
 

STRUCTURE-FUNCTION ANALYSIS OF THE TRIBBLES PSEUDOKINASE 

 

 

A DISSERTATION IN 

Molecular Biology and Biochemistry 

and 

Cell Biology and Biophysics 

 

Presented to the Faculty of the University  

of Missouri-Kansas City in partial fulfillment of  

the requirements for the degree 

 

DOCTOR OF PHILOSOPHY 

 

 

by 

Christopher Eric Nauman 

 

M.S., University of Missouri-Kansas City, 2016 

B.S., University of Missouri-Kansas City, 2014 

 

Kansas City, Missouri 

2020 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

© 2020 

Christopher E. Nauman 

ALL RIGHTS RESERVED  



 iii 

 

STRUCTURE-FUNCTION ANALYSIS OF THE TRIBBLES PSEUDOKINASE 

 

Christopher Eric Nauman, Candidate for the Doctor of Philosophy Degree 

 

University of Missouri-Kansas City, 2020 

 

ABSTRACT 

Members of the Tribbles (Trb) family of pseudokinases have roles in development, cell 

cycle control, insulin signaling, and the immune response and have been linked to many human 

diseases. The structure of Drosophila Tribbles includes a conserved kinase-like core that binds 

targets and an N-terminal region that contains a PEST domain, and a Carboxy-terminal tail that 

binds the E3 ligase, constitutive photomorphogenic I (COP1, Murphy et al., 2015; Jamieson et al., 

2018). The bound COP1 ubiquitin-ligase ubiquitinates the target protein, leading to degradation of 

the target by the proteolytic machinery (Murphy. et al., 2015; Jamieson et al., 2018). The C-

terminal tail of Tribbles is responsible for recruiting ubiquitination complexes that target proteins 

such as String (Stg) and Slow border cells (Slbo) for proteolytic degradation. While Drosophila 

Tribbles (Trbl) retains this conserved function, it lacks a C-terminal COP1 binding site found in 

most Trb family members that have been shown necessary for target protein destruction. To 

uncover the cryptic binding site, we misexpressed Tribbles and mutant variants in Drosophila 

tissue, including the wing and egg chamber to determine function.  

 Multiple sequence alignments of closely and distantly related Tribbles proteins in 

arthropods determined that the divergence from a COP1 binding site in fly Tribble is a recent 

evolutionary event. Motif scans led to the discovery of a PEST domain in the C-terminal tail and 
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site-directed mutagenesis of the PEST domain revealed its importance for Trbl function. Genetic 

interaction with the Cullin 3 proteome adaptor protein has shed light on a possible mechanism of 

Trbl tail function.  
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CHAPTER 1 
 

BACKGROUND AND SIGNIFICANCE 
 
1.1.1 Introduction: Identification of the Trbl Gene 
 

A screen for genes differentially expressed in mitogenically-stimulated and -

suppressed canine thyroid cells identified five cDNAs encoding proteins with unknown 

functions (Wilkin et al., 1996). Among these was the cDNA c5fw (clone 5 Françoise Wilkin), 

a phosphorylated protein whose sequence consisted of two of the twelve domains that comprise 

the canonical catalytic core of known kinases (Wilkin et al., 1997); this cDNA shared a 97% 

sequence conservation with a human cDNA later dubbed Tribbles homolog 2 (Trib2).  

In the year 2000, three groups of researchers conducting genetic screens in Drosophila 

melanogaster independently discovered the gene tribbles, which encodes the fly homolog of 

c5fw. The first screen conducted by the Leptin lab analyzed P-element insertion stocks and 

identified a mutation in the trbl gene that resulted in embryonic gastrulation defects. Trbl 

mutant embryos exhibited over-proliferation of the prospective mesoderm, leading to a 

hinderance in ventral furrow invagination (Seher and Leptin, 2000). This collection of 

phenotypes earned the gene the name Tribbles in honor of the rapidly reproducing fictional 

creatures from the Star Trek television series. Tribbles mutations phenocopied overexpression 

of the cdk1 phosphatase CDC25/String (stg), which together with molecular and genetic 

analyses led these researchers to conclude that trbl is necessary to inhibit the ability of Stg to 

trigger the M phase of mitosis (Seher and Leptin, 2000).  

The Wieschaus lab performed a deficiency screen to identify a trbl mutation that had 

similar defects in gastrulation. They compared the effects of embryonic microinjections of 

cDNAs encoding string and trbl on cell proliferation and ventral furrow invagination. In an 
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early effort to carry out a structure-function analysis of Trbl, these researchers injected a 

catalytically inactive trblRNA, deficient in a functional phosphoryl-group transfer domain 

(DLK/N), and observed no influence on the ability of TrblDLK/N to potently block cell division 

(Grosshans and Wieschaus, 2000). This result demonstrating that the kinase domain is not 

required for activity is consistent with the notion that Trbl functions as a ‘dead’ pseudokinase 

(Wilkin et al., 1997).  

 Finally, the Rorth lab characterized and quantified the interaction between Stg and Trbl 

in several tissues during Drosophila development. They used florescence-activated cell sorting 

of third instar imaginal discs to show that expression of Trbl effectively paused cells at the 

G2/mitosis transition. Western blot and immunostaining revealed that the expression of Trbl 

effectively reduced Stg protein levels in the wing disc and in cell culture (Mata et al., 2000). 

Collectively, these three early studies demonstrated that Tribbles is an important negative 

regulator of the cell cycle that in several developmental contexts directs the proteasomal 

degradation of the mitotic triggering phosphatase String.  

 

1.1.2 Conserved Mechanism of Trb Family of Proteins 

Subsequent genome sequencing efforts have found that representatives of the Tribbles 

protein family (Trb) occur in all metazoans. Trb protein structure is conserved, and includes: 

a variable N-terminal region, a kinase-like core characteristic of the family, and an extended 

carboxy-terminal tail. The N-terminal region of Trib1 and Trib2 contains multiple strong PEST 

motifs (mostly hydrophilic regions that have at least one proline, acidic residue, and a serine 

or threonine) that may mediate protein turnover (Soubeyrand et al., 2016; Wang et al., 2013). 

The kinase-like core has a conserved catalytic DLK loop motif ancestrally related to the 
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serine/threonine kinase protein CAMK (calcium/calmodulin-dependent protein kinase) but due 

to critical residue changes in the ATP-orienting motif and the motif that coordinates Mg2+ 

binding this core is likely catalytically inactive (Wilkin et al., 1996, Wilkin et al., 1997, 

Mayumi-Matsuda et al., 1999). Mutagenesis of the kinase-like core domain has revealed its 

importance for target molecule binding (Masoner et al., 2013; Das et al., 2014). The extended 

C-terminal tail includes (1) a MEK1 binding site that influences MAPK signaling activity 

(Kiss-Toth et al., 2004; Jin et al., 2007; Yokoyama et al., 2010; Guan et al., 2016) and (2) a 

binding site for the E3 ubisuitin ligase constitutive photomorphogenic I (COP1; Uljon et al., 

2016). The COP1 binding site E/DQxVPE/D is highly conserved among Trb family members 

and shares sequence similarity to COP1 binding motifs of Arabidopsis thaliana (Uljon et al., 

2016).  

Since their discovery in 2000, a vast amount of work has shown that Trb family 

members act as adaptor molecules to bind target proteins such as Cdc25 and C/EBP, the 

mammalian orthologs of Stg and slow border cells (Slbo), respectively, via the central 

pseudokinase core (reviews, Eyers et al., 2017, Kiss-Toth et al., 2015, Liang et al., 2013, 

Dobens and Bouyain, 2012, Yokoyama et al., 2011, and Hegedus et al., 2007. Binding elicits 

a conformational change, releasing the C-terminal tail. Resolution of the structure of Trib1 has 

shed light on two general conformations that all Trbs are thought to adopt: 1) an inactive 

conformation where the COP1 binding motif is sequestered in the pseudokinase core and 2) an 

active conformation where a substrate is bound to the kinase-like core and the C-terminal tail 

is free to recruit a COP1 protein (Murphy et al., 2015; Jamieson et al., 2018) via a COP1 

binding site. The bound COP1 ubiquitin-ligase transfers ubiquitin to the Trb bound protein, 
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leading to degradation of the target by the proteolytic machinery (Murphy. et al., 2015; 

Jamieson et al., 2018).  

As mentioned above, the COP1 binding site in the C-terminal tail is necessary for Trb 

target protein turnover (Keeshan et al., 2010; Yokoyama & Nakamura, 2011) and recent work 

has focused on the mechanism by which Trib1 binds the E3-ubiquitin ligase COP1. The 

structure of COP1 is well-conserved from plants to humans and includes a RING (Really 

Interesting New Gene) domain and a large WD40 ß-propeller which form the interface of Trb 

binding. The WD40 propeller is a seven bladed structure, with each blade formed from 

antiparallel ß-sheets of repeating amino acid sequences that average 40 residues in length 

(reviewed in Xu and Min 2011). On the top face of the propeller, adjacent to the central 

doughnut hole, is a small pocket that hydrophobically interacts with Trib1 via conserved VP 

residues of the C-terminal COP1 binding site while the glutamic acid is inserted into the 

doughnut hole (Uljon et al.,2016). Changes to the valine and proline are the most detrimental 

to affinity binding in alanine-scanning competitive binding assays, confirming the critical 

function of these conserved VP residues for Trib1-COP1 interactions. Because Drosophila 

Trbl lacks a good homology to this motif, identifying the domain in the fly C-tail that confers 

this corresponding function is the focus of Chapter 2. 

 

1.1.3 Conserved Functions of Trb Proteins in Development 

Mammals have multiple Trb isoforms with overlapping functions (Okamoto et al., 

2007; Takasato et al., 2008) and several targets of Trb-mediated turnover are known, including 

an E3 ubiquitin ligase Smurf1 (Chan et al., 2007) and fatty acid synthesis enzyme ACC1 (Qi 

et al., 2006). D. melanogaster retains a single Trb isoform that simplifies genetic dissection of 
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its function as an adaptor mediating protein turnover (Eyers et al., 2017). Two targets are well 

conserved between human and Drosophila melanogaster: 

CDC25. The phosphatase CDC25 triggers progression from G2/M in the cell cycle by 

removing phosphates from cdk1, in complex with CycB, and this key step in mitosis is blocked 

by Trib2 in cell culture (Liang et al., 2016); similarly, fly Trbl reduces the stability of the 

CDC25 orthologs String (Stg) and Twine (Twe) (Mata et al., 2000; Farrell 2013; Liang et al., 

2016). During development, Trbl regulation of Stg degradation is required for ventral furrow 

formation and invagination during gastrulation (Seher and Leptin, 2000) and maintenance of 

neural stem cell quiescence in newly hatched larva (Otsuki and Brand, 2018). Trbl is also 

highly expressed during the midblastula transition (Lott et al., 2013) at a stage when Twe 

protein (produced from a maternally loaded mRNA) is destabilized and degraded (Farrell 

2013).  

Slbo/C/EBP. Trbl inhibits the delamination and migration of the border cell cluster during 

oogenesis via the degradation of Slow border cells (Slbo, a CCAAT/enhancer-binding protein 

[C/EBP] ortholog, Rorth et al., 2000; Keeshan et al., 2010; Masoner et al., 2013).  

Despite these homologous targets of degradation and conserved interactions with the 

proteasome, Trbl protein lacks an identifiable COP1 binding motif necessary to mediate these 

functions. Thus, the identification of its functional equivalent will be the focus of this thesis. 

 

1.1.4 Association of Trb With Cancer and Disease 

Trbs are regulators of multiple pathways important for cell physiology and defects in 

the regulation and structure of Trb proteins is associated with defects in metabolism and 

disease. In humans, a single point mutation (Q84R) in Trib3 is associated with thickening of 
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the carotid artery (Formoso et al., 2011) and an increased risk of insulin resistance (Prudente 

et al., 2005). Based on their roles in cell proliferation and differentiation, it is unsurprising that 

Trb family members act as tumor suppressors and conversely oncogenes, depending on tissue 

context. One example of one protein playing different roles in different contexts, Trib2 

misexpressed in cells lines of hemopoietic origin cause cellular apoptosis (Lin et al., 2007) but  

Trib2 misexpression in hematopoietic stem cells drives a highly penetrant acute myeloid 

leukemia (AML) in mice (Keeshan et al., 2006). Human AML is linked to both genomic 

duplications in the Trib2 locus (Keeshan et al., 2006) and increased expression of Trib1 (Park 

et al., 2007; Storlazzi et al., 2004)Trib2 and Trib3 are associated with colorectal cancers 

(Miyoshi et al., 2009), lung cancer (Grandinetti et al., 2011), malignant melanoma (Zanella et 

al., 2010), and breast cancer (Wennemers et al., 2011). Despite these effects on growth 

promotion, examples abound of Trb suppressing cell proliferation (Liang et al., 2016) and 

exhibiting pro-apoptotic effects to antagonize cancer development (Salazar et al., 2009; 

Humphrey et al., 2010; Lin et al., 2007). Understanding the deeply conserved mechanism of 

Trb family function will shed light on their connection to disease and metabolic disorders. 

 

1.1.5 Outstanding Questions  

 The Tribbles family of protein in general act to protect the animal from starvation 

events by binding to substrates to restrict their activity or direct them to be degraded. They 

negatively regulate Akt signaling, they activate metabolism of lipids, they restrict cell growth, 

they influence MAPK signaling, and much more. Yet, there are still many questions research 

has not yet addressed in regard to Tribbles. 1) The differing roles that Trb proteins play 

depending on tissue context, for example in Drosophila, Trbl overexpression leads to fewer  
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larger cells when misexpressed in the wing (Mata et al., 2000) and in embryo epithelial cells 

(Rorth et al. 2000) but when misexpressed in the germarium during oogenesis there are more 

smaller cysts (Mata et al., 2000). 2) Since Trb have so many targets do they bind them all in 

the same way? The research I show here seems to indicate with yeast-2-hybrid that the ability 

to bind the target Slbo is influenced by changing the MEK1 site, does this mean there is 

regulation within the tail for binding or that Slbo binds within the tail? 3) Trb cause degradation 

of substrates by recruiting a COP1 protein but is that all that the Trb tail binds during this 

process? Or, is COP1 in complex with multiple proteins and the Trb tail has affinity for other 

members in the complex?  

 
Figure 1.1 Structural understanding of Tribbles and interaction with COP1 
a. Cartoon model of conserved motifs among the Tribbles family. The pseudokinase core 
(yellow) of the Tribbles family contain common domains (green/white residues) that diverge 
from canonical kinases (black residues above) in domains critical for ATP orientation (Trb-
FLCR, kinase-VAIK) and the coordinate binding of magnesium (Trb-SLE, kinase-DFG) 
while retaining an kinase archetypal DLK motif. The Tribbles family has a carboxy-terminal 
tail with two binding motifs that recruit COP1 proteins (orange) and MKK4/MKK7 and 
MEK1 proteins (MEK1 binding motif; blue). b. Mammalian Trib1 ribbon model ((Trib1-
PDB ID 5CEM) modified from Murphy et al., 2015) labeled with the conserved motifs of 
Trb of the DLK, SLE, and FLCR domains (green, with their kinase eqivalents in black) and 
the orange tail starting with the MEK1 binding motif (mammalian Tribbles-ILLHPW [blue] 
and Drosophila Trbl-IFLTPW [purple]) with the COP1 binding motif (Trb-DQIVPD; 
orange). Tribbles pseudokinase retain three sub-domains (VIII, VI-B, and IX; all contained 
in the lower lobe and in this image they are very near the DLK motif) of the twelve 
subdomains of a typical kinase and the DLK motif resides in the VI-B subdomain. c. Human-
COP1, WD-40 domain is composed of repeating sequences averaging 40 amino acids in 
length that form seven beta sheet blade situated around a central dounut hole. The ribbon 
WD-40 domain model ((WD-40-PDB ID 5HQG) modified from Uljon et al., 2016) is 
spectrum colored beginning at the amine-terminal end in blue and ending at the carboxy-
terminal end in red with amino acids W517, C559, T618, and F645 represented as stick 
models. Human Trib1, COP1 binding site (DQIVPE) is represented as a stick model ((WD-
40-PDB ID 5IGQ) modified from Uljon et al., 2016). d. The same image as c is represented 
but the grey surface model of WD-40 domain is shown as a partially translucent skin with 
the ribbon stucture underneath. The inset zooms in on the interactions between COP1 
binding domain and WD-40. The surface color changes where the labeled WD-40 domains 
interact at the surface as carbons (green), nitrogens (blue), oxygen (red), and sulfur (yellow) 
are shown. 
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Overview of research in this dissertation 

 My dissertation is divided into three projects: 1) a structure-function analysis of D. 

melanogaster Trbl C-terminal tail that identified critical residues for function; 2) experimental 

evidence in support of Trbl interaction with Neuralized, and 3) the generation of a transgenic 

fly expressing a membrane bound myristoylated-Trbl protein to test the influence of Trbl 

localization on protein interactions.  

CHAPTER 2: The first project, which is the primary focus of this thesis, used sequence 

analysis to identify three key motifs in the Trbl C-terminal tail: (1) the MEK1 domain motif, 

(2) a region formally shown as an optimal alignment with COP1 binding motif, and (3) a region 

we identified as a PEST domain. The MEK1 binding site in the C-terminal tail stimulates the 

MAP kinase pathway (Kiss-Toth et al., 2004; Jin et al., 2007) while the COP1 binding motif 

is important for Trb function (Keeshan et al., 2010; Qi et al., 2006; Yokoyama and Nakamura, 

2011). We generated mutations in these motifs and assayed effects on function in wing 

development and border cell migration.  

Beginning with a broad analysis of the C-tail among all Trb family members conducted 

by Eyers (Eyers et al., 2017), I compared the sequence of Arthropoda C-tail domains to show 

that Drosophilidae and related fly species have a highly divergent C-tail distal to a conserved 

MEK1 binding site. Deletions and mutation in the MEK1 binding site result in an enlarged 

posterior wing, consistent with a role in MAP kinase-regulated growth while truncation of the 

distal tail demonstrated its role in target protein turnover. Further analysis of this divergent C-

terminal tail identified a candidate PEST domain that when mutagenized abolished Trbl 

turnover function in our assays. We will present data showing that this candidate PEST binding 
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motif is required for Cul3 ubiquitination of target molecules. For these data presented in 

chapter 2, Supplemental 2.1 was contributed by Zachary Fischer.  

CHAPTER 3: Trbl expressed in the posterior of the wing increases cell size and reduces 

overall wing size (Mata et al., 2000; Dobens and Dobens, 2013). In a wing screen assay to find 

novel interactors with Trbl that influence cell growth and proliferation, the E3-ubiquitin ligases 

Mindbomb, Parkin, and Neuralized (Neur) were identified as genetic suppressors. The 

interaction of Trbl and Neur was evaluated with yeast-2-hybrid and via immunofluorescence 

stability tests in the wing disc. The work Shipman et al. 2020, (in progress) is reproduced in 

its entirety in Chapter 3 to provide a complete understanding of the research and my 

contribution of confocal analysis of protein levels and transgenic animals. Other authors 

produced the remaining data. 

CHAPTER 4: The Trbl-SLE subdomain of the pseudokinase core of Trbl, a region that in 

canonical kinases is responsible for coordinately binding Mg2+, is conserved among Trbl 

(reviewed in Dobens and Bouyain, 2012; Eyers et al., 2017). Mutagenesis of the SLE motif 

results in a protein that in fat body cells is both stable and tightly associated with the cell cortex. 

In the work of Fischer et al., 2020 (in progress), reproduced in its entirety in Chapter 4, the 

effect of the Trbl-SLG mutation on multiple aspects of the insulin signaling pathway is 

thoroughly explored, and my contribution is the construction of the Myr-Trbl and Trbl∆I391 

transgenic animals. Other authors produced the remaining data. 

Chapter 5: Based on the research presented in this dissertation I propose further investigations 

to examine the necessity of Cul3 for Trbl target turnover, to test the requirement of PEST 

phosphorylation stability for Trbl-Cul3 binding, and to examine the influence of Trbl MEK1 

binding site on phosphorylation states of down-stream targets. 



 11 

CHAPTER 2 

A Structure Function Analysis of Drosophila Tribbles Identifies an Important Region 

Necessary for Recruiting Ubiquitin Ligases 

Introduction 

Tribbles family members are related to the calcium/calmodulin-dependent protein 

kinase sub-family of serine/threonine kinases (Manning et al., 2002, Hegedus et al., 2006, 

Hegedus et al., 2007, Bailey et al., 2015). Of the twelve typical subdomains in kinases, Trb 

proteins retain three intact sub-domains (VIII, VI-B, and IX) which displays an archetypal 

DLK catalytic loop motif in sub-domain VI-B of the central kinase-like domain (Fig. 1.1a,b; 

kinase review Hanks and Hunter, 1995; Wilkin et al., 1997). Members of the Tribbles (Trb) 

protein family are conserved across the metazoan lineage with non-chordates having a single 

isoform and chordates with multiple isoforms. Primitive non-chordates, such as sponges and 

cnidarians, harbor a Tribbles homolog that most closely resembles the mammalian Tribbles 2 

(Trib2), suggesting that this is the ancestral isoform (Eyers et al., 2017). 

Because Trb family members lack conserved residue changes found in canonical 

kinases that function to orient ATP and coordinately bind Mg2+, kinase activity was thought 

unlikely, and thus this class of proteins was categorized as pseudokinases. Early work 

supported the notion that Trbs are inactive kinases, including observations that (1) a lysine to 

arginine mutation in the DLK motif did not influence the activity of Drosophila Tribbles (Trbl; 

Grosshans and Wieschaus, 2000), and (2) vertebrate Trib2 misexpression resulted in no 

detectable substrate phosphorylation (Wilkin et al., 1997). Subsequently, the human Trib1-

substrate co-crystal structure revealed that the potential ATP orienting motif in the central lobe 

was sequestered within the N-terminal lobe when a substrate is bound (Murphy et al., 2015). 
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However, low affinity binding of ATP for Trib2 and Trib3 was associated with low but 

measurable kinase activity in both proteins, suggesting that the isoforms may have enzymatic 

activity (Bailey et al., 2015).  

Flanking either side of the conserved central pseudokinase lobe of Trb is (1) an N-

terminal lobe that in some isoforms contains PEST domains, thought to be important for their 

turnover (Wang et al., 2013, Soubeyrand et al., 2016) and (2), a C-terminal tail, which harbors 

both a MEK1 binding motif and a COP1 binding motif, domains that mediate binding to 

kinases and E3 ligases, respectively (Fig. 1.1a,b). With all these binding sites, Trb family 

members are thought to function as adaptor proteins. According to the current model, target 

molecule binding in the central lobe of Trb induces a conformational change that results in the 

release of the sequestered C-terminal tail. For Trib1, exposure of the tail’s COP1 binding motif 

recruits the E3-ubiquitin ligase constitutively photomorphogenic I (COP1; Fig. 1.1b,c) to 

ubiquitinate the bound target molecule, modifying its activity or directing it to the proteasome 

(Murphy et al., 2015, Uljon et al., 2016, Jamieson et al., 2018).  

