaster et al., 274, this observation 

more likely suggests that excess m6A on the trio M pre-mRNA upon loss of Nab2 may 

disrupt subsequent translation, trafficking, or stability. In contrast, retention of the trio L 

5’UTR intron that occurs upon loss of Nab2 does not affect the steady-state level of the 

Trio L protein, suggesting this intron retention event may not disrupt translation. 

Alternatively, the remaining level of the properly spliced trio L in Nab2null heads may be 

sufficient to maintain the steady-state level of Trio L protein. Further studies expanding to 

additional co-regulated Nab2 and Mettl3 targets will be required to define how these 

factors regulate post-transcriptional events. 

 Given that Nab2 regulates splicing and downstream processing of numerous 

neuronally-enriched mRNAs Jalloh and Lancaster et al., 274, morphological defects 

observed in Nab2null mushroom bodies are likely due to collective processing defects that 

affect multiple RNAs critical for axon development. Our results support a model where 

loss of Trio M, and therefore GEF2 function, contributes to morphological defects in 

mushroom bodies of Nab2null flies. Previous studies demonstrated that Trio is a critical 

regulator of mushroom body morphology and Trio is enriched in the a’, b’ and g lobes, but 

is virtually absent in the a and b lobes 313.  We confirm these findings and further 
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demonstrate that upon loss of Nab2, Trio levels are depleted in the g lobes. Despite the 

established functions of Trio in regulating g lobe formation 313, g lobe defects are not 

detected upon loss of Nab2 284. Given that Trio M is the only isoform of Trio depleted in 

Nab2null brains (Figure 3-3B) and g lobes show no defects (Figure 3-5A), this finding 

suggests that Trio L, and therefore GEF1 function, is responsible for patterning g lobe 

axons in the developing brain.    

Studies of axon pathfinding mechanisms in the mushroom body demonstrate that 

the a’ and b’ lobes guide development of the a and b lobes 444. Given that Trio is enriched 

in the a’/b’/g lobes of the mushroom body, our data suggest that loss of Trio M, and 

therefore GEF2 levels, in a’/b’ lobes contributes to Nab2null a/b lobe defects. We 

demonstrate that transgenic expression of Trio-GEF2 in a’/b’ lobes (C305a-Gal4) of 

Nab2null mushroom bodies rescues a’ lobe defects and b’ lobe defasciculation phenotypes 

in a cell autonomous manner (Figure 3-5). Moreover, expression of Trio-GEF2 in all 

mushroom body lobes (OK107-Gal4) rescues Nab2null a lobe defects; however, whether 

this rescue occurs in a cell autonomous manner remains unknown (Figure 3-5). 

Collectively, these data demonstrate that Trio-GEF2 rescue is limited to some mushroom 

body lobes (a, a', b') and not others (b), implying that Trio-GEF2 is required for projection 

of only some Nab2null axons. In this regard, misprojection defects in Nab2null b axons are 

not rescued by multiple genetic manipulations that rescue a axon defects (e.g., by 

transgenic expression of Trio-GEF2 [this study] or by single copy alleles of fmr1, Atx2, or 

PCP components 278,281,284,367). These findings imply specific roles for Nab2 in these two 

types of Kenyon cell projections and suggest that Nab2 regulates different mRNAs to 

govern development of distinct mushroom body lobes.  
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Previous studies established that the Trio-GEF1 domain acts primarily through 

activation of Rac1 to promote axon outgrowth and pathfinding, while Trio-GEF2 acts 

primarily through RhoA/Rho1 to restrict neurite outgrowth 314,319,320. Given that loss of 

Nab2 disrupts the ratio of GEF1 and GEF2 in Drosophila heads by decreasing the level 

of Trio M but not Trio L, we hypothesized that expression of the GEF1 effector, Rac1, in 

mushroom body neurons would exacerbate Nab2null phenotypic and morphological 

defects, whereas expression of the GEF2 effector, RhoA/Rho1, would rescue these same 

defects. Intriguingly, we observed that expression of either Rac1 or RhoA/Rho1 in the 

absence of Nab2 in Trio-enriched mushroom body neurons is lethal (Supplemental 

Figure 3-3). These data suggest that further expression of Rac1 in Nab2null flies in which 

GEF1 levels, and therefore likely Rac1 activation, dominates is detrimental to nervous 

system development and the lethality induced by expression of RhoA/Rho1 upon loss of 

Nab2, indicates that Trio-GEF2 may act via other unknown effectors to govern mushroom 

body development. On the other hand,  alternative RhoGEFs may compensate for the 

loss of Trio M protein in the mushroom body thereby leading to the lethality of Nab2null 

animals transgenically expressing Rac1 or RhoA/Rho1. In sum, further studies are 

required to elucidate how loss of Nab2 alters Rac1 and RhoA/Rho1 activity in the 

Drosophila brain.   

Nab2 and Trio have established roles in sculpting dendritic arborization of class IV 

ddaC neurons in the Drosophila peripheral nervous system 281,320. Here, we demonstrate 

that transgenic expression of the Trio-GEF2 domain rescues overarborization defects in 

Nab2null class IV ddaC neurons. In line with previous studies 320, we validate that 

transgenic expression of Trio-GEF1 in class IV ddaC neurons causes dramatic 
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overarborization defects, while transgenic expression of Trio-GEF2 causes 

underarborization defects compared to control animals. Interestingly, we also 

demonstrate that expression of Trio-GEF1 in class IV ddaC neurons of Nab2null flies 

results in a wide range of arborization phenotypes. Very few of these animals survive to 

the wandering 3rd instar larval stage and no animals survive to adulthood. Given these 

observations, disruption of Nab2-regulated mRNAs in these neurons as well as over-

activation of Rac1 by GEF1 may severely disrupt ddaC development such that 

arborization defects are highly variable from animal-to-animal. Overall, these data support 

a role for Trio M, and therefore GEF2 loss, in contributing to the established 

overarborization defects in Nab2null class IV ddaC neurons 281.  

In aggregate, these data reveal a role for Nab2 and Mettl3 in regulating splicing 

and protein levels of the RhoGEF Trio to support proper nervous system development. 

Genetic interactions between the m6A machinery and Nab2 support a role for Nab2 in the 

regulation of m6A methylation. We show for the first time that loss of Trio M, and therefore 

GEF2 levels, in Nab2null flies contributes to several Nab2null defects, including neuronal 

defects, such as mushroom body morphology and class IV ddaC arborization. Moreover, 

we demonstrate that transgenic expression of Trio-GEF2 broadly rescues Nab2null viability 

and adult locomotion. This regulatory relationship between Nab2 and Trio-GEF2 could be 

cell autonomous, but further experiments are required determine the nature of this 

interaction. Given that mutations in human ZC3H14 and TRIO are both linked to 

intellectual disabilities 215,305, dysregulation of Trio function in neurons is one potential 

mechanism to explain axonal and dendritic phenotypes observed in Nab2null Drosophila 
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215,Jalloh and Lancaster et al., 274,278,280,281,284 and Zc3h14 mutant mice 420, as well as the 

cognitive defect observed in human patients lacking ZC3H14 215. 

 

METHODS 
RESOURCES TABLE 
REAGENT or RESOURCE SOURCE IDENTIFIER 
Antibodies 
Mouse monoclonal 9.4A anti-Trio University of Iowa 

Developmental 
Studies Hybridoma 
Bank 

RRID:AB_528494 

Mouse monoclonal ADL101 anti-Lamin University of Iowa 
Developmental 
Studies Hybridoma 
Bank 

RRID:AB_528332 

Mouse monoclonal 1D4 anti-Fasciclin II University of Iowa 
Developmental 
Studies Hybridoma 
Bank 

RRID: AB_528235 

Rabbit Polyclonal Anti-Green Fluorescent Protein (GFP) ThermoFisher 
Scientific 

Cat#A-11122 

Alexa Fluor® 488 AffiniPure Polyclonal Goat Anti-rabbit 
IgG 

Jackson 
ImmunoResearch 
Laboratories 

RRID: AB_2338046 

Cy™3 AffiniPure Polyclonal Goat Anti-Mouse IgG Jackson 
ImmunoResearch 
Laboratories 

RRID: AB_2338690 

Chemicals, peptides, and recombinant proteins 
TRIzol reagent Invitrogen Cat#15596018 
1-Bromo-3-chloropropane Scientific Laboratory 

Supplies 
Cat# B9673 

2-propanol/isopropanol Fisher Scientific Cat#A416-1 
Ethanol 200 proof Fisher Scientific Cat#04-355-233 
Diethyl pyrocarbonate (DEPC) Sigma-Aldrich Cat#D5758 
Agarose LE, Quick Dissolve Genesee Scientific Cat#20-102QD 
Red Safe iNtRON Biotechnology Cat# 21141 
NaCl Sigma-Aldrich Cat#S7653 
KCl Sigma-Aldrich Cat#P3911 
ZnCl2 Sigma-Aldrich Cat#208086 
Polysorbate 20 (Tween® 20) Fisher Bioreagents Cat#BP-337-500 
Triton X-100 Sigma-Aldrich Cat#T8787 
Tris Base Ultrapure USBiological Life 

Sciences 
Cat#T8600 

Sodium Dodecyl Sulfate Fisher Bioreagents Cat#YBP166500 
Sodium deoxycholate Thermo Scientific Cat#89905 
NP-40 Thermo Scientific Cat#85124 
Dithiothreitol (DTT) Thermo Scientific Cat#R0861 
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Bromophenol Blue Thermo Scientific 
Chemicals 

Cat#A18469-18 

Glycerol USBiological Life 
Sciences 

Cat#G8145 

RNaseOUT Invitrogen Cat#10777019 
p-Coumaric acid Sigma-Aldrich Cat#C9008 
Luminol Sigma-Aldrich Cat#A8511 
Acetic Acid, Glacial Fisher Scientific Cat# A38-212 
EDTA USBiological Life 

Sciences 
Cat#E2210 

Paraformaldehyde Electron Microscopy 
Sciences 

Cat#15713 

VECTASHEILD mounting medium Vector Laboratories 
Inc.  

REF#H-1000 

Normal Goat Serum Jackson 
ImmunoResearch 
Laboratories 

RRID:AB_2336990 

Diethyl Ether Anhydrous (stabilized with BHT) Tokyo Chemical 
Industry (TCI) America 

Cat#D3497 

Halocarbon oil 27 Sigma-Aldrich Cat#H8773 
Critical commercial assays 
DNase I, Amplification Grade Invitrogen Cat#18068015 
M-MLV Reverse Transcriptase Invitrogen Cat#28025013 
Taq DNA Polymerase (1000U) Qiagen Cat# 201205 
QuantiTect SYBR Green PCR Kit Qiagen Cat# 204145 
MicroAmp™ Fast Optical 96-Well Reaction Plate with 
Barcode, 0.1 ml 

Applied Biosystems Cat# 4346906 

MicroAmp™ Optical Adhesive Film Applied Biosystems Cat# 4311971 
4–20% Mini-PROTEAN® TGX Stain-Free™ Protein 
Gels 

Bio-Rad Cat#4568093 
 

Nitrocellulose Membrane, 0.2 µm 
 

Bio-Rad Cat#1620112 

iScript Reverse Transcriptase Supermix Bio-Rad Cat#1708841 
Phusion High Fidelity PCR Thermo Scientific Cat#F530S 
Pierce BCA Protein Assay Kit Thermo Scientific Cat#23225 

SuperFrost Plus slides Fisher Scientific Cat# 12-550-15 
Il90p-Experimental models: Organisms/Strains 
D. melanogaster: w-;;Nab2pex41  (Control); 215 N/A 
D. melanogaster: w-;;Nab2ex3  (Nab2null); 
(Zygotic loss of Nab2) 

215 N/A 

D. melanogaster: w-;;Mettl3null; 129 N/A 
D. melanogaster:YT521-B∆N 129 N/A 
D. melanogaster: Ythdf∆YTH (Ythdf0) 440 N/A 
D. melanogaster:w1118;;Df(3R)BSC655 (ythdf deficiency) Bloomington 

Drosophila Stock 
Company 

BDSC:26507 

D. melanogaster: y1w67c23;UAS-mcd8::GFP, 201Y-Gal4;; Bloomington 
Drosophila Stock 
Company 

BDSC:64296 
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D. melanogaster:w*;Ckac305a-Gal4 Bloomington 
Drosophila Stock 
Company 

BDSC:30829 

D. melanogaster: y1w*;UAS-mcd8::GFP;; Bloomington 
Drosophila Stock 
Company 

BDSC:5137 

D. melanogaster: w*;;;OK107-Gal4 Bloomington 
Drosophila Stock 
Company 

BDSC:854 

D. melanogaster:y1w*:UAS-trio-GEF1-myc 
(Trio-GEF1 domain; AAs 1287-1583 tagged at the 3’end 
with 8 copies of the tag MYC) 

