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ABSTRACT OF THE THESIS 

 

The Necessity of tRNA-Val-CAC-1-1 Derived tRNA Fragments (tRFs) in Drosophila  

 

By: NICHOLAS GATTONE 

 

Thesis Director 

 Dr. Nir Yakoby 

 

 

Small non-coding RNAs, such as micro-RNAs (miRNAs) or small interfering 

RNAs (siRNAs) are critical regulators of gene expression during tissue development. 

tRNA-derived fragments are a newly discovered class of small non-coding RNA that 

participate in different biological processes, some of which are attributed to post-

transcriptional regulation similar to miRNAs. Using a computational pipeline designed to 

find tRF targets by mirroring a miRNA-like seed-based targeting mechanism, we 

identified that the tRNA-Val-CAC-1-1 contains a seed sequence that may target 

epidermal growth factor receptor (EGFR) inhibitor Sprouty. Using CRISPR/Cas9 genome 

engineering, this tRNA was deleted. The transgenic fly remained heterozygous, 

suggesting a necessary role for fly survival. The RNA-seq data from the heterozygous fly 

did demonstrate small transcriptional changes for target genes in both the ovary and 

embryo. In addition, a global change in the distribution of small RNAs was found, 

suggesting a possible stress reaction on the small RNA level from the targeted deletion. 

Further CRISPR experiments are underway to determine the reason for the unviability of 

the tRNA-Val-CAC-1-1 homozygous mutant. 
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Introduction 

 

 

Type of RNAs: 

 

The role of RNA in cells is often primarily viewed in the context of Francis 

Crick’s central dogma of molecular biology- DNA is transcribed to RNA, and RNA is 

translated to protein (Crick, 1958). While this has long described an essential framework 

to understand the relationship between the genetic code of DNA and the synthesis of 

biopolymers, it only accurately describes the behavior of messenger RNA (mRNA), 

which constitutes approximately 4-5% of total cellular RNA (Lodish et al, 2000). The 

vast majority of RNA is non-coding RNA (ncRNA) and is accordingly not translated into 

protein. Roughly 80% of cellular RNA, by far the largest portion, is ribosomal RNA 

(rRNA), around 15% is transfer RNA (tRNA), and less than 1%, falls under the umbrella 

of small RNA (Warner et al, 1999.) 

Small RNA, including species of RNA smaller than 200 nt, perform a wide 

variety of functions in organisms, including plant development (Chen, 2012), animal 

development (Stefani et al., 2008), and microbial immunity (Guo et al., 2019). Among 

these functions is the regulation of gene expression through RNA degradation or 

inhibition of translation (Hutwagner et al. 2008). Several species of small RNA have 

been extensively studied, including microRNA (miRNA), small interfering RNA 

(siRNA), and Piwi-interacting RNA (piRNA (Shin et al., 2010). Recently, high-

throughput small RNA sequencing methods have detected a novel class of small RNAs 

which align preferentially to certain mature tRNAs found throughout the genome (Tuck 

et al., 2011). These small RNAs, called tRNA-derived fragments (tRFs), are not random 
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byproducts of degradation- they are formed in a precise manner through tRNA cleavage 

and have drawn attention to the possibility tRNAs may act as a regulatory molecule (Li et 

al. 2008, Wei et al. 2012). 

The canonical role of tRNA in cells is well understood. Their anticodon loop, 

located on the bottom of their 2-D cloverleaf-like structure, binds codon triplets on an 

mRNA strand; an amino acid loaded onto the 3’ end of the tRNA forms a peptide bonds 

with other amino acids, creating a growing polypeptide chain which will eventually 

become a functional protein (Figure 1) (Schimmel 2018). Eukaryotic organisms, 

however, often have hundreds of tRNA-encoding genes in their genomes (Haeusler 

2006). The requirement for 64 codon triplets suggests that the great redundancy of tRNAs 

may have roles other than the canonical protein synthesis.  
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tRNA fragments: 

The formation of tRNA fragments (tRF) is a structured process that occurs in one 

of three distinct patterns of cleavage from the mature tRNA molecule (Figure 2); 5’ tRFs 

originate from the 5’ end of the tRNA, 3’ tRFs originate from the 3’ end, and precursor 

tRFs originate from the extension on the 3’ end that exists prior to the loading of the 

amino acid (Lee et al. 2009, Sobala et al. 2011). Several attempts have been made to 

understand the pathways of biogenesis, as well as potential functional roles of tRFs 