The E3 ubiquitin ligase COP1 was originally discovered in Arabidopsis thaliana as a 

repressor of photomorphogenesis, characterized by structural changes to height and leaf spread 

and repressed production of photosynthetically active chloroplasts typical of dark environment 

plant growth (reviewed in Osterlund et al., 1999). COP1 is a member of an ancient family of 

E3 ubiquitin ligases that share conserved RING and WD-40 domains, displaying a 51% 

conservation between A. thaliana and mammals (Wang et al., 1999). COP1 binds to a 

ubiquitin-conjugated E2 enzyme via its N-terminal RING domain, to coordinate exchange of 

a ubiquitin moiety to a bound substrate (reviewed in Borden, 2000). The COP1 WD40 domain, 

a structure that resembles a boat propeller with a central hole surrounded by repeating blades 
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of antiparallel ß-sheets (Fig. 1.1c; Deng et al., 1992: McNellis et al., 1994), recruits target 

proteins via COP1 binding sites (Fig. 1.1c,d) to mediate enzymatic addition of ubiquitin.  

Alignments of the three human Trb isoforms (Trib1/2/3) with known COP1 binding 

sites in human ETS (E26 transformation specific protein, Vitari et al., 2011), Jun proteins 

(Transcription Factor AP-1 JUN protein; Migliorini et al., 2011, Bianchi et al., 2003) and 

COP1 binding sites in A. thaliana proteins identified a consensus COP1 binding sequence 

composed of acidic residues with a central valine and proline (with the additional requirement 

in humans for a glutamine; E/DQxVPE/D; Uljon et al., 2016). Purified Trib1 tail co-crystals 

with the COP1 WD40 domain reveals interaction between a salt bridge, with a glutamine in 

Trib1 fitting into the central hole of the beta-propeller of COP1, and complementarily a valine 

and proline of Trib1 fitting into a small hydrophobic surface pocket off-center from the central 

doughnut hole of COP1 (Fig. 1.1d; Uljon et al., 2016). Despite the strong conservation and 

functional requirement of the COP1 binding region among Trb family members (Keeshan et 

al., 2010; Qi et al., 2006; Eyers et al., 2017), it is notable that Trbl members of Drosophilidae 

lack the COP1 binding consensus sequence within the C-terminal tail.  

 The absence of a clear COP1 binding site homology in Drosophila Trbl belies its ability 

to potently direct the degradation of conserved targets. The transcription factor Slbo (slow 

border cells), the fly homolog of mammalian orthologs CAAT-enhancer binding protein 

(C/EBP), is a target for turnover by Trbl in the migrating border cell cluster (Rorth et al., 2000, 

Masoner et al., 2013), a function that is homologous with the action of mammalian Trib2 

turnover of C/EBP (Keeshan et al., 2006, Naiki et al., 2007) in adipocytes (Naiki et al., 2007). 

The cell cycle phosphatase CDC25 (in mammals) (Liang et al., 2016) and its fly orthologs Stg 
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and Twe (Grosshans and Wieschaus, 2000, Mata et al., 2000, Seher and Leptin, 2000) undergo 

Trb-mediated turnover to direct a pause at the G2/M transition.  

 PEST motifs are hydrophilic stretches flanked by positive amino acids with at least one 

proline (P), one glutamic acid (E), and one serine (S) or threonine (T) (review Rechsteiner & 

Rogers, 1996). Originally identified in the 1990s as motifs associated with rapid protein 

turnover (Rogers et al., 1986; Singh et al., 2006; Masaki et al., 2005; Ma et al., 2015), the 

mechanism of PEST domain action has remained unclear. In 2011, PEST domains in HSF2 

(Heat shock factor 2) were found to mediate protein turnover through interactions with the 

Cul3-E3-ubiquitination ligase complex (Xing et al., 2010). Cullin E3-ubiquitin ligase 

complexes are made of 1) a RING-finger domain, 2) a Cullin protein (Cul) that coordinates 

multiprotein binding and orientation, and 3) an adaptor protein that recognize the specific 

substrates to be ubiquitinated (Sarikas et al., 2011). Cul proteins have N-terminal cullin-repeats 

(CR), a central ~200 residue cullin-homology domain (CH), and a C-terminal neddylation site 

(Zheng et al., 2002). The neddylation site is post-translationally conjugated with a ubiquitin-

like molecule that facilitates polyubiquitination of target substrates (reviewed in Pan et al., 

2004). The CH domain recruits and interacts with the RING subunit, Regulator Of Cullins 1 

or 2 proteins (ROC1/2; Ohta et al., 1999). Finally, the three CR domains in Cul3 anchor the 

protein to the adaptor molecules; specifically CR1 recruits proteins with BTB motifs and CR2-

3 recruits proteins with PEST motifs.  

Here we report an in vivo structure/function analysis of the effects of C-terminal tail 

mutations on Tribbles function in wing proliferation and ovarian cell migration assays. 

Alignments and relation trees pointed to an evolutionary loss of the ancestral COP1 binding 

site among Trbl proteins in both the Drosophilidae line and among ten other fly species. We 
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identify a four-residue region important for target protein turnover that is found almost 

exclusively in the Drosophilidae lineage and includes a PEST domain (reviewed in Rechsteiner 

& Rogers, 1996). This conserved PEST domain is required for function and epistasis analysis 

indicates it acts through the Cul3 component of the ubiquitination complex to direct protein 

turnover. Together, our findings indicate that Trbl directs target proteins turnover not by 

binding E3 ligases, like COP1, but by a unique mechanism of binding directly to a component 

of the Cul3 proteasome complex, possibly Cul3 itself. 

 

Results 

 
2.2.1 Trbl C-terminal Tail Mutant and Assay Designs 

Trbl C-terminal tail (aa 391-484) can be aligned with other family members beginning 

with the MEK1 domain occupying residues 391 to 397. To define domains in the fly tail 

important for function, we generated a series of mutations (Fig. 2.1a). Deletion mutations that 

remove all or part of the tail region are indicated by a ‘∆’ and followed by the residue and its 

locus (e.g. Trbl∆I391, Trbl∆D419, Trbl∆E436). Site-specific mutations are listed by the amino acid 

changed, its locus, and the replacement residue (e.g. TrblW396A, TrblPVDV408AGKG, TrblE436A). A 

chimera that replaces the entire fly tail with a mouse Trib1 tail is designated TrblI391Trib1 (Fig. 

2.1a). Western blot analysis of tested mutant proteins misexpressed in fly tissue confirmed 

stable expression in vivo (Fig. S2.1). 

Functional analysis of Trbl mutants was performed using two UAS-GAL4 

misexpression systems. An engrailed (en) promoter driving GAL4 (en-GAL4) UAS-Trbl 

expression in the posterior wing (Fig. 2.1d, dashed line separates anterior [A] and posterior 

[P]) measured effects on cell and tissue size (Fijiwings analysis, see Materials and Methods)  
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Figure 2.1 Tribble mutant designs and wild type expression in model tissues 
a. General Tribbles ribbon model ((Trib1-PDB ID 5CEM) modified from Murphy et al., 
2015) with a cartoon C-terminal tail. The two domain sequences in Drosophila melanogaster 
Trbl protein tail are displayed, MEK1 binding site (blue) and PEST motif (red), with motif 
start-stop in the upper right. Trbl-tail mutants are displayed below with FL-Trbl at top 
followed by three truncated forms (green arrows mark the deletion point on the sequence), 
three point mutations (Yellow blocks mark the amino acid changed), and one chimeric Trbl-
Trib1(murine) fusion. b. The three panels show migration assessment points of 
Slbo2.6GAL4,UAS-GFP,UAS-Trbl, stage 10B egg chambers, where the border cell cluster 
exhibited either no migration (red outline, S), full migration (green outline, G), or something 
in-between (yellow outline, Y). Cell nuclei are stained with DAPI (blue) and Slbo expressing 
cells are green (antibodies to GFP). The percentage of egg chamber border cell clusters in 
each of the three assessed states, color corresponds with panel outlines, were evaluated for 
each genotype. In a Slbo2.6GAL4,UAS-GFP animals, 14% had inhibited migration (n=22; 
egg chambers counted=154; G=86%, Y=8%, and S=6%) while in Slbo2.6GAL4,UAS-GFP 
misexpression of FL-Trbl exhibited a strong inhibition of the migrating border cell cluster, 
84% inhibited (n=15; egg chambers counted=546; G=16%, Y=19%, and S=65%). c-f. 
Misexpression of (d) FL-Trbl in the posterior of the wing using en2.4-GAL4 gave a (f) 
smaller relative wing size, n=13; mean=2.420, and (c) reduced relative trichome density, 
n=10; mean=0.787, (e) when compared to a wild-type wing, n=23; mean=2.612 and n=28; 
mean=0.995 respectively. A relative value for wing area and trichome density were obtained 
for each wing by dividing measurements from the wings 3rd posterior compartment by 
measurements from the anterior marginal compartment, when analyzed using FijiWings. 
Each bar in the graph shows the mean ratio (3rd posterior compartment values divided by the 
anterior compartment values), with error bars for standard deviation, and each relative wing 
measurement displayed as a symbol for the genotype. Statistical analysis was performed in 
Prism GraphPad using one-way analysis of variance (ANOVA) followed by Tukey’s post 
hoc test for p<0.05 (*). Subsequent graphs will be represented the same way. 
and revealed the effect of Trbl mutation on Stg-mediated cell proliferation (Fig. 2.1d, Mata et 

al., 2000; Dobens and Dobens, 2013). In addition, a slow border cells (slbo)-GAL4 driver 

(slbo-GAL4, Slbo2.6GAL4 fly) driving UAS-Trbl expression in the border cells of the ovary 

measured effects on cell migration (Fig. 2.1b, Rorth et al., 2000; Masoner et al., 2013) that 

correlate with turnover of the target Slbo (see Methods for details).  

Protein-protein interaction of Trbl and Trbl mutants were checked against Slbo in a 

yeast-2-hybrid assay using the ProQuest Two-Hybrid System (Fig. S2.5). Two vectors encode 

a split GAL4, where the DNA-binding domain (pDEST32) of GAL4 is attached to Trbl and 

the activating domain (pDEST22) is attached to Slbo. When the protein pair interact, they 
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activate a UAS sequence to drive production of an enzyme involved in histidine biosynthesis, 

HIS3. We then plate transformed yeast onto plates of increasing concentration of the histidine 

biosynthesis inhibitor 3-Amino-1,2,4-Trizole (3AT) to test the effective binding efficiency of 

the two tested proteins. The idea being that the stronger a protein pair interaction the more 

often a successful translation occurs and can overcome the inhibition of 3AT (See Materials 

and Methods for more details.  

Trbl and the Trbl mutants were shuffled into pDEST32 vectors from a pUAST-attB 

plasmid using the Gateway cloning method and were transfected into Saccharomyces 

cerevisiae strain MaV203, already containing a pDEST22-Slbo vector. We found that Trbl has 

a very weak interaction with Slbo in the yeast-2-hybrid assay when compared to controls (Fig. 

S2.5). 

 

As shown in Fig. 2.1, in the wing, en-Gal4 misexpression of full-length Trbl (FL-Trbl) 

is able to significantly reduce trichome density in the posterior of the wing. Analysis of wing 

size and trichome density using FijiWings in the anterior and posterior wing resulted in a ratio 

of these values that precisely defined the effect of Trbl on tissue and cell size (Dobens and 

Dobens, 2013). From this approach, the relative trichome density, our proxy for cell size, was 

reduced (Fig. 2.1d, e) and the relative posterior wing tissue size was reduced (Fig. 2.1d,f) when 

compared to a Wild-Type wing (Fig. 2.1c, Fig. 2.1e and Fig. 2.1f, respective of assay type).  

In the border cell assay, slbo-GAL4 misexpression of UAS-lacZ resulted in border cell 

cluster migration that was normal while slbo-GAL4 misexpression of UAS-FL-Trbl effectively 

blocked migration (Fig. 2.1b). These results correlate with previously published data (Mata et 

al., 2000; Dobens and Dobens, 2013) but our migration data differ slightly from previous data 
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sets. Masoner et al., 2013 (in Table 3) showed Tribbles expression to prevent total migration 

57% of the time, partial migration 28% of the time, and allowed only 15% of the border cells 

to complete migration (respectively compared to 65%, 19%, and 16%), while in Wildtype 

controls 100% of 10B egg chambers had border cells complete in migration (compared to 86% 

complete migration within my experiment, 8% partial migration, and 6% no migration). By 

precisely documenting these robust effects of Trbl misexpression on cell proliferation and cell 

migration, we could compare the effects of site-specific mutations on Trbl function. 

 

2.2.2 Trbl C-Terminal Tail is Required for Function 

The C-tail is critical for function in Trb family members (Keeshan et al., 2010, 

Yokoyama and Nakamura, 2011). To confirm that the divergent fly tail is necessary for 

function, we designed a mutation that truncates the entire C-terminal domain (Trbl∆I391). To 

generate mutants, we designed primers with the NEBaseChanger online tool, which were used 

in conjunction with the Q5 Site-Directed Mutagenesis Kit to introduce nucleotide substitutions 

or deletions in the Trbl sequence of a pUAST-attB-UAS-FLAG-Trbl plasmid. After 

transforming E. coli, transgenic plasmids were then confirmed by colony PCR, purified by 

miniprep, and verified through Sanger sequencing. Transgenic flies were produced by co-

injection with a phiC31 integrase to incorporate the entire plasmid into an attP2 landing site 

(Groth et al., 2004) 68A on the third chromosome. Transgenic flies were recognized by the 

mini-white eye marker and confirmed by whole animal PCR (see Material and Methods).  

slbo-GAL4 misexpression of Trbl∆I391 in the border cells resulted in normal cell 

migration (only 2% of egg chambers exhibited inhibited migration, Fig. 2.2f, compared to 14% 

in the wild-type control). In the wing assay, en-GAL4 misexpression of Trbl∆I391 (Fig. 2.2a) 
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failed to block cell division effectively when compared to FL-Trbl, resulting in relative 

trichome density (Fig. 2.2a, e) comparable to WT wings. Thus, misexpression of the Trbl C-

tail deletion resulted in a failure to functionally block Slbo and Stg activity in our 

misexpression assays. 

The inability of Trbl∆I391 to block border cell migration was consistent with either loss-

of-function of this truncated protein or instability. Two observations argue for the former: first, 

we observe show prominent staining of FLAG-Trbl∆I391 on western blots of larval fat body 

misexpressing this transgene (Fig. S2.1). Second, when misexpressed in the wing, Trbl∆I391 

significantly increased wing area compared to both FL-Trbl and control wings, suggesting that 

deletion of the tail results in a neomorphic mutation that dominantly promotes overall tissue 

growth (Fig. 2.2d).  

The morphologies associated with Trbl en-GAL4 misexpression in the wing are the 

result of Trbl mediated turnover of String (Stg; Mata et al., 2000). Stg is a phosphatase that 

triggers the progression from G2 to mitosis when it removes two phosphates from cdk1, in the 

cdk1/CycB complex. To directly measure the effect of misexpressing C-tail mutants on protein 

levels of the Trbl target Stg, we co-misexpressed an HA epitope tagged version of String 

(Stg.HA) in the border cells using the slbo-GAL4 driver and detected levels with HA 

antibodies. The border cells are a postmitotic tissue that can be accurately age-matched by the 

overall morphology of the egg chamber (Fig. 2g). slbo-GAL4 misexpression of FL-Trbl and 

Stg.HA reduced the intensity of HA-Stg staining compared to levels of Stg.HA alone (Fig. 

2.2g), consistent with the ability of Trbl to direct Stg turnover (Mata et al., 2000). In contrast, 

co-misexpression of Trbl∆I391 and Stg.HA revealed HA levels roughly equivalent to the 

expression of Stg.HA alone, and significantly higher than co-misexpression of Stg.HA and 



 21 

Trbl (Fig. 2.2g,h). These results indicated Trbl lacking a C-terminal tail cannot effectively 

turnover target proteins. 

To test if Trbl∆I391 retained an interaction with known target proteins, we tested its 

ability to bind Slbo in a yeast-2-hybrid assay. The construction of the assay was as described 

earlier and more thoroughly discussed in Materials and Methods. Trbl∆I391 interacted very 

weakly with Slbo, allowing yeast colonies to grow on 25mM 3AT plates but colonies exhibited 

less robust growth than Slbo with Trbl colonies and the Weak control colonies (Fig. S2.5). 

These data suggest that Trbl lacking a C-terminal tail is mostly unable to bind target proteins. 

 

2.2.3 Drosophila Trbl C-terminal tail is Functionally Divergent from Trib1 

Our data are consistent with the idea that the C-tail is required for Trbl-mediated target 

protein turnover. Previous alignments noted weak homology in this domain to the Trib1 COP1 

binding site (Uljon et al., 2016; Dobens and Bouyain, 2012; Eyers et al., 2017), so to test if the 

Trib1 tail would function in Drosophila tissue, I constructed a chimeric Trbl-Trib1 transgene, 

placing a fusion of the Trbl N-terminus, from 0 up to the tail domain beginning at 390, in frame 

with the C-terminal region of mammalian Trib1 (332-372), which includes the MEK1 and 

COP1 binding domains. en-GAL4 misexpression of the fusion protein Trbl-Trib1 (TrblI391Trib1) 

in the wing resulted in no reduction in cell and tissue size (Fig. 2.2c), as measured by relative 

trichome density (Fig. 2.2e) and relative wing area (Fig. 2.2d) compared to the potent effect of 

FL-Trbl misexpression, which reduced both. This indicated that the Trbl-Trib1 fusion protein 

lacked any Trbl activity. These data showed that the mammalian Trib1 tail had no activity in 

the context of Drosophila Trbl and in fly tissues and support the idea that the fly C-terminal 
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tail is functionally divergent and may interact with distinct components of the E3 ligase-

proteasome pathway.  

 

2.2.4 Disruption of the MEK1 Binding Site Increases Wing Size 

The Trbl∆I391, which deleted the C-tail including the MEK1 site, had reduced substrate 

binding and no activity in our misexpression assays but increased relative wing size; in contrast 

TrblI391Trib1, which replaced the fly tail with the mammalian tail including the mammalian 

MEK1 binding site, had no effect on wing size or trichome density, our proxy for cell size. The 

distinct effects of these transgenes on wing size might be caused by loss of the conserved 

MEK1 binding motif in Trbl∆I391. To test this, we constructed a site-specific mutation in the 

conserved MEK1 binding site, designated TrblW396A. After misexpressing TrblW396A using the 

slbo-GAL4 driver, we observed 67% of border cell clusters did not complete migration(Fig. 

2.2f). In the wing, en-GAL4 misexpression of TrblW396A (Fig. 2.2b) resulted in a relative 

trichome density similar to a FL-Trbl misexpression (Fig. 2.2e), and consistent with this, co-

misexpression of UAS-TrblW396A and HA-tagged String with slbo-GAL4 in the border cells 

effectively reduced Stg.HA levels (Fig. 2.2g and h), with average intensity values 

corresponding to co-misexpression of UAS-Trbl and UAS-Stg. While this mutation in the fly 

MEK1 domain had no effect on Stg turnover, we noticed that the relative area of wings 

misexpressing the MEK1 mutant TrblW396A is significantly larger than wild-type and FL-Trbl 

(Fig. 2.2d, a 27% increase) and together with the increased tissue size seen following 

misexpression of the MEK1 deletion Trbl∆I391 (a 58% increase from FL-Trbl), these data 

suggest that the MEK1 domain has a distinct ability to stimulate cell proliferation independent 

of Trbl ability to turnover Stg.   
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Figure 2.2 Trbl C-terminal tail is required for turnover of targets  
a-c. A representative wing from an adult female expressing either (a) Trbl∆I391, (b) TrblW396A, 
or (c) TrblI391Trib1 using en2.4-GAL4, a grey overlay represents the size of WT compartments 
of the anterior marginal compartment and 3rd posterior compartment (Fig. 2.1c). (d) 
Tribbles MEK1 binding site deletion, n=12; mean=3.830, and point mutant, n=8; 
mean=3.081, have relative wing areas significantly larger than FL-Trbl (red line, black 
significance line) than WT (blue line, grey significance line) while replacement of the C-
terminal tail with mammalian Trib1 tail, n=19; mean=2.678, suppresses Trbl function. (e) 
The relative trichome density revealed that removal of the of the C-terminal tail, Trbl∆I391; 
n=12; mean=1.000, and replacement with murine Trib1, TrblI391Trib1; n=19; mean=1.013, 
effectively suppress the FL-Trbl (Red line, mean=0.787) enlarged cell expression pattern, 
while the MEK1 point mutant (TrblW396A, n=8, mean=0.813) did not differ significantly. (f) 
Slbo2.6GAL4,UAS-GFP was used in border cell misexpression analysis with Trbl∆I391 
confirming that the tail is necessary for Slbo turnover (n=12; egg chambers counted=541; 
G=98%, Y=1%, and S=1%), while TrblW396A exhibits only a slight disruption of typical 
FL-Trbl phenotypic migration (n=15; egg chambers counted=314; G=33%, Y=27%, and 
S=40%). TrblI391Trib1 lacked function and suppressed the FL-Trbl phenotype (g-h) 
Slbo2.6GAL4,UAS-GFP drives co-misexpression of Trbl, Trbl∆I391, and TrblW396A and HA 
tagged Stg in border cells. HA.Stg turnover was assessed by immunolabeling the HA epitope 
in the border cell cluster with subsequent FIJI analyzed intensities. (h) Representative 
images of immunostained HA.Stg border cell clusters of the different Trbl mutant 
expressions. (g) HA.Stg intensity levels (n=6, mean=59.205) are significantly reduced when 
co-misexpressed with FL-Trbl (n=6, mean=13.869). Trbl∆I391 is unable to turnover HA.Stg 
(n=7, mean=53.939) while TrblW396A (n=8, mean=15.877) functions equal as well as FL-
Trbl. For explanation of graph type, set up, and significance refer to legend of Fig. 2.1. 
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Figure 2.3 Potential COP1 site is dispensable in Trbl function 
a-b. A representative wing from an adult female expressing (a) TrblE436A or (b) Trbl∆E436 
using en2.4-GAL4 driver, both exhibit Trbl like misexpression features. (c-d) Wing 
misexpression data analyzed with Fijiwings exhibit FL-Trbl activity (red line, WT line is 
blue) in (c) relative trichome density, TrblE436A has (n=17, mean=0.801) and Trbl∆E436 has 
(n=46, mean=0.791), and (d) relative wing area, TrblE436A has (n=22, mean=2.440) and 
Trbl∆E436 has (n=42, mean=2.305). (e) Stage 10B egg chambers were evaluated for migration 
progression of border cell clusters that are expressing either of the two previously mentioned 
Trbl mutants with the Slbo2.6GAL4,UAS-GFP driver. Expression of the point mutant 
(TrblE436A) slightly disrupted Trbl function (n=7; egg chambers counted=198; G=36%, 
Y=16%, and S=48%) while truncation of the site (Trbl∆E436) functioned as well as (n=21; 
egg chambers counted=775; G=12%, Y=9%, and S=79%) FL-Trbl in the border cell assay. 
For explanation of graph type, set up, and significance and refer to legend of Fig. 2.1. 
 