Bloomington 
Drosophila Stock 
Company 

BDSC:9133 

D. melanogaster: y1w*:UAS-trio-GEF2-myc 
(Trio-GEF2 domain; AAs 1945-2246 tagged at the 3’end 
with 8 copies of the tag MYC) 

Bloomington 
Drosophila Stock 
Company 

BDSC:9134 

D. melanogaster:w*;;ppk-Gal4 Bloomington 
Drosophila Stock 
Company 

BSDC:32079 

D. melanogaster:w*;UAS-Rac1 Bloomington 
Drosophila Stock 
Company 

BSDC:6293 

D. melanogaster:w*;UAS-Rho1 Bloomington 
Drosophila Stock 
Company 

BSDC:58819 

Oligonucleotides   
RT-PCR trio L Forward: 
AACAAAACAGAGAGCGCCC 

This study N/A 

RT-PCR trio L Reverse: 
GATGGGCACTGCAGCATAA 

This study  N/A 

RT-qPCR trio L Intron Retention Forward: 
5’-TTAGCCCGCGTCAAGTC-3’ 

This study N/A 

RT-qPCR trio L  Intron Retention Reverse: 
5’-CTGCTTGTGCCACCAAAT-3’ 

This study  N/A 

RT-qPCR trio L Properly Spliced Forward: 
5’-GTTGTGTTGACAAAAGAGTG-3’ 

This study  N/A 

RT-qPCR trio L Properly Spliced Reverse: 
5’-GATGGGCACTGCAGCATAA-3’ 

This study  N/A 

RT-PCR trio M Intron Retention (1) Forward: 
5’-CAGCAGTCTCTTCTTCACTAA-3’ 

This study N/A 

RT-PCR trio M Intron Retention (1) Reverse: 
5’-ACTCGGATTGTTGTTTCACTTT-3’ 

This study  N/A 

RT-PCR trio M Intron Retention (2) Forward: 
5’-GACTGCGCAAACATAGCATTA-3’ 

This study  N/A 

RT-PCR trio M Intron Retention (2) Reverse: 
5’-ATCCGCTCGTTGAGAAACT-3’ 

This study  N/A 

RT-PCR trio M Properly Spliced Forward: 
5’-CGCTAAAGAGGAGCGCAATA-3’ 

This study N/A 

RT-PCR trio M Properly Spliced Reverse: 
5’-CTTCTTAACACTCTTCATGATTCG-3’ 

This study  N/A 

RT-qPCR trio M Intron Retention Forward: 
5’-TTGAGTGAACCCGCTAAAG-3’ 

This study N/A 

RT-qPCR trio M  Intron Retention Reverse: 
5’-CTTTGGAGTGCTTGTTCTTATC-3’ 

This study  N/A 

RT-qPCR trio M Properly Spliced Forward: 
CGTCCATAAATTGAGTCGGAGAAC 

This study  N/A 
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RT-qPCR trio M Properly Spliced Reverse: 
5’-CTTCTTAACACTCTTCATGATTCG-3’ 

This study  N/A 

RT-PCR and RT-qPCR rpl32 Forward: 
AAGATGACCATCCGCCCAGCATAC 

This study N/A 

RT-PCR and RT-qPCR rpl32 Reverse: 
ACGCACTCTGTTGTCGATACCCTT 

This study  N/A 

Software and algorithms   
Fiji/ImageJ 445,446 https://imagej.net/ 
Integrated Genome Viewer (IGV) 447 https://igv.org/ 
Image Lab  Bio-Rad https://image-lab-4-

0.software.informer.c
om/ 

GraphPad (Prism)   
Other   
ChemiDoc BioRad Cat#12003153 
Humidified Incubators Shel Lab SRI20PF 
#5 Dumont Fine Forceps Ted Pella Inc. Prod#5622 
Motorized Pestle Argos Technologies Cat#A0001 
NanodropOne Thermo Fisher N/A 

 

RESOURCE AVAILIABILTY 
Lead contact 

Further information and requests for resources and reagents should be directed to and 

will be fulfilled by the Lead Contact, Ken Moberg (kmoberg@emory.edu). 

 

Materials availability 

The Drosophila melanogaster lines generated in this study are available by contacting 

the Lead Contact.  

 

Data and code availability 

This study did not generate any dataset or codes.  

 

EXPERIMENTAL MODEL AND SUBJECT DETAILS 
 
Flies (Drosophila melanogaster) were raised on standard cornmeal agar medium and 

maintained in an incubator set at 25ºC with a 12-hour light/dark cycle. Crosses were 

mailto:kmoberg@emory.edu
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reared under the same conditions, and standard medium was supplemented with dry 

yeast. The GAL4-UAS binary transgenic system was used to express transgenes of 

interest. Details of genotypes can be found in the Key Resources Table. One to five day-

old flies were used for experiments in this study. An equal number of males and females 

was used for all experiments. 

 

METHOD DETAILS 
 

Drosophila melanogaster stocks and genetics 

Drosophila melanogaster stocks were raised on standard cornmeal agar and maintained 

in humidified incubators (SRI20PF, Shel Lab) at 25ºC with 12-hour light/dark cycles. 

Crosses were reared under the same conditions and supplemented with dry yeast. The 

strains used in this study are described in the Key Resources Table.  

 

Viability and lifespan analysis  

Viability at 25ºC was measured by assessing eclosion rates of 100 wandering L3 larvae 

collected for each genotype, and then reared in a single vial. Hatching was recorded for 

5-6 days. At least three independent biological replicates per genotype were tested for 

significance and calculated using group analysis on GraphPad (Prism). Lifespan was 

assessed at 25ºC as described previously 398. In brief, newly eclosed flies were collected, 

placed in vials (10 flies per vial), and then transferred to fresh vials weekly, or as needed. 

Survivorship was scored daily. At least three independent biological replicates were tested 

for each genotype, and significance was calculated using group analysis on GraphPad 

(Prism).  
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Locomotion assays 

Negative geotaxis was tested as previously described 398. Briefly, newly eclosed flies (day 

0) were collected, and kept in vials for 2-5 days. Cohorts of 10 age-matched flies were 

transferred to a 25 ml graduated cylinder for analysis. Flies in graduated cylinders were 

tapped to bring flies to the bottom of the vial and the rate at which the flies traveled to the 

top of the vial (25 ml mark) was measured at 5, 10, 15, and 30s). At least three biological 

replicates per genotype were analyzed and significance was calculated using grouped 

analysis on GraphPad (Prism).  

 

Drosophila decapitation 

CO2-anesthetized flies were collected and frozen at -80ºC for approximately five minutes. 

Frozen flies were then placed on a metal plate over dry ice. Gently, #5 Dumont fine 

forceps (Ted Pella, Inc.) were placed between the Drosophila head and thorax to remove 

the head from the remainder of the body. Heads were carefully placed in Eppendorf tubes, 

on ice, for subsequent processing.  

 

RNA isolation for RT-PCR and real-time qPCR 

Total RNA was isolated from ~25 adult fly heads using the TRIzol (Invitrogen) method. 

Briefly, Drosophila heads were homogenized in 0.1 ml TRIzol using a motorized pestle 

(Argos Technologies) on ice. TRIzol was added to samples to bring to a total volume of 

0.5 ml and 0.1 ml of 1-Bromo-3-chloropropane (Scientific Laboratory Supplies) was 

added. Samples were vortexed on high speed for 10s and incubated at room temperature 



 154 

for 15 min. Next, samples were centrifuged for 15m at 13,000 x g at 4ºC. The top, aqueous 

layer was removed and placed into a clean Eppendorf tube. An equal volume of 2-

propanol (~250 µL) was added. Samples were inverted 10 times and incubated at room 

temperature for 10 min. Next, samples were centrifuged for 15m at 13,000 x g at 4ºC. 

The supernatant was removed, and 0.5 ml of 75% ethanol was added. Samples were 

centrifuged a final time for 15 min at 13,000 x g at 4°C. The supernatant was removed, 

and the samples were allowed to air dry until the remaining ethanol evaporated (~5 min). 

The pellet was resuspended in 10-20 µL of DEPC water. RNA concentration and purity 

was assessed using a Spectrophotometer (Thermo Fisher). Total RNA (1 µg) was treated 

with DNaseI (Qiagen). cDNA was generated using M-MLV Reverse Transcriptase 

(Invitrogen). Qiagen Taq polymerase (Qiagen) was used for PCR amplification of target 

transcripts and products were resolved and imaged on 1-2% agarose gels (Chemi-Doc). 

Quantitative real-time PCR reactions were carried out in technical triplicate with 

QuantiTect SYBR Green Master Mix using Applied Biosystems StepOne Plus real-time 

machine (ABI). Results were analyzed using ∆∆CT method, normalized to loading Control 

(e.g., rpl32), and plotted as relative levels normalized to Control. At least three 

independent biological replicates were performed for each genotype, and significance 

was calculated using group analysis on GraphPad (Prism). Primers used for all PCR 

reactions are listed in the Key Resources Table. 

 

Immunoblotting 

For analysis of Trio protein levels, ~25 adult  fly heads (1-5 days old) were decapitated 

and collected on dry ice. Protein lysates were prepared by homogenizing heads in 0.5 ml 
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of RIPA-2 Buffer (50 mM Tris-HCl, pH 8; 150 mM NaCl; 0.5% sodium deoxycholate; 1% 

Igepal CA-630 0.1% SDS) supplemented with protease inhibitors (1 mM PMSF; Pierce 

Protease Inhibitors; Thermo Fisher Scientific) and 1% SDS. Samples were sonicated 3 x 

10 s with 1 min on ice between repetitions, and then centrifuged at 13,000 x g for 15 min 

at 4ºC. Protein lysate concentration was determined by Pierce BCA Protein Assay Kit (Life 

Technologies). Head lysate protein samples (40–60 μg) in reducing sample buffer (50 mM 

Tris-HCl, pH 6.8; 100 mM DTT; 2% SDS; 0.1% Bromophenol Blue; 10% glycerol) were 

resolved on 4–20% Criterion TGX Stain-Free Precast Polyacrylamide Gels (Bio-Rad), 

transferred to nitrocellulose membranes (Bio-Rad), and incubated for 1 hr in blocking 

buffer (5% non-fat dry milk in 0.1% TBS-Tween) followed by overnight incubation with 

anti-Trio monoclonal antibody (1:1000; DHSB #9.4A) diluted in blocking buffer. Primary 

antibody was detected using species-specific horse-radish peroxidase (HRP) conjugated 

secondary antibody (Jackson ImmunoResearch) with enhanced chemiluminescence 

(ECL,Sigma). Densitometry analysis was performed using Image Lab software (Bio-Rad). 

At least three independent biological replicates were performed for each genotype, and 

significance was calculated using group analysis on GraphPad (Prism). 

 

Drosophila brain dissection, immunohistochemistry, visualization, and statistical 

analysis 

For Drosophila mushroom body morphology imaging, brains were dissected using #5 

Dumont fine forceps (Ted Pella, Inc.) in PBS supplemented with 0.1% Triton X-100 (0.1% 

PBS-T). The proboscis was removed to provide a forceps grip point, and the remaining 

cuticle and trachea were peeled away from the brain. Brains were submerged in 1X PBS 
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on ice until all brains were dissected. Dissected brains were fixed in 4% 

paraformaldehyde for 30 min and then permeabilized in 0.3% PBS-Triton X-100 (0.3% 

PBS-T) for 30 min, on ice. Brains were carefully transferred to 0.5 ml Eppendorf tubes in 

0.1% PBS-T. For both primary and secondary antibody incubations, brains were left 

rocking at 4ºC for 24-72 hours (see list of dilutions and incubation times below) in 0.1% 

PBS-T supplemented with normal goat serum (Jackson ImmunoResearch) at a 1:20 

dilution. Immunostained brains were mounted on SuperFrost Plus slides in Vectasheild 

(Vector Laboratories) using a coverslip bridge. Brains were imaged on a Nikon A1R 

confocal microscope. ~25 brains were analyzed for each genotype, for each experiment. 

Maximum intensity projections were generated using Fiji ImageJ software.  