(Gebetsberger et al. 2012, Sobala et al. 2011). 
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While the precise mechanisms of tRNA cleavage are not fully understood, there is 

still evidence regarding the roles of specific nucleases like Dicer and angiogenin in their 

formation (Shen et al., 2018). This is of particular relevance to the potential 

developmental roles of tRFs because of Dicer’s role in miRNA biogenesis and the RISC 

pathway (Li et al., 2018). Certain species of tRFs in each of the three cleavage patterns 

have been demonstrated to be formed in a Dicer-dependent manner in humans (Cole et 

al., 2009), mice (Babiarz et al., 2008), and in Drosophila (Kawamura et al., 2008). While 

it is atypical for Dicer to recognize and cut molecules with a tRNA’s secondary structure, 

there is evidence some tRNA molecules can form a hairpin-like structure more suited for 

Dicer processing (Babiarz et al., 2008). Other tRFs are generated in a Dicer-independent 

manner. RNase Z cleavage has been shown to produce 3’ tRFs from pre-tRNAs (Lee et 

al., 2009). Additionally, angiogenin, a RNase A family nuclease, was previously 

discovered to produce tRFs in cellular stress conditions, but has also been shown to 

cleave the T-loop of tRNAs in vitro (Li Z et al., 2012). 

The exact targeting mechanisms of tRFs remain unclear, but current evidence 

suggests tRFs act as regulatory molecules in a similar fashion to miRNAs (Li et al. 2008, 

Gebetsberger et al. 2012) and sometimes may compete with miRNAs (Tuck et al. 2011). 

The targeting mechanisms of miRNAs are well understood. Specifically, plant miRNAs 

have sequences fully complementary to their mRNA targets, whereas animal miRNAs 

have a highly conserved 7 nucleotide “seed sequence” that binds its targets (Grimson et 

al. 2007, Figure 3). Multiple models suggest a similar seed-based targeting mechanism 

for tRFs (Wang et al. 2013). tRFs have also been shown to associate with the Argonaute 
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family of proteins and enter the RISC pathway, similar to the miRNA mode of action 

(Kumar et al., 2014). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 While there are many biological roles in which tRFs seem to be involved, such as 

viral protection, carcinogenesis, and neurodegeneration (Venkatesh et al. 2016, Goodarzi 

et al. 2015, Maute et al., 2013), their potential role as post-transcriptional modifiers in 
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tissue development and cell fate determination remains mostly unexplored. These can be 

investigated in the fruit fly Drosophila melanogaster, which is a well-established model 

system to investigate changes in tissue morphogenesis (Berg, 2005). The plethora of 

genetic, molecular, and genomic tools to manipulate the Drosophila genome (Hales et al., 

2015), makes it an ideal system to investigate the role of tRFs in tissue development. We 

can also monitor changes in Drosophila RNA profiling, an approach which has been 

successfully used by the Yakoby lab in the past (Revaitis et al. 2017). 

The experimental system: Drosophila oogenesis: 

Drosophila oogenesis is a well-established model system for the study of 

developmental processes like morphogenesis, cell fate determination, and tissue 

patterning (Berg, 2005). With respect to our small-RNA focused experiments, this system 

has also been used to study gene regulation by small RNAs targeting of genes through the 

inhibition of small RNA production (Nakahara et al., 2005). Oogenesis, the process of 

egg development, occurs in an assembly line-like fashion in the ovary and is comprised 

of 14 morphologically distinct stages (Spradling, 1993). The developing egg chamber has 

three main parts; the oocyte, nurse cells, and follicle cells. The oocyte becomes the 

developing embryo after fertilization, nurse cells provide essential RNAs and proteins to 

the oocyte, and the follicle cells form a two-dimensional layer which is patterned and 

stretches to envelop the oocyte and form a three-dimensional eggshell structure (Berg, 

2005; Spralding 1993). Follicle cell patterning and the formation of dorsal eggshell 

structures is reliant on the epidermal growth factor receptor (EGFR) pathway (Neuman-

Silberberg and Schupbach, 1993; Neuman-Silberbeg and Schupbach, 1994). During 

stages 7-10A of oogenesis, TGF-α like ligand Gurken (GRK) is the major ligand of 

EGFR; GRK activates EGFR and triggers signaling through the Ras/Raf/MEK/ERK 
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phosphorylation cascade (Ray and Schupbach, 1996; Wasserman et al., 1998). In the 

absence of this signaling, the dorsal fate of the eggshell is not established and thus dorsal 

structures are not present (Niepielko and Yakoby, 2014). 