 



 27 

 

 
 
 
 
 



 28 

Figure 2.4 Drosophila Tribbles Carboxy-terminal Tail Diverges from Other Metazoan 
Tribbles 
(a) The C-terminal tail of Tribbles proteins of Arthropods and humans were used to build a 
phylogenic tree to show structural relatedness. It is rooted on human homolog Trib2 and 
phylogeny is inferred from the maximum likelihood of 136 taxa. Branches of tree are 
arbitrarily changed for display purposes; distances are displayed at nodes of tree, see b-f for 
branch ending colors. (b-f) WebLogos were used to represent the conserved amino acids 
from the C-terminal tail of (b) Drosophila melanogaster Tribbles (Trbl, outlined in green on 
tree) that aligned with Tribbles members of (c) Drosophilidae (green in tree), (d) Arthropods 
lacking the consensus COP1 binding site (Arthropoda -VP, blue in tree), (e) Arthropods with 
the consensus COP1 binding site (Arthropoda +VP, orange in tree), and the (f) three human 
homologs (Human Trb, red in tree). Each residues relative locus is listed below the Trbl 
sequence, the MEK1 binding site is clearly marked in a blue background, and a region is 
marked ‘Potential Binding’ remaining after a truncation. The WebLogos represent residue 
conservation at a position among species is by the height of a letter, in a stack conserved 
residues are shown for a site, and the residue letter and the chemical properties of each is 
indicated by the color; hydrophobic residues (A,V,L,I,P,W,F,M) are black, polar amino 
acids (G,S,T,Y,C,Q,N) are green, basic amino acids (K,R,H) are blue, and acidic amino acids 
(D,E) are red.  

The interaction of TrblW396A for substrates was tested with a yeast-2-hybrid assay. We 

found that yeast colonies expressing TrblW396A were less efficient at binding Slbo (Fig. S2.5) 

than FL-Trbl. The growth at 25mM of 3AT was roughly equivalent, greater than the Negative 

control but much less robust than the Weak control, to Trbl∆I391 with Slbo. Along with Trbl∆I391 

yeast-2-hybrid binding, these data suggest that a functional MEK1 binding domain is important 

for substrate binding in the pseudokinase core of at least Slbo. Taken together all the MEK1 

data suggest that mutations in the MEK1 binding site disrupt Trbl binding and turnover of Slbo 

but Stg is readily turned over without an active MEK1 binding site. 

 

2.2.5 The Trbls COP1 Binding Site Identified by Sequence Alignment is Dispensable for 

Function 

Previously published sequence alignments of Drosophila melanogaster Tribbles (Trbl) 

and the three human Tribbles orthologs (Trib1/2/3) identified a region of the C-terminal tail 

that includes the motif ‘EGLCP’ as the best local alignment to the human COP1 domain 
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‘DQIVP’ (Yokoyama and Nakamura, 2011; Dobens and Bouyain, 2012). Based on this 

information we made a point mutation in the glutamic acid in EGLCP, changing the acidic 

residue to a non-polar alanine (TrblE436A). en-GAL4 misexpression of UAS-TrblE436A in the 

wing (Fig. 2.3a) blocked cell division and tissue growth to the same extent as FL-Trbl 

misexpression, resulting in no significant changes in regard to area (Fig. 2.3d, a 0.8% increase 

from FL-Trbl) or trichome density (Fig. 2.3c, a 1.8% increase from FL-Trbl). In contrast, 

misexpression of TrblE436A using the slbo-GAL4 driver potently inhibited border cell migration 

(63.6% migration inhibition; Fig. 2.3e), but not as strongly as FL-Trbl misexpression. 

We then proceeded with testing the ability of TrblE436A to bind Slbo with the yeast-2-

hybrid assay. The interactions of FL-Trbl and TrblE436A with Slbo were equivalent (Fig. S2.5), 

both growing less robustly than the Weak control at 50mM 3AT but more robustly than the 

Negative control. The data of TrblE436A together indicate the point mutant is a functional Trbl 

protein while also hinting that there is a slight disruption of turnover with the border cell 

migration assay. 

Because this point mutation in the EGLCP motif has a slight inhibition on Trbl 

morphology in the border cells I sought to cause a disruptive mutation to the region. To do 

this, we introduced a stop codon at E436 in Trbl to generate a truncated protein lacking the 

EGLCP motif, Trbl∆E436. en-GAL4 misexpression of Trbl∆E436 in the wing (Fig. 2.3b) had an 

effect as potent as FL-Trbl on relative cell size (Fig. 2.3c) and was even more potent than FL-

Trbl misexpression in terms of reducing relative tissue size (Fig. 2.3d). In the border cells, 

slbo-GAL4 misexpression of Trbl∆E436 blocked migration as effectively as FL-Trbl (Fig. 2.3e). 

These results indicate that the entire distal portion of the C-terminal tail that encompasses the 

EGLCP motif is not necessary for Trbl function in these assays.  
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2.2.6 Divergent Tails in the Drosophila Lineage 

The evidence collected thus far indicates that the C-terminal tail of Drosophila Trbl 

has a sequence necessary for function that resides within an 89 amino acid region between 

the MEK1 binding site and our distal-most truncation site (Trbl398-436). The failure of 

Trbl∆I391Trib1, bearing a COP1 site, to exhibit morphologies of FL-Trbl suggests that Trbl may 

have evolved a novel mechanism for recruiting the ubiquitination machinery. In a quest to 

broaden our understanding of the evolutionary context of D. melanogaster Tribbles C-tail, 

we collected arthropod Trbl sequences from the NCBI database and generated a parsed list, 

eliminating duplicate entries and those that were incomplete, of poor quality, or lacked a 

clear Tribbles pseudo-kinase-like core. This list of sequences was trimmed down to just the 

C-terminal tail, a region which was defined as sequences beginning at the highly conserved 

MEK1 binding site (Fig. 2.4b-e and Fig. S2).  

To reveal the relatedness of the tails, sequences were organized into a tree, rooted on 

the ancestral Trb isoform Trib2 (Eyers et al., 2017), with branches constructed of the collected 

Arthropoda sequences and the three human Trb homologs. The Drosophilidae sequences 

clustered together along a series of branches but a number of non-Drosophilidae Dipterans of 

the suborder Schizophora were interspersed among the cluster (Fig. 2.4a, 1 o’clock position). 

Based on clustering, the sequences were placed into one of four related clusters: 1) the 

Drosophilidae, 2) the non-Drosophilidae sequences that clustered with the Drosophilidae, 3) 

the rest of Arthropoda cluster that cluster apart from the Drosophilidae, and 4) the human  
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Figure 2.5 PVDV motif is important for Trbl function 
(a-b) A representative wing from an adult female expressing (a) Trbl∆D419 or (b) 

TrblPVDV408AGKG using the en2.4-GAL4 driver. Trbl∆419 appears to have a posterior with 

partial FL-Trbl misexpression characteristics while TrblPVDV408AGKG exhibits none of these 

characteristics. Inset to the right is an enlargement of the anterior-posterior boundary and 

below is an enlargement of the 2nd posterior, 3rd posterior, and part of the distal 

compartments (c-d) Wing misexpression data analyzed with Fijiwings, the means of is FL-

Trbl wings (red lines) and WT wings (blue lines) are represented on the graphs. The (c) 

relative trichome density of Trbl∆D419 (n=4 mean=0.871) deviates from FL-Trbl expression 

while TrblPVDV408AGKG (n=8 mean=0.991) appears to be a loss-of-function mutation with a 

significant change from FL-Trbl expression. (d) Both mutants exhibit relative wing areas 

equivalent to WT wings (mean=2.612); Trbl∆D419 has a mean=2.602 (n=4) and 

TrblPVDV408AGKG has a mean=2.610 (n=8). For explanation of graph type, set up, and 

significance and refer to legend of Fig. 2.1. 

homologs of Trb (Fig. S2a, S2b, S2c, and S2d, respectively). Two observations based 

on this clustering and alignment can be made regarding fly Trbl. First, all of the sequences that 

clustered with the Trbl C-tail, excluding Trib3, lacked the key VP residues required for high 

affinity COP1 binding (Fig. S1a-b). Second,  

 

for this “NO-VP” group, tails were 40 residues or more longer than the Trib3, the longest 

human Trb protein with a 50-residue tail (Fig. S1c).  

From this alignment (Fig. S2.2d), the fly Trbl domain 398-436 includes a sequence 

SDAEEDEG that was weakly homologous to a motif in the C-terminal tail of Trib1 and Trib2 

(SDqivpE/D), that is highlighted by shared serine and acidic residues. We note that Trib3 
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alignment retains only the final acidic residue of this motif, and while the next residue in the 

Trib3 sequence is a glycine that is conserved between Trbl and Trib3, Trib1/2 have a 

hydrophobic tyrosine and a valine, respectively, at this location weakening the argument that 

this is cryptic functional domain. In any case, to test the possibility that this domain serves as 

a cryptic COP1 binding site, we generated a truncated Trbl at the locus D419, Trbl∆D419. en-

Gal4 misexpression of Trbl∆D419 (Fig. 2.5c) results in a variable Trbl-like phenotype, with 

trichome density at a mean ratio of 0.87, part-way between the mean ratios of FL-Trbl (0.79) 

and that of wildtype wing (0.99) (Fig. 5e). We interpret these data to indicate that the Trbl∆D419 

deletion retains some Trbl activity, and thus deletion of the weakly homologous domain 

SDAEEDEG has only slight effects on function in this assay. 

Collectively, the deletions of the Trbl tail described above define a critical functional 

domain required for target protein turnover between residues 398 and 419, inclusive. Any 

important residues within this region were not easily discerned by sequence alignments, so to 

amplify any obscure patterns we generated graphical representations of amino acid frequencies 

for the Trb tail gap-alignments using WebLOGO 2.8.2, comparing 1) the Drosophilidae (Fig. 

2.4c), 2) the Non-VP Arthropoda (Fig. 2.4d), 3) the VP-containing Arthropoda (Fig. 2.4e), and 

human Trb (Fig. 2.4f) to the D. melanogaster Trbl (Fig. 2.4b). The human Trbs WebLOGO 

(Fig. 2.4f) had no comparable amino acids in the Trbl tail domain beyond the MEK1 binding 

site. Among the 18 species of Drosophilidae, the entire region is well conserved with most 

residue positions having a single amino acid reaching a conservation comparable to the 

extremely well-conserved MEK1 binding site residues (measured at 3.86 bits, where bits are a 

measure of sequence conservation and 4.32 is the maximum for proteins). Distal to the MEK1 

domain, strong homologies between Drosophilidae and other family members cannot be 
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identified by this method, furthering the notion that Trbl has significantly diverged from other 

Trbs in the tail region. Nevertheless, our analysis using WebLOGO of the Drosophilidae and 

Table 2.1 Drosophilidae PEST sequences in the C-terminal 
tail 
The specific epithet is listed for each Drosophila species. The 
PEST starting and stopping points (relative to the start of 
MEK1 binding site start) are indicated followed by the 
prevalence of P, E/D, S, and T amino acids, how hydrophobic 
the region is, the overall PEST score, and the protein 
reference. 
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non-VP-arthropods sequence revealed a conserved sequence, Q(R/K)xxxxY(L/I)PVxV that 

we targeted for further investigation. 

Our WebLOGO data and our evaluation of this set of divergent C-terminal tails, that 

include D. melanogaster Trbl, suggests the conserved sequence 408PVDV411 may be 

important for Trbl function. To test this, we made point mutations of the amino acids 408-411, 

changing PVDV to AGKG, (TrblPVDV408AGKG) in a full length Trbl sequence. The amino acid 

substitutions should 1) reduce localized stability by changing proline to alanine, 2) reduce 

hydrophobic interactions by changing the valines to glycines, and 3) disrupt salt bridges by 

switching the electronegative aspartic acid with the electropositive lysine. When I 

misexpressed TrblPVDV408AGKG in our wing assay using the en-GAL4 driver the appearance 

(Fig. 5d), relative trichome density (Fig. 5e), and relative wing area (Fig. 5f) were not 

significantly different from wildtype wings. This is the smallest mutation made to date that 

completely abrogates Trbl function and underscores this motif as critical for recruiting Trbl 

target proteins for degradation. 

 

2.2.7 Trbl Interacts with Cul3 Via a Conserved PEST Motif 

Identification of the conserved PVDV motif in Trbl as critical for function does not 

resolve whether this domain serves as a COP1 binding site or if the divergent fly tail has 

adopted a novel mechanism for recruiting the ubiquitinating machinery via its tail. A search of 

the Trbl protein for signature motifs identified a strong PEST sequence in this domain (marked 

by a proline, a serine, an aspartic acid, and flanked by many hydrophilic residues). I used the 

EMBOSS epestfind online tool, which generates a PEST score by combining a sequences P, 

E, and S/T enrichment, as a mass percentage, and hydrophobicity index (Rogers et al., 1986). 
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For human Trbs, I identified strong PEST domains occurring in the N-terminal lobe of Trib1 

and 2, that had been previously noted (Soubeyrand et al., 2016; Wang et al., 2013), and a weak 

PEST domain in the C-terminal lobe (Fig. S2.3). By way of contrast, fly Trbl has a weak motif 

in the N-terminal lobe, while the divergent C-terminal tail displays a strong PEST motif (locus 

404 to 444) in the region spanning the PVDV motif. Among other Drosophilids C-terminal 

tails, 93% have PEST scores above zero and 60% have scores above five, a typical threshold 

for valid PEST domains (Table 2.1). The vast majority of Drosophilids Trb proteins retained a 

PEST binding motif encompassing the PVDV region, while a few species have a distal shifted 

PEST domain in the tail that no longer surround the PVDV region.  

 The proteasome complex component Cullin 3 (Cul3) binds to the PEST motif in HSF2 

to direct ubiquitin-mediated protein turnover (Xing et al., 2010). To test if Trbl and Cul3 

(encoded by the guftagu [gft] gene) interact, we co-misexpressed these genes in the wing, using 

en-GAL4. At 29˚C, en-GAL4 RNAi knockdown of gft (gftRNAi, Fig. S2.4d) and misexpression 

of gft (Fig. S2.4b) was mostly lethal with escapers having severe wing defects, consistent with 

the importance of protein turnover for survival and wing patterning. At 25˚C, en-GAL4 gftRNAi 

escaper animals were recovered with wing patterning defects, including loss of cross-veins and 

extra intervein material (Fig. S2.4c). en-GAL4 misexpression of Cul3 (UAS-FL-gft) at 25˚C 

had patterning defects and wing material loss in the posterior of wings (Fig. S2.4a). en-GAL4 

misexpression of Cul3 mutant proteins, either deleted for the C-terminal domain (gft ∆C, Fig. 

S2.4e and Fig. 2.6c) or bearing a point mutation (gftK717R, Fig. 2.6a) in the neddylation site 

responsible for the polyubiquitination of target proteins (Pan et al., 2004), resulted in no 

detectable wing phenotypes except for a partial cross vein loss with the Cul3 truncation. en-

GAL4 co-misexpression of FL-gft, or -gftRNAi, with Trbl did not appreciably change the severe 
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wing phenotypes seen with either alone (Fig. S2.4f,g, respectively), however en-GAL4 co-

misexpression of Trbl with gft∆C (Fig. 2.6d) or gftK717R (Fig. 2.6b) did effectively suppress the 

FL-Trbl-specific misexpression phenotype, including increased cell size and reduced tissue 

size. The ability of Cul3 transgenes defective in association with the proteasome, thus having 

no phenotype on their own, to epistatically suppress Trbl activity in this misexpression assay 

is consistent with the notion that these proteins interact and that Cul3 functions downstream of 

Trbl.  
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Discussion 

The role of Tribbles in cell proliferation, differentiation, and tissue homeostasis (Rorth 

et al., 2000; Otsuki and Brand, 2018; Seher and Leptin et al., 2000; Mata et al., 2000) relies 

on the ability of Trb to ubiquitinate target proteins via its COP1 binding site located in the C-

terminal tail (Keeshan et al., 2010, Yokoyama and Nakamura, 2011). The findings of the 

research presented here provide new insight into the manner by which the divergent Trbl tail 

of Drosophila directs ubiquitin-mediated degradation of targets. While >90% of metazoan Trb 

isoforms, from sponges to primates, retain the COP1 consensus sequence QxVP (Eyers et al., 

2017), and this motif has been experimentally demonstrated to be important for high affinity 

binding of COP1 (Uljon et al., 2016), our alignment data found a unique C-terminus in D. 

melanogaster Tribbles, shared by only Drosophilids and eleven other Dipterans of the suborder 

Schizophora, that apparently lacked a COP1 consensus sequence. Although the D. 

melanogaster Tribbles C-terminal tail is divergent from its mammalian orthologs, we show 

evidence that it is functionally conserved and interacts with the proteasome via a novel 

mechanism.  

 

2.3.1 Trbl C-Terminal Tail is Required for Function 

 Mammalian Trb proteins that lack the COP1 binding motif are unable to cause the 

turnover of target proteins (Keeshan et al., 2010; Qi et al., 2006; Yokoyama and Nakamura, 

2011). Consistent with mammalian data, when Trbl C-terminal tail is truncated in its entirety 

the resulting protein is functionally inactive in our misexpressing assays and its ability to 

Figure 2.6 Cul3 influences Trbl activity in the wing 
Representative wing of an adult female expressing (a) gftK717R, (b) gftK717R and Trbl, (c) 
gft∆C, or (d) gft∆C and trbl using the en2.4-GAL4 driver. All wings suppress FL-Trbl wing 
patterning. 
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destabilize a tagged version of the String protein is compromised (Fig. 2.2). Consistent with 

this, in yeast-2-hybrid tests this truncated protein interacted only weakly with Slbo (Fig. S2.5). 

A chimeric Trbl-Trib1 protein, where the entirety of Trbl C-terminal tail is replaced with that 

of mouse Trib1, was unable to perform Trbl-directed degradation, suggesting that the 

mammalian COP1 motif cannot function in the context of the Trbl protein. Notably, the Trbl-

Trib1 chimera did not result in an enlarged wing seen with MEK1 mutations with en-GAL4 

expression, suggesting that the mammalian MEK1 site in this Trib1 tail was functional in this 

chimeric context. Thus, while the C-terminal tails of both mammals and flies are required for 

target protein degradation, their mechanism of action is likely different.  

With few exceptions, the Trbl C-terminal tail is much longer than the cluster of Trbs 

with a canonical COP1 binding motif (Fig. S2.2). Our deletion analysis implies that the 

majority of the tail is dispensable for function, however recent unpublished data has shown 

that addition of an HA tag to Trbl ORF C-terminus effectively diminishes function, blocks 

activity as well as full tail deletion. Closer examination of these deletions reveals subtle effects 

on Trbl function. When we truncated the tail at E436 (Fig. 2.3), a smaller average relative wing 

size was observed and a slight inhibition of migration when compared to FL-Trbl, hinting at a 

slightly enhanced Trbl function, although there was no change in trichome density, a proxy for 

cell size. And though the point mutation E436A resulted in a form of Trbl that had WT activity 

in the wing, it was less active in the slbo-GAL4 border cell assay despite the fact that yeast-2-

hybrid data demonstrated that this mutant bound to Slbo as efficiently as FL-Trbl (Fig. S2.5). 

The data collectively indicate that differential associations or modifications to the tail may be 

responsible for tissue-specific differences in function, while not necessarily being important 

for stimulation of target protein ubiquitination. The subtle effect of Trbl tail mutations reveal 
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a level of complexity that might help account for how a single Trbl protein in flies can perform 

multiple functions that in mammals requires three homologous Trb. 

en-GAL4 misexpression of a MEK1 binding site mutant significantly increased wing 

tissue size (Fig. 2.2). In mammals, Trb loss of the MEK1 binding site or a W-to-A point 

mutation (akin to our Trbl∆W396A) abrogates affinity to MEK1 and reduces phosphorylation of 

ERK1 (Yokoyama et al., 2010). Literature also indicates that stimulation of the MEK1 

signaling pathway promotes cellular proliferation through downstream phosphorylation of 

ERK (extracellular signal-regulated kinase) pathway (review Force and Bonventre, 1998) and 

inhibition of MEK1 reduces cellular proliferation (Lai et al., 1996). But in mammals things 

are complicated by overlapping Trib influences since all three human Trb isoforms compete 

for binding to members of the MKK family (Guan et al., 2016). For example, Trib1 enhances 

ERK phosphorylation (Jin et al., 2007) while Trib2 suppresses MEK1 phosphorylation (Eder 

et al., 2008a; Eder et al., 2008b). Our data indicate that, in Drosophila and in the context of 

the developing wing, Trbl misexpression likely inhibits MEK1 signaling to restrict tissue 

growth and the MEK1 mutant version, which is itself likely defective in MEK1 binding, may 

promote growth by effectively interfering with other MEK1 inhibitors, such as WT 

endogenous Trbl. Additionally, our proxy for Slbo turnover indicates a reduced Slbo turnover 

capability for Trbl MEK1 mutants in our slbo-GAL4 border cell assay (Fig. 2.2), matching 

previously published observations of Trib1 MEK1 binding site deletions blocking interactions 

with the mammalian Slbo ortholog, C/EBPa (Figure 6 in Yokoyama et al., 2010). Ongoing 

work will identify MAPK pathway components affected by the MEK1 binding site deletion 

and point mutant. 
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Deletion analysis identified a subdomain of the C-terminal tail required for function 

and sequence analysis narrowed the focus to a four residue segment, Trbl amino acids 

408PVDV411. en-GAL4 misexpression of the point mutant TrblPVDV408AGKG results in a 

relatively wild type wing, indicating a strong loss-of-function effect. The sequence homology 

among Drosophilids in this region occurs at three of the four residues (PVxV), while in contrast 

the 73 residues distal to this site are dispensable for Trbl function in our assays. These results 

imply that Trbl works through a novel mechanism distinct from the COP1 binding site required 

in its metazoan counterparts (Keeshan et al., 2010; Qi et al., 2006; Yokoyama and Nakamura, 

2011).  