Antibody: Mouse monoclonal 9.4A anti-Trio, Incubation time: 48-72hr, Dilution: 1:50 

Antibody: Mouse monoclonal 1D4 anti-Fasciclin II, Incubation time: 48-72hr, Dilution: 1:50 

Antibody: Rabbit Polyclonal Anti-Green Fluorescent Protein (GFP), Incubation time: Overnight-

24hr, Dilution: 0.125:100 

Antibody: Alexa Fluor® 488 AffiniPure Polyclonal Goat Anti-rabbit IgG, Incubation time: Overnight-

24hr, Dilution: 1:100 

Antibody: Cy™3 AffiniPure Polyclonal Goat Anti-Mouse IgG, Incubation time: Overnight-24hr, 

Dilution: 1:100 

 
Drosophila neuron live imaging confocal microscopy, neuronal reconstruction, 

data analysis, and statistical analysis 

Live imaging of class IV ddaC neurons was performed as described previously 320. Briefly, 

~10 wondering 3rd instar ppk-Gal4,UAS-mcd8::GFP labeled larvae were mounted in 1:5 

(v/v) diethyl ether: halocarbon oil under an imaging bridge of 22 x 22mm glass coverslips 
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topped with a 22 x 55mm glass coverslip. The ddaC images were captured on a Nikon 

A1R inverted Confocal microscope. Maximum intensity projections were generated using 

Fiji ImageJ software. Quantitative morphological data were compiled using the Simple 

Neurite tracer (SNT) plugin for Fiji 448,449. Batch processing was completed using a custom 

Fiji macro and Rstudio script created and gifted by Dr. Atit A. Patel (Dr. Dan Cox Lab, 

Georgia State University) 450 and the resulting data were exported to Excel (Microsoft).  

 

Statistical Analysis 

Group analysis on biological triplicate experiments was performed using One-Way or 

Two-Way ANOVA (Tukey’s multiple-comparison test) on GraphPad (Prism). Sample sizes 

(n) and p-values are denoted in text, figures, and/or figure legends and indicated by 

asterisks (e.g., *p<0.05). 
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Figure 3-2. Nab2 and Mettl3 regulate splicing of the trio 5’UTR in the Drosophila head. (A) RNA 
sequencing reads across the trio locus in Control and Nab2null fly heads Jalloh and Lancaster et 
al 274. Boxed insets highlight the sequencing reads from the trio L (scale bar=70nt) and trio M 
(scale bar=145nt) 5’UTR. Red lollipops denote location of mapped m6A sites. (B) Diagram of the 
trio M 5’UTR annotated to show location of color-coded primer pairs. The position of the ATG is 
also indicated (C) RT-PCR analysis of trio M mRNA from Control, Nab2null, and Mettl3null heads. 
Properly spliced transcript and intron reattaining transcript bands are indicated. Rpl32 serves as 
a control. RT-qPCR analysis detecting levels of (D) intron retaining or (E) properly spliced trio M 
transcript from Control, Nab2null, and Mettl3null heads, where control is set to 1.0. (F) Diagram of 
the trio L 5’UTR annotated to show location of color-coded primer pairs. (G) RT-PCR analysis of 
trio L mRNA from Control, Nab2null, and Mettl3null heads. Properly spliced and intron retaining 
transcript bands are indicated. (H) RT-qPCR analysis detecting levels of intron retaining and (I) 
properly spliced trio L transcript in Control, Nab2null, and Mettl3null heads. RNA from 25 heads was 
extracted from each genotype for each biological replicate. At least three biological replicates 
were performed for each experiment. Significance values are indicated. 
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Figure 3-3. Nab2 regulates Trio M protein level in the Drosophila head. (A) Schematic of the 
human (H.s.) Trio A and Drosophila melanogaster (D.m.) Trio L and Trio M proteins. Trio contains 
a Sec14 domain, nine spectrin repeats, one Src homology 3 (SH3) domain, and two catalytic GEF 
domains (GEF1 and GEF2), comprised of tandem Dbl homology (DH) and pleckstrin homology 
(PH) domains. Amino acid lengths are indicated for each Trio protein and the amino acids 
corresponding to Trio GEF1 and GEF2 are indicated in the schematic for Drosophila Trio L. (B) 
Immunoblotting analysis of Trio L and Trio M protein levels from Control, Nab2null, and Mettl3null 
heads. Lamin serves as a loading Control. Molecular weights in kDa are indicated to the left. (C) 
Quantification of Trio L (left) and Trio M (right) protein levels in (B) using Image Lab software. 
Protein levels are normalized to Control, with the value for Control set to 1.0. Protein from at least 
25 heads was extracted from each genotype for each biological replicate. Three biological 
replicates were performed. Significance values are indicated.  
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Figure 3-4. Trio is altered in the Nab2null mushroom body. (A) Diagram of the adult Drosophila 
mushroom body lobes depicting axons of the medially projecting gamma (g) neurons, the vertical 
alpha (a) and alpha prime (a’) neurons, the medially projecting beta (b) and beta prime (b’) 
neurons, and the ellipsoid body (EB).(B) Immunofluorescence images of Control (w-;UAS-
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mcd8::GFP/201Y-Gal4;;) and Nab2null (w-;UAS-mcd8::GFP/201Y-Gal4;Nab2null;) mushroom 
bodies driving UAS-mcd8::GFP under the a, b, g lobe-specific mushroom body 201Y-Gal4 driver. 
(C) Immunofluorescence images of Control (w-;UAS-mcd8::GFP/C305a-Gal4;;) and Nab2null (w-
;UAS-mcd8::GFP/C305a-Gal4;Nab2null;)  mushroom bodies driving UAS-mcd8::GFP under the a’ 
and b’ lobe-specific mushroom body C305a-Gal4 driver. False colored panels show fluorescence 
corresponding to a-GFP (green, mcd8::GFP), a-trio (purple), and merges of the channels. At least 
25 brains were analyzed for each genotype. Scale bar = 50 µm. 
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Figure 3-5. Expression of Trio GEF2 rescues a/a’ and b’ defects in Nab2null mushroom bodies. 
(A) Top: Schematic of the Drosophila mushroom body with lobes stained by a-Fasciclin II (FasII) 
highlighted. Bottom: Representative max projections of mushroom bodies of indicated genotypes 
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stained by a-FasII. (B) Quantification of frequency of a lobe defects in each indicated genotype. 
(C) Quantification of frequency of b lobe defects in indicated genotypes. (D) Top: Schematic of 
the Drosophila mushroom body with lobes overexpressing mcd8::GFP under the C305a-Gal4 
driver highlighted. Bottom: Representative max projections of mushroom bodies of indicated 
genotypes stained with a-GFP. (E) Quantification of frequency of a’ lobe defects in each indicated 
genotype. (F) Quantification of frequency of b’ lobe defects in indicated genotypes. (G) 
Quantification of defasciculation phenotype severity in the indicated genotypes. At least 25 brains 
were analyzed for each genotype. Scale bar = 50 µm.  
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Figure 3-6. Expression of Trio GEF2 rescues Nab2null dendritic arborization defects in class IV 
ddaC sensory neurons. (A) Maximum intensity projections of Drosophila class IV ddaC neurons 
from Control, Nab2null, Nab2null UAS-Trio-GEF2, Nab2null UAS-Trio-GEF1, UAS-Trio GEF2, and 
UAS-Trio-GEF1 L3 larvae. Inset black boxes show high magnification views of dendritic arbors. 
(B) Quantification of total number of dendritic terminals for each genotype. At least 8 neurons 
were measured for each genotype. Significance values are indicated.    
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Supplemental Figure 3-1. Trio is present in Drosophila Kenyon cell bodies and Caylx. (A) 
Diagram of the adult Drosophila mushroom body depicting the Caylx, peduncle, protocerebellar 
bridge, fan-shaped body, ellipsoid body, and axons of the vertically projecting alpha (a) and alpha 
prime (a’) neurons, the medially projecting gamma (g), beta (b), and beta prime (b’) neurons. (B) 
Immunofluorescence images of Control (w-;UAS-mcd8::GFP/201Y-Gal4;;) mushroom bodies 
driving UAS-mcd8::GFP under the a, b, g lobe-specific mushroom body 201Y-Gal4 driver. (C) 
Immunofluorescence images of Control (w-;UAS-mcd8::GFP/C305a-Gal4;;) mushroom bodies 
driving UAS-mcd8::GFP under the a’ and b’ lobe-specific mushroom body C305a-Gal4 driver. 
False colored panels show fluorescence corresponding to a-GFP (green, mcd8::GFP), a-trio 
(purple), and merges of the channels. At least 25 brains were analyzed for this analysis. Scale 
bar = 50 µm.  
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Supplemental Figure 3-2. Heterozygosity for Mettl3 does not dominantly rescue Nab2null 
mushroom body phenotypes. (A) Representative max projections of mushroom bodies of 
indicated genotypes stained by a-FasII. (B) Quantification of frequency of a lobe defects in each 
indicated genotype. (C) Quantification of frequency of b lobe defects in indicated genotypes. 
Morphology of at least 25 brains was assessed for each genotype. Scale bar = 50 µm. 
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Supplemental Figure 3-3. Expression of Rac1 or Rho1/A in the mushroom body of Nab2null flies 
is lethal. (A) Percent of Control, Nab2null, UAS-Rho1, UAS-Rac1, UAS-Rho1;Nab2null and UAS-
Rac1;Nab2null flies that eclose as viable adults (calculated as #observed/#expected) using the 
OK107-Gal4 mushroom body driver. The viability of at least 100 larvae were analyzed for each 
genotype and biological replicate. Biological triplicates were performed for each genotype.  
  

OK107-Gal4

Supplemental Figure 3
Lancaster et al.



 171 

CHAPTER 4: EXPANDED DATA 
 

Outcrossing the Nab2ex3 allele to improve Nab2ex3 adult viability 

 The Nab2ex3 stock experiences periods of unexplained loss of viability, ultimately 

reaching viability frequencies close to 0% of the expected eclosion rates. As a result of 

this near-lethal status, experiments requiring Nab2ex3 adult flies become extremely 

difficult or even impossible to perform within normal timelines, and productivity rates reach 

low points. In response to this challenge, the previous graduate student, Dr. J. Christopher 

Rounds, found that outcrossing the Nab2ex3 allele to a control stock can return the stock 

to its original viability at 3-5% (the viability is still very low) making collecting flies for 

experiments slightly less daunting and time-consuming. During my tenure as a graduate 

student, the Nab2ex3 stock once again fell lethal, and I therefore performed outcrossing 

and recovery of the Nab2ex3 allele for improved viability.   

 The Drosophila outcrossing scheme for Nab2ex3 outcrossing and recovery is 

detailed in Figure 4-1A. This outcross was performed using the control W1118 fly line. In 

hindsight, I probably should have performed this by outcrossing Nab2ex3 to isogenic 

control flies (iso-1). However, at the time I was new to the lab, the iso-1 stock had died 

during the COVID-19 pandemic, and I did not have the experience or knowledge under 

my belt to know the difference between iso-1 and W1118 (I figured a control fly was a control 

fly). This mistake does not change much, other than the fact that the new Nab2ex3 allele 

may have a genetic background more similar to W1118 than iso-1.  

 The outcrossing scheme begins by crossing virgin W1118 females to 

Nab2ex3/TM6B,w+ males. F1 progeny that inherit the Nab2ex3 allele (and not the 

recombination-suppressing TM6B,w+ balancer chromosome) are mated to one another. 
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In F2 progeny, any homozygous Nab2ex3 flies are removed (wings held out, kinked 

bristles), and a sibling cross is performed in bulk. Another bulk sibling cross is performed 

for F3 progeny, and once again, Nab2ex3 homozygotes are removed. In the F4 generation 

a single virgin female Nab2ex3 homozygote was recovered (Honestly, I should dedicate 

this thesis to this individual virgin) and crossed to four males of the w-;;TM3/TM6B,w+ 

balancer line. Critically, this cross was performed on Pen-Strep food to prevent fungal and 

bacterial colonization of the vial which could have killed the flies and/or resulting progeny. 

Finally, virgin Nab2ex3/TM6B,w+ females were crossed to  Nab2ex3/TM6B,w+ males of this 

progeny to establish the “new” Nab2ex3 stock. Confirmation of the genotype is performed 

via RT-PCR analysis and Sanger sequencing using primers flanking the Nab2null P-

element excision (EY08422). 

 The viability of these flies increased from almost 0% to approximately 18% (Figure 

4-1B). Moreover, the new, outcrossed Nab2ex3 allele dramatically reduced the female: 

male sex skew observed in the previous stocks215,274. Unfortunately, I did not perform any 

calculations of the sex-skew improvement, so these data are anecdotal. However, when 

Dr. J. Christopher Rounds performed this outcross before me, he noted that the original 

stock had a sex skew of 5.7:1, reflecting an unknown male-specific reduction in viability. 

After Dr. Rounds outcrossed this stock, he noted a reduction in the sex-skew to 1.6:1, 

indicating that the outcross substantially suppresses this sex-specific viability defect. 

Thus, the reduced sex-skew I observed may have been similar to the results obtained by 

Dr. Rounds.  

 In summary, outcrossing the Nab2ex3 allele significantly suppresses Nab2ex3 

viability and sex-skewing defects that worsen over time. Thus, in the outcrossed stock, 
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the effects of genomic Nab2 loss have likely been separated from the effects of a genetic 

background or epigenetic modifier in the previous Nab2ex3 stock, thereby improving 

viability and sex-skewing ratios. Moreover, the ability to outcross this stock greatly 

improves experimental feasibility by making Nab2ex3 adults easier to collect and therefore 

work with.  