 A computational pipeline developed by the Grigoriev Lab predicted a Drosophila 

tRF derived from tRNA-Val-CAC-1-1 to target sprouty (sty), a potent regulator of the 

EGFR pathway (Hacohen et al., 1998; Casci et al., 1999). Using CRISPR/Cas9, tRNA-

Val-CAC-1-1 was removed from the genome. Interestingly, this mutation could not 

become homozygous, despite the presence of six additional tRNA-Val-CAC genes in the 

Drosophila genome. In an RNA-seq based transcriptional profiling experiment, genes 

ACXD, IP3K1, and sta show significant differential expression in both the ovary and 

embryo of the heterozygous tRNA-Val-CAC-1-1 mutant. This is in line with the potential 

activity of tRFs as regulators of gene expression in development. Additionally, small 

RNA-seq demonstrated global changes in tRF populations in the heterozygous mutant, 

though the exact reason for this finding is unclear. 

 

 

Materials and Methods 

 

 

Flies:The following fly stocks were used in this study: CRE recombinase (BDSC 

#34516), wild-type strain (OreR; BDSC, #25211), y[1]w[*]; if / SM6a,Cy; D/TM3,sb (a 

generous gift from Miki Fujioka, Thomas Jefferson University, Philadelphia, PA, USA), 

and y,sc,v; nos-Cas9; +/+ (Kondo et al., 2013) used for CRISPR injections by Rainbow 

Transgenics . Flies were grown on corn meal agar and all crosses were carried out at 23 

C.  
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Prediction of tRFs: A computational pipeline was developed by the Grigoriev Lab to 

predict mRNA targets of tRFs using a 7-mer sliding window to account for all possible 

locations of a seed sequence. Exact matches of the reverse complements of these seeds 

were found in the introns, exons, 5’ UTR, or 3’ UTR of genes and compared to the 

expected frequency of “hits” that occur by chance to estimate the significance of the 

predicted targets. The Grigoriev Lab previously employed this technique with success in 

aging rat brains (Karaiskos et al., 2016.)  

PCR: Wing clip PCR protocol was carried out according to Carvalho et al., 2009, with 

the exception of the amount of Buffer A used, which was raised to 20μl from 10μl. PCR 

was also carried out using Phusion HF polymerase (NEB) and reaction buffer. 

CRISPR: Donor vector for CRISPR injection was generated with pHd-DsRed-attP 

(Addgene #51019). Two flanking 1kb homology arms were cloned into this vector. Co-

injected gRNAs (Gratz et al., 2014) G1 (CACAGGAAACTAGAGTCATG) and G2 

(AATGCCTTGCTTTGCTAGT) had calculated efficiencies of 7.27 and 8.01, 

respectively (https://www.flyrnai.org/evaluateCrispr/). Plasmids were injected by 

Rainbow Transgenics (CA). Emerging flies were crossed to a y[1]w[*]; if / SM6a,Cy; 

D/TM3,sb, and screened for the marker dsRed, driven by the 3xP3 promoter in the adult 

eye. Transgenic animals were PCR validated by amplifying OreR and mutant gDNA 

phenol-chloroform extracted from whole flies (50 ng/µl tube) with specific primers 

(Forward: ACTTCGGCTCTCCAAATCTAGT Reverse: 

CGGCGCTGAGAGTATTCTTC) at 62 C annealing temperature and 45 second 

extension time at 72 C. 

https://www.flyrnai.org/evaluateCrispr/
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Microscopy: Eggshell and eye morphologies were evaluated using a JEOL NeoScope 

Standard Electron Microscope (JCM-6000). To collect eggs, flies were kept on grape 

juice agar plates with yeast overnight. Eggshells were collected and mounted on double-

sided carbon tape and imaged directly. Immunoassay images were taken on a Leica SP8 

confocal microscope. 

Immunoassay: Ovary dissection and fixations were carried out as previously described 

(Pacquelet and Rorth, 2005). Ovaries were dissected in cold Schneider’s medium .The 

primary antibodies used were mouse anti-BR core (25E9.D7; 1:100, DSHB) mouse anti-

FasIII (7G10, 1:100, DSHB), and rabbit anti-icarus (1:100, a gift J. Kadrmas at the 

Beckerle Lab). DAPI (1:10,000) was used to stain for nuclear DNA. The secondary 

antibodies used were 488 anti-mouse and 568 anti-rabbit (Invitrogen) (1:1000). 