 

2.3.2 Trbl Interacts with Cul3 Via a Conserved PEST Motif 

As demonstrated by the loss of morphology in wing misexpression, the PVDV 

sequence in Trbl C-terminal tail is critical for turnover of Trbl target proteins in vivo. This 

domain sits within a region we identified as a PEST domain (Rogers et al., 1986). PEST 

domains mediate the stability of proteins through ubiquitin-mediated proteasomal degradation 

(Rechsteiner and Rogers, 1996; Rogers et al., 1986). Notably, PEST motifs can be activated 

through phosphorylation of serine/threonine residues (García-Alai et al., 2006) and because 

we observed an unstable Trbl when the protein was truncated at residue 419 (Fig. 2.5a), 

removing threonine426, it is possible that this PEST sequence is conditionally activated. Thus, 

it will be important to evaluate the stability of site-directed mutants in this domain.  

As shown in Fig. S2, misexpression of full-length Cul3 using the en-GAL4 driver is 

mostly larval lethal with a few escaper animals demonstrating significant wing malformations. 

Cul3, an integral component of the proteasome, assembles a multi-subunit Cullin3-RING E3 
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ubiquitin ligase complex (CRL3) that binds and orients multiple proteins to facilitate 

ubiquitination (reviewed in Zimmerman et al., 2010). CRL3 interacts with diverse substrates 

via adaptor proteins bound to Cul3s three N-terminal cullin repeat domains (CR1,2,3); for  

 

Figure 2.7 Model of Trbl-PEST domain interacting with Cul3 
The generalized model of Trbl is presented with the PEST motif (orange) situated in the C-
terminal tail where the PVDV domain (red) is required to recruit the Cul3-E3 ubiquitin ligase 
complex (CRL3). When Trbl binds a substrate in the pseudokinase core the Trbl tail recruits 
the CRL3 complex to polyubiquitinate the Trbl-bound substrate, allowing the substrate to 
be recognized by the proteolytic machinery of the cell. In addition, Trbl binding of either 
MEK1, MKK4, or MKK7 inhibits the MapK pathways stimulation of cellular proliferation.  
example, adaptors containing a BTB binding motif (Bric-a-brac, Tramtrack, Broad-complex) 

bind in CR1 (Canning et al., 2013) and proteins containing PEST domains bind CR2-3 (Xing 

et al., 2010). The CRL3 complexes ability to polyubiquitinate substrates requires the Cul3 

carboxy-terminal neddylation site to be modified by a ubiquitin-like molecule (reviewed in 

Pan et al., 2004) and the recruitment of a RING subunit, which catalytically transfers a 
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ubiquitin from and E2-ubiquitin conjugate (reviewed in Sarikas et al., 2011 and Petroski and 

Deshaies, 2005).  

en-GAL4 co-misexpression of Trbl and WT Cul3 or Trbl and Cul3RNAi do not change 

the aberrant wing phenotype associated with Cul3 or Cul3RNAi alone. However, en-GAL4 

misexpression of two Cul3 mutants, unable to degrade substrates, exhibit only subtle wing 

patterning defects, but when en-GAL4 co-misexpressed with Trbl effectively suppress Trbl 

phenotypes. Because these mutants retain adaptor motifs CR1-3 but are deleted for the C-

terminal neddylation site required for interaction with the proteasome, these data support the 

notion that the Trbl PEST domain and the Cul3 CR motifs interact unproductively to block 

Trbl function. The notion that fly Trbl is an adaptor protein for the CRL3 complex must be 

tested in future work, see model of working hypothesis (Fig. 2.7). 

 
Inhibited 

Border Cell 
Migration 

Relative 
Wing Area 

(tissue 
growth) 

Relative 
Trichome 
Density 

(inhibition of 
mitosis) 

Yeast-2-Hybrid 
binding to Slbo 

Wildtype 13% 2.612 0.995 
 

Trbl 84% 2.420 0.787 <weak 

Trbl∆I391 2% 3.830 1.000 Much less than Trbl 

TrblW396A 67% 3.081 0.813 Much less than Trbl 

TrblI391Trib1 
 

2.678 1.013 
 

TrblE436A 64% 2.440 0.801 Equal to Trbl 

Trbl∆E436 9% 2.305 0.791 
 

Trbl∆D419 
 

2.602 0.871 
 

TrblPVDV408AGKG 
 

2.610 0.991 
 

 

Table 2.2 Summary of data presented. 
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Materials and Methods 

 

2.4.1 Mutant Construction and Mutagenesis 

Site directed mutant versions of Trbl were generated from pUAST-attB-FLAG-Trbl 

(Masoner et al., 2013) using one of two methods (1) the QuikChange II XL Site-Directed 

Mutagenesis Kit (Stratagene; opposing oligonucleotides, with the same mutation, synthesize 

new daughter strands, parent strand is degraded, and nicked vector DNA is repaired upon 

transformation and division of E. coli) generated TrblE436A and TrblW396A or (2) the Q5 Site-

Directed Mutagensis Kit (NEB; back-to-back primers add mutation in a linear product, the 5’ 

ends are phosphorylated, the intramolecular ligation of product, and parent plasmids degraded) 

generated Trbl∆D419, TrblPVDV408AGKG, Trbl∆E436, and Trbl∆I391. The oligonucleotides used in the 

Q5 mutagenesis were designed via the NEBaseChanger online tool and ordered from IDT (see 

Table 2.3 for primers used). TrblI391Trib1 was generated differently, the chimeric gene was 

ordered from GeneScript in a pcDNA3.1(-) vector designed with restriction sites to EcoRI and 

KpnI, the resulting digest was cloned into an equally digested pUAST-attB vector. The site-

directed mutagenesis (lower case letters in primer sets) were confirmed with Sanger 

Sequencing performed by MU-DNA Core.  

 Embryos were injected as a fee-for-service (TrblE436A and TrblW396A by Genetic 

Services, Inc., Cambridge, MA; Trbl∆E436 and Trbl∆I391 by Rainbow Transgenic Flies, Inc., 

Camarillo, CA; and TrblI391Trib1, TrblPVDV408AGKG, and Trbl∆D419 by GenetiVision Corporation, 

Houston, TX). A common landing site was used on the 3rd chromosome (attP2; 68A4 on 3L) 

where the PhiC31 integrase spliced the pUAST-attB-TrblMUTANT plasmid into the attP landing 
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site (Groth et al., 2004) . GenetiVision used a female sex linked driven PhiC31 integrase while 

Rainbow Transgenic Flies were co-injected with helper DNA that drives transcription of 

PhiC31 integrase. Potential transgenic animals were crossed to a white eye balancer stock and 

F1 flies with orange eyes (a mini-white gene is present on the pUAST-attB plasmid) were then 

back-crossed to the balancer.  

Table 2.3 Primers: The given mutants were generated with the primer set forward (top) and 
reverse (bottom). Nucleic acids in lower case represent a given mutation and in bold represent 
additions. 
Mutation 
Generated 

Forward and  
Reverse sequences 

TrblE436A 5’-GATGGATGATGACGAGgcaGGACTCTGTCCCTTGG-3’  
5’-CCAAGGGACAGAGTCCtgcCTCGTCATCATCCATC-3’  

TrblW396A 5’-CTTCCTTACCCCGgcgCTGCGAGAGCAGC-3’  
5’-GCTGCTCTCGCAGcgcCGGGGTAAGGAAG-3’ 

Trbl∆D419 5’-GGACTGGAGCtgatgaGAGGAGGACGAAGGCACTG-3’ 
5’-TCGGCCACCTCCACGTCG-3’ 

TrblPVDV408AGKG 5’-aagggaGAGGTGGCCGAGGACTGG-3’  
5’-gccggcCAGGTACATGTGGAAGGGGC-3’ 

Trbl∆E436 5’-TGAAATTCGTTAACAGATCTGC-3’  
5’-CTCGTCATCATCCATCGC-3’  

Trbl∆I391 5’-CGCCAGCCACtgatgaCTTACCCCGTG-3’ 
5’-GTCATTCGTTCCGTGTAATC-3’ 

attB1-Flag-
Trblmutant-attB2 

5’-GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGGATTACA 
AGGATGACGACGATAAG-3’ 
5’-GGGGACCACTTTGTACAAGAAAGCTGGGTCTCAGCCCATGT 
CCACATCCGTATC-3’ 

attB1-Slbo-
attB2 

5’-GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGCTGAACA 
TGGAGTCGCCGCAG-3’ 
5’-GGGGACCACTTTGTACAAGAAAGCTGGGTCCTACAGCGAGT 
GTTCGTTGGTGTTG-3’ 

attB1-Akt-
attB2 

5’-GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGTCAATAA 
ACACAACTTTCGACCTCAGCTC-3’  
5’-GGGGACCACTTTGTACAAGAAAGCTGGGTCCTATTGCATCG 
ATGCGAGACTTGTG-3’ 
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2.4.2 Whole Fly PCR 

 30 well fed females were ground in Buffer A solution (10 mM Tris-HCl (pH 7.5), 

20mM EDTA (pH 8.0; 2mM NaCl, 0.4 mM SDS, in diH2O) and incubated at 65℃ for 30 

minutes. LiCl/KAc solution (4.3 M LiCl and 1.4 M KAc in diH2O) was added and chilled on 

ice. The supernatant was collected after a 15-minute spin-down and the DNA was precipitated 

with isopropanol. Resuspension followed in diH2O and was used with PCR procedure.  

 

2.4.3 Drosophila Lines 

  1) w[*]; P(w[+mC]=GAL4-slbo.2.6)1206 P(w[+mC]=UAS-GFP.S65T)T2/CyO was a 

generous gift from Pernille Rorth, 2) y[1] w[*]; P(w[+mW.hs]=en2.4-GAL4)e22c/SM5, 3) 

Sco/Cyo; P(w[+mc]=UAS-FLAG-Trbl∆E436trunc)3L-68A 4) Sco/Cyo; P(w[+mc]=UAS-

FLAG-TrblE436A)3L-68A, 5) Sco/Cyo; P(w[+mc]=UAS-FLAG-Trbl∆I391stop)3L-68A, 6) 

Sco/Cyo; P(w[+mc]=UAS-FLAG-TrblW396A)3L-68A, 7) Sco/Cyo; P(w[+mc]=UAS-FLAG-

Trbl∆D419stop)3L-68A 8) Sco/Cyo; P(w[+mc]=UAS-FLAG-TrblPVDV408AGKG)3L-68A, 

9) P(w[+mc]=UAS-FLAG-Trbl)3L-68A (Masoner et al., 2013), 10) Sco/Cyo; 

P(w[+mc]=UAS-FLAG-Trbl∆I391Trib1(murine)3L-68A, and 11) y1 w*; P(r4-GAL4)3 was a 

generous gift from Laura Musselman. 

 

2.4.4 Wing Assays 

For each F1 female, a single wing was collected and mounted in Euparal. Multiple 

pictures at different planes of focus were taken of wings and compiled into a single image 

using HeliconFocus v.7.6.1. With (2) en2.4-GAL4 driver the anterior of wings act as a wild 
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type internal control while the posterior shows the driven proteins expression pattern. Using 

the program FijiWings v.2.3 (Dobens and Dobens, 2013, 

https://sourceforge.net/projects/fijiwings/), the submarginal region and 3rd posterior region was 

analyzed using the polygon trichome density function with the readout giving trichome density 

in units/kpixels2 and size of region in kpixels2. By dividing the data from posterior by the data 

from the anterior a relative comparison was made for each wing and this data loaded into 

GraphPad Prism 8 for statistical analysis and graph projection. All statistical analysis was 

conducted as a one-way analysis of variance (ANOVA) followed by Tukey’s post hoc test for 

p<0.05 (*). 

 

2.4.5 Egg Chamber Collection  

Thirty female animals from Slbo>GAL4, in a mixed sex population, were reared at 

25˚C and then shifted to 29˚C where for three consecutive days they were fed their standard 

food (“Cornmeal, Molasses, and Yeast Medium”, Bloomington Stock Center recipe) with 

additional wetted yeast (Saccharomyces cerevisiae – Red Star-Active Dry Yeast) added to the 

surface in fresh vials.  

 

2.4.6 Immunostaining 

Antibodies used to stain tissues: 1:800 rabbit anti HA (Cell Signaling Technologies), 1:1000 

rabbit anti-GFP (Sigma), 1:200 mouse anti-Dlg (Developmental Studies Hybridoma Bank, 

DHSB), 1:1000 mouse anti-GFP (DHSB). Secondary antibodies used were: AlexaFluor 1:200 

goat anti-rabbit 594, 1:800 goat anti-mouse 488, and 1:200 goat anti-mouse 594 (Invitrogen). 

Nuclei were labeled with 1:800 DAPI (Roche). The ovaries were dissected in a PBS+BSA 
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(bovine serum albumin) solution, washed in PBS (phosphate buffered solution; 137 mM 

NaCL, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, in sterile milliQ H2O), fixed in a 

formaldehyde solution (4% paraformaldehyde diluted in PBS) for 10 minutes, washed three 

times for 5 minutes in NP-40 wash (0.5% IGEPAL, 150 mM NaCl, 50 mM Tric-Cl (pH=7.4), 

and 1mg/mL BSA in H2O), blocked (0.1% Triton-X-100, 2% BSA, and 2% NGS in PBS 

solution) for 2 hours, stained overnight with 1˚ antibody in PAT solution (0.5% Triton-X-100 

and 0.5% BSA diluted in PBS), stained for 2 hours in 2˚ antibody in PAT solution, washed 

three more times while adding DAPI to the second wash and breaking the ovaries with multiple 

800 µL pipetting, and then mounting the ovarioles in a 50% glycerol and PBS solution on a 

slide. Using a light microscope, stage 10B egg chambers were observed for the migration state 

of the border cells. Images were collected on an Olympus Fluoview 300 Confocal Microscope 

and then processed and analyzed with FIJI. 

 

2.4.7 Phylogenic Tree 

Drosophila Tribbles protein BLAST was run against NCBI database of Arthropoda 

(taxid:6656) and Drosophilidae (taxid:7214). The Non-redundant database was used with the 

following settings: Expect threshold of 10, Word size of 6, Matrix-BLOSUM62, Gap Costs-

Existence:11 extension:1, Computational adjustments-Conditional Score matrix adjustment. 

Sequences were then eliminated from the data set that did not retain important defining features 

of the Tribbles pseudokinase core. Each sequence was then trimmed to only represent the C-

terminal tail as marked by the MEK1 binding site. The gap-spaced alignment of 137 sequences 

was analyzed for optimal tree model using MEGA X (all sites were used in a neighbor-joining 

tree using maximum likelihood statistical method). MEGA X (Kumar, Stecher, Li, Knyaz, & 
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Tamura, 2018; Stecher, Tamura, & Kumar, 2020) was used to make a Maximum Likelihood 

tree, 50x bootstrap phylogeny test, using the Jones-Taylor-Thornton substitution model (Jones, 

Taylor, & Thornton, 1992) with gamma (n=4) distribution and nearest-neighbor-interchange. 

The tree was then edited in FigTree v1.4.4. 

 

2.4.8 WebLogo 

Dash aligned sequences from NCBI were displayed in WebLogo (Crooks, Hon, Chandonia, & 

Brenner, 2004; Schneider & Stephens, 1990) and edited to represent only residues that aligned 

to Drosophila Tribbles sequence. 

 

2.4.9 Yeast-2-hybrid Interaction  

The ProQuest Two-Hybrid System (Invitrogen) was used to perform yeast-2-hybrid interaction 

tests between Trbl C-terminal tail mutants and Akt or Slbo. The FLAG tagged Trblmutant 

sequences, in pUAST-attB plasmids, were PCR amplified with terminal oligos containing 

either a flanking attB1 or attB2 site (primers listed on Table 2.3). The linear PCR products 

were cloned into the pDONR-221 plasmid, containing attP1 and attP2 landing sites, via the 

lambda bacteriophage integrase provided in the Gateway® LR Clonase II Enzyme mix and 

transformed into NEB5-a competent E. coli cells. Verified mutants were then recombined into 

pDEST32 (bait vector, DNA binding domain of GAL4) vector using the Gateway® BP 

Clonase II enzyme mix. The complete ORF of Akt and Slbo were PCR amplified and 

transferred into pDEST22 (prey vector, activating domain of GAL4) vectors by the same 

methods mentioned above. Verified Trblmutant vectors of pDEST22 and pDEST32 were 

transformed into Saccharomyces cerevisiae strain MaV203 (MATα, leu2-3,112, trp1-901, 
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his3∆200, ade2-101, gal4∆, gal80∆, SPAL10::URA3, GAL1::lacZ, HIS3UAS 

GAL1::HIS3@LYS2, can1R, cyh2R) and plated on synthetic complete (SC) -Leu-Trp media 

(pDEST32 vector provides the LEU2 gene and pDEST22 vector provides the TRP1 gene). 

Interacting proteins form a functional GAL4 transcription factor which drives expression of 

HIS3, an enzyme important in histidine biosynthesis. Thus, we tested interactions on SC-Leu-

Trp-His plates with 3-Amino-1,2,4-Trizole (3AT, an inhibitor of Histidine synthesis) at 

concentrations of 10mM 3AT, 25mM 3AT, 50mM 3AT, and 100mM 3AT with a plate of SC-

Leu-Trp (growth control) to test initial plating concentrations. Interactions were compared 

against controls of a strongly interacting set; pEXP32/Krev1 (Ras-related protein) with 1) 

pEXP22/RalGDS-wt (Ral guanine nucleotide dissociation stimulator protein, Strong Control) 

and inhibitory mutants 2) pEXP22/RalGDS-m1 (Weak Control) and 3) pEXP22/RalGDS-m2 

(Negative control). Roughly equal concentrations (vol.:weight yeast growth) of each 

experimental were plated in 5µL spot inoculations, performed in serial dilution after overnight 

growth. Images were taken based on the growth of the controls at 30˚C, often after 3-4 days 

growth. All constructs were confirmed by sequencing. 

 

2.4.10 Western Blot 

 Western blot experiments were performed by collecting 20 larval fat bodies, 

homogenizing on ice in RIPA buffer with protease inhibitor cocktail (Roche), and spun down 

for 30 minutes at 4°c. Supernatant was collected, an aliquot was removed for BCA analysis 

(Pierce) to ensure equivalent loading, and 5X SDS buffer was added to supernatant. Samples 

were boiled for 5 minutes at 95°c and DTT (Sigma) was added to 100mM. Samples were 

loaded onto 10% polyacrylamide gels and electrophoresed for 1.5 hours at 100V. Next, semi-
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dry transfer was performed using PVDF membrane (Millipore) and according to manufacturer 

protocols (Abcam). Semi-dry transfer was performed at 126 mA for 45 minutes. Next, PVDF 

membranes were blocked for 1 hour in TBST + 3% BSA and incubated overnight at 4°c in 

primary antibody. Primary antibodies used were chicken anti-Tribbles, 1:2000, rabbit anti-

FLAG (CST), 1:1000, and mouse anti-alpha tubulin (DSHB), 1:2000. Next, PVDF membranes 

were washed three times for 5 minutes in TBST and incubated for 2 hours at room temperature 

in appropriate HRP-conjugated secondary antibody. Secondary antibodies used include goat 

anti-rabbit HRP (CST), 1:2000, goat anti-mouse HRP (CST), 1:2000, and goat anti-chicken 

HRP (Abcam), 1:5000. Following this, PVDF membranes were washed three times for 5 

minutes in TBST and incubated in ECL plus chemiluminescent substrate (Pierce) for 5 

minutes. Chemiluminescent signals were detected using ChemiDoc (BioRad). 
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Supplementary Data 

  

 
Supplemental 2.1 Truncated Trbl mutants are stably expressed 
Western blot of larval fat bodies extracts from 3rd instar larva expressing LacZ, FL-Trbl, or 
mutated versions of Trbl (with the r4-GAL4 driver) and probed with FLAG antibodies and 
a-tubulin antibodies. The FLAG tagged proteins should migrate at 55 kDa (FL-Trbl and 
TrblE286G), 50 kDa (Trbl∆E436), and 45 kDa (Trbl∆I391 and TrblE286G,∆I391). TrblE286G known as 
TrblSLE/G and has been shown in Fisher et al., 2020 to be a highly stable Trbl protein.  There 
is a non-specific band that runs throughout the blot. FLAG-Trbl seems rather weakly stained, 
I put an arrow on what I believe to be the Trbl band. These blots should be reproduced.  
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Supplemental 2.2 Drosophila melanogaster Trbl aligned with other Trb  
(a-d) Gap alignments of Drosophila melanogaster Trbl, decorated with PrettyPlot by EMBOSS, 
with (a) all of Drosophilidae (n=30), (b) Arthropod species lacking the consensus COP1 binding 
site (Arthropoda -VP, n=10), the (c) three human homologs (Human Trb), and (d) Arthropod 
species with the consensus COP1 binding site (Arthropoda +VP, n=119). Identical residues are in 
red font and similar residues are in brown font, when more than half of the aligned sequences for 
any given locus have conservation or equivalent substitutions a grey background box surrounds 
those residues.  
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Supplemental 2.3 PEST sequences in Trbl, Trib1, Trib2, and Trib3 
Sequences for each of the three human Trib proteins and the one Drosophila melanogaster 
Trbl protein are shown with character counts. The sequences are decorated with green to 
indicate a potential PEST sequence (a PEST score ³ 5) and yellow for a poor PEST sequence 
and the given score is displayed below each respective sequence.  
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Supplemental 2.4 Cul3 expression patterns in the wing 
A representative wing of an adult females shows patterning defects when expressing (a-b) 
Cul3 (from the gene guftagu [gft]) or (c-d) gftRNAi in the wing posterior using the en2.4-
GAL4 driver. These animals were raised at different temperatures, (b,d) at 29˚C lethality is 
high, and escapers have severe wing defects but at (a,c) 25˚C (a non-optimal folding temp 
for GAL4) many survived and had patterning defects. (e) A mutation that removes the 
neddylation site, Gft∆C (shown as Cul3DELTA), when expressed in the wing posterior has 
none of the patterning defects at higher temperatures. Trbl misexpression does not suppress 
the influence of misexpression of (f) Cul3 or (g) Cul3RNAi. 
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Supplemental 2.5 Yeast-2-hybrid of Slbo with Trbl mutations of MEK1 site and literature 
COP1 site 
The effective binding efficiency of Trbl or Trblmutants with Slbo was tested in a Y-2-H assay. 
For comparison of effective binding efficiency, three controls in the first three rows exhibit 
either a strong (pEXP32/Krev1 [Ras-related protein] with pEXP22/RalGDS [Ral guanine 
nucleotide dissociation stimulator protein]), weak (pEXP32/Krev1 with pEXP22/RalGDS-m1), 
or non-binding (pEXP32/Krev1 with pEXP22/RalGDS-m2) interaction. The first column 
indicates the health and load volume of experiments. The bait vector, pDEST32, contained Trbl, 
or Trblmutant, and was co-expressed with the prey vector, pDEST22, containing Slbo in yeast 
and the strength of the interaction was tested by the disruptive influence of 3AT, that inhibits 
histidine biosynthesis. Yeast transformed with Slbo and Trbl or TrblE436A grew on plates 
containing 50mM 3AT. Slbo interactions were equivalent for both but less robust than the weak 
control. Both mutations of the MEK1 binding site exhibited very weak interactions with Slbo. 
*Trbl∆E436 data is not available as it would not clone into a pDEST vector. More details of 
controls, growth medium, and plasmids are available in Materials and Methods. 
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CHAPTER 3 

Screening of a Drosophila ORF library for interactors of the pseudokinase Tribbles identifies 

Neuralized and Mindbomb, ubiquitin ligases that mediate Notch signaling 

(Shipman et al. 2020, (in progress) is reproduced in its entirety. For my contributions, I 

collected some of the confocal images, generated some of the images, and generated 

Trbl∆I391 plasmids and their correlated transgenic animals.) 