 
Preliminary evidence suggests Sxl regulates mushroom body morphology 

in the female brain 

Drosophila melanogaster like most other creatures in the animal kingdom display 

highly stereotyped, sexually dimorphic physical characteristics and behaviors451. As 

discussed briefly in Chapter 1.6.b  and Chapter 2 there are genetic pathways that 

translate chromosomal sex (XX or XY) into sexually dimorphic behaviors and phenotypes. 

Intriguingly, recent studies suggest there are anatomical and functional differences 

between Drosophila male and female central nervous systems452,453. To date, few gross  

structural dimorphisms have been found and those that have been uncovered are 

relatively small454,455. For example, the Drosophila fruitless (fru) gene has been postulated 

to be a neural sex determination factor that directs development of the CNS, thereby 

producing male-typical courtship behavior456,457. Male-specific Fru (FruM) is expressed in 

small groups of neurons throughout the male CNS, indicating that FruM may ‘masculinize’ 

certain neurons to establish male-specific behaviors458.  

Fru is downstream of tra the sex-determination splicing cascade discussed in 

Chapter 1.6.b. Indeed, in XX animals expressing Sxl protein, Tra forms a heterodimer 

with Tra-2, which modulates the splicing of both dsx and fru (not pictured in Figure 1-15) 

generating sex-specific splicing products that encode a nonfunctional female-specific 
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FruF protein and the DsxF protein459. DsxF goes on to control the expression of genes 

necessary for female sex differentiation and behavior. In XY animals, no Sxl protein is 

produced and consequently, no functional Tra is made. Thus, fru and dsx undergo male-

specific splicing to produce male-specific FruM and DsxM proteins which control the 

expression of target genes necessary for male-specific sex differentiation459. Despite our 

understanding of the molecular mechanisms underlying Drosophila sex-determination, 

we have a very limited understanding of differences in sexual development in the 

Drosophila brain.  

As discussed, throughout this thesis, the Nab2 RNA binding protein has well 

established roles as a regulator of nervous system development. Specifically, Nab2 plays 

a critical role in the regulation of mushroom body morphology (introduced in Chapter 

1.4.b and discussed in Chapter 3) within the Drosophila CNS. A requested experimental 

revision by a reviewer of Chapter 2 of this thesis was to determine whether masculinized 

splicing and loss of Sxl protein levels in the female Nab2null brain contributed to the 

mushroom body morphology defects observed in Nab2 mutant flies. To being to address 

this question, we started by testing whether Sxl, a female-specific RNA binding protein, 

regulates mushroom body morphology in the female brain. A transgene encoding Sxl 

RNAi (UAS-SxlRNAi) was expressed in all mushroom body lobes using the OK107-Gal4 

driver, which would deplete the Sxl protein. 

As shown in Figure 4-2, A-C, OK107/+ (control) and males overexpressing Sxl-RNAi 

within the mushroom body (UAS-SxlRNAi;OK107) have no gross morphological defects in 

mushroom body structure. Shockingly, females overexpressing Sxl-RNAi within the mushroom 

body exhibit severe morphological defects in the a lobe (missing or thinned) and b lobe (missing, 

thinned, or midline crossed) structures as detected by a-FasII staining, which specifically 
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recognizes the a, b and weakly the g lobes (Figure 4-2, A-C). These results imply a role for the 

female-specific Sxl RBP in regulating mushroom body morphology within the female and suggest 

sex-specific mechanisms for regulating gross anatomical structures within the female Drosophila 

brain.  

Despite the interesting nature of these results, further studies are required to validate a 

role for Sxl in regulation of mushroom body morphology. Indeed, validation with another UAS-Sxl-

RNAi line would be the first step in verifying these results. Secondly, determining the localization 

of Sxl in the female brain by co-staining with a-Sxl antibody and an a-FasII antibody would reveal 

whether Sxl is enriched within the Drosophila mushroom body. Finally, recombining the UAS-

SxlRNAi allele with the Nab2null allele would reveal whether further loss of Sxl levels in the Nab2null 

female brain exacerbates established Nab2null mushroom body defects.   

In truth, these results bring up far more questions than answers, which is why these results 

were omitted from the published version of Chapter 2 of this thesis. For instance, why would a 

sex-specific protein govern axon guidance of an anatomical structure shared by both male and 

female flies? If Sxl indeed plays a role in patterning these axons, are some of these axons 

‘feminized’? If so, are  mushroom body axons in males without Sxl expression ‘masculinized’? 

Evidence suggests that the Drosophila mushroom body is not required for courtship behavior in 

flies460. If this is the case, what is the biological purpose of sexually dimorphic axon guidance 

mechanisms in the Drosophila mushroom body?  What are the mechanisms underlying this 

phenotype? Are there other CNS or PNS structures that are regulated in a sexually dimorphic 

manner? All these questions and many more will have to wait until more data emerge about a role 

(or lack thereof) for Sxl in patterning CNS axon development. This experiment is truly the basis 

for an entirely different thesis project that has nothing to do with Nab2, which is why we left this 

alone. My hope is that one day someone will follow up on these interesting data and begin to 

answer some of the questions that have been swimming around my brain.  
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Preliminary evidence suggests Nab2 causes ectopic methylation of the trio 

M transcript 

To more precisely define how loss of Nab2 alters the relative abundance and/or 

location of m6A deposition along the trio M  transcript, we utilized in vitro DART-Sanger 

sequencing (Deamination adjacent to RNA modification Targets followed by Sanger 

sequencing) 372,373 (Figure 4-3). This method overcomes several limitations of traditional 

antibody-based methods including limited sensitivity and selectivity, and struggle to 

distinguish m6A from other RNA modifications (i.e., m6Am) 372. Briefly, in vitro DART-

Sanger sequencing involves incubating RNA with a chimeric fusion protein consisting of 

the deaminating enzyme APOBEC1 fused to the m6A-binding YTH domain of m6A ‘reader’ 

proteins. As m6A-modified adenosine (A) residues are followed by a cytosine (C) residue 

in the most common consensus sequence 126,372,374, the APOBEC-YTH fusion recognizes 

m6A-modified A and deaminates the neighboring C, creating a uracil (U) base which is 

read as a thymine (T) during Sanger sequencing. Therefore, C-to-U transitions and the 

frequency at which they occur permit mapping of m6A location and relative abundance. 

Thus, this method enables us to define the m6A modification status of the trio M transcript 

comparing Control to Nab2null heads.  For this experiment, we treated RNA extracted from 

Control or Nab2null heads with APOBEC1-YTH, and subsequently performed RT-PCR 

with primers that amplify trio M exon 1- intron 1- exon 2 boundaries. Sanger sequencing 

and subsequent analysis of C-to-U transitions revealed the presence of three m6A within 

the exon 1- intron 1- exon 2 region of trio M in Control heads (green lollipops; Figure 4-

3). Interestingly, these sites do not fall within or adjacent to sites mapped in a previous 
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study of Drosophila head RNAs, unlike our DART-Sanger seq analysis of Sxl 147. 

Shockingly, this n=1 analysis mapped 16 ectopic m6A sites along the trio M  on 1- intron 

1- exon 2 boundaries in Nab2null heads (red lollipops; Figure 4-3 top and three examples 

on sites 5, 8, and 12 on bottom of Figure). These results are consistent with a role for 

Nab2 in inhibiting ectopic m6A methylation on the trio M pre-mRNA  transcript and suggest 

that modulation of m6A levels may link Nab2 to other RNA targets within the Drosophila 

head transcriptome.  

 Further analysis is required to validate these n=1 results. DART-Sanger 

sequencing of the trio M transcript was challenging for several reasons, and I was only 

able to capture these results one time. For instance, intron 1 of the trio M transcript is very 

long (approximately ~4kb in length), meaning that removal of this intron likely requires a 

sophisticated molecular mechanism. For example, it is possible that intron 1 is spliced 

recursively (in a multi-step slicing reaction). However, our RNA sequencing reads from 

Drosophila heads were produced from short-read sequencing of mRNAs (Chapter 2), 

meaning that information about the precise structure of individual RNAs is lost. Thus, the 

precise structure of this region of the trio M transcript is not known.  This makes designing 

primers to properly amplify a transient pre-mRNA species in enough abundance for 

sanger sequencing uniquely challenging. In the future, direct RNA sequencing of mRNAs 

from Drosophila heads will be performed to validate whether loss of Nab2 causes ectopic 

m6A methylation and this approach will also provide long-read sequencing information to 

detail the structure of the exon 1- intron 1- exon 2 regions of the trio M transcript.  
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Nanopore direct sequencing of poly(A)+ RNA to map m6A modifications 

within the Drosophila head transcriptome 

 
 To date, transcriptome-wide detection of m6A modifications relies primarily on 

methods utilizing next generation sequencing (NGS) platforms. There are currently five 

NGS-based strategies for mapping m6A modifications: (1) me-RIP-seq and (2) miCLIP 

which both depend on the use of an anti-m6A antibody, (3) m6A-REF-seq/MATZER, and 

(4) DART-seq, which are both antibody- independent methods. Both me-RIP-seq and 

miCLIP-seq suffer from high false-positive rates due to non-specific binding of the m6A 

antibody and the ability of the antibody to recognize other modifications including m6Am. 

On the other hand, m6A-REF-seq/MAZTER seq utilizes an endonuclease that cleaves 

unmethylated ACA motifs to quantify methylation rates. However, ACA motifs only cover 

~16-25% of m6A sites within the transcriptome. Finally, DART-seq utilizes the APOBEC-

YTH fusion protein to induce C-to-U deamination at sites adjacent to m6A modifications 

(discussed in detail in Chapter 2). However, in my personal experience, I found this 

method to be experimentally challenging given the abundance of RNA needed to recover 

to precisely map m6A modifications within transient pre-mRNA species. Fortunately, 

Oxford Nanopore Technologies has developed an exciting alternative method for mapping 

RNA. This sequencing platform directly sequences RNA (thus there is no need for a PCR 

amplification step) based on the principle of monitoring shifts in electric current as an RNA 

molecule passes through a nanopore embedded within a synthetic polymer membrane. 

Modified bases effect the flow of the current through the pore in a manner distinct from 

their unmodified counterpart, allowing detection of modifications at a single-nucleotide 

level (Figure 4-4A). 
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   To determine how loss of Nab2 effects the levels and location of m6A modifications 

on mRNA within Drosophila nervous tissue, we piloted an Oxford Nanopore direct RNA 

sequencing approach. By mapping m6A modifications in Control, Nab2null, and Mettl3null 

(negative control) heads we will be able to more clearly define how Nab2 regulates levels 

of m6A on target mRNAs. We piloted this experiment with the help and expertise of the 

Emory Integrated Genomics Core (EIGC). Because this a direct-RNA sequencing 

approach, and there is no library amplification step, a large concentration of input RNA is 

required to yield quality results. The EGIC requested 10µg of total RNA for the experiment, 

and figuring conservatively, I collected and extracted RNA from approximately 500 female 

Drosophila heads from each genotype. We chose to only perform the pilot experiment on 

female heads because of the known effect of Nab2 on the regulation of Sxl splicing and 

protein levels (see Chapter 2). To isolate mRNA species from the total RNA sample, 

poly(A) enrichment was performed followed by annealing and ligation of a reverse 

transcription adapter. Next, the RNA goes through reverse transcription to generate a 

complimentary cDNA strand followed by attachment of primers for sequencing that 

contain a motor protein which facilitates threading of the mRNA through the nanopore 

(Figure 4-4B). The sequencing of our RNA samples was performed in early June of 2024, 

and hopefully with the help of the EIGC we will get some exciting new data to help us 

better understand how Nab2 regulates the Drosophila head epitranscriptome.  
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Figure 4-1 

Figure 4-1. Outcrossing the Nab2ex3 allele to improve Nab2ex3 adult viability 
(A)The outcrossing and allele recovery scheme for the Nab2ex3 allele. The circled “R” 
indicates a recombined chromosome. (B) The new, outcrossed Nab2ex3 allele exhibits 
increased adult viability compared to the old Nab2ex3 allele.  Significance values indicated 
(****p£0.0001).  
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Figure 4-2 

Figure 4-2. Preliminary evidence suggests Sxl regulates mushroom body 
development in the female brain. (A) Representative max projections of mushroom bodies 
of indicated genotypes stained by a-FasII. (B) Quantification of frequency of a lobe defects in 
each indicated genotype. (C) Quantification of frequency of b lobe defects in indicated genotypes.  
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Figure 4-3 