RNA extraction: For ovary RNA, 3-7 day-old flies were incubated in the presence of 

yeast for 24 hours  prior to dissection directly into Trizol reagent. RNA isolation was 

carried out according to Direct-zol RNA Miniprep Kit (Zymo) protocol. For embryo 

RNA, embryos less than one hour old were collected from grape agar plates and 

stabilized in Trizol reagent until 100 embryos were collected. RNA isolation was then 

carried out as above. Control and mutant flies were genetically identical (y[1]w[*]; if / 

SM6a,Cy; D/TM3,sb) with the exception of the deleted tRNA-Val-CAC-1-1 on 

chromosome 3R of the mutant. 

Small RNA size exclusion: 1μg total RNA dissolved in nuclease-free water was 

combined with equal volume RNA Gel Loading Dye (ThermoFisher #R0641) and run on 

15% TBE-Urea Denaturing Polyacrylamide Gel for 90 minutes at 100V. Partitions of the 

gel located in between the bromophenol blue and xylene cyanol tracking dyes (marking 
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the 15-50 b range) were excised with a razor blade, then dissolved in 400μl PAGE elution 

buffer (20mM pH 7.5 Tris-HCl, 0.25M Sodium acetate, 1mM EDTA, 0.25% SDS) 

overnight at 4 C. Centrifuge the tube at 20,000xG for 10 minutes then draw off 

supernatant, which will contain RNA. Extract with 1:1 volumes and phenol: chloroform, 

then precipitate with 2 volumes ethanol. After 70% ethanol wash pellet was air-dried and 

resuspended in 21μl DEPC-treated water. 1μl of sample was used for analysis of purity 

on NanoDrop 2000. 

qRT-PCR: cDNA libraries were generated from 1μg total RNA from all samples 

according to NEB Protoscript II First Strand cDNA Synthesis Kit (New England Biolabs 

E6560S) protocol with random hexamers from the kit. qPCR primers were designed to 

create a 80-120bp amplicon on an exon region of target gene. A 384 well plate was 

prepared using 5μl SYBR Green Reagent, 1.25μl cDNA, and primers at 500mM in a total 

well volume of 10μl. Reaction was run on an Applied Biosystems QuantStudio 6 for 35 

cycles. CT values were analyzed and fold change calculations were performed on 

Microsoft Excel. All qPCR primers listed in supplementary Table 1 

 

Results 

 

 

Prediction of tRF targets 

Based on the assumption tRFs use a seed sequence analogous to animal miRNAs 

to bind mRNA targets, the Grigoriev Lab developed an algorithm to find potential gene 

targets of a given tRF (Karaiskos et al., 2017). Specifically, using a 7-mer sliding window 

(Figure 4A), they searched for reverse complements in the 5’ UTR, 3’ UTR, and exon 

sequences in the D. melanogaster genome. This resulted in a list of 51 potential target 
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genes for tRNA-Val-CAC-1-1, which includes the EGFR pathway inhibitor sty (Figure 

4B). 

 

 
Figure 1: Computational prediction of tRF targets: A) Visualization of the 7-mer sliding window 

employed by the Grigoriev lab to obtain possible tRF targets B) List of 51 predicted target-genes 

for a tRF derived from the tRNA gene tRNA-Val-CAC-1-1. 

 

 

CRISPR/Cas9 mediated deletion of tRNA-Val-CAC-1-1 

 Using the CRISPR/Cas9 genome engineering method, we cut tRNA-Val-CAC-1-

1 from the genome (Figure 5). Two guide RNAs (gRNAs) with predicted efficiencies of 

7.27 and 8.01, and no predicted off target sites, directed this Cas9 excision. We generated 

a donor plasmid containing an attp landing site, a dsRed positive selection marker, and 

the tRNA-Pro-TGG-1-1 gene which lies adjacent to tRNA-Val-CAC-1-1 and would 

otherwise be removed from the genome entirely. Two 1kb homologous regions, or 

homology arms, on the donor plasmid align the vector to the desired region and integrate 

the landing site and dsRed marker via homology-directed repair. A total of 3 injections of 

these plasmids yielded four positive lines of flies, all validated by PCR and Sanger 

sequencing (Figure 5D). 