Abstract 

 Drosophila Tribbles (Trbl) is the founding member of a family of pseudokinases with 

conserved roles in antagonizing cell division, tissue growth and cell differentiation. In humans, 

three Tribbles isoforms serve as adaptor proteins, binding substrate targets such as Cdc25 

phosphatase and the transcription factor C/EBP to direct their proteasomal degradation. 

Mutations in Tribbles family members are associated with susceptibility to diabetes and cancer, 

notably Notch-induced tumor growth. Previously, it has been shown that Trbl levels are low 

in the proliferating cells of the fly wing and that misexpression leads to a block in mitosis 

associated with decreased levels of String/Cdc25 and increased levels of Cyclin B leading to 

reduced overall wing size and reduced trichome density. We show that co-misexpression of 

known Trbl degron targets can interfere with these phenotypes to restore wing patterning, and 

used this sensitized wing misexpression assay to screen a collection of UAS-regulated open 

reading frames (ORFs) encoding known growth regulating genes to search for Trbl interactors. 

By precisely measuring the morphometric features of the wing using a computer-based tool, 

we detected synthetic interactions affecting cell and tissue size with several E3 ubiquitin 

ligases, and focused our analysis on the Notch pathway components Neuralized (Neur) and 

Mindbomb1 (Mib1). In the wing, notum and egg chamber epithelia, Trbl misexpression 
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suppressed Neur and Mib1 activities and stabilized the accumulation of these mediators of 

degron turnover. We used yeast two-hybrid assays to show Trbl physically bound to these E3 

ligases and mapped the interaction in vivo to the C-terminal tail of Trbl. Our data are consistent 

with published reports that mammalian Tribbles3 modulates Notch responses by binding and 

stabilizing Mindbomb and indicate that a wing misexpression screen will be useful to identify 

novel components in a conserved Tribbles signaling pathway. 

Introduction 

The Trbl protein is the founding member of a conserved family of pseudokinases whose 

with a conserved central core domain that includes a central DLK catalytic loop motif 

characteristic of canonical kinases, but lacks both an ATP binding motif and motif that 

coordinates Mg2+ typical of bona fide kinases (Grosshans and Wieschaus, 2000; Mata et al., 

2000; Seher and Leptin, 2000; Williams et al., 1994). The family includes a unique C-terminal 

tail critical for function that displays a conserved MAPK kinase binding site and a binding site 

for the E3 ligase COP1 (Eyers et al., 2017). Drosophila Trbl is the founding member of this 

family of proteins and in flies the gene has been linked to cell division and neural 

differentiation in the embryo (Farrell and O'Farrell, 2013; Liu et al., 2018), bristle patterning 

in the larval notum (Abdelilah-Seyfried et al., 2000), JAK/STAT signaling to modulate eye 

growth (Mukherjee et al., 2006), stem cell senescence and memory formation in the brain 

(O'Connell and Nurse, 1994; Otsuki and Brand, 2018), stem cell proliferation in the male 

germline (Schulz et al., 2004) and cell migration in the ovary (Rorth et al., 2000; reviewed in 

Dobens and Bouyain, 2012). Three Trb isoforms have been identified and extensive work in 

genetic models and cell culture have associated Trib1, 2 and 3 with diverse and overlapping 

functions in both tissue growth and homeostasis (reviewed in Richmond and Keeshan, 2019). 
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In humans, Trb family members act as tumor suppressors or oncogenes depending on tissue 

context, and misregulation has been associated with coronary artery and metabolic diseases 

(Stein et al., 2015; Nakamura, 2015; Salazar et al., 2015; reviewed in Bauer et al., 2015).  

 

Trbs function as adaptor molecules to bind substrates and degrade, stabilize or block 

their activation, depending on the Trb isoform and the tissue context (reviewed in Sakai et al., 

2016; Ord, 2017; Eyers et al., 2017). Recent crystal structure analysis of human Trib1 bound 

and unbound to substrate has revealed a multilobe structure similar to protein kinases with an 

unusual C-terminal tail bound intramolecularly to the N-lobe (Murphy et al., 2015). Substrate 

binding leads to an allosteric change in conformation leading to the release of the C-tail, which 

is freed to bind E3 ligases and direct the ubiquitination of substrate and rapid degradation of 

the complex (Jamieson et al., 2018).  

 

Conserved Trb family substrates include the degrons Cdc25 phosphatase, whose 

turnover blocks cell proliferation (encoded in Drosophila by the orthologues String and Twine; 

Farrell and O'Farrell, 2013; Liang et al., 2016b; Mata et al., 2000), C/EBPs (fly homolog Slbo), 

to regulate cell differentiation (Dedhia et al., 2010; Keeshan et al., 2010; Masoner et al., 2013; 

Rorth et al., 2000; Wouters et al., 2007), and (3) Akt kinase, which Trbs do not degrade but 

block phosphorylation-activation to limit cell growth (Das et al., 2014; Du et al., 2003; Fischer 

et al., 2017; Salazar et al., 2015). Notably, the interaction of fly Trbl with each of these targets 

is conserved in detail in vertebrates: e.g. CDC25 with Trib2 (Liang et al., 2016), C/EBP with 

Trib2 (Keeshan et al., 2006; Keeshan et al., 2010), and Akt with Trib3 (Du et al., 2003). 

Beyond these common, conserved targets, several targets identified in vertebrates have been 
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identified, TRB3 also degrades ACC1 (Qi et al., 2006), Smad ubiquitin regulatory factors 

(SMURFs) (Chan et al., 2007), and caspase-3 (Shimizu et al., 2012). TRB1 and 3 bind to 

MAPKK and regulate their activity (Kiss-Toth et al., 2004). In vascular smooth muscle cells, 

TRB1 binds to MKK4 and inhibits JNK activity (Sung et al., 2007). TRB3 also interacts with 

the mixed lineage kinase 3 (MLK3) and compromises mitochondrial integrity and suppresses 

cellular survival (Humphrey et al., 2010). TRB3 binds to the Bone Morphogenic Proteins 

(BMP) Type II (BMPRII) receptor and promotes BMP4 signaling (Chan et al., 2007; reviewed 

in Cunard, 2013). 

 

Here we describe a screen to identify novel components acting in a conserved Trbl 

signaling pathway regulating tissue growth using a wing misexpression system. By co-

misexpressing Trbl with key growth regulatory genes (Schertel et al., 2013) and analyzing 

effects on wing tissue and cell size using the ImageJ-based tool Fijiwings (Dobens and Dobens, 

2013), we identified both enhancers and suppressors of Trbl phenotypes. Among the 

suppressors were the E3 ligases Neuralized (Neur) and Mindbomb (Mib1), and we show that 

Trbl interactions with Neur is dependent on an intact C-terminal tail.  

Results 

3.3.1 The Trbl Wing Misexpression Phenotypes Show Genetic Interactions with Known 

Targets 

 The Drosophila wing disk primordium is an epithelial sheet that proliferates, grows in 

size and is patterned along the anterior-posterior and proximal distal axes during larval 

development (Supplemental Fig. 3.1A-C). The wing blade evaginates at late metamorphosis 

(Supplemental Fig. 3.1B) and the dorsal and ventral cell sheets of the wing blade adhere to 
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secrete a cuticle that hardens into a mature wing marked by a characteristic vein pattern 

(Supplemental Fig. 3.1C). The wing is covered by non-neuronal trichome structures, which 

arise from actin-rich extensions produced distally from each cell in the wing epithelial bilayer 

(Held, 2002).  

 

 Trbl levels are low in the wing during this period of rapid cell proliferation and growth 

(Gerlach et al., 2019 and our observations), and both cell division and cell proliferation in the 

wing is sensitive to Trbl misexpression (e.g. Mata et al., 2000). The Engrailed-GAL4 (en-

GAL4) transgene driving Trbl expression in the posterior compartment of the wing disk 

primordium (Supplemental Fig. 3.1D,E ; Yoffe et al., 1995) results in a block to cell division 

and growth (noted in Dobens and Dobens, 2013;). This Trbl-mediated block in cell division at 

G2 correlates with increased levels of Cyclin B (CycB) and stabilization of a ubiquitously 

expressed RFP-CycB transgene in the wing primordium (Supplemental Fig. 2; Zielke et al., 

2014). In the mature wing this Trbl-mediated block in cell division is manifest as a reduction 

in the overall size of the wing tissue concomitant with a decrease in trichomes density that 

corresponds to an increased in cell size (Supplemental Fig.1H) (WT; Supplemental Fig. 

3.1F,G). Development is sensitized to further increased Trbl levels so that en-GAL4 

misexpression of two copies of Trbl is lethal (Fig. 3.1A,D and data not shown). 

 

 To test if Trbl-misexpression wing phenotypes could be modified by co-misexpression 

of known Trbl degron substrates, we first examined the C/EBP encoded by the slow border 

cells (slbo) gene (Montell et al., 1992; Rorth et al., 2000). en-GAL4 misexpressing UAS-slbo 

was lethal, likely due to its potent transcription factor activity (Fig. 3.1B). Trbl co-expression 
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with Slbo by en-GAL4 weakly rescued this lethality, resulting in rare escaper animals with 

subtle wing patterning defects (Fig. 3.1E), consistent with the ability of Trbl to bind and 

degrade Slbo protein (Rorth et al., 2000).  

 

 Next we examined the interaction between Trbl and its substrate String (Edgar and 

O'Farrell, 1990; Grosshans and Wieschaus, 2000; Mata et al., 2000). en-GAL4 misexpression 

of an HA-tagged version of String in the wing disk led to a clear decrease in CycB protein 

levels (Fig. 3.1H) in the posterior compartment and destabilization of a CycB-RFP fusion 

(Supplemental Fig. 2B), an effect opposite to that of Trbl on CycB levels (cf. Fig. 3.1G,H) and 

consistent with the ability of increased String to promote cell division in this region.  

 

 When HA-tagged String was co-expressed with Trbl in the wing disk wing size using 

the en-GAL4 driver, the density of trichomes was restored to WT levels (Fig. 3.1C,F) and 

levels of CycB in the wing primordium were increased to levels comparable to the anterior 

compartment (Fig. 3.1I). Importantly, the levels of HA-String in wings co-misexpressing Trbl 

were reduced compared to wings misexpressing HA-String alone (cf. 1H,I ; Grosshans and 

Wieschaus, 2000; Mata et al., 2000). We conclude that in the wing where Trbl levels are 

normally low, misexpression of Trbl decreases the wing size and increases cell size; 

conversely, the co-misexpression of known degron substrates together with Trbl suppresses 

these specific Trbl cell and tissue phenotypes. 
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3.3.2 Screen for Enhancers and Suppressors of Trbl Cell and Tissue Size Phenotypes 

Based on the wing interactions between Trbl and its known substrates Slbo and String, we 

conducted an F1 screen of a set of strains bearing UAS-regulated open reading frames (ORF) 

that encode components known to regulate cell division and growth, drawn from the insulin, 

wingless/Wnt, Notch and other signaling pathways (Schertel et al., 2013). To define the 

interaction of this set of ORFs in a Trbl pathway regulating growth in the wing tissue, we built 

a strain bearing both the en-GAL4 driver and UAS-trbl and crossed this stock singly to males 

from each strain in the UAS-ORF collection set (Fig. 2A). We prepared flattened wings from 

progeny co-misexpressing both transgenes and photographed these at high contrast. 

 

 In order to quantify statistically significant changes to wing tissue size and cell number 

caused by ORF and Trbl co-misexpression, we measured wing photomicrographs using 

Fijiwings (Dobens and Dobens, 2013), a set of macros applied to the FIJI build of ImageJ. 

Fijiwings allows the semi-automated measurements of (1) wing trichome density, which as 

noted above correlates with cell size, and (2) wing intervein region size, a proxy for tissue size 

(Fig. 2B). We calculated (1) the ratio of trichome density of the first anterior intervein region, 

where the driver is not expressed, to the third posterior intervein region where the driver is 

expressed and (2) the ratio of areas between of the first anterior/third posterior intervein regions 

in wings co-misexpressing Trb and an ORF (Fig. 2B; summarized in Table 1). In this way, we 

corrected for the influence of nutrition and animal crowding on cell size and tissue size, 

respectively. 
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 From the screen we obtained three categories of interactions (Tables 2 and 3). 

Misexpression of several ORFs resulted in lethality that was suppressed effectively by co-

misexpression Trbl (similar to the interaction with Trbl suppression of Slbo lethality, detailed 

above). This class included the C2H2 zinc finger transcription factor Castor (Cas; Mellerick et 

al., 1992). Second, we identified a class of ORFs with subtle defects in cell and tissue size that 

effectively suppressed Trbl phenotypes, a group of interactors reminiscent of wing interactions 

phenotypes seen between Trbl and Stg (Fig. 3.1C,F) and included (1) the BTB zinc finger 

transcription factor Lola-like (Lolal; Giniger et al., 1994; Quijano et al., 2016) (2) the CCR4-

NOT transcription complex subunit Not3 (Temme et al., 2004), and (3) the E3 ubiquitin ligases 

Parkin (Park; Yang et al., 2003). Finally, we identified ORFs whose misexpression resulting 

in strong disruptions of wing patterning that were effectively suppressed by Trbl; this class 

included (1) the WD repeat protein Will die slowly (Wds; Hollmann et al., 2002), (2) the 

Wingless homolog Wnt oncogene analog 5 (Wnt5 a.k.a Wnt3; Russell et al., 1992) and (3) the 

E3 ubiquitin ligase Neuralized (Neur, detailed below; Boulianne et al., 1991).  

  

 In Fig. 2C, average trichome density ratio values (corresponding to cell size) derived 

from measurements of wing photomicrographs co-misexpressing Trbl and a UAS-ORF are 

plotted and ordered from lowest to highest, and in Fig. 2D wing area measurements ratio values 

(corresponding to tissue size) are ordered from lowest to highest. For both trichome density 

and wing area plots, Trbl alone (shown as a circled red triangle) is at the upper right among 

these measurements while lacZ control (circled purple circle, left) is at the lower left. Between 

these the extremes of WT on one end and Trbl on the other, suppressors of the Trbl phenotype 

fell in a continuum with stronger suppressors, such as the degron substrate Slbo, falling close 
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to WT wing measurements and weaker suppressor, such as the substrate String, mapping closer 

to Trbl. Notably, mapping to the far right in Fig. 2C were a few potential enhancers of the Trbl 

cell and tissue size phenotypes, exhibiting even higher ratios values when co-misexpressed. 

  

 A scatter plot mapping of tissue size and cell size (Supplemental Fig. 3), reveals that 

Trbl phenotypes map to the far upper right extreme of measurements (shown as a circled red 

triangle), compared to WT wings that map to the bottom left extreme of the plot (circled purple 

circle, left). Co-misexpression of most ORFs in general simultaneously suppressed both Trbl 

cell and tissue size phenotypes, resulting in a continuous “line” of suppression from right to 

left. While the Trbl suppressors Stg and Slbo, highlighted in orange and pink respectively, 

suppress of both Trbl phenotypes, the scatter plot shows that some ORFs differentially affect 

tissue size and cell size, interactions that result in a point that can be detected above or below 

the continuum. These interactors potentially exert disparate influences on separate Trbl 

pathways regulating cell size and overall tissue size. In summary, this detailed Fijiwings 

analysis of the effects of Trbl co-misexpression with known regulatory genes on wing 

morphology has identified possible novel components in a conserved pathway modulating cell 

and/or tissue growth.  

 

3.3.3 Trbl Modulates the Strength of Notch Signaling by Stabilizing Neuralized and 

Mindbomb1 and Suppressing Their Activity 

 Among the Trbl genetic suppressors in our UAS-ORF screen were several E3 ubiquitin 

ligases, including Will die slowly (wds), Mindbomb (mib), Neuralized (neur) and Parkin (park; 

the latter two highlighted in blue and brown, respectively, in Fig. 2C,D and Supplemental Fig. 
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3). Consistent a conserved role for E3 ligases in mediating Trbl function, human Trib1 binds 

the E3 ligase COP1 with high affinity via its C-terminal tail (Uljon et al., 2016), so we focused 

on this E3 ligase and tested its interactions with Trbl in more detail. 

 

 Trbl misexpression strongly suppressed Neur misexpression wing notch phenotypes 

(cf. Fig. 3A,B) and conversely Neur suppressed strongly the Trbl large cell phenotype (Fig. 

3A and data not shown). WT Trbl effectively suppressed the split wing phenotype associated 

with misexpression of a Neur transgene deleted for the RING domain (Fig. 3C,D), so Trbl-

Neur genetic interactions in this co-misexpression assay were not dependent on this conserved 

RING motif characteristic of E3 ligase. 

 

  In silico evaluation of Trbl detects a Neur binding site (Dinkel et al., 2012; Fazekas et 

al., 2013), so to test for physical interactions between Trbl and Neur we used a yeast two hybrid 

assay (Fields and Song, 1989). We cloned coding sequences for Trbl ORF into yeast PDEST32 

bait vectors in frame with the coding sequence for a yeast DNA-binding domain (DBD) and to 

generate Neur prey vectors, we cloned the coding sequence for Neur ORF into a yeast 

PDEST22 prey vector in frame with the coding sequence for a yeast activation domain (AD). 

In doubly-transfected MaV203 yeast, bait protein-prey protein interactions activates 

transcription of HIS3, and the strength of this interaction can be measured by colony growth 

in increasing concentrations of 3-AT, a competitive inhibitor of the HIS3 gene (reviewed by 

Causier and Davies, 2002). Using this approach, we found that weak Trbl-Neur interactions 

occurred under selective conditions (up to 25mM 3AT) in the Neur prey/Trbl bait configuration 

(Fig. 3I).  
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 Because Trbl suppressed Neur wing margin phenotypes, we examined the effect of co-

misexpressing Trbl and HA-Neur on Neur stability and the expression of the margin-specific 

Notch target gene Wingless (Wg). Misexpression of HA-Neur alone in the posterior wing blade 

under the influence of en-GAL4 is sufficient to reduce expression of Wg specifically in the 

posterior domain (Fig. 4A, left panel; Brook and Cohen, 1996), consistent with reduced tissue 

growth at the margin that results in the wing notch phenotype observed (Fig. 3A). en-GAL4 

co-misexpression of Trbl with HA-Neuralized in the posterior wing resulted in increased Wg 

expression (arrow, Fig. 4B left panel), consistent with restored tissue growth and patterning 

and corresponding to the suppressed wing notch phenotype that occurs when Trbl and Neur 

are co-misexpressed (Fig. 3B). While Trbl destabilized an HA-tagged version of its substrate 

Stg to block its activity in the wing (Fig. 3.1H), co-misexpression of Trbl and HA-Neur 

resulted in an increase in HA levels (Fig. 4B, right panel, c.f. 4A, right panel) suggesting that 

Trbl binding Neur E3 ligase stabilizes Neur and likely prevents its association with other 

adaptors that direct its turnover in this tissue. 

 

 To test Neur and Trbl interactions in tissues where they both are normally expressed, 

we used Neuralized-GAL4 (NeurGAL4), which is expressed in the scutellar sensory organ 

precursor cells (revealed by UAS-GFP, Supplemental Fig. 4A; Boulianne et al., 1991) that 

form the scutellar bristles on the mature notum (Fig. 5A and Supplemental Fig. 4B).  

 

 It has been shown previously that NeurGAL4 misexpression of Trbl leads to loss of 

bristles (c.f. Fig. 5A and B), a phenotype similar to the effect of NeurGAL4 driving RNAi 
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knockdown of neuralized (c.f. Fig. 5C Le Borgne and Schweisguth, 2003; Rhyu et al., 1994; 

Weinmaster, 1998). Conversely, NeurGAL4 misexpression of an RNAi to Trbl or a trbl loss-

of-function escaper animal results in ectopic bristles (Fig. 5D and Supplemental Fig. 4C, 

respectively). Stg misexpression by NeurGAL4 leads to loss of bristles, likely due to disruption 

of the ordered cell division required in the sensor organ precursor (SOP) cells that pattern these 

bristles (Fig. 5E) while co-expression of Trbl effectively suppresses the effect of Stg (Fig. 5F) 

indicating that Trbl can block its substrate Stg in this tissue in a manner similar to Trbl/Stg 

suppression in the wing. Consistent with the notion that both Neur and Trbl interact during 

SOP cell division and differentiation to establish the proper number of macrochatae, 

NeurGAL4 co-misexpression of Trbl and Neur suppresses all bristle phenotypes, resulting in 

a normally patterned notum (cf. Fig. 5G,H). Similarly, consistent with an Neur-Trbl interaction 

in this tissue. 

 

 Next, we tested the interactions between Trbl and Neur in the ovarian border cells, 

postmitotic cells where both genes are expressed (data not shown and Masoner et al., 2013). 

First, we showed that HA-Stg misexpressed by the Slow border cells-GAL4 (Slbo-GAL4) 

driver (Rorth et al., 1998) resulted in high levels of HA staining that were reduced to nearly 

undetectable levels when HA-Stg was co-expressed with Trbl (cf. Fig. 6A,B). This indicates 

that in the border cells as in the wing, Trbl effectively turns over Stg protein. In contrast to its 

effects on Stg, Slbo-GAL4 co-misexpression of Trbl and HA-Neur effectively increased HA-

Neur levels in the migrating border cells, compared to Slbo-GAL4 misexpression of HA-Neur 

(Fig. 6C,D). Similar stabilization of Neur with Trbl was observed with another border cell 

driver GAL4-Hsp70.PB (Supplemental Fig. 5). Together, these data show that Trbl can 
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selectively destabilize targets of degradation like its substrate String while stabilizing 

mediators of degradation like the E3 ligase Neuralized, likely competing for interactions with 

other adaptor proteins (see Discussion).  

 

 Slbo-GAL4 misexpression of UAS-neur had no effect on border cell migration, while 

Trbl misexpression using the Slbo-GAL4 driver effectively blocks border cell migration 

(Masoner et al., 2013; Rorth et al., 2000) so that >54% of egg chambers examined had a 

complete block to border cell migration and >46% had a partial block (Fig. 6G and 

Supplemental Table 4). Co-misexpression of Trbl and Neur reduced these values to 0% 

complete block and 40% partial block. Thus, just as Neur can block the Trbl cell size and 

bristle phenotypes in the wing and notum, respectively, Neur co-misexpression effectively 

suppressed the Trbl border cell migration defect. 