Figure 4-3 Preliminary evidence suggests that loss of Nab2 causes ectopic 
methylation of the Exon 1-Intron 1- Exon 2 boundary of the trio M transcript. (Top) 
Schematic of the trio M exon 1- intron 1 – exon 2 boundaries with mapped m6A sites 
(lollipops) by DART sanger sequencing (green lollipops= canonical m6A sites); red 
lollipops= ectopic m6A sites. (Bottom) Example of Sanger sequencing reads from sites 5, 
8, and 12, showing C-to-T transitions in Nab2null ectopic m6A sites (black arrows) that are 
not present in Control.  
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Figure 4-4 

Figure 4-4 Nanopore direct RNA sequencing. (A) Schematic of RNA (red) being 
threaded through a nanopore (blue). (B) Library prep workflow for nanopore direct 
sequencing of RNA. First, reverse transcription adapters are annealed and ligated to the 
poly(A) RNA. Next reverse transcription is performed to generate a complementary cDNA 
strand from the poly(A) RNA molecule. Finally, sequencing adapters with the motor 
protein are attached and the library can be loaded onto a flow cell.   
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CHAPTER 5: DISCUSSION AND CONCLUSION 
 
This chapter has been written by Carly L. Lancaster specifically for inclusion in this 
thesis dissertation. 
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DISCUSSION 

Chapter-by-chapter discussion of research performed, and questions answered 

herein 

Here, we identify a role for the Drosophila Nab2 RBP and Mettl3 m6A 

methyltransferase in regulating the Sxl and trio mRNAs. The data presented here provide 

strong evidence that the Sxl and trio transcripts are key downstream targets of Nab2 in 

nervous tissue based on both m6A- and Nab2-dependent splicing events and identifies 

the specific effects of these transcripts on Drosophila organismal phenotypes and 

neurodevelopment in flies lacking Nab2. The results of this study support a model in which 

Nab2 regulates transcripts that encode key regulators of neurodevelopment. In the 

broader context, the phenotypic consequences of loss of an RBP result from the collective 

changes to numerous target transcripts, and defining the mechanistic basis of these 

phenotypes requires systematic analysis of how individual targets, such as Sxl and trio, 

are impacted. In the case of Nab2, evidence now supports both m6A-dependent and 

independent roles in Sxl and trio mRNA splicing as well as potential effects on 

downstream processing such as cytoplasmic metabolism of these transcripts. Taken 

together, these findings support a model where RBPs such as Nab2/ZC3H14 regulate a 

collection of target transcripts, potentially through multiple mechanisms, that all contribute 

to downstream phenotypes. 

In this thesis, we present extensive experimental evidence addressing gaps in our 

understanding of Nab2/ZC3H14 function and further define how loss of this critical RBP 

causes a form of severe intellectual disability. Utilizing Drosophila melanogaster as a 

model, we answer critical questions pertaining to fundamental Nab2 functions in pre-
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mRNA processing and neurodevelopment. In Chapter 2, we present indirect evidence of 

Nab2 specificity illustrating a role for Nab2 in the regulation of splicing and steady state 

levels of select neuronally enriched transcripts within the fly head. Specifically, we 

demonstrate that loss of Nab2 alters splicing and m6A levels on the Sxl transcript, 

providing evidence that Nab2 plays a role in regulation of m6A levels on other transcripts 

within the brain. In Chapter 3, we focus specifically on the Nab2-regulated trio transcript 

encoding a RhoGEF critical for neurodevelopment. We illustrate a critical role for Nab2 

and Mettl3 in the regulation of splicing and protein levels of trio M and demonstrate that 

loss of Trio M GEF2-function in Nab2null Drosophila contributes to the morphological and 

phenotypical defects observed in these flies. Finally, in Chapter 4, we present the 

technique by which researchers can clean-up the Nab2null stock (originally performed by 

Dr. J. Christopher Rounds) which exhibits waning viability over time. We further 

demonstrate that the female Sxl RBP may play a critical role in patterning Drosophila 

mushroom body neurons during development, and finally show that loss of Nab2 may 

cause ectopic m6A deposition on the trio M transcript, which could contribute to the intron-

retention defects observed in Nab2null heads. Taken together, these findings expand upon 

our knowledge of ZC3H14/Nab2 function while also opening up new questions that can 

be examined in future studies.  

In Chapter 2 of this thesis, RNA-sequencing analysis of Nab2null male and female 

heads provides high-resolution detail of changes to steady-state RNA structure and 

abundance, defining a critical role for Nab2 in the regulation of splicing and steady-state 

transcript levels of many neuronally-enriched mRNAs. Unlike the pervasive function of 

Nab2 in S. cerevisiae8,64,337,461, this experiment provides evidence that Drosophila Nab2 
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only regulates a select subset of mRNAs within head tissue. Intriguingly, many RNAs 

exhibit statistically significant changes in steady-state abundance upon loss of Nab2, but 

only a relatively specific set of 453 and 305 transcripts (representing 3.7% and 2.2% of 

all statistically testable transcripts, respectively) change in abundance by more than 2-

fold in females and males, respectively. These results illustrate that Nab2 exerts very 

specific effects on the Drosophila transcriptome. Of these transcripts, an even more 

specific subset of transcripts exhibit altered splicing patterns based on comparison of 

exon usage patterns between control and Nab2null. These results showed that 151 and 

114 transcripts show defects in splicing patterns in females and males, respectively. 

These data aid significantly in our understanding of how loss of Nab2 alters the brain 

transcriptome and unveil specific roles for Nab2 in pre-mRNA processing in-line with a 

very specific role for this RBP in neurodevelopment. However, whether Nab2 regulates 

each of these transcripts directly, or indirectly via regulation of third-party RBPs remains 

unclear. In the best example, we demonstrate here that Nab2 regulates splicing and 

protein levels of the RBP Sxl. Thus, it stands to reason that a subset of transcripts 

identified in our RNA-seq of female heads may by directly regulated by Sxl, and thereby 

indirectly regulated by Nab2. Moreover, these data raise questions about the mechanism 

by which Nab2 regulates splicing and/or levels of each of these transcripts. Indeed, it is 

possible that Nab2 regulates the abundance of some transcripts via a mechanism 

independent of its regulation of the abundance of other transcripts. In the same line of 

thought, the data presented in both Chapter 2 and Chapter 3 of this thesis would argue 

that Nab2 regulates mRNA structure of some transcripts in an m6A-dependet manner, 

and other transcripts in an m6A-independent manner. Overall, the transcriptomic data 
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presented here support a model where Nab2 acts via a multitude of distinct mechanisms 

to regulate the transcriptome. Furthermore these data highlight gaps in our understanding 

of Nab2 function.  

Chapter 2 of this thesis further demonstrates that loss of Nab2 causes missplicing 

and loss of Sxl protein. As another RBP, Sxl is also a critical regulator of alternative 

splicing. This prompted analysis of RBP motifs enriched in Nab2-regulated splicing 

events. Unsurprisingly, Sxl binding sites were highly enriched within Nab2-regulated 

splicing events in females followed by the hnRNPL homolog smooth [sm], RNA binding 

protein 9 [Rbp9], the U1-SNRNPA homolog sans fille [snf], and the U2-SNRNP [U2AF50] 

(Figure 2-3). The enrichment for Sxl binding sites among Nab2-regulated splicing events 

raises the possibility that Nab2 indirectly regulates splicing of some transcripts identified 

in our RNA sequencing analysis via a Sxl-regulated splicing program. To determine which 

Nab2-target transcripts are regulated by Sxl, RNA sequencing of Sxl-mutant Drosophila 

heads should be performed allowing comparison between the two datasets. This analysis 

would allow us to better identify which Nab2-regulated transcripts are directly regulated 

by Nab2, and which ones are potentially indirectly regulated by Nab2 via Sxl. Moreover, 

the analysis of RBP motifs enriched in Nab2 regulated splicing events raises the 

possibility that Nab2 acts in concert with these other RBPs to guide splicing events within 

the Drosophila brain. Future studies should be designed to test genetic and physical 

interactions between Nab2 and other RBPs such as Sm, Snf, and Rbp9 to further 

elucidate the mechanism by which Nab2 governs splicing of neuronal transcripts.  

The data presented in Chapters 2, 3, and 4 also raise several key questions about 

the relationship between Nab2 and the Methyltransferase complex: (1) How does Nab2 
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regulate m6A levels on target mRNAs; and (2) Does Nab2 physically associate with the 

methyltransferase complex? Each of these questions have been partially answered by 

the data presented in this thesis as well as in preliminary data in the lab, however, future 

studies are necessary to thoroughly define the relationship between Nab2 and m6A. To 

address question (1), there are several mechanisms by which Nab2 could regulate m6A 

levels on target transcripts. As an RBP that associates with A-rich regions of 

RNAs259,264,462, one possibility is that Nab2 could physically bind A-rich regions and 

occlude access to these sequences by the methyltransferase machinery. Supporting this 

model, loss of Nab2 causes an increase in levels of m6A on canonical sites of the Sxl 

transcript, particularly on a site directly adjacent to the putative Nab2-binding site 

(AC(A)13; Figure 2-6) within Intron 3 (Figure 2-6), and preliminary evidence suggests loss 

of Nab2 causes ectopic methylation on non-canonical sites of the trio M transcript (Figure 

4-3).  On the other hand, Nab2 could recruit the m6A machinery to specific sites on a 

given transcript which is also supported by the preliminary evidence that loss of Nab2 

causes ectopic methylation on the trio M transcript (Figure 4-3). Another (almost heinous) 

possibility is that Nab2 could recruit an unidentified Drosophila m6A eraser protein to 

target transcripts to regulate m6A methylation states. This mechanism could explain why 

loss of Nab2 results in an increase in m6A levels on the Sxl transcript (Figure 2-6). To 

date, no m6A eraser has been identified in Drosophila, and while our data do not support 

a role for Nab2 as a recruiter of an m6A eraser, this model remains within the realm of 

possibility as a potential molecular mechanism by which Nab2 could govern m6A levels. 

Moreover, Nab2 could regulate m6A through a mechanism requiring physical association 

with the methyltransferase machinery. Preliminary experiments performed by Dr. Sara 
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Leung in the Corbett lab provide evidence that ZC3H14 interacts with Mettl3, the catalytic 

subunit of the methyltransferase complex, in human cell culture lysates. However, these 

results remain preliminary, and a co-IP from Drosophila head lysates has yet to be 

performed. Taken together, future experiments will further define the mechanism by which 

Nab2 regulates m6A levels and locations on target transcripts. 

To gain a better understanding of the relationship between Nab2 and m6A, future 

studies in our lab are underway to analyze changes in m6A upon loss of Nab2 utilizing a 

transcriptome-wide approach. Recently Oxford Nanopore released a one-of-a-kind 

method for site-specific detection of RNA modifications via direct sequencing of RNA463. 

In brief, a helicase motor protein guides native RNA movement through a protein 

nanopore. As the RNA is driven through the nanopore by an applied voltage, monovalent 

ionic current varies depending on the identification of the nucleotide, as well as 

modifications present on a nucleotide within the pore463. This ionic current signature can 

be converted into a sequence for individual strands by a neural network trained on a 

variety of RNA samples,  providing a comprehensive understanding of the structure of 

individual RNA molecules within a cell. Utilizing this technology will allow transcriptome 

wide identification of changes to m6A profiles in Nab2null heads compared to Control and 

will also provide long-read transcript information allowing our labs to further define how 

Nab2 alters RNA structure and regulates m6A levels on target transcripts.  

Previous studies in our labs illustrate that Nab2 physically and genetically interacts 

with the fly orthologue of Fragile X mental retardation protein (FMRP), Fmr1, to control 

select Fmr1-bound neuronal mRNAs (e.g. CaMKII) and regulate Drosophila 

neurodevelopment278. Intriguingly, recent studies have identified vertebrate FMRP as a 
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novel m6A reader protein that promotes nuclear export of methylated RNAs during 

neuronal differentiation464,465. Given that ZC3H14/Nab2 also has established roles in 

nuclear export and regulation of m6A257,266,380, is it possible that Nab2 and Fmr1 co-

regulate m6A on target mRNAs to govern downstream pre-mRNA metabolism? To date, 

there is no evidence to support a role for Nab2 and FMRP-co regulation of neuronal 

transcripts in an m6A-dependent manner, however, recent studies set a precedent for 

future investigations into the relationship between Nab2, Fmr1, and m6A, and highlight a 

potential mechanism by which Nab2 regulates methylation of target transcripts. 

In Chapter 3 of this thesis, we detail genetic interactions between nab2 and trio 

and highlight a role for Nab2 in the regulation of trio processing and downstream 

neurodevelopment. However, this study did not uncover whether Nab2 physically 

associates with the trio M or trio L transcripts. Analysis of these transcripts reveals that 

there are several A-rich tracts within the introns serving as possible motifs where Nab2 

could bind to regulate splicing and m6A methylation. RNA immunoprecipitation of FLAG-

tagged Nab2 overexpressed in neurons (UAS-Nab2-FLAG;;elav-Gal4) followed by RT-

qPCR analysis for the trio M and trio L transcripts is necessary to determine whether 

Nab2 could mediate splicing and methylation via direct physical interaction with these 

transcripts. 