A 

B 
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Figure 2: CRISPR/Cas9 strategy. (A) Genome model of the target tRNA:Val-CAC-1-1 and the 

adjacent tRNA:Pro-TGG-1-1. (B) Two guides with predicted efficiencies 7.27 and 8.01. Since the 

right guide RNA removes the tRNA:Pro-TGG-1-1, this fragment was cloned into the donor 

plasmid adjacent to the right homology arm. (C) The expected genome organization after the 

removal of the tRNA:Val-CAC-1-1. (D)  PCR validation confirms Val tRNA null heterozygous 

fly line. The null fly is expected to produce a band size of 1719 bp, whereas the wild type fly is 

expected to generate a 828 bp band size.  Bands were gel purified and sequenced to validate the 

expected changes (Revaitis, unpublished) 

 

 

Necessity of tRNA-Val-CAC-1-1 

Six other Val-CAC encoding genes exist in the D. melanogaster genome and five 

more non-CAC Valine tRNAs can compensate via wobbling. It was expected the deletion 

of tRNA-Val-CAC-1-1 would be tolerated as a homozygous mutation since the other six 

would be able to compensate for the lost tRNA activity. Three of these six are confirmed 

to be expressed during oogenesis (Figure S2). However, the fly did not tolerate a 

homozygous mutation. Flies were initially screened in bulk genomic preps (10-15 flies), 

then single fly genomic preps, and eventually wing-clip PCR reactions to avoid potential 

contamination from mixed populations of hetero and homozygotes. Since the tRNA-Val-

CAC-1-1 deletion included an eye marker, the DsRed, we aimed to test whether the 

exogenous protein was interfering and if removing it would allow the fly to become 

homozygous null for the deletion. DsRed is flanked by two loxP sites in our donor vector, 

which allowed the removal through CRE-mediated recombination. Even without the 

DsRed, flies would not become homozygous.  
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 One theory regarding tRNA-Val-CAC-1-1’s potential necessity revolves around 

the predicted structures of these tRNA molecules, which can be calculated using 

RNAFold (Kerpedjiev et al., 2015), an open source program which constructs the most 

thermodynamically preferable model secondary RNA structures from given sequences. 

tRNA-Val-CAC-1-1 is the only Val-CAC encoding tRNA gene of its exact sequence in 

the genome. The other six Val-CAC genes (tRNA-Val-CAC-2-1 through tRNA-Val-

CAC-2-6) differ by four base pairs. RNAFold’s model predicts a different, atypical tRNA 

structure for tRNA-Val-CAC-1-1 compared to the others, which are predicted to form a 

typical tRNA cloverleaf (Figure 6). 

 

 

 

 
Figure 3: Predicted tRNA structures: A) MEGA alignment of tRNA-Val-CAC-1-1 and tRNA-

Val-CAC-1-(1-6) B) RNAFold’s predicted minimum free energy (MFE) structure for tRNA-Val-

CAC-1-1 C) RNAFold’s predicted MFE structure for tRNA-Val-CAC-2-1 and its five identical 

copies. Sliding color scale represents probability of location 
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The effect of heterozygous tRNA-Val-CAC-1-1 on transcriptional profile 

RNA-seq data was obtained in triplicates for both the heterozygous tRNA-Val-

CAC-1-1 CRISPR fly and a control fly which did not have the tRNA mutation but was 

otherwise identically balanced. This data was subsequently analyzed by the Grigoriev 

Lab, who found several differentially expressed genes in both tissues (Figure S1). While 

these data do not closely match up with our original list of 51 target genes (Figure 4), 

they do show several genes which demonstrate significant differential expression 

between our heterozygous and control conditions. Multiple genes, including ACXD, 

IP3K1, and sta demonstrate up or downregulation in both ovary and embryo samples. 

Read counts are also largely consistent between triplicate repeats. Additionally, a series 

of up-regulated gene targets in the ovary were then experimentally validated by qPCR 

(Figure 7). Previous qPCR experiments identified Icarus (ics) as a potentially upregulated 

target; however, this was not supported by RNA seq data. Repeat qPCR with different 

primers for ics demonstrated barely detectable levels of transcript, consistent with the 

single-digit reads in the RNA-seq data. 
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Figure 4: qPCR and RNA-seq comparison. Four genes found in the embryo were experimentally 

validated via qPCR. Fold change levels were comparable for sty, spase22-23, and cyp303a1. Ics, 

which was thought to have elevated expression levels in previous qPCR experiments showed no 

amplification in this run, comparable to its single digit reads in sequencing data. All p-values 

reflect are >0.05, reflecting insignificant differences between the two measurements of 

differential expression. 