 

 Recently it was demonstrated that mammalian Trib3 binds and stabilizes the E3 ligase 

Mindbomb, a Neur homolog (Izrailit et al., 2017), so we extended our analysis of Trbl-E3 

ligase interactions to the Drosophila homolog Mindbomb1 (Mib1), a gene with roles 

complementary to Neur to modulate Notch signaling during development (Lai et al., 2005; 

Wang and Struhl, 2005). In a yeast two hybrid assay, Trbl interacts with Mib1 with a strength 

similar to Neur, and like Neur the interaction is stronger in the E3 ligase prey/Trbl bait 

configuration (Fig. 3I). We used en-GAL4 to misexpress a either a UAS-mib1 transgene or a 

Mib1::YFP fusion transgene (Le Borgne et al., 2005) and observed interactions with Trbl. For 

UAS-Mib1, wing vein defects were suppressed by co-misexpression of UAS-trbl (Fig. 3E,F). 

Conversely, Fijiwings revealed that the UAS-mib1 transgene acted as a weak but significant 
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suppressor of the Trbl cell size phenotype when co-misexpressed in the wing (Fig. 3H). 

Mib1::YFP appeared to be more potent than the UAS-mib1 transgene so that misexpression 

by en-GAL4 led to adult lethality (data not shown); this lethality was effectively suppressed 

by Trbl co-misexpression, resulting in escaper adults with a split wing phenotype (Fig. 3G). 

Consistent with these strong effects, en-GAL4 misexpression of UAS- Mib1::YFP in the larva 

led to strong reduction of Wg expression at the posterior wing disk margin (Fig. 4C). Co-

misexpression of Trbl and Mib1::YFP suppressed this effect, increasing Wg expression at the 

margin and in cells adjacent to the margin in the posterior compartment (arrows, Fig. 4D). This 

expansion of Notch activity in cells adjacent to the margin (marked by arrows in greater detail 

in Fig. 4E) is consistent with a disruption in patterning at the margin resulting the split wing 

phenotype observed in the mature wing (Fig. 3G). 

  

 In the border cells, the 54% complete/46% partial block of border cell migration seen 

following Slbo-GAL4 misexpression of Trbl was reduced to 8% complete/0% partial and 0% 

complete/0% partial following co-misexpression of two different Mib1 transgenes 

(Supplemental Fig. 6G and Supplemental Table 2). Misexpression of Mib1::YFP in the border 

cells resulted in punctate GFP that increased in levels when Trbl was co-misexpressed (Fig. 

6E,F). Combined with data from the wing disk margin and in the sensory organ precursors, 

these border cell data suggest that Trbl binds E3 ligases like Neur and Mib1 to stabilize their 

levels and interfere with their activity. 
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3.3.4 Trbl Interactions with the E3 Ligase Neuralized Require the C-terminal Tail 

Recent structural information from studies of mammalian Trb1 has revealed that the C-

terminal tail is bound to the N-terminal lobe; substrate binding results in an allosteric change 

in shape leading to intramolecular release of the C-terminal tail to expose an E3 ligase binding 

motif in distal domain of the tail. This C-terminal tail domain is conserved in Drosophila 

(Dobens and Bouyain, 2012) so we constructed two tail deletion mutations (represented in Fig. 

7A): a mutation that truncates the protein at residue 436 (∆436; P(w+[+mC]=UAS-FLAG-

Trbl∆E436stop)3L-68A) and a deletion mutation that truncates the protein at residue 391 and 

effectively completely removes the C-terminal tail (∆I391; P(w+[+mC]=UAS-FLAG-

Trbl∆I391stop)3L-68A; Materials and Methods). Misexpression of these transgenes in fly 

tissue results in truncated Trbl proteins detectable on westerns (Nauman et al., in prep.). 

 

 NeurGAL4 misexpression of ∆436 in the notum reduces bristle formation in a manner 

similar to misexpression of WT Trbl (c.f. Fig. 7B and 5B) while NeurGAL4 misexpression of 

∆391 has no effect on bristle patterning (Fig. 5C). ∆436 weakly suppressed Neur when co-

misexpressed (Fig. 7D) but not as strongly as WT Trbl, while co-misexpression of Neur and 

∆391 failed to suppress the Neur wing notch phenotype (Fig. 7E), resulting in a wing that has 

extensive wing notching. These data imply that the ∆436 deletion retains partial Trbl activity 

while loss of the tail in the ∆319 mutation prevents an interaction between Trbl and Neur. 

Consistent with this, in the wing disk, en-GAL4 co-misexpression of ∆436 with HA-Neur 

stabilized Neur (Fig. 7F) while co-misexpression of ∆391 with HA-Neur resulted in lower 

levels of HA staining (Fig. 7G) in these wing primordia blocked for growth. In the post mitotic 

border cells, Slbo-GAL4 co-misexpression of ∆436 with HA-Neur stabilized Neur (Fig. 7H) 



 75 

compared to co-misexpression of ∆391 with HA-Neur, which exhibited lower levels of HA 

staining (Fig. 7I). We conclude that the C-terminal tail is required for degradation of degron 

substrates like String and for stabilization of Neuralized E3 ligase, and the sequences required 

lie between residues 391 and 436 in the tail.  

 

DISCUSSION 

3.4.1 A Screen for Trbl Targets Identifies E3 Ligases as Suppressors of Tribbles 

Misexpression Phenotypes 

To better understand how the Tribbles family proteins influence development and disease, we 

sought novel targets of fly Trbl using a misexpression screen in the Drosophila wing, where 

Trbl levels are normally low. The wing is patterned by several conserved signaling pathways 

affecting tissue and cell size including BMPs, Wnts, Hedgehog and Notch (Beira and Paro, 

2016), and misexpression of Trbl in the wing has a distinct effect on growth, resulting in a 

smaller wing composed of larger cells, consistent with a block in cell growth, reducing wing 

size, and a block in cell division, resulting in increased cell size. Extensive work in fly and 

mammalian systems have shown that Trb family members bind Akt kinase, Cdc25 phosphatase 

and C/EBP to reduce cell growth, proliferation and differentiation, respectively (Farrell and 

O'Farrell, 2013; Liang et al., 2016b; Mata et al., 2000; Das et al., 2014). In the wing, Trbl 

misexpression rapidly degrades these targets, blunting both their effects on patterning and 

conversely Trbl effects on growth. These interactions between Trbl and its bona fide 

target/substrates led us to conduct a screen of interactions with a set of strains misexpressing 

UAS-regulated open reading frames (ORF) encoding known growth regulating genes. Because 

misexpression approaches can generate artificial phenotypes resulting from ectopic and 
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abnormally high gene levels, we focused on interactions that modified subtly Trbl wing cell 

and tissue size phenotypes and precisely measured these changes with Fijiwings, a computer-

based tool and from this approach we identified enhancers and suppressors of Trbl.  

 

 From a set of strong suppressors of Trbl phenotypes, we focused on several E3 

ubiquitin ligases in the collection because the COP1 binding site in mammalian Trbl is 

predicted to bind the conserved WD40 beta-propeller domain of E3 ligases with high affinity 

(Murphy et al., 2015; Uljon et al., 2016). Neuralized (Neur) and Mib1, E3 ligases that promote 

Notch signaling (Le Borgne et al., 2005; Wang and Struhl, 2005). Both Neur and Mib1 interact 

with Trbl in yeast two hybrid analysis and Trbl suppressed the wing notch phenotypes caused 

by misexpression of Neur and Mib, effectively increasing levels of the Notch target gene Wg 

at the wing disk margin consistent with a restoration in growth (Fig. 5). Notably, Trbl 

interactions with Neur were not dependent on the conserved RING domain in this E3 ligase, 

consistent with the ability of mammalian Trib1 to bind the E3 ligase COP1 when its RING 

domain is deleted (Uljon et al., 2016).  

 

 In the migrating border cells, misexpression of either Neur or Mib1 antagonized the 

ability of Trbl to block border cell migration (Fig. 6). The ability of Trbl to bind and block the 

effect of these E3 ligases in the wing and ovary is consistent with the notion put forward by 

Uljon and colleagues that Trib1 binding to E3 complexes has the potential to redirect the 

formation of cullin-based proteosomal complexes to other targets (Uljon et al., 2016). Trb 

family members rapidly bind and degrade diverse substrates (Keeshan et al., 2010; Qi et al., 

2006), however little is know of the the E3 ligases that mediate their adaptor function. The 
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identification from our limited wing screen of the E3 ligases Neuralized, Mindbomb1 and 

Parkin suggests that expanding this screen to focus on more E3 ligases and components of the 

proteasome has the potential to uncover conserved tissue and pathway-specific mediators of 

Trbl-substrate turnover. 

 

3.4.2 A Conserved Role for Trbl in Mediating E3 Ligase-Dependent Notch Signaling Via 

the C-terminal Tail 

In Drosophila, the Notch signaling pathway controls cell fate, differentiation, proliferation, 

apoptosis and stem cell self-renewal (Siebel and Lendahl, 2017). Sensory organ precursor 

(SOP) cell fate is determined by asymmetric cell division coordinated with localization of the 

Neuralized protein, which simultaneously blocks Notch activation in pIIb cells and activates 

Notch signaling in pIIa cells to pattern socket and shaft fates (Le Borgne and Schweisguth, 

2003). In screens for molecules with roles in sensory organ development, misexpression of 

Trbl in SOPs resulted in loss of macrochaetes due to the adoption of sheath cell and neuronal 

cell fates (Schweisguth, 2015; Abdelilah-Seyfried et al., 2000), and detailed examination 

showed that Trbl misexpression transformed pI to pIIb cell fates, with the corresponding loss 

of the pIIa cell fate. While this might suggest that Trbl regulates only the ordered asymmetric 

divisions required for bristle formation, our interaction data in postmitotic border cells and 

proliferating wing cells supports the notion that the Trbl/Neur interaction is more direct and 

Trbl may link regulation of cell proliferation via Stg/Twe with regulation of cell fate via control 

of Neur-mediated directional Notch activation. 
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Members of the Trb family of pseudokinases share a C-terminal tail marked by a 

conserved COP1 binding motif, and co-crystalization of purified Trib1 tail with the COP1 

WD40 domain beta-propeller reveals the specificity of the Trib1-E3 ligase interaction (Uljon 

et al., 2016). While a weak COP1 binding motif in the C-terminal tail of Drosophila Trbl has 

been identified by sequence homology (Dobens and Bouyain, 2012), our demonstration that 

the C-terminal tail is sufficient to bind E3 ligases such Neuralized, and that deletion of the tail 

results in loss of genetic interactions with Neur in the wing, notum and border cells indicate 

that the C-tail retains functional significance. 

 

In Notch-dependent mouse T cell acute lymphoblastic leukemias cell lines, Trib2 is 

downregulated upon beta-secretase inhibitor treatment and a murine Trib2-knockout model 

has increased rates of Notch1-driven leukemias (T-ALLs; Liang et al., 2016a; Stein et al., 

2016) (reviewed in Stein et al., 2015). A correlation between Trib3 and Notch1 expression in 

lung adenocarcinoma cell lines led to work showing that Notch1 could be downregulated by 

the knockdown of Trib3 (Zhou et al., 2013). High-throughput kinase inhibitor screens 

identified Trib3 as a master regulator of Notch through the MAPK-ERK and TGFβ pathways 

in breast cancer (Izrailit et al., 2013). The connection of Trbs to Notch-induced tumor growth 

has been clarified by subsequent observations that Trb3 acts as an adaptor between the 

deubiquitinase USP9x and the E3 ligase Mindbomb (Mib), to efficiently stabilize Mib levels 

and promote ligand-dependent Notch activation (Izrailit et al., 2017). In this light, our results 

showing that Trbl can stabilize levels of the E3 ligase Notch effectors Neur and Mib1 via its 

C-terminal tail suggests this interaction with the E3 ligase mediators of degradation is 

conserved in flies (Schwanbeck and Just, 2011; Guruharsha et al., 2012). This simplified 
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system will offer an excellent place to combine loss-of-function with epistatic tests to better 

understand how Trbl modulates the activity of E3 ligases to regulate the direction and strength 

of Notch signaling.  

 

MATERIALS AND METHODS 

3.5.1 Drosophila Strains 

Stocks used were: (1) en2.4-GAL4 (EngrailedGAL4)/CyO;Trbl/TM3, (2) UAS-ORF collection 

listed in the Supplemental table 1 (Bischof et al., 2013), (3) UAS-HisMyc-mib A1-3A (on III), 

a gift from Dr. Eric Lai Memorial Sloan Kettering Cancer Center (Lai et al., 2005), (4) UAS-

Mib1::YFP 3-1 (gift from Dr. Francois Schweisguth, Institut Pasteur), (5) UAS-slbo (gift from 

Dr. Pernille Rorth), (6) w P(w(+mW.hs)=GawB)neur(GAL4-A101) Kg(V)/TM3, Sb(1) 

(NeurGAL4) (Rulifson et al., 2002), (7) M(UAS-neur.ORF.3xHA)ZH-86Fb (UAS-neur 

3xHA), (8) P(UAS-FLAG-trbl.WT) (Masoner et al., 2013), (9) y(1) w(67c23); 

P(w[+mC]=UAS-neur. ΔRING::EGFP)8A (NeurΔRING), (10) y(1) v(1); P(y(+t7.7) 

v(+t1.8)=TriP.JF02048)attP2 (Neur RNAi). The stocks (11) P(w[+mC]=UAS-FLAG-

Trbl∆I391stop)3L-68A and (12) P(w+[+mC]=UAS-FLAG-Trbl∆D436stop)3L-68A (Nauman 

et al., in preparation). 

 

3.5.2 Wing Photomicrography and Fijiwings Analysis 

Wings were dissected and prepared from female flies reared at 30OC (for increased GAL4 

activity) as described in (Dobens and Dobens, 2013). Wing compartment size was measured 

in kilopixels and trichome density was measured in units per kilo pixel using Fijiwings 



 80 

software (https://sourceforge.net/projects/fijiwings/). Fijiwings was also used to generate heat 

map images in Supplemental Fig. 3.1. 

 

In Fig. 2, the trichome density ratio was calculated by dividing the trichome density 

measurement of the first anterior intervein region by the trichome density measurement of the 

third posterior intervein region. Each point on this plot is the average of 3-4 trichome density 

ratios. The area ratio was calculated by dividing the area measurement in pixels of the first 

anterior intervein region by the area measurement of the third posterior intervein region. In 

Supplemental Fig. 3, the average trichome density ratios and average area ratios were plotted 

against each other to examine how misexpression of Trbl and the UAS-ORFs influenced these 

factors in a combined manner. Log scales were used on the X and Y axes to better spread data 

points. In Fig. 3, the trichome density measurement of the third posterior intervein region was 

divided by the trichome density measurement of the first anterior intervein region. The ratio 

calculated for Fig. 3C is reversed compared to the ratios calculated for Fig. 3D so a higher ratio 

will correlate with a greater number of trichomes present in the wing; the error bars represent 

one standard deviation. Statistical analysis was performed with Graph Pad Prism (v 6.0) and 

all data are presented as mean ± SD and analyzed using unpaired, 2-tailed Student’s t test or 

ANOVA followed by post hoc analysis of significance (Tukey’s test). A P-value of less than 

0.05 is considered significant. GraphPad Prism (v 6.0) was used to generate the graphs and 

perform statistical tests.  

 

3.5.3 Yeast Two-Hybrid Interaction Screen 
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The ProQuest Two-Hybrid System (Invitrogen) was used to perform yeast two-hybrid 

interactions between Tribbles and the candidate genes. Saccharomyces cerevisiae MaV203 

cells were transformed according to the kit manual and grown on SC media lacking tryptophan 

and leucine to ensure presence of bait and prey plasmids. To test for interaction, cells were 

spotted onto SC-Leu-Trp-His+3-Amino-1,2,4-triazole (3-AT) (at 0mM, 10mM, 25mM, and 

100mM concentrations) plates, and grown at 30C for 5 days. Construction of FLAGTrbl bait 

and prey plasmids has been previously described (Masoner et al., 2013). Bait and prey 

plasmids for Neur and Mib1 were constructed by PCR amplifying genes from the cDNAs 

LD45505 and SD05267 (from the Drosophila Genomics Resource Center), using primers 

incorporating flanking attB1 and attB2 sites. The forward and reverse primers for these genes 

are as follows: 

For Neur 5’- 

GGGGACAAGTTTGTACAAAAAAGCAGGCTCGATGGGTCTATCGGATATACCA

GCC -3’, 5’- 

GGGGACCACTTTGTACAAGAAAGCTGGGTGTCACTACGTGGTGTAGGTGCGG

ATGACG -3’; for Mib1 5’- 

GGGGACAAGTTTGTACAAAAAAGCAGGCTCGATGTCTTGTGCGGCCACCCTCT

CG 

-3’, 5’- 

GGGGACCACTTTGTACAAGAAAGCTGGGTCCTATCAGAAGAGCAGGATGCGT

TTTTC 

-3’ (the attB1 and attB2 sequences in bold). The PCR products were cloned into the donor 

vector pDONR-21, and then into the bait vector, pDEST32 and prey vector, pDEST22. All 
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constructs were clones using the Gateway Cloning System (Invitrogen) and clones were 

confirmed by sequencing. The positive control included in the kit was generated by 

transforming yeast with pEXP32/Krev1 and pEXP22/RalGDS-wt plasmids, and the negative 

control consisted of pEXP32/Krev1 and pEXP22/RalGSD-m2 plasmids. 

 

3.5.4 Immunostaining  

Tissue was stained with the following primary antibodies: 1:1000 mouse or rabbit anti HA 

(Sigma and Cell Signaling Technologies, respectively); 1:200 mouse anti-Eya (Developmental 

Studies Hybridoma Bank, DHSB), 1:200 anti-Wg (DHSB); 1:200 anti-Dlg (DHSB); 1:1000 

rabbit anti-GFP (Sigma), 1:1000 rabbit anti-Bgal (DSHB), 1:200 mouse anti-Wingless 

(DSHB). Secondary antibodies used were: AlexaFluor 1:200 goat anti-rabbit 594, 1:200 goat 

anti-mouse 488, 1:200 goat anti-mouse 594, 1:200 goat anti-chicken 594 (Invitrogen). Samples 

were also stained with DAPI (Roche). Images were collected on an Olympus Fluoview 300 

Confocal Microscope or Nikon 90i microscope with Optigrid paddle and Metamorph Image 

acquisition software. Images were processed using ImageJ and Photoshop Elements 2018. 

 

3.5.5 Notum Images 

Flies were sorted and frozen at -20C for 5 minutes and bristles were photographed under 

diffuse light using a Canon EOS Rebel T5 attached to an Olympus SZ-12 dissecting 

microscope, and Canon EOS Utility software (version 2.14.31). To create high-quality images, 

several images were taken at various focal points and then combined using Helicon Focus 

software (Helicon Soft). 
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3.5.6 Statement on Reagent and Data Availability 

The authors confirm that the data supporting the findings of this study are available within the 

article and its supplementary materials. 
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Supplemental Fig. 3.1. Wing cell size and tissue size are sensitive to Trbl misexpression 
(A-C) Representation of EngrailedGAL4 (en-GAL4) expression (green) in the posterior 
compartment of the everting wing disk where the wing blade primordia are in light gray, the 
notum in dark gray, the forming wing margin in red, the dorsal wing veins in orange and the 
ventral wing veins in blue. (D, E) en-GAL4, UAS-GFP expression (green) in the posterior 
compartment of the wing disk (green, A) where expression of Wingless (Wg, red) marks the 
wing margin and hinge domain. In the mature wing prior to cuticular hardening, GFP 
expression can be detected in the posterior compartment I. (F) Wild type wing (WT, top) with 
heat map (below) showing relative size of intervein regions based on kilopixels of each region. 
(G,H) en-GAL4 driving misexpression of UAS-Trbl in mature wing resulted in a reduction in 
the density of trichomes in posterior compartment compared to the anterior compartment 
where UAS-trbl is not expressed. The compartment boundary is represented by dotted line. 
Heat map (below, G) shows reduction in overall wing size compared to WT wing. (I-I”) Wing 
disk misexpressing UAS-Trbl and UAS-GFP (green, I) in posterior wing compartment (right 
side where boundary is represented by dotted line) revealed reduced cell number reflected as 
reduced DAPI nuclear staining (I’) and increased cell size whose borders are outlined by Discs 
large (Dlg, red) accumulation, I”. 
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Supplemental Figure 3. Comparison of trichome density ratio 
to area ratio
Comparison of the trichome density ratio to the area ratios of all 
UAS-ORFs co-misexpressed with Trbl by the EnGAL4 driver.  The 
continuum from WT (purple) to Trbl (red) is shown highlighted as a 
red line.
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Tables 

Supplemental table 1. Trbl Wing Interactors, docx 

Supplemental table 1.docx (available online) 

Supplemental Table 2. Neur and Mib1 Suppress Trbl Border Cell Migration 

Phenotypes 

 % full 

migration 

% partial 

migration 

% no 

migration 

N  

SlboGAL4/UAS-lacZ 100% 0% 0% 18 

SlboGAL4/UAS-trbl 0% 46% 54% 9 

SlboGAL4; UAS-trblRNAi 55% 45% 0% 11 

SlboGAL4/UAS-neur 100% 0% 0% 12 

SlboGAL4; UAS-neurΔRING 100% 0% 0% 9 

SlboGAL4/UAS-trbl; UAS-neur 60% 40% 0% 10 

SlboGAL4/UAS-mib1 (II) 95% 0% 5% 20 

SlboGAL4/UAS-mib1 (II); UAS-trbl 92% 0% 8% 24 

SlboGAL4; UAS-mib1 (III) 100% 0% 0% 14 

SlboGAL4/ UAS-trbl; UAS-mib1 (III) 43% 16% 41% 56 

Supplemental Table 3. Trbl Interactors, xlsx 

Supplemental table 3.xlsx (available online) 
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Supplemental Table 4. Trichome Interactors Raw Data 

Supplemental table 4.docx (available online) 

  



 98 

CHAPTER 4 

A Structure-Function Analysis of Drosophila Tribbles Reveals Conserved Features Required 

for Stability and Subcellular Distribution 

(Fischer et al., 2020 (in progress), reproduced in its entirety. My contribution is the 

construction of the Myr-Trbl and Trbl∆I391 plasmids and generating their related transgenic 

animals.) 

Introduction 

 Protein signaling pathways are dynamic networks that intricately link many cellular 

processes. These pathways are tightly controlled at the transcriptional and translational levels, 

but extensive regulation occurs at the post-translational level as well. The homeostatic 

maintenance of protein abundance achieved by a balance between protein stability and 

turnover is crucial to regulate signaling pathway outputs. The transmission of intercellular 

signals from ligand exocytosis, extracellular transport, and receptor binding at the surface of 

target cells elicits responses via protein kinases, phosphatases, scaffold proteins, and substrates 

that must be trafficked to the correct subcellular compartments to modulate post-translational 

modifications (PTMs) or promote access to binding partners.  