The data presented within Chapters 2, 3, and 4 highlight the possibility that other 

unidentified neuronally enriched transcripts may also be co-regulated by Nab2 and m6A 

to govern proper neurodevelopmental programs within the Drosophila nervous system. 

Determining the identity of these transcripts is crucial to understanding the function of 

Nab2 in neurons and unraveling how loss of this conserved and ubiquitously expressed 
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RNA binding protein causes non-syndromic intellectual disability. Several candidates can 

be selected by cross referencing our RNA seq dataset with the me-RIP seq dataset 

published by Eric Lai’s lab147. However, oxford nanopore direct RNA-seq analysis from 

Control, Mettl3null and Nab2null heads will provide a more in-depth analysis of splicing 

events that are regulated by both Nab2 and m6A. Dissecting the functions of these 

transcripts in the regulation of neurodevelopment is key to rounding out our understanding 

of critical neuronal and molecular functions for this RBP.  

 
CONCLUSION 
 

In summary, the research we present in this dissertation represents a series of 

valuable contributions to our understanding of the function of Nab2/ZC3H14. These 

results advance our understanding of Nab2/ZC3H14 function and how loss of function of 

a conserved RBP contributes to intellectual disability and neurodevelopmental disease. 

Our results answer many questions about Nab2 function and define the first mRNA 

targets regulated by Nab2 to govern organismal phenotypes and neurodevelopment 

(Figure 1-18). Moreover, thesis studies guide questions for future studies of 

ZC3H14/Nab2 molecular and developmental roles. The research presented in this 

dissertation expands our understanding of Drosophila Nab2 function, and thereby its 

mammalian ZC3H14 orthologue, revealing roles for Nab2 in the regulation of m6A 

methylation and further defines the function of ZC3H14/Nab2 in neurodevelopment. 

Ultimately, this research provides better clarity and enables future studies of 

ZC3H14/Nab2, bringing us one step closer to elucidating how a ubiquitously expressed 

polyadenosine RNA binding protein contributes to human neurodevelopment and 

neurodevelopmental disease.  
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Abstract 
 

The goal of this article is to provide guidance for those who have made the decision to 

apply to graduate school with the plan to obtain a PhD in a STEM field. Choosing an appropriate 

graduate school and program can seem like a daunting choice. There are numerous graduate 

training programs that offer excellent training with multiple specific program choices at any given 

institution. Thus, the goal of identifying a program that provides an optimal training environment, 

which aligns with the applicant’s training and career goals, can be daunting. There is no single 

training program that is ideal for all applicants and, fortunately, there is no sole perfect place for 

any individual applicant to obtain a PhD. This article presents points to consider  at multiple 

phases of this process as collected from the authors who include a senior faculty member, a junior 

faculty member, and four current graduate students who all made different choices for their 

graduate training. In Phase 1 of the process, the vast number of choices must be culled to a 

reasonable number of schools/programs for the initial application. This is one of the most 

challenging steps because the number of training programs is very large, and most applicants will 

rely primarily on information readily available on the internet. Phase 2 is the exciting stage of 

visiting the program for an interview where you can ask questions and get a feel for the place. 

Finally, Phase 3 suggests information to collect following the interview when comparing choices 

and making a final decision. While the process may feel long and can be stressful, the good news 

is that making informed decisions along the way should result in multiple options that can support 

excellent training and career development. 
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Introduction 
 

So, you decided you want to go to graduate school to pursue a PhD in a STEM field? Now 

is the time to take the next step– choosing the graduate school you would like to attend. Graduate 

school can be a very fulfilling and stimulating experience, particularly for those who choose 

graduate programs best suited for their unique needs and aspirations. However, choosing the 

right school is not like choosing between regular or decaf, paper or plastic, or wake-up or snooze. 

A PhD is a major time investment and a significant career decision that requires in-depth analysis 

of all your options. Beyond selecting a specific school, the proliferation of different graduate 

programs means that even within a single school, there could be a dizzying array of program 

options, often with confusing and interrelated names. Thus, choosing both a school and a program 

that align with your personal and professional goals is paramount. There are many wonderful PhD 

programs and several important factors you should consider when selecting the program best 

tailored to your learning style, training goals, and future career aspirations.   

Choosing a graduate school is an intimidating task when you do not know what you are 

looking for. Moreover, there are many significant considerations to be made at each step of the 

selection process. Here we break down the selection process into three key phases: Phase I: 

Research for Applications; Phase II: The Interview; and Phase III: Follow-Up Research (Figure 

1). Within each of these Phases, there are multiple factors that require careful examination to 

determine the graduate program(s) that will provide you with the best training aligned with your 

needs and ambitions (Figure 1). We hope that by defining these key considerations, one can 

more easily determine what to look for in a prospective PhD program.   

A key consideration for graduate training is that most of your training will take place within 

the context of your research laboratory. This constitutes a substantial shift from the undergraduate 

mentality where classes are the main venue for training. While the curriculum in graduate school 

can be important and should be considered, most STEM graduate programs limit coursework to 
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the first one or two years of training. Thus, prioritizing research options and secondarily 

considering the curriculum and course structure is recommended. 

The purpose of this article is to help those seeking a PhD in STEM-related fields select a 

graduate school that will provide them with an excellent training experience by narrowing down 

key factors one should consider throughout the selection process. Although comprehensive, this 

article does not encompass all considerable factors of the graduate school selection process 

which will vary from student to student. Thus, we advise prospective students to take these, and 

other personal considerations into account when choosing the right graduate school. We will 

solely focus on the key factors one should consider at each phase of the graduate school selection 

process. 

 

Ph.D. or Master’s?  
 

While the advice offered here is directed to those who have made the decision to pursue 

a PhD in STEM, there are other options for graduate school. Those who are uncertain about 

whether they are willing to commit to a PhD may consider enrolling in a Master’s program. 

However, there is large variation in the value of a Master’s degree across STEM fields. For 

example, in many biomedical sciences, a Master’s degree brings the same value as two years of 

experience, such as working in a research laboratory. To be clear, for a Master’s degree program, 

the tuition is likely to be substantial with no stipend provided, which contrasts with many PhD 

programs that provide a full tuition waiver and a stipend. Master’s programs are typically revenue 

generating, requiring tuition commiserate with other professional degrees and significant 

scholarships to offset the cost of tuition are rare. Some Master’s programs are gateways to 

university PhD programs and this may be appropriate for an individual who is not yet ready to 

commit to a PhD, but the cost of the Master’s phase of training may be substantial to ultimately 

end up in a PhD program where one could have been fully funded from the start. While a Master’s 
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program may be an option for some, it is important to carefully consider the cost/benefit of such 

a program in your specific field. For example, in basic biomedical sciences, an investment in a 

Master’s degree is often not the most cost efficient choice.  

  

An alternative to Master’s program for some students are post-baccalaureate training 

programs. These programs typically provide some graduate coursework together with a focused 

research experience. They can be ideal for the student who is still exploring their interest in a 

research career. While some of these are revenue-generating and as costly as Master’s 

programs, those supported by the National Institutes of Health termed Postbaccalaureate 

Research Education Programs or PREP can be excellent choices Schwartz et al. 466.The goal of 

PREP is to support educational activities that enhance the diversity of the biomedical research 

workforce. Unlike Master’s programs, PREP programs are designed for students who plan to 

pursue a PhD or a combined degree such as an MD/PhD. These programs can be an excellent 

alternative for students who are uncertain if they want to pursue a PhD and do not want to 

accumulate burdensome debt while they make their decision. However, this does not mean that 

Master’s degrees are not worth the time and money for all STEM students. Thus, we encourage 

students who are considering enrolling in Master’s programs to carefully consider whether a 

Master’s degree in their respective STEM field in necessary and beneficial for their future 

endeavors.  

 

 

Phase I: Research for Applications 
 

Choosing where to apply to graduate school can be an overwhelming and 

burdensome task. With over 1,000 graduate schools with PhD-track programs in the 

United States alone 467,468, selecting the schools you want to apply to may seem daunting. 
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Moreover, the average cost of a graduate school application ranges between $50-$100 

USD 468-470 and each application takes approximately 10 hours to complete and submit 

471. Given the pricey and time-consuming nature of graduate school applications, you owe 

it to yourself to make an informed and carefully thought-out decision when choosing 

where to apply. General industry advice is to apply to between three and eight graduate 

schools 472, but how do you narrow down your search when you have over 1,000 options? 

Here we present six key considerations to help you narrow down the list of graduate 

schools to apply to.  

 

Location, Location, Location 

Studies show that nearly 87% of students choose to relocate to attend graduate 

school 473. The location of your graduate school may not seem like a top priority on your 

list of things to consider, however, you are not just picking a school– you are picking a 

location where you will spend the next 5-7 years of your life. Although picking schools 

based on location may seem superficial, enjoying the place you live makes enduring the 

stresses of graduate school much easier. There are many reasons why students choose 

to live in specific geographical regions including proximity to family and friends, climate, 

as well as career opportunities. Whatever your reasons may be, it is important to ensure 

that the location of your graduate school is a good fit for you.  

While most students choose to relocate to different cities for graduate school, over 

half of students who relocate choose to remain in the same geographical region (e.g. 

Southeast, Northeast, Midwest) 473. This is generally because students want to remain 

near family and friends. If proximity to family and friends is something important to you, 
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consider how far is “too far” away for you. For instance, if a plane is required to make the 

trip home in a days’ time, you may consider schools that are within reasonable driving 

distance to your family and friends. Many students seek the emotional and financial 

support that living close to home has to offer and therefore, may only consider schools 

within a 100-mile radius of home. On the other hand, many students choose to push 

themselves outside of their comfort zone and experience graduate school far away from 

the familiarity of their hometown. These students may instead decide to apply to schools 

located on opposite sides of the country and spend a several years exploring a new city. 

Regardless, understanding where you want to live in proximity to your current location will 

largely influence the graduate schools you choose to apply to. 

Another factor to consider when thinking about the location of your graduate studies 

is the seasonal and social climate within the region. For example, if harsh, cold winters 

are not your style, you may decide to apply to schools located in warmer climates. If you 

abhor big cities and heavy traffic you may want to avoid applying to the plethora of schools 

located in urban metropolitan areas. If you want to avoid driving and the overall cost of 

car maintenance during your PhD, you may consider locations with superior public 

transportation. Moreover, each city you consider will have its own cultural values and 

unique atmospheres. Thus, ensuring that you select a city favorable to both work and play 

will go a long way toward helping you guarantee happiness and perform your best.  

Finally, you may consider applying to graduate schools in geographical regions in 

which you want to pursue your future career. For instance, students interested in careers 

in biotechnology may choose to apply to graduate schools in Boston, California, or in the 

Research Triangle Park area of North Carolina as these schools are near a diverse range 
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of biotechnology companies. Selecting schools close to careers of interest may allow for 

enhanced networking and thus may aid in achieving professional goals.  

Taken together, the location of prospective graduate schools is a significant 

determinant of those that you may want to apply to. Whether you pick locations based 

upon distance from home, climate, or proximity to potential careers, determining the 

geographical location in which you would like to attend graduate school can really help 

narrow down the list of schools to apply to.  

 

Research  

A PhD program typically takes 5-7 years, including 1-2 years of coursework and 

several years of intensive independent research. Thus, it is critical that applicants 

consider their research interests when deciding which graduate schools and subsequent 

programs to apply to. The specific research area and research opportunities available 

should impact not only your choice of graduate school but also your choice of graduate 

program within a school. Faculty at a given graduate school can be members of one or 

more graduate programs within that school, meaning that they teach and mentor graduate 

students within the programs that they have appointments. As you delve into your 

research, you might consider whether schools allow you to work with faculty only 

specifically within a certain program or whether there is more flexibility. For instance, 

some schools only allow students to join the labs of faculty members with appointments 

in that students’ graduate program, and others allow students to explore labs across 

program lines. Prospective students who have yet to decide what area of research they 

want to pursue may consider applying to schools with umbrella programs which allow new 
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students to rotate with faculty among a diverse array of programs within the graduate 

school. These umbrella programs are designed to allow students to explore multiple 

different types of research opportunities before deciding what lab they want to join. 

When considering your research interests, a key point is to ensure that multiple 

scientists within a graduate school or program work in that area. Common and astute 

advice is to never select a school or program because of a single faculty member 

performing your dream research 474 That faculty member may not be taking students, or 

you may not work well with that individual. Thus, a recommendation is to ensure that there 

are at least three professors studying an array of topics you can see yourself working on. 