Small RNA Distribution changes in tRNA-Val-CAC-1-1 heterozygotes 

Small RNA seq data for RNA molecules between 15-50bp was also obtained via 

PAGE of total RNA samples described above. The small RNA reads were also analyzed 

by the Grigoriev Lab. Results demonstrated few changes in Val-CAC tRFs themselves, 

but found widespread differential expression of other species of tRFs between the 

heterozygous and wild-type flies (Figure S3). However, the reason for these findings is 

unclear. Deletion of their parent molecule did not obviously reduce the number of tRF 

reads from Val-CAC-1-1. Additionally, global changes in small RNA populations were 

unexpected, suggesting a potential dynamic regulation of the entire small RNA 

transcriptome. 
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Discussion  

 

 

 The emerging field of tRFs represent the potential for the study of a new layer of 

gene regulation. Their role as post-transcriptional modifiers in tissue development is 

especially interesting, as there is currently only limited insight onto the effects of tRFs in 

this role (Guzzi et al., 2020). As the field expands and more experimentally based 

evidence is obtained, computational target prediction should also improve, creating a 

positive feedback loop of prediction and validation that should push the field forward.  

Drosophila oogenesis, a long-standing model for the study of tissue development, 

is an excellent system in which to study tRFs. miRNAs, a biological analog of tRFs, have 

been studied extensively in the Drosophila ovary and have revealed critical insights into 

small RNA roles in cell division, stress response, and cell differentiation (Shcherbata, 

2019). Additionally, previous studies were able to characterize the role of singular 

miRNA species in the development of other tissues, such as the eye (Li et al., 2005) and 

the wing discs (Kennel et al., 2008). Given the computational tools at our disposal 

(Karaiskos et al., 2016) for target prediction and its successful history of studying the 

roles of small RNAs, Drosophila is the ideal system in which tRF studies can take place. 

 

 

 

Non-viability of a homozygous mutant 

 Many Drosophila gene mutations can be tolerated as both heterozygous and 

homozygous mutants without lethal effects (Eanes 1985). tRNA encoding genes, in 
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particular, seem like good candidates to tolerate mutations due to the redundancy of 100s 

of predicted tRNAs in the genomes that are lost or gained throughout evolutionary time 

(Rogers et al., 2010). Given this and the 6 additional Val-CAC genes in the D. 

melanogaster genome, it was surprising the CRISPR-mediated deletions failed to 

produce a fly homozygous for a null tRNA-Val-CAC-1-1, even after removal of the 

DsRed cassette. Analysis of previous RNA-seq data from the Yakoby Lab shows other 

Val-CAC-encoding tRNAs are expressed in oogenesis (Figure S2, Revaitis et al., 2017). 

Thus, availability of Val-CAC alternatives should not be a concern if tRNA-Val-CAC-1-

1 is acting as a tRNA, as well as the other six. However, the inability of the fly to become 

homozygous null for the gene raises a question about the function of the gene, and 

whether the different predicted non-classical shape of the predicted structure is an 

indicator that this tRNA has a regulatory function beyond the tRNA activity. It also may 

be necessary for the development of other tissues. 

 One of the many significant outcomes of the Human Genome Project was the 

discovery RNA transcripts are significantly more abundant than protein encoding genes 

(van Bakel et al., 2010). This has led to the current understanding of small non-coding 

RNAs and their extensive roles as gene regulators. miRNAs, more than any other class of 

ncRNA, are a central figure in many approaches to therapeutic treatment for a variety of 

human diseases (Hanna et al., 2019). This includes the use in treatment for various types 

of cancer (Mercatelli et al., 2008, Reid et al., 2016), amyloidosis (Kristen et al., 2018), 

and fighting drug resistance (Wang et al., 2015). It’s possible to imagine a similar path of 

discovery for tRFs. Current evidence suggests their targeting and gene silencing 

mechanisms are similar to miRNAs, and even in this small-scale study we may have 
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unearthed a critical regulatory mechanism. It is possible, given our evidence, tRNA 

molecules have an important biological role outside of their canonical role, and use tRFs 

to modify genes post-transcriptionally. 