For components in the insulin/insulin-like growth factor signaling pathway (IIS), the 

regulation of proteostasis and trafficking are critical for proper signal propagation. IIS proteins 

are targeted for turnover by the ubiquitin-proteasome system in response to systemic changes 

in glucose availability, and examples include: 1) the import and re-uptake of the insulin 

receptor, 2) the turnover of the insulin receptor substrate (Kim et al., 2012), and 3) 

phosphorylation of the IIS kinase Akt by mTORC2 promoting Akt ubiquitination and 

proteasomal degradation (Wu et al., 2011). Additionally, IIS trafficking is tightly controlled 
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by the concentrations of specific membrane phospholipids that attract cytosolic kinases and 

substrates, localizing them to the plasma membrane (PM) where they physically interact 

(Czech, 2003; Manning, 2010). Misregulation of IIS protein trafficking and turnover impairs 

IIS signaling and is implicated in human diseases like Alzheimer’s, insulin resistance, obesity, 

and type 2 diabetes (Picone et al., 2011; White, 2003). 

IIS pathway activation begins with the extracellular binding of the insulin/insulin-like 

growth factor to the insulin receptor, triggering the recruitment and activation of insulin 

receptor substrate IRS1 at the inner leaflet of the PM. In turn, IRS1 activates PI3K, a critical 

lipid kinase in the IIS pathway and PI3K catalyzes the formation of the membrane 

phospholipid phosphatidylinositol-3,4,5-trisphosphate (PIP3) from the precursor 

phosphatidylinositol-4,5-bisphosphate (PIP2) (Ruderman, Kapeller, White, & Cantley, 1990). 

The IIS kinase Akt contains a pleckstrin homology (PH) domain that recognizes and binds 

PIP3 (Bellacosa et al., 1998), and thus PI3K activation recruits Akt to the membrane for further 

activation by the upstream kinases PDK and mTORC2 (Alessi et al., 1997; Sarbassov, Guertin, 

Ali, & Sabatini, 2005). Active Akt dissociates from the membrane and phosphorylates many 

targets including 1) the glycogen synthase kinase 3 family proteins (Tong, Imahashi, 

Steenbergen, & Murphy, 2002), 2) FOXO transcription factors (Zhang, Tang, Hadden, & 

Rishi, 2011), and 3) mTORC1 via inactivation of Tsc1/2 (Inoki, Li, Zhu, Wu, & Guan, 2002). 

Via hundreds of targets, Akt promotes cell growth (Porstmann et al., 2008), survival (Song et 

al., 2005), division (Mirza et al., 2004), transcription (Porstmann et al., 2005), translation (Im 

et al., 2015), and synthesis of storage macromolecules (Rathmell et al., 2003). This anabolic 

activity of Akt is inhibited directly by phosphatases (Padmanabhan et al., 2009) and indirectly 
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by several proteins, including Tribbles (Trib) pseudokinases, which bind to inhibit Akt 

phosphorylation by an unknown mechanism.  

In animal models, fasting induces Trib expression which effectively binds and inhibits 

Akt to downregulate IIS when nutrients are limiting (Du et al., 2003). Although extensive 

research has illuminated the molecular mechanisms and trafficking of IIS pathway proteins, 

little is known about the nature of the interaction between Tribs and Akt, a significant limitation 

in the literature, and a more comprehensive understanding of this relationship will be important 

to our knowledge of the IIS pathway and in particular the pathophysiology of many life-

threatening conditions including type 2 diabetes (Prudente et al., 2005), cancer (Elstrom et al., 

2004), and heart disease (Avery et al., 2010). Because Akt overactivation is a hallmark of some 

fatal diseases, knowledge of the specific mechanism of Akt inhibition by Tribs may aid in the 

development of life-saving drugs.  

Members of the Trib family of proteins regulate numerous cellular functions, including 

the cell cycle (Gendelman et al., 2017), cell migration (Rorth et al., 2000), differentiation 

(Keeshan et al., 2006), and metabolism (Qi et al., 2006). In mammals, there are three Trib 

isoforms (Trib1, Trib2, and Trib3) which perform both overlapping and unique functions. 

Trib1 proteins 1) regulate the turnover of C/EBP family transcription factors, which direct the 

differentiation of myeloid cell lineages (Dedhia et al., 2010), 2) bind MAPK proteins to 

regulate their steady state (Kiss-Toth et al., 2004), and 3) regulate the cell cycle via turnover 

of cdc25 phosphatase. Trib2 proteins perform similar functions to Trib1 (Lohan & Keeshan, 

2013) but also activate or inhibit Akt depending on disease state (Hill et al., 2017; Naiki, 

Saijou, Miyaoka, Sekine, & Miyajima, 2007). Trib3 also modulates MAPK/MAPKK (Hong et 

al., 2019), regulates CHOP-dependent cell death (Ohoka, Yoshii, Hattori, Onozaki, & Hayashi, 
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2005), and inhibits Akt phosphorylation (Du et al., 2003). In Drosophila Trib function is 

conserved, as Drosophila Tribbles (Trbl) regulates the homologs of known mammalian Trib 

targets including Slbo (C/EBP) (Rorth et al., 2000), String/Twine (cdc25 phosphatase) (Mata 

et al., 2000), and dAkt (Akt) (Das et al., 2014). Trbl protein binds dAkt to reduce 

phosphorylation activation and this function is conserved with mammalian Trib3 (Du et al., 

2003). However, the subcellular location and mechanisms of this interaction remain mostly 

unknown in all model organisms. 

To mediate these diverse functions, Trib protein sequences share (1) a well conserved 

kinase-like domain (KLD) lacking canonical kinase motifs required for catalytic activity, (2) 

C-terminal MEK1 and (3) COP1 binding sites (Dobens & Bouyain, 2012). Within the KLD, 

Trib sequences diverge from canonical kinases at two of three key kinase motifs. Although the 

kinase catalytic motif DLK is retained, Tribs are mildly divergent at the kinase ATP 

coordination site VAIK and the magnesium-binding DFG motif has been replaced with an SLE 

sequence. Crystallographic and molecular modeling approaches indicate that this SLE motif 

modulates unique allosteric interactions. Trib proteins adopt a kinase-like conformation, 

exhibiting a bi-lobed structure with an extended C-terminal tail. In an inactive state, the C-

terminal tail folds back against the pseudokinase spine, and binds an intramolecular binding 

site in the truncated Trib alpha C-helix to inhibit activity. Upon substrate recognition and 

binding, the SLE motif folds in towards the alpha C-helix, dislodging the C-terminal tail from 

its binding site in the N-lobe. The liberated C-terminal tail includes a binding motif for E3 

ubiquitin ligases, which ubiquitinate Trib-bound substrates for targeting and degradation by 

the proteasome (Jamieson et al., 2018).  
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Previously, our lab has found that overexpression of Drosophila Trbl in the larval fat 

body reduces phosphorylated dAkt (P-dAkt) but not total dAkt, increases circulating glucose, 

and reduces overall larval mass, results consistent with a conserved role for Tribs as IIS 

pathway inhibitors across the metazoan lineage (Das et al., 2014). Additionally, we have used 

fat body-targeted expression of mammalian Tribs and variants associated with Type 2 diabetes 

in humans to show the mechanism of function of these proteins is deeply homologous (Fischer 

et al., 2017).   

The fat body consists of two parallel sheets of a single layer of adipose cells that run 

the length of the interior of the larval cavity. These cells arise during embryonic stages and 

cease dividing, instead growing in size during larval stages by endoreduplication and nutrient 

uptake. The larval fat body is a crucial reservoir of energy stores during periods of development 

when the fly does not ingest foodstuffs, including before, during, and immediately after the 

pupal stage (Aguila, Suszko, Gibbs, & Hoshizaki, 2007). Performing the functions of both the 

mammalian liver and adipose tissues, the fat body synthesizes lipids, proteins, and 

carbohydrates and performs important endocrine functions (reviewed by (Arrese & Soulages, 

2010).  

As a model tissue, the larval fat body provides multiple advantages in studying the 

effects of manipulating levels of components in the IIS network on cell biology and 

metabolism. The cells are large and thus protein levels and sub-cellular localization are easily 

observed using standard fluorescent confocal microscopy. Finally, the IIS pathway is highly 

active during larval stages and the fat body is the central hub of larval growth, storage, and 

metabolism (DiAngelo & Birnbaum, 2009). One disadvantage of studying this tissue is the 
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significant accumulation of lipid droplets in the cytoplasm of larval fat body cells which limit 

the study of some cytoplasmic processes.  

 Here I show, employing the larval fat body as a model system for studying the IIS 

pathway, that Trbl transcription and protein levels increase under fasting conditions and that 

Trbl protein accumulates preferentially at the PM under dietary stress, suggesting that 

increased Trbl protein is concentrated to that site to inhibit dAkt activation effectively. 

Additionally, using a fat body screen for KLD mutants that modify Trbl trafficking and 

stability I identified the strongly conserved motif SLE as critical for these functions. 

Expression of a Trbl mutant with the point mutation SLE/G resulted in increased protein 

stability and PM localization in well-fed larvae, enhanced binding to and activation of dAkt, 

and increased stabilization of known Trbl targets String and Slbo. Finally, I show data that Trbl 

binds selectively membrane phospholipids in vitro, suggesting that regulated Trib PM 

localization may be an important mechanism in control of the IIS pathway.  

  

Results 

 
4.2.1 Fasting Increases Trbl Protein Levels and Activates Trbl Membrane 

Accumulation 

 In mice, Trib3 levels increase in response to nutritional deprivation (Du et al., 2003). 

To investigate the physiological relevance of this in flies, I fasted Canton S larvae for varying 

time periods, dissected larvae to remove the fat body, and used Trbl antisera to document Trbl 

protein localization and levels. In larval fat body cells, Trbl protein localizes to the nucleus, 

PM, and cytoplasm (Figure 4.1A-C, 4.1A’’-C’’). In comparison, analysis of fasted larvae at 

the corresponding age showed increased Trbl protein levels overall, and Trbl protein 
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accumulated significantly at the inner leaflet of the PM under these conditions (Figure 4.1D, 

E and 4.1D’’, E’’). This increase in Trbl protein abundance may represent either a 

transcriptional response or a reduction in Trbl turnover. To test this, I utilized a Trbl-CRISPR-

GFP knock-in fly with a GFP coding sequence inserted into the endogenous Trbl locus. In 

fasted animals I observed increased Trbl-GFP levels (compare Figure 4.1G and G’ with 4.1F, 

F’), suggesting that the increased Trbl protein levels observed upon fasting is at least partially 

a transcriptional response.  

In well-fed animals, dAkt localizes to the PM in insulin responsive tissues, and upon 

starvation is rapidly inhibited along with other components in the anabolic pathways. Our 

observation that Trbl protein accumulates at the fat body membrane in response to dietary 

stress suggests that Trbl rapidly interacts with dAkt in response to this starvation. Because pan-

Akt antisera were ineffective in immunohistochemistry in the fat body, I visualized dAkt 

accumulation in this tissue using an HA-tagged dAkt.  



 105 

 

  
Figure 4.1. Tribbles protein expression and subcellular distribution in fat body of fed and fasted 
larvae. A)-E) Fluorescent confocal micrographs of Canton S larval fat body incubated with anti-
Trbl antisera, shown in yellow. A) Trbl protein localization in fat body cells of well-fed mid-third 
instar Canton S larvae (96 hours after egg deposition, or AED). B), C) Trbl protein in fat body cells 
of well-fed larvae at 101 and 111 hours AED, respectively. D), E) Trbl protein localization in fat 
bodies of 3rd instar larvae fed to 96 AED and fasted for 5 and 15 hours, respectively. A’)-E’) 
Composite phalloidin and DAPI micrographs used for profile plot analysis to mark cytoskeleton 
and nucleus, respectively. A’’)-E’’) Line graphs of plot profiles showing average distribution of 
DAPI, phalloidin, and anti-Trbl fluorescence intensity across individual cells from samples shown 
in A)-E). n=90 cells. F), F’) Trbl CRISPR GFP knock-in larvae fed to 111 hrs AED. G), G’) Trbl 
CRISPR GFP knock-in larvae fed to 96 hrs AED and fasted for 15 hrs. For F), F’), G), G’), anti-
Trbl shown in yellow, anti-GFP shown in green.  
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Consistent with predictions, in the fat body of well-fed larvae, strong membrane accumulation 

of HA-Akt was observed (Figure 4.2A’) and co-staining with Trbl antisera.  

To further test the idea that a Trbl-dAkt interaction occurs in vivo, I took two approaches. First, 

I reduced the levels of PTEN using an RNAi transgene, which increases Akt accumulation at 

the membrane (Benmimoun, Polesello, Waltzer, & Haenlin, 2012). When co-misexpressed 

with Trbl, PTEN RNAi resulted in strong PM localization of Trbl protein with a concomitant 

strong reduction in nuclear Trbl levels (Figure 4.2C). Complementarily, I misexpressed an HA-

tagged myristoylated, activated form of dAkt (HA-myr-dAkt) which is inserted stably into the 

PM (Stocker et al., 2002) and examined effects on the subcellular distribution of WT Trbl. 

Following co- misexpression of WT Trbl with HA-myr-dAkt, both myr-dAkt and WT Trbl 

accumulated strongly at the PM and a corresponding reduction in nuclear Trbl levels (Figure 

4.2E). Notably, co-misexpression of WT Trbl and myr-dAkt suppressed larval lethality, 

resulting in eclosed adult flies (Figure 4.2F, G) and consistent with the potent ability of WT 

Trbl to block activated myr-Akt signaling.  

 

4.2.2 Tests of the Conservation of the Trbl-dAkt Interaction at the Membrane 

The protein sequence of dAkt is highly homologous to mammalian Akt and most 

regulatory and catalytic residues are well-conserved (Andjelković et al., 1995). Because myr-

dAkt effectively recruits Trbl to the fat body cell membrane, I sought to test if this interaction 

was conserved with mouse Trib isoforms. Trib1 suppresses FOXO transcription (Tsuzuki, Itoh, 

Inoue, & Hayashi, 2018), and mammalian Trib2 can activate or inhibit Akt phosphorylation 

(Hill et al., 2017; Naiki et al., 2007), while 
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Figure 4.2. Tribbles membrane shuttling is IIS pathway-dependent. A)-E) Fluorescent 
confocal micrographs of larval fat body incubated with the indicated antibodies. Genotypes 
indicated in white. Trbl antisera in yellow, HA antibody in cyan. F) Analysis of effects of 
transgene misexpression on pupation, shown as a percentage of larvae pupated. n=3 groups 
of 40 age-matched larvae. One-way ANOVA, Tukey post hoc. Error bars represent S.D. G) 
Analysis of effects of transgene misexpression on eclosion, shown as percentage of larvae 
that eclosed. n=3 groups of 40 age-matched larvae. One-way ANOVA, Tukey post-hoc. 
Error bars represent S.D. 
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mTrib3 interacts with Akt to potently inhibit its activity (Du et al., 2003). To test these 

interactions, I cloned cDNAs coding for mouse Trib1, Trib2, and Trib3 into pUASTattB-UAS-

Flag vectors, sent these vectors for injection into larvae, and sorted and balanced successful 

transformants (Bischof, Maeda, Hediger, Karch, & Basler, 2007). The resulting UAS-Flag-

mTrib stocks were crossed with r4GAL4 flies to misexpress these transgenes in the larval fat 

body. Previous work has shown that in mammalian cells, Trib1 protein localizes to the nucleus 

and mediates COP1 nuclear export (Kung & Jura, 2019), and Trib2 and Trib3 are also 

predominantly observed in the nucleus (reviewed in (Yokoyama & Nakamura, 2011). As 

shown in Figure 4.3A, in the fat body mTrib1 accumulated in the nucleus of larval fat body 

cells. In contrast, mTrib2 localized to the cytoplasm at a perinuclear location (Figure 4.3B). 

Misexpression of mTrib3 using the r4GAL4 driver was lethal and larvae did not survive to 

third instar (data not shown). myr-dAkt co-misexpression with Flag-mTrib1 (Figure 4.3C) or 

Flag-mTrib2 (Figure 4.3D) did not change mTrib accumulation based on anti-Flag staining. 

Co-misexpression of myr-dAkt and Flag-mTrib3 (Figure 4.3E) effectively rescued the lethality 

observed when misexpressing mTrib3 alone. In these fat bodies, Flag-mTrib3 did not 

accumulate at the membrane. These results suggest that the Trbl-myrAkt interaction at the 

membrane of our fat body model is not conserved with mouse isoforms, although Trib3-Akt 

interaction rescues lethality associated with misexpression of either transgene alone.  
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Figure 4.3. Subcellular localization of mouse Trib proteins misexpressed in larval fat body. 
Confocal fluorescent micrographs of larval fat bodies incubated with indicated antibodies. 
Genotypes shown in white. Flag-tagged mouse Trib proteins detected using Flag antibody, 
shown in blue. HA-tagged myr-dAkt protein detected using HA antibody, shown in cyan.  
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4.2.3 A Screen for Trbl Mutants Identifies SLE Motif as Important for Stability, 

Homodimerization, and Membrane Trafficking 

In their central kinase-like domain (KLD), Tribbles family members retain a DLK 

motif characteristic of bonafide kinases, but are divergent at the ATP coordination site and the 

activation loop where the canonical kinase magnesium-binding site DFG is replaced with a 

highly divergent SLE motif (Figure 4.4A). To better define the interaction site between Trbl 

and Akt, I made mutations in the FLCR, DLK, and SLE motifs that I predicted would be 

required for Trbl function. In canonical kinases, the aspartate in the DFG motif coordinates 

magnesium, the aspartate in DLK is necessary for catalysis and the lysine in the VAIK motif 

(the divergent FLCR motif at the corresponding site in Trbl) is required for ATP coordination 

(Carrera, Alexandrov, & Roberts, 1993). Multiple sequence alignments suggested that the 

canonical DFG aligns with the conserved SLE motif and thus I predicted the acidic glutamate 

in SLE may be important for Trib activity. To produce site-specific mutations in these residues, 

I utilized a pUASTattB-Flag-Trbl plasmid containing an ampicillin-resistance gene, a mini-

white gene, and attB sites for recombination with introduced chromosomal attP sites in 

Drosophila larvae (Groth, Fish, Nusse, & Calos, 2004).  

 I designed primers to introduce single amino acid mutations in the conserved FLCR, 

DLK, and SLE motifs and performed mutagenic PCR with these primers. Next, I 

phosphorylated the 5’ ends of the double-stranded DNA products and performed ligation 

reactions to generate circular, double-stranded DNA plasmids, performed DpnI-mediated 

digestion of hemimethylated template and transformed competent E. coli. Following this, I 

performed colony growth in media containing ampicillin and purified plasmid preparations 

using alkaline lysis. Successful mutagenic substitutions were confirmed by DNA sequencing 
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and injected with phiC31 integrase into embryos using a fee-for-service facility. This 

recombination method resulted in insertion of the plasmid into a specific attB landing site on 

the third chromosome, and transformants were identified by the presence of the mini-white 

phenotype in transgenic flies. In balanced stocks, I confirmed transformants by PCR and 

crossed these UAS-Trbl mutant lines to an r4GAL4 line bearing a larval fat body-specific 

GAL4 driver. Progeny larvae from these crosses were age-matched and collected at 72 hours 

after egg deposition (see Materials and Methods). Next, I dissected the larval fat bodies, 

performed immunohistochemistry using Trbl antisera, and documented the subcellular 

distribution of Trbl protein. As shown in Figure 4.4D, wild-type (WT) Trbl misexpressed in 

the larval fat body is distributed to the nucleus, cytoplasm, and PM. The KLD mutants FLCR/A 

(Figure 4.4E) and D/NLK (Fig. 3.4F) localized to the nucleus, cytoplasm, and PM, a 

distribution similar to WT Trbl. In contrast, r4GAL4 misexpression of the SLE/G loop mutant 

resulted in a Trbl protein that localized preferentially to the PM in well-fed larvae (Figure 

4.4G).  

In addition to its striking change in subcellular localization, the SLE/G mutant protein 

unexpectedly exhibited enhanced fluorescent staining compared to WT Trbl (compare Figure 

4.4G’ and Figure 4.4D’). This is consistent with a difference in stability rather than a local 

chromatin effect on transgene expression because both UAS-regulated mutations are inserted 

at the same landing site and are expected to respond transcriptionally in a similar manner to 

the GAL4 driver. To examine this further, I collected fat body extracts from larvae 

misexpressing WT Trbl or TrblSLE/G, performed SDS-PAGE, transferred these samples to 

PVDF membrane by western blot and incubated membranes with Trbl antisera. As shown in 

Figure 4.4H and 3.4I, a ca. sixfold increase in Trbl protein levels can be seen in TrblSLE/G tissue 
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compared to WT Trbl. Trbl antisera detected Flag-tagged species migrating at the predicted 

size of ~65 kD (Figure 4.4H) for both WT Trbl and TrblSLE/G. In extracts purified from tissues 

expressing TrblSLE/G, I observed an additional band at ~55 kD corresponding to the molecular 

weight of endogenous Trbl (54.1 kD), and this 
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Figure 4.4. A mutation in a conserved motif in the Tribbles kinase-like domain alters Trbl 
subcellular distribution. A) Linear representation of Trbl protein indicating domains and 
locations of conserved Trib motifs. Below, sequence alignment of motifs comparing Trbl, 
mouse Trib1, Trib2, and Trib3, and canonical kinases. B) PyMol representation of human 
Trib1 crystal structure (PDB:5cem) indicating location of conserved motifs C)-G) 
Confocal fluorescent micrographs of larval fat body incubated with Trbl antisera. Anti-
Trbl shown in yellow. Genotype indicated in white. C’)-G’) Line graphs depicting average 
fluorescence intensity and subcellular distribution of phalloidin, DAPI, and Trbl in fat 
body cells of larvae from indicated genotypes. n=90 cells. Phalloidin indicated by red, Trbl 
yellow, DAPI magenta.H) Western blot analysis of Trbl protein levels in larval fat body 
lysates. Genotype indicated below. Approximate molecular weight indicated and 
determined using protein ladder. I) Bar graph and statistical analysis of Trbl protein 
abundance on western blot performed using one-way ANOVA. n=3. Error bars represent 
S.D. J) Yeast two-hybrid analysis of binding strength of Trbl-Trbl and TrblSLE/G. K) 
Subcellular distribution of misexpressed HA-tagged WT Trbl in larval fat body cells. L), 
L’) Subcellular distribution of co-misexpressed WT HA-Trbl and TrblSLE/G. Anti-Trbl 
shown in yellow, anti-HA cyan. Tukey post-hoc. Error bars represent S.D. 
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 is observed faintly in the control lane and WT Trbl misexpression lane (3.4H, see asterisks). 

Because Trbl-Trbl interactions can be detected in vitro (Masoner et al., 2013), this strong 

stabilization of endogenous Trbl following TrblSLE/G misexpression in the fat body suggests 

that TrblSLE/G-Trbl heteromultimers form in vivo to stabilize endogenous Trbl.  