Moreover, if you are particularly interested in certain professors, you may try reaching out 

to these professors prior to the application deadline. This will allow you to get your foot in 

the door and talk to someone that can tell you more about the program, the learning 

environment, and provide details about their willingness to accept new graduate trainees 

474. This will also allow you to get a better sense of whether you are still interested in these 

labs and could see yourself working for the advisor long-term. Another suggestion is to 

simply keep an open mind. Many students enter graduate school with limited research 

experience, so considering areas beyond their current expertise may be the best 

approach. Finally, research dynamically evolves with time as new global threats and 

cutting-edge technologies emerge, so the topics that were of interest during the 

application process could easily change as new opportunities arise. 

Another point to consider is that graduate school is about research training. An 

ideally suited graduate program should arm you with key skills you need to develop into 

the best scientist you can be, including experimental design, hypothesis generation, data 
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analysis, and the many other transferable skills such as scientific writing and 

communication, teaching, mentoring, and project management 475. While you need to 

select a research topic that engages you, this topic is unlikely to be the focus of your 

career. You may be passionate and driven to tackle a specific research area, but you do 

not need to work on that specific topic in graduate school. Instead, try to focus on 

identifying a program where you can acquire the skills needed to develop into a scientist 

who is best equipped  to pursue that research question at a future stage in your career. 

When and if you decide to attend a specific PhD program, most schools require that 

students take time (approximately six months to one year) to perform laboratory rotations. 

Rotations are designed with the students’ best interest in mind. These rotations allow 

students to explore different research topics and environments. Moreover, rotations are 

an invaluable opportunity for students to decide whether a specific advisor and laboratory 

environment is a good fit for their individual needs, goals, and learning styles, without the 

pressure of scientific productivity. Although somewhat uncommon, there are schools that 

will allow you to join a lab directly upon admission to the program. The challenges of 

graduate necessitate that students make a thoughtful and informed decision when picking 

a lab that they will spend the next 5-7 years of their life in, and lab rotations are an 

important part of this process. Unless a student has steadfast confidence that a specific 

lab and mentor is the best choice for them, we highly recommend that students do lab 

rotations to ensure that their graduate school experience is a pleasant one.  

 

Reputation  
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School choice is often driven by reputation. While there are many published rankings 

of graduate schools, the key thing to recall is that the rankings are typically for the school 

overall and not the specific programs that you may be considering. Thus, while all 

students are likely to take reputation into consideration, this should not be a primary 

driving force. Some schools are better known nationally or internationally because they 

have excellent athletic teams, but the national ranking of the football team is unlikely to 

impact your STEM PhD to any significant extent. Determining the reputation of a specific 

graduate program or research area is more challenging than determining the reputation 

of a school. For this reason, reputation is an area that should be considered most 

extensively later in the decision tree when the choice is between a specific set of options. 

Although many prestigious schools presumably have excellent graduate programs 

in your field of interest, it is not necessarily true that these programs are superior to the 

those at schools without the big name. In fact, you will find stellar graduate programs at 

schools that US News and World Report has ranked third tier 476, and potentially weak 

graduate programs in otherwise highly ranked schools. Moreover, a PhD from a highly 

ranked school does not necessarily ensure a better job or a higher starting salary after 

graduation. Companies and hiring committees tend not to focus on the school a candidate 

graduated from, but instead look for the relevance and quality of a candidates research 

and how well this research fits with the needs of the company or department 477. Thus, it 

is critical that prospective PhD students look for graduate schools and programs that 

foster supportive and innovative research environments that allow their students to thrive.  

In sum, if you want to find a program that will make you a skilled and competitive job 

applicant, your priority should be finding a graduate program that places emphasis on 
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graduate student training. But how do you decipher between schools that emphasize 

training and those that do not? Graduate programs that place importance on graduate 

student training and development will often provide students with opportunities to take 

courses in grant writing, public speaking and communications, and expose students to a 

diverse array of research throughout their graduate career. Moreover, these programs will 

cultivate student collaborations and often have access to a multitude of core facilities that 

aid students in effectively using the latest technologies to support their individual 

research. By keeping in mind that the quality of your schools’ training environment is more 

important than the schools ranking or reputation, your final list of schools will guarantee 

that you make the right choice when it comes time to enroll in a specific program.  

 

Stipend 

Fortunately, most STEM PhD students in the US, particularly those enrolled in 

biomedical science programs, are typically paid a living stipend for the duration of their 

graduate career with a complete tuition waiver. As many programs offer such a stipend, 

take care in considering any program that does not guarantee a stipend. Moreover, the 

ways in which this stipend may be provided can differ. For instance, some programs 

require a significant amount of teaching in the form of teaching assistantships (as 

discussed in the Teaching section) to cover a large portion of their stipend, while other 

programs fully support their students’ stipends and require minimal teaching as a part of 

the required curriculum. Thus, prospective students should consider their desire to teach 

as well as their research priorities before applying to programs that require significant 

amounts of teaching to cover their stipend.  
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Despite offering a living stipend, this stipend typically just enough to keep food on 

the table, bills paid, and gas in your car, leaving very little room for extra expenses. Thus, 

it is vital that prospective graduate students consider the stipend and assess their 

financial responsibilities. More importantly, do not get distracted by schools that offer more 

money than others. It is not uncommon for schools that offer bigger stipends to be located 

in areas with a higher-than-average cost of living. Wherever you apply, you need to 

ensure that the stipend matches the cost of living and will be enough to keep your ‘head 

above water’ throughout graduate school. A PhD can be very long with lots of stressful 

ups and downs, and financial insecurity is the last thing you want to worry about. 

At the time this article was written, the average graduate student makes a yearly 

stipend of approximately $32,000 478. If you are going to graduate school right out of your 

undergraduate studies, this may be the most money you have ever made. On the other 

hand, if you are leaving a job to go to graduate school, this may be a significant pay 

decrease. It is not impossible to live on a graduate student stipend and most schools 

provide yearly cost-of-living increases to student stipends. So, when deciding between 

graduate schools, make sure that the stipend is livable given the cost-of living in that area. 

You may consider utilizing MIT’s living wage calculator (found at 

https://livingwage.mit.edu/) 479, which can help you determine the cost-of-living in different 

areas around the United States to help you make an informed decision when choosing 

what schools you want to apply to.   

 

Curriculum 
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PhD curriculum varies widely between graduate schools and even between different 

PhD programs within a given school. Although you certainly cannot avoid taking difficult 

classes during your PhD, it is worth understanding what courses you will have to take, 

when you will have to take them, and how these courses are structured to ensure you are 

getting the most out of your educational experience. However, it is also important to recall 

that graduate training primarily takes place within the context of your research project, so 

curriculum and coursework are not the driving force to consider in the same way that 

choices are made for an undergraduate school.  

When analyzing your graduate school and program options, you want to ensure that 

the program you are interested in offers excellent training for enrolled PhD students. But 

what should this training venue look like? You should consider the broader context of the 

training, including curriculum as well as other professional development opportunities. 

Most programs require that first and second-year students take foundational courses to 

both deepen and broaden the students’ knowledge of the field in which they are pursuing 

a PhD 480. Depending on the school and program, these courses may take place in lecture 

hall settings with a large group of graduate students, or in small, intimate classroom 

settings with a smaller number of students. Here, it is important to consider how you learn 

best. Do you know whether you have a more favorable learning experience in passive 

learning environments with large groups of students, or in smaller groups where you are 

free to engage and ask questions during class? This consideration is unique to the 

individual applicant but can be an impactful consideration when determining the learning 

environment that is best suited for you. Many students applying to graduate school may 

only have experiences in large-seminar type courses rather than small, intimate learning 
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settings and therefore may not understand the benefits of small class sizes. Thus, we 

encourage students to keep an open mind when considering their graduate learning 

environment. Moreover, many graduate schools require that students take other courses 

including courses in statistics (depending on which STEM program you are applying to), 

writing, ethics, and seminar 480. These courses are designed to enhance the students 

critical thinking skills as well as written and verbal communication skills 480. These courses 

are all taken while students simultaneously focus on their respective dissertation 

research. It is important to get a good sense of what courses you are expected to take 

and when you are expected to take them to ensure that you can sufficiently meet the 

requirements of both your program and your advisor without overextending yourself.  

 

Graduate Records Exam (GRE) 

If you are thinking about going to graduate school, you have probably heard about 

the Graduate Records Examination (GRE). The GRE is a standardized test created and 

administered by the Educational Testing Service (ETS), which is designed to test a 

student’s overall preparedness for graduate-level studies 481. The GRE is like the SAT 

college entrance exam and seeks to assess general competence in areas such as 

analytical writing, mathematics, and verbal reasoning 482. Recently, however, the utility of 

the GRE as a predictor of graduate student success has been intensely debated. A 2014 

study published in Nature illustrated that women and individuals from underrepresented 

groups often score lower on the GRE than their white male counterparts (Miller & Stassun, 

2014). Moreover, the exam cost approximately $205 which is prohibitively expensive for 

many low-income students, further impeding promising students from entering graduate 
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school 483,484. Interestingly, these studies show that GRE scores are very poor predictors 

of a graduate students’ scientific productivity 484,485. Fortunately, many leading STEM 

graduate programs have begun to recognize that the GRE is a weak predictor of PhD 

student success  and have dropped the GRE as an admissions requirement 486. 

Therefore, students can easily apply to a slate of top biomedical graduate programs 

without taking the GRE. For information about the many programs that no longer require 

the GRE, see Dr. Joshua Hall’s public spreadsheet (BioGRE.info), which lists many of the 

biomedical PhD programs that have dropped the GRE admissions requirement485. To be 

crystal clear, most of these programs no longer accept or consider the GRE in admissions 

decisions, so taking the GRE brings no value for such applications. Moreover, there are 

no graduate fellowships or grant opportunities that require the GRE. However, there are 

some specific areas of graduate education that continue to rely more heavily on the GRE 

than others, so whether the GRE is required for applications may depend on your specific 

area of study. Regardless of whether you choose to take the GRE before applying to 

graduate school, it is important to know that your performance on this standardized exam 

does not directly correlate with your readiness for the hands-on intensity of a PhD 

program.  

  

Phase II: The Interview   
 

Congratulations! You have been invited to interview at some of the schools you 

applied to. Many applicants consider this to be the most stressful part of the application 

process but fail to realize that while the school is interviewing you, you are also 

interviewing the school. This is your chance to get an up-close and personal look at the 
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life of a typical graduate student in each of these programs. Here you can ask the nitty-

gritty questions your late-night google searches left unanswered. There are also many 

questions you may not know you should ask! Thus, we have provided a chart of key 

questions prospective students may consider asking faculty and current students during 

their interview weekend (Box 1). Importantly, you also have the chance to have candid 

talks with the current students and get a feel for their overall satisfaction with the program. 

Moreover, you may get a chance to speak with faculty members whose labs you are 

interested in joining.  

All in all, the interview process is one of the most important steps to deciding what 

graduate school would be the best for your training and career development. Here, we 

have outlined things to consider finding out when you embark on your interviews.  

 

Funding mechanism(s) 

During Phase I of the process, you should have narrowed your choices to schools 

that provide a tuition waiver and offer a living stipend. At this stage, you should gather 

more information about the mechanisms to fund your stipend. In the ideal situation, your 

stipend is guaranteed if you are making satisfactory progress. You should seek options 

that clearly state this to be the case. Typically, such a situation means that the university 

has some resources to support your stipend early in training (1-2 years) and then your 

research mentor has grant funding to support your stipend and any associated fees. This 

model can differ from program to program, but you should seek clarity during the interview 

about the source of funding. There are also some options that may offer additional training 

or opportunities. 
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Some schools or programs will require you to commit to serving as a teaching 

assistant. While teaching experience can be valuable, be sure you understand the 

commitment. Will you be responsible for teaching a whole section of a course or are you 

acting as a teaching assistant? Even if you enjoy teaching, the need to teach each 

semester while trying to balance your research progress can be daunting. Ensure you 

understand the commitment and speak to more senior students to gather more 

information about the time required. 

Many programs have some form of training grant support. These training grants can 

be provided from various sources, including federal agencies such as the National 

Institutes of Health (NIH) T32 training grants or the National Science Foundation (NSF). 

These training grants can support student stipend at specific training stages and offer 

some additional perks such as funds for travel or supplies. As such training grants require 

a clear plan for training, schools or programs that have such a support mechanism may 

offer additional training that is mandated by such funding mechanisms. The NIH National 

Institute of General Medical Science (NIGMS) funds many such training mechanisms and 

this institute has led the way in requiring training to produce well rounded ethical scientists 

that are prepared to function within the biomedical research community. These funding 

mechanisms must be renewed every five years, so this is essentially a required regular 

refresh of the training offered. Checking whether the school or program you are interested 

in has such funding mechanisms can provide you with information about how the school 

of program values graduate training because such funding mechanisms also require 

significant institutional support. 
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Some schools will offer support for students to apply for their own independent 

research funding 487. There are several mechanisms for this support where the graduate 

student is the principal investigator (PI) for the grant. Some schools also offer an increase 

in the stipend to those students who secure their own extramural research funding. Like 

a training grant, these individual pre-doctoral fellowships often have some funds available 

to support travel and purchase supplies. The experience of crafting a persuasive proposal 

to see your research to those who make funding decisions can be a very valuable part of 

graduate training. 