  

Transcriptional changes in heterozygous mutant 

 Our list of target genes does not closely represent the list of genes which 

demonstrate differential expression in Val-CAC-1-1 mutant heterozygotes. This may be 

in part due to the low stringency of the original prediction, which was designed to catch 

as many tRNA-Val-CAC-1-1-related genes as possible. In the case of sty, specifically, 

both RNA-seq and qPCR data demonstrate a fold change of around 1.2, indicative of, 

potentially, a small amount of lost transcriptional targeting. However, with only one 

functional copy of the tRNA, compensatory mechanisms for gene expression are likely to 

activate. It’s also possible the tRFs loaded onto Argonaute proteins, for which we do not 

have a profile, were able to silence this gene sufficiently. Alternatively, other small 

RNAs which target sty may have been recruited to compensate. While it’s encouraging 

one of the predicted targets did show changes, albeit insignificant, in transcript level, it’s 

likely our heterozygous mutation wasn’t enough to impact gene expression to a 

significant degree in many of our targets. 

Unsurprisingly, we do not see any of the originally expected eggshell or eye 

phenotypes associated with reduced EGFR signaling. The EGFR pathway is one with 

many points of regulation, and it’s likely able to compensate for whatever changes the 

minor increase in sty may have caused. For example, sty plays a similar role to Kekkon-1 

(kek1) in EGFR signaling, but acts reciprocally (Hacohen et al., 1998; Musacchio and 

Perrimon, 1996; Zartman et al., 2011)- since both genes act in a negative feedback to 
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reduce EGFR pathway activation, possibly the amount of kek1 may have been down-

regulated to compensate for the increased sty (Figure 8). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Changes in small RNA populations 

 Analysis of the small RNA distributions in our heterozygous and wild-type 

conditions did not show significant changes in the numbers of Val-CAC-derived tRFs, a 

counterintuitive finding. However, there are many significantly up and downregulated 

tRFs derived from other tRNA molecules- this differential expression of tRFs is seen 

consistently across small RNA-seq replicates, and thus seems unlikely to fall within a 

standard deviation of small RNA populations. It is not entirely clear why this is the case. 

It’s possible the deletion of tRNA-Val-CAC-1-1 created a stress response on the small 

RNA level, leading to the misregulation of other tRF species. 
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 It is also interesting to note tRNA-Val-CAC derived tRFs are a recurring object of 

interest in tRF studies. In humans (Hogg M. et al., 2020; Skeparnias et al., 2020) and in 

plants (Byeon et al., 2019) tRFs from Val-CAC are significantly upregulated as a 

response to various external stressors, specifically disease and heat. It is possible the cell 

may require a minimum number of specific tRF species, such as Val-CAC tRFs, to 

mediate these stress responses. In this case, the single functional tRNA-Val-CAC-1-1 

gene may have been a sufficient source for this requisite number of tRFs. 

 The answer may also lie in which tRFs are loaded onto Argonaute (Ago) proteins 

that enter the RISC pathway. tRFs can be loaded onto Ago proteins and sequestered to 

target mRNAs; they have been shown to sometimes even compete directly with miRNAs 

for these roles (Tuck 2011, Kumar et al., 2014). These tRFs would not be picked up on 

small RNA sequencing data from total cellular RNA, as riboprotein complexes will be 

dissolved by phenol RNA extractions. Thus, our current view of the small RNAs present 

in our tissues of interest is incomplete.  

Analysis of tRF interactions with Ago proteins is an ongoing topic of interest. It 

has been previously found tRFs associate with Ago 1 and 2 in a Dicer-independent 

manner to regulate gene expression, and that amounts of tRFs loaded onto Ago proteins 

does increase with overexpression of their parent tRNA molecule (Kuscu et al., 2018). 

Additionally, tRFs loaded onto Ago proteins are dynamically regulated in an age 

dependent manner; Ago1 is preferentially loaded with a greater number of tRFs in 3 day 

old flies, but this preferential loading shifts dramatically to Ago2 in 30 day old flies 

(Karaiskos et al., 2015).  Given the parameters of this experiment, which was restricted to 
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3-7 day old flies, we would expect to see any downshift in loaded tRNA-Val-CAC-1-1 

tRF’s reflected in our Ago1 RNA-IP data. 

 

 

 

 

 

Future Directions 

 

To further pursue the potential necessity of tRNA-Val-CAC-1-1 in 

developmental, and to determine which role- tRNA or tRF- is required if this is the case, 

we have planned the following experiments.   