To test this notion in vitro, I used yeast-two hybrid analysis. I cloned coding sequences 

for Trbl and TrblSLE/G into yeast PDEST32 bait vectors in frame with the coding sequence for 

a yeast DNA-binding domain (DBD). To generate WT Trbl prey vectors, I cloned the coding 

sequence for Trbl into a yeast PDEST22 prey vector in frame with the coding sequence for a 

yeast activation domain (AD). Bait protein-prey protein interactions in doubly-transfected 

MaV203 yeast activate transcription of HIS3, and the strength of this interaction can be 

measured by colony growth in increasing concentrations of 3-AT, a competitive inhibitor of 

the HIS3 gene (reviewed by (Causier & Davies, 2002). Using this approach, I found that the 

SLE/G mutation increased the strength of Trbl interactions affinity compared to Trbl-Trbl 

interactions (Figure 4.4J).  

To confirm this interaction in vivo, I used an HA-tagged, WT Trbl transgene which 

when misexpressed by itself has a subcellular distribution in the nucleus, cytoplasm and 

weakly at the cell membrane detected by HA antibody, an accumulation similar to both Flag-

tagged Trbl and endogenous Trbl (Figure 4.4K). As shown in Figure 4.4L and 3.4L’, when I 

co-misexpressed HA-Trbl and TrblSLE/G and counterstained with HA antibody and Trbl 

antisera, I detected HA-Trbl ectopically at the PM. These results suggest that the SLE motif 

modulates proper trafficking and turnover of Trbl multimers in an insulin-responsive tissue. 
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4.2.4 The SLE/G Mutation Modifies the Interaction Between Trbl and dAkt 

As noted above, Trbl associates with the membrane strongly when Akt is activated, 

either directly by insertion at the membrane or indirectly by reduction of PTEN phosphatase 

levels. When I co-misexpressed TrblSLE/G and double stranded RNA directed towards dAkt, a 

strong reduction in Trbl at the PM was observed with a corresponding increase in nuclear Trbl 

(Figure 4.5A). We have shown previously that Trbl binds dAkt in a yeast two-hybrid approach, 

so to determine the effect of SLE/G on the Trbl-dAkt interaction, I utilized a yeast two-hybrid 

approach. I cloned dAkt into a pDEST22 prey vector and co-transfected MaV203 yeast with 

this PDEST22-dAkt and bait vectors PDEST32-Trbl or PDEST32-TrblSLE/G. I performed 

colony growths of these co-transfected yeast in increasing concentrations of the HIS3 inhibitor 

3-AT and found that TrblSLE/G exhibited increased binding affinity to dAkt compared to WT 

 
Figure 4.5. TrblSLE/G membrane shuttling is dependent on the strength of dAkt activation. 
Confocal fluorescent micrographs of larval fat bodies co-misexpressingTrblSLE/G and IIS 
gene knockdown (A, C, E), WT misexpression (G, H), or dominant negative misexpression 
(D, F). Genotype indicated in white. Trbl antibody shown in yellow. B) Yeast two-hybrid 
analysis of strength of binding between dAkt and WT Trbl or TrblSLE/G. 
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Trbl (Figure 4.5B). Thus, the TrblSLE/G association with the membrane correlates with its 

stronger ability to bind Akt in vitro.  

 

4.2.5 Trbl Membrane Trafficking is Dependent on the Strength of dAkt Activation 

SLE/G at the membrane is strongly dependent on the presence of activated Akt at the 

membrane. To further investigate this, I asked if experimental modulation of the IIS pathway 

could modify the PM accumulation of TrblSLE/G. Upstream of dAkt, the IIS pathway transmits 

the insulin signal from the insulin receptor (InR) to multiple downstream effectors to activate 

dAkt. In addition, dAkt is regulated by complex feedback mechanisms from its targets, 

including S6K, which reduces dAkt activity (Radimerski, Montagne, Hemmings-Mieszczak, 

& Thomas, 2002), TORC1, which feeds back to inhibit dAkt phosphorylation (Kockel et al., 

2010), dFOXO, which induces transcription of the genes encoding InR (Puig & Tjian, 2005).  

To test this, I co-misexpressed TrblSLE/G and 1) UAS-RNAi to IIS pathway genes, 2) 

IIS genes, or 3) dominant negative alleles of IIS genes and documented changes in TrblSLE/G 

subcellular localization. As shown in Figure 4.5, TrblSLE/G misexpression in combination with 

InR knockdown (Figure 4.5C) or misexpression of a dominant-negative InR (K1409A) (Figure 

4.5D) reduced Trbl accumulation at the PM and increased nuclear Trbl staining, as detected by 

Trbl antisera. Additionally, co-misexpression of TrblSLE/G and PI3K RNAi (Figure 4.5E) or the 

dominant-negative PI3KA2860C (Figure 4.5F) also reduced PM accumulation and increased 

nuclear Trbl. In contrast, misexpression of WT InR (Figure 4.5G) or PI3K (Figure 4.5H) did 

not modify the membrane localization of TrblSLE/G. Because InR and PI3K are upstream 

activators of dAkt, these results suggest that TrblSLE/G PM accumulation is dependent on high 

levels of Akt activation.  
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4.2.6 Further Analysis of Trbl Based on Human Trib1 Crystal Structures 

Two published crystal structures of human Trib1 has revealed that this protein adopts 

a kinase-like, bi-lobed conformation with a disordered N-terminus and dynamic C-terminal 

tail (CTT) (Murphy et al., 2015; Jamieson et al., 2018). The CTT acts as a pseudosubstrate, 

interacting with the substrate-binding portion of the KLD and effectively occluding the C-

terminal COP1 E3 ubiquitin ligase binding motif to maintain an inactive conformation. The 

CTT is held in place by multiple interactions with the KLD but also interacts with an N-

terminal beta strand and the truncated Trib alpha C helix. These crystal structures and 

molecular modeling indicate the highly-conserved SLE motif, which sits at the center of a 

disordered activation loop in proximity to the alpha C helix, is crucial to maintaining an 

inactive conformation of Trib1. The current models for inactive and active Tribs from Trib1 

crystal structures suggest that substrate binding causes the SLE motif to fold in towards the 

alpha C helix and SLE-alpha C helix interactions dislodge the CTT, allowing for ubiquitin 

ligase binding and subsequent targeting of bound substrates. Molecular dynamics modeling 

and analysis of these crystal structures suggest the SLE motif is important for transition from 

inactive, substrate-free Tribs (“SLE-out” conformation) to an active, substrate-bound Trib 

molecule (“SLE-in” conformation). These structural models predict that the SLE loop, alpha 

C-helix, and CTT tail are key functional domains meriting further investigation.  

To test the importance of these motifs for Trbl subcellular localization and stability, I 

generated Trbl mutants in these residues chosen based on the human Trib1 crystal structures 

and multiple sequence alignments of Trib family proteins. Using the r4GAL4 driver line, I 

misexpressed these Trbl mutants in the larval fat bodies of well-fed larvae, analyzing 
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subcellular localization by immunohistochemistry and western blot analysis of fat body lysates 

using Trbl antisera or Flag antibody to observe changes in transgene stability. The design and 

effect of these mutations are described below.  

SLE Loop Mutants. The SLE loop is well conserved across Trib proteins, suggesting this motif 

is important for Trib function. As I have shown, mutation of Glu286 in the SLE loop (SLE/G) 

disrupts Trbl turnover and results in PM accumulation of Trbl in larval fat body cells. I 

postulated that mutation of other residues in this conserved SLE loop would affect Trbl 

stability and PM localization. To design SLE loop mutants that I predicted would increase Trbl 

stability and PM accumulation in a manner similar to the SLE/G mutant, I studied multiple 

sequence alignments and the hTrib1 crystal structure and identified the candidate residues 

E283, S284, and L285 (Figure 4.6A). In the larval fat body, I misexpressed these SLE loop 

mutants and utilized Trbl antisera to examine 1) Trbl subcellular distribution using 

immunofluorescence and 2) Trbl stability using western blot. Larval fat body misexpression 

of Trbl mutants flanking 286E, E283G (E/GSLE), S284G (ES/GLE), or L285G (ESL/GE) 

resulted in Trbl localization and stability in larval fat body cells comparable to WT Trbl (Figure 

4.6B-D, F).  

Additionally, I generated a substitution mutation in Trbl to replace the entire SLE motif 

with the canonical kinase motif DFG. Misexpression of TrblSLE/DFG displayed similar 

subcellular distribution as wild-type Trbl in fat body cells (Figure 4.6E). As shown in Figure 

4.6F, analysis of TrblSLE/DFG stability by western blot showed TrblSLE/DFG exhibited low 

stability similar to WT Trbl. This suggests that the mutation  
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Figure 4.6. Functional requirement of the Trbl SLE residue E286 is unique. A) Pymol 
image of human Trib1 protein (PDB: 5cem). Location of conserved ESLE motif is 
indicated. Right, magnification of interface between SLE motif (left) and truncated alpha 
C helix (right). Drosophila Trbl residues substituted for Human Trib1 SLE residues and 
alpha C helix residues. Some interatomic distances indicated. ESLE residue locations 
indicated. B)-E) Confocal fluorescent micrographs of larval fat bodies incubated with Trbl 
antisera, shown in yellow. Genotype in white. F) Western blot analysis of Trbl protein 
levels in larval fat body lysate. Genotype indicated below. G) Human Trib1 crystal 
structure indicating location of alpha C helix. Right, magnification of SLE-alpha C 
interface with Drosophila Tribbles residues substituted. Location of mutated residues 
indicated. H) Sequence alignment of alpha C helix in Drosophila Trbl and mouse Trib 
isoforms. Mutated Trbl residues indicated by asterisk. I), J) Subcellular distribution of 
misexpressed alpha C helix mutants in larval fat body. Trbl shown in yellow. K) Western 
blot analysis of Trbl protein in larval fat body lysates. Genotype indicated below. L)-N) 
Misexpression of N- and C-terminal mutants in larval fat body. Trbl in yellow. O) Western 
blot analysis of Flag-Trbl protein level in larval fat body lysates. Genotype indicated 
below. 
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Glu286 in the SLE motif is uniquely critical for proper Trib regulation and it must occur in the 

context of SLG for the resulting dominant effects on turnover and subcellular distribution. 

Alpha C-helix mutants. The two human Trib1 crystal structures indicate that the truncated Trib 

alpha C-helix is important for regulating the transition from inactive to active Trib molecules. 

To investigate the hypothesis that proper interactions at the SLE-alpha C-helix interface are 

required for Trbl trafficking and stability, I generated alpha C-helix mutants that I proposed 

would disrupt interactions at this interface. With 

regards to the 284SLE286 motif and our 286TrblSLE/G mutant, the crystal structure of substrate-

bound hTrib1 does not suggest that Glu227 (homologous to SLE residue Glu286 in fly Trbl) 

plays a significant role in regulation of the SLE-in/-out transition. Instead, the authors proposed 

that hTrib1 Leu226 (Leu285 in fly Trbl) is dynamic and upon substrate binding folds in 

towards the alpha C helix, forming hydrophobic interactions with Tyr134 (Jamieson et al., 

2018). Protein sequence alignment and in silico substitution of Trbl residues upon the hTrib1 

alpha C-helix led us to identify Tyr167 and Phe168 in the Trbl sequence as residues with 

potential functional homology to hTrib1 alpha C-helix residue Tyr134 (Figure 4.6G, H). I 

predicted that the increase in stability and PM accumulation observed when misexpressing 

TrblSLE/G in the larval fat body could be a result of modified interactions between the SLE 

motif and Tyr167 or Phe168 on the alpha C-helix and proposed that misexpression of mutants 

at Tyr167 or Phe168 might also disrupt these interactions, producing effects similar to TrblSLE/G 

on Trbl trafficking and stability. To test this, I generated UAS-Trbl mutants at these residues. 

Immunohistochemistry and western blot analysis of fat body extracts expressing these mutants 

demonstrated that the subcellular distribution and protein levels of TrblY167A and TrblF168A were 

similar to misexpressed WT Trbl (Figure 4.6I-K). These data suggest that Tyr167 and Phe168 
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in this proposed alpha helix are not required for Trbl membrane trafficking, nor do they 

regulate Trbl stability and turnover in the larval fat body.  

Myr-Trbl. As shown in Figure 4.4L and 4.4L’, the aberrant tight membrane association of 

SLE/G recruits endogenous Trbl to the membrane and stabilizes both proteins in this 

compartment. To test if the inner leaf of the membrane confers stability on Trbl, I cloned a 

myristoylation recognition sequence inserted into the N-terminus of wild-type Trbl in a UAS-

Trbl vector and generated transgenic flies bearing this construction (myr-Trbl). Misexpression 

of myr-Trbl using the r4GAL4 driver resulted in robust membrane-localization of Trbl antigen 

(Figure 4.6L). The apparent absence of nuclear Trbl in the larval fat body of myr-Trbl flies 

suggested that, like SLE/G, myr-Trbl at the membrane forms multimers with endogenous Trbl 

in vivo. I performed western blot analysis of larval fat body lysate from larvae misexpressing 

myr-Trbl and observed that overexpressed Flag-myr-Trbl stability is intermediate between WT 

Trbl and the more stable TrblSLE/G (Figure 4.6O). However, western blot analysis indicated that 

unlike SLE/G, myr-Trbl misexpression does not stablize endogenous Trbl (Figure 4.6O). 

These results indicate that while membrane-localized myr-Trbl and TrblSLE/G recruit 

endogenous Trbl to the membrane to a similar extent, the SLE/G mutation is more stable and 

more effectively blocks endogenous Trbl turnover.  

C-terminal Tail Mutants. Trib family members possess a dynamic CTT required for binding 

E3 ubiquitin ligases. To test the importance of the CTT in regulating Trbl trafficking and 

stability in the larval fat body, I designed a Trbl mutant Flag-TrblΔC lacking the tail and a Trbl 

double mutant possessing the SLE/G mutation and lacking the CTT (TrblSLE/G+ΔC) and 

misexpressed these in larval tissues and examined effects on Trbl protein subcellular 

trafficking. Because Trbl antisera were raised against a C-terminal Trbl peptide epitope, 
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mutants lacking the CTT cannot be detected using these antisera, and I found that anti-Flag 

antibody proved unsuccessful in detecting Trbl mutant protein in larval fat body cells using an 

immunohistochemistry approach (data not shown).  

Because the TrblSLE/G mutant accumulated wild-type Trbl at the PM in fat body cells 

(Figure 4.4L, L’), for the double mutant possessing the SLE/G mutation and lacking the CTT 

(TrblSLE/G+ΔC) I measured its effect on endogenous Trbl using Trbl antisera as an indirect 

method to test its activity. Misexpression of either TrblΔC or TrblSLE/G+ΔC in the larval fat body, 

shown in Figure 4.6M and 4.6N, results in no modification of WT Trbl localization. Western 

blot analysis of larval fat body lysates indicates that 1) misexpressed TrblΔC exhibited low 

stability similar to WT Trbl (Figure 4.6O), but 2) protein stability of TrblSLE/G+ΔC was further 

reduced compared to WT Trbl and TrblΔC (Figure 4.6O). This suggests that the SLE/G loop 

modulates Trbl subcellular localization and stability phenotype via the CTT.  

 

4.2.7 TrblSLE/G Stabilizes Key Trbl Targets  

To detect the effect of SLE/G on dAkt activation, I performed western blot analysis 

using antisera to phospho-dAkt Ser505 (P-dAkt) and pan-Akt of larval fat body lysates purified 

from larvae misexpressing: 1) a LacZ control, 2) Trbl RNAi to knock down Trbl expression 

using double-stranded RNA, 3) WT Trbl, and 4) TrblSLE/G. I found that consistent with previous 

data, misexpression of WT Trbl was sufficient to reduce P-dAkt with no effect on total Akt 

levels. Trbl knockdown increased P-dAkt levels (Figure 4.7A, B). Misexpression of TrblSLE/G 

resulted in slightly higher P-dAkt levels in well-fed larvae (Figure 4.7A, B). Unlike WT Trbl, 

which blocks effectively myr- dAkt misexpression as noted above, TrblSLE/G myr-dAkt co-

misexpression resulted in no escaper adult animals, consistent notion that the TrblSLE/G 
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mutation does not block Akt activity (Figure 4.7C, D). Thus, while the TrblSLE/G mutation 

results in a protein that 

binds dAkt more strongly than WT Trbl, it is a less effective inhibitor of dAkt phosphorylation.  

TrblSLE/G at the membrane does not affect Akt activation or stability but may alter the 

subcellular distribution and stability of other targets, such as String/Twine/cdc25 phosphatase 

and Slbo/C/EBP (Kim et al., 2016; Mata et al., 2000; Du et al., 2003). Trbl is required for 1the 

degradation of String/Twine in multiple tissues to regulate cell division (Seher & Leptin, 2000; 

Masoner et al., 2013). In the larval fat body, I co-misexpressed WT Trbl or the TrblSLE/G mutant 

in combination with HA-tagged String, dissected larval fat bodies, and performed 

immunohistochemistry using Trbl antisera and HA antibody. As shown in Figure 4.7E and 

4.7E’, co-misexpression of String and WT Trbl did not modify WT Trbl distribution in fat 

body cells, and low levels of String exhibited similar subcellular localization to Trbl, in the 

nucleus, cytoplasm, and PM. Next, I co-misexpressed TrblSLE/G and String in larval fat body 

cells and observed that TrblSLE/G PM accumulation and String protein distribution were  
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Figure 4.7. Misexpression of TrblSLE/G stabilizes Trbl targets. A) Representative western 
blot of P-dAKt and total dAkt levels in larval fat body lysates. From left to right, control, 
Trbl knockdown using Trbl RNAi, WT Trbl misexpression, and TrblSLE/G 
misexpression. B) Statistical analysis of western blot experiment, representing ratio of P-
dAkt over total dAkt, normalized to tubulin. n=3 groups of 40 larval fat bodies. One-way 
ANOVA, Tukey post hoc. Error bars represent S.D. C) Percentage of pupated larvae 
misexpressing transgenes in larval fat body. n=3 groups of 40 larvae. Genotypes indicated 
below. One-way ANOVA, Tukey post hoc. Error bars represent S.D. D) Percentage of 
eclosed larvae misexpressing transgenes in larval fat body. n=3 groups of 40 larvae. 
Genotypes indicated below. One-way ANOVA, Tukey post hoc. Error bars represent S.D. 
E)-H) Confocal fluorescent micrographs of larval fat body incubated with Trbl antisera, 
shown in yellow, and HA antibody (E’-H’), shown in cyan. Genotypes indicated below. 
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unchanged (Figure 4.7F, F’), but String protein levels were increased in this experiment.  

Previous data from several labs has demonstrated that Trbl directs the turnover of Slbo 

protein (Masoner et al., 2013; Rorth et al., 2000). Although little is known about the function 

of Slbo in larval fat body cells (An & Wensink, 1995), I tested the interaction with Trbl by co-

misexpressing WT Trbl and HA-Slbo and observed strong nuclear accumulation of Trbl and 

reduced Trbl at the PM (Figure 4.6G). The subcellular distribution of HA-Slbo was similar to 

WT Trbl in this experiment, with low levels of Slbo in the nuclei (Figure 4.7G’). Co-

misexpression of HA-Slbo and TrblSLE/G resulted in a striking increase in the nuclear 

accumulation of TrblSLE/G (Figure 4.7H) while the subcellular distribution of Slbo remained 

nuclear but overall levels increased noticeably (compare Figure 4.7H’ and G’). These data 

indicate that the SLE/G mutation stabilizes rather than degrades the targets Stg and Slbo and 

in the case of Slbo, the interaction reduces TrblSLE/G at the membrane, with likely effects on 

both TrblSLE/G and target activity. Along with the ability of TrblSLE/G to stabilize Trbl, these 

data are consistent with the notion the SLE/G mutant binds some Trbl targets more strongly 

but is incapable of adopting conformations required to serve its adaptor function and interact 

with E3 ubiquitin ligases leading to target ubiquitination and degradation. Because the 

expression of Slbo dramatically modified the SLE/G PM accumulation phenotype, we suggest 

that trafficking of Trbl between the PM and nucleus may be governed by varying abundances 

of PM-localized dAkt and nuclear targets during different developmental stages or nutritional 

conditions.  
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4.2.8 Tests of the Conserved Effect of the SLE/G Mutation 

The conserved SLE loop motif is thought to control the activity of Trib family 

members. Crystallographic and molecular modeling data indicate that the Trib SLE motif 

responds to substrate binding by folding in towards the truncated alpha C helix and displacing 

the C-terminal tail (Jamieson et al., 2018). To test if mutations in this domain affects the 

subcellular distribution of Trib isoforms in a way that parallels the effects of SLE/G on fly 

Trbl, I focused first on Trib3 and used a cell culture system to measure effects on subcellular 

distribution. I cloned the coding sequence of human Trib3 (hTrib3) into a pHLSEC2 

mammalian expression vector (Aricescu, Lu, & Jones, 2006) and used PCR-ligation to insert 

a myc tag at the N-terminus (see Materials and Methods). To generate an HA-tagged NLE/G 

mutant (mammalian Trib3 proteins possess an NLE, not SLE, motif in the activation loop), I 

used PCR and mutagenic primers to 1) convert the myc sequence in pHLSEC2-myc-hTrib3 

construct to an HA epitope, and 2) mutated the codon E204 in the NLE motif to a sequence 

coding for glycine, generating HA-tagged hTrib3NLE/G. I transfected human embryonic kidney 

cells (HEK293T) with WT myc-hTrib3 or HA-hTrib3NLE/G, incubated these cells with 

antibodies directed towards the HA or myc epitope and detected hTrib subcellular 

accumulation using fluorescence confocal microscopy. Previous reports show that hTrib3 

localizes to the nucleoplasm in human cell lines (Xu et al., 2007; Miyoshi et al., 2009), and 

consistent with this I detected WT myc-hTrib3 in the nucleus of HEK293T cells (Figure 4.8A). 

hTrib3NLE/G expressed in HEK293T cells resulted in a subcellular distribution similar to WT 

myc-hTrib3, restricted to the cell nucleus (Figure 4.8B).  

 



 127 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.8. Subcellular distribution of human Trib3 (hTrib3) and hTrib3 NLE/G mutant 
in HEK293T cells. A)-D) Confocal fluorescent micrographs of HEK293T cells 
transfected with myc-tagged WT hTrib3 (A, C) and HA-tagged hTrib3 NLE/G mutant 
(B, D). In C) and D), hTrib3 co-transfected with Flag-tagged human Akt1 (hAkt1). Myc 
shown in red, HA shown in cyan. 
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Our observation in this work that fly Trbl membrane shuttling is dAkt-dependent 

(Figure 4.2E) led us to predict that hTrib3 trafficking might also depend on the Akt levels in 

the cell. To investigate