In summary, learning the details of the funding, including the sources available 

should be a key part of your investigation during the interview process. You should ask 

questions on this important topic of both program leadership and current students to paint 

the full picture. A goal should be to select a school or program that aligns with your goals 

and offers you stable funding that aligns with your needs. 

  

Teaching Requirements 
  

Most graduate students are required to teach at some point during their graduate 

career. However, at some universities teaching is necessary to make up a significant 

portion of your stipend, while other universities ask students to teach for only a semester 

or two as a part of the standard curriculum. While teaching can be a fun and enriching 

experience, for students who do not necessarily need in-depth teaching skills for their 

future career, having multiple semesters of required teaching can become distracting and 

burdensome when trying to focus on thesis work. Thus, it is important to understand the 

teaching requirements at the different programs you interview with. 
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Teaching assistantships are designed to help postgraduate students develop 

invaluable teaching and assessment skills. After meeting curricular requirements, some 

students choose to continue teaching to earn extra money and/or gain valuable teaching 

experiences (a skill that can easily be applied in your future career and added to your 

CV). The responsibilities of graduate student teaching assistants (TAs) include leading 

undergraduate classes, grading papers, as well as providing laboratory supervision and 

demonstration 488. Teaching as a graduate student is an excellent opportunity to expand 

your horizons, gain invaluable scientific communication skills, and put your knowledge to 

the test. Whether you teach for one semester, or you decide to teach throughout your 

graduate career, try to take pride in the fact that you will be teaching and engaging 

undergraduates in your academic discipline.    

 

Career Exploration 

Career Exploration, sometimes referred to as professionalization, is an important 

aspect of your graduate career. After completing your PhD, you will need to enter the job 

market with transferrable skills– skills that can be applied in your future career. Although 

some graduate students remain in academia after completing their PhD, over 50% of 

STEM PhD graduates do not work in academia or even perform research as their primary 

job 489. Instead, many talented graduate students pursue careers in industry, government, 

or even medical writing. Moreover, it is very common for graduate students change their 

career goals during the duration of their graduate studies 490Therefore, we recommend 

that applicants consider attending graduate programs that adequately prepare students 

for a diverse set of careers after graduating.  
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But what professionalization and career exploration opportunities should you look 

for in a graduate program? Lautz et al. recommend that graduate programs invested in 

student professionalization and career exploration hold a student-led foundational 

seminar course to address career needs. These seminars should provide students with 

early exposure to multiple career pathways to develop a sense of community as well as 

a professional network 489. Moreover, graduate programs should encourage and support 

students seeking professional training specialization and internships in academic and 

non-academic sectors489. By showing STEM graduate students multiple career options, 

graduate programs can adequately meet the needs of today’s PhD students and prepare 

them for life beyond graduate school.  

  
Support Network  

Every successful graduate student has a support network 491. This support network 

typically includes faculty and staff, other graduate students, postdoctoral students, 

technicians, friends, and even family. Graduate school is a long and challenging process. 

Therefore, having a network of people to support you and help you along the way is 

essential to your success.  

Although prospective students are not yet ready to build their support network, it is 

important that they get a feeling for the current support networks within prospective 

schools. When interviewing, ask the current students about their support networks. Are 

these support networks made up of diverse group of people at different stages in their 

career? You may also consider asking if these students feel supported by the programs’ 

faculty and staff or whether the program has built-in student support systems. Many 

graduate schools also have graduate student unions (GSUs). These unions serve to 
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protect graduate students’ rights and advocate for support from multiple branches of the 

university. Moreover, many schools have graduate student associations (GSA) comprised 

of graduate students from many different departments 491. Attending GSU- and GSA-like 

events can be a great way to get to know people outside of your program and will help 

you build a support network that will last even after graduation.  

 

Community, Diversity, and Inclusion 

Building a community of supportive colleagues and mentors as you transition to 

graduate-level research training will be instrumental to your overall success as a scientist. 

Commonly, ambivalence and/or feelings of doubt about one’s abilities almost always 

accompany any major transition, the decision to kick-off your professional academic 

career by enrolling into graduate school will be no different 492. It is important to note that 

you are not alone, and the community you build will play a pivotal role in helping you steer 

the ins and outs of graduate school. These supportive connections are very important for 

several reasons: First, your network of colleagues and mentors can act as a team of 

advocates, providing support and guidance as you develop personally, academically, and 

professionally. Second, this network often becomes your “family away from home” – 

helping you to not only navigate deeply personal issues that inevitably arise during 

graduate school, but also making themselves available to grab ice cream after a long day 

in the laboratory. Ultimately, the community you build will play an essential role in you 

living a healthy, balanced, and fulfilling life while in graduate school.  

As noted above, the decision to apply to graduate school, interview, and ultimately 

weigh the multitude of factors that inform where you will spend the next 5-7 years of your 
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life is a very challenging, but rewarding process—for everyone. However, often, 

individuals from groups that are historically excluded and underrepresented in STEM 

fields face unique challenges that many of their graduate school peers do not have to 

consider when deciding what graduate school program best suits them. For example, 

many of these students face the challenge of finding a program that includes faculty that 

reflect the diversity of the broader population. In fact, only 10% of STEM faculty members 

in the US are from underrepresented groups, according to a recent NSF-funded report 

(Bennett, 2020). Therefore, in the eyes of interviewees from underrepresented groups, 

this reality emphasizes the sentiment of a familiar quote by Marian Wright Edelman, “You 

can’t be what you can’t see”, which in turn intensifies doubts about the likelihood of 

success. In addition to finding mentors with similar backgrounds, many of these students 

often have the additional pressure of trusting that diversity, equity, and inclusion (DEI) 

values espoused by programs are not just lip-service, but closely held beliefs of the 

faculty, staff, and students. Thus, students must have a great deal of faith that graduate 

programs will invest the time and resources to support stated DEI values. Taken together, 

the process of choosing a graduate school presents unique challenges for all students, 

but particularly for students from underrepresented groups that span the application 

phase through matriculation.  

While there has been a long-standing push to diversify and create a sense of 

belonging in STEM, universities in the US and by extension graduate programs still trail 

behind in establishing an inclusive community for its faculty, students, and staff. 

Historically, US institutions of higher learning have supported hierarchies of race and 

other forms of difference since their founding, and remnants of this very ideology persist 
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in the academy broadly including graduate education. However, the recent rise of social 

justice movements has led to a renewed sense of urgency to break social barriers and 

pave the way for the realization of true DEI in all US institutions. As in many sectors of life 

in the US, graduate schools still have a long way to go before achieving their goals 

specific to DEI. These efforts will need to address all aspects of student differences, 

including many that have not been the focus of efforts such as ableism 493. Recent support 

for social, gender, and racial equity by leaders in higher education are an important first 

step and provide hope to many graduate students who are from groups historically 

excluded and underrepresented in STEM fields. As you navigate graduate school, build 

and leverage your community to be a force for social change. Thus, leaving behind a 

more inclusive and equitable environment for junior trainees. Importantly, DEI in STEM is 

a continuous effort that does not have a finish line and will require action from the entire 

scientific community to keep improving. While navigating through the interview process, 

it is critical that you begin to identify efforts made by the program to establish an equitable 

and inclusive environment. For example, as you converse with current students and 

faculty, ask about initiatives for diversification and inclusion, such as student-led 

empowerment organizations, community outreach, and DEI committees. 

 

Program Responsibilities 

Graduate school, like a ‘real job’, occurs in a matrixed environment where students 

are a part of multiple chains of accountability and therefore have responsibilities not only 

to their thesis advisors, but also to their program 494. Thus, it is necessary to determine 

what your responsibilities outside of the lab will entail and if these responsibilities change 
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as you progress through your degree. For example, many students are required to help 

with recruitment of new students, organize program-related events, and attend program 

seminars. These responsibilities, while important, may serve as a distraction from your 

thesis work. Thus, it is critical that you determine what your program responsibilities are 

within each graduate program. These answers are likely not found on the internet but can 

be readily discussed with current graduate students and faculty members at your 

interview.  

 

Phase III: Follow-Up Research 
 

The interviews are finally over, and you have solidified acceptances from several 

schools. Take a deep breath and pat yourself on the back! The bulk of the work is over, 

but now comes the hard part- deciding which graduate school and program you would 

like to attend. You may be able to see yourself at multiple different schools/programs 

making the decision burdensome and potentially anxiety-inducing. At this point, reminding 

yourself that there is no single “right choice” may relieve some stress. However, there is 

some follow-up research which may not have been provided during the interviews that 

can be beneficial as you consider your options and make your final choice.  

 

Student Fees 

Unfortunately, student fees do not disappear in graduate school. Despite the fact that 

the average graduate student stipend is $32,000 a year 478, most schools still require that 

graduate students pay fees each semester. While most of the price of the fees is covered 

by the graduate school, the burden of the remainder of the fees falls on the student. The 
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average graduate student pays some amount in student fees per semester. These fees 

typically include technology fees, health and wellness fees, athletic fees, and even activity 

fees. However, the types of fees and the semesterly rates vary greatly between schools 

and programs. Thus, we recommend that applicants research student fee rates for each 

of the schools they are interested in. Unfortunately, these data may be hard to find with a 

simple google search and a scroll through the university website. Applicants may instead 

consider reaching out to current graduate students to get an idea of the cost of student 

fees as well as how these students feel about the fees. You may consider asking current 

students if they are able to easily pay the fees with their current stipend, or if they feel 

that the fees are fair. Regardless of where you attend, you will probably have to pay some 

amount of student fees, but it’s a good idea to know how much and how often you will 

have to pay as a graduate student.  

 

Health Benefits 

Health benefits can be a stressful topic for many incoming graduate students, 

especially for students previously covered under their parents’ health insurance plan. 

Typically, student health insurance plans are offered by the institution, however these 

plans can vary greatly in cost and coverage. Unforeseen medical expenses, such as 

those related to treating a cold or a simple rash can cost hundreds of dollars, and you do 

not want to be blindsided by a medical situation in which you do not have adequate 

financial coverage. This can cause students financial hardship and lead to added stress. 

Therefore, as you contemplate your graduate school options, it is important to compare 

the health benefits each school has to offer.  
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What should you look for in an acceptable student health insurance plan? According 

to U.S. News, students should expect that plans offer a minimum coverage per year with 

an annual deductible 495. Moreover, plans should provide coverage for both inpatient and 

outpatient services anywhere in the U.S. as well as coverage for mental health services, 

prescription drugs, and physical therapy 495 . Applicants should also determine when their 

coverage starts and lapses as well as whether they are required to use specific doctors, 

hospitals, or clinics to be covered.  

 

Gut Feelings 

When you know, you know. We cannot emphasize enough the importance of trusting 

your ‘gut feelings’ when considering if a graduate school and program is the right one for 

you. This refers to relying on inclination that you cannot readily explain. Although you 

should not disregard objective facts,  balancing an objective outlook with your 

subconscious intuition is ideal when deciding what program suits you best. The American 

Psychological Association reports that decisions recruiting gut feelings are often a 

reflection of one’s true self 496, and when picking a graduate school which you will attend 

for the next 5-7 years, it is best to make a decision that is an authentic reflection of your 

goals.   

 

Concluding Remarks 

Seeking out a stimulating and supportive environment where you can gain the skills 

needed for the next stage of your career is a daunting, but exciting task. We have 

presented many different factors applicants should take into consideration when selecting 

a graduate training program. However, each decision is unique to the individual and there 
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is no single “right” choice, especially when presented with many excellent options. 

Selecting a graduate school and subsequent program is a major life decision, thus, 

considering your individual values and aspirations is critical to ensure your success and 

happiness throughout your graduate career. PhD training can potentially be a consuming 

and strenuous process; therefore, we advise students to seek training environments that 

encourage a healthy work-life balance and offer a breadth of training opportunities to 

support your values and future goals. Although deciding where you want to carry out your 

graduate studies is a challenging task, we hope that the information presented here will 

arm you with the knowledge necessary to select a graduate training program that will 

allow you to thrive personally and professionally. We wish you the best of luck in your 

graduate school-hunting and future endeavors!  
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Figure A-1. The Considerations Funnel. Selecting a graduate school and/or graduate program 
can be a daunting task when students do not know exactly what they are looking for. Here we 
have illustrated the selection process which can be broken down into three main phases (Phase 
I, Phase II, and Phase II), including key factors to consider at each stage of the selection process. 
Each of these factors is discussed in more detail in the text. 
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