Three injections are designed (Figure 9) to determine if tRNA-Val-CAC-1-1 acts 

as a tRNA molecule or functions as a tRF. The donor vectors contain modified versions 

of the tRNA-Val-CAC-1-1 genes. One has two modified nucleotides which constitute one 

base pair found in the acceptor stem of the tRNA molecule. This region contains the 

operative seed sequence of the tRNA molecule; the changes made in this vector should 

cause it to have no predicted tRF activity, as its sequence will mirror that of the tRNA-

Val-CAC-2 analogs. If this fly is homozygous viable, it indicates Val-CAC-1-1’s lost 

tRNA activity was responsible for its necessity in our original mutant. Conversely, two 

vectors are designed with rarely used anticodon loop sequences for other amino acids 

(Leu-TAA and Ser-AGA, respectively) based on codon usage bias in Drosophila species 

(Vicario et al., 2007.) This will restore Val-CAC-1-1’s tRF activity but will not restore 
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functional Val-tRNA activity. If this fly can tolerate a homozygous mutation, our missing 

regulatory tRF activity was the culprit in our original mutant. 

As a control, we will inject the tRNA-Val-CAC-1-1, putting the gene back into 

the genome with our positive selection marker DsRed- this will control the possibility the 

observed effects are from an effect from the CRISPR separate from the activity tRNA-

Val-CAC-1-1. Rescue with the endogenous gene should provide an effectively wild-type 

fly. These flies have been successfully injected with the appropriate donor vectors and are 

currently being screened for our positive selection marker, DsRed. 
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Figure 9: RNAFold Predicted Structures for current tRNA CRISPR experiments A) tRF 

seed sequence change- arrow indicates CG pairing changed from AT in the endogenous 

gene B) Val-CAC tRF with Leucine-AGA anticodon C) Val-CAC tRF with Serine-AGA 

anticodon 

 

Additionally, our current profile of tRF populations is limited to those which are 

not loaded onto Ago proteins and is thus incompelete. tRFs other than the species we 

have reads for are being used by the cellular machinery of the RISC pathway. This is 

being addressed with another currently underway experiment. In this, RNA is extracted 

from Ago1 and Ago2 immunoprecipitation products. Sequencing of these RNA extracts 

should complete our picture of small RNA populations and allow us to see the full effect 

of the tRNA-Val-CAC-1-1 deletion on the distribution of small RNAs. 

Further experiments may also help define the specifics of the effects of the lost 

tRNA-Val-CAC-1-1. Namely, overexpression of tRNA-Val-CAC-1-1 through UAS/Gal4 

and subsequent screening for differentially expressed genes affected by the greater 

number of tRFs may further elucidate seed-target interaction mechanisms. Additionally, 

it may be beneficial to attempt our injected CRISPR endogenous tRNA-Val-CAC-1-1 

rescue with the gene inserted at a different location in the genome, rather than its original 

site. This would rule out the possibility of our effects being a result of a missing 
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regulatory region between tRNA-Val-CAC-1-1 and tRNA-Pro-TGG-1-1, rather than our 

gene of interest. 
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Supplementary Figures 
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Figure S1:RNA Seq data for heterozygous tRNA-Val-CAC-1-1 mutant: Top 5 up and down 

regulated targets between conditions, per tissue. Genes are grouped according to matches to 

different categories of seed predictions. Group where seed is not indicated is overall most 

up/down regulated. Genes which appear in multiple tissues are highlighted in orange. Sty is 

highlighted in yellow. Ribosomal genes are highlighted in green, as tRFs may affect their 

translation. 
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Figure S2: Expression of other tRNA-Val-CAC genes according to RNA-seq data: Using IGV software, regions 

encoding for tRNA-Val-CAC-2-1 (A) Val-CAC-2-2 (B) and Val-CAC-2-4 (C) were confirmed to be expressed in 

oogenesis. Data is adapted from Revaitis et al., 2017, where RNA-seq was done for early (stage 1-9), middle (stage 

10), and late (stage 11-14) egg chambers. 
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Primer Name Sequence 

styF GTGGATAATCCCTGCTCCTG 

styR ATGGGCCAGTAGAACCACAG 

icsF CAGATACTCGGATTGCGTGA 

icsR AGCACCTGCAGCCTATTGTT 

Spase22-23F GAAGGACAACCGCAACGTAT 

Spase22-23R TGAACAGGTGCTTTCCAGTG 

Cyp303a1F CATGTTTTGCAAGGTGATCG 

Cyp303a1R ATGGCATCGTTCGTATAGGC 

Table 1: Primer sequences for qPCR 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 3 Small RNA Distribution- included as hyperlink due to size 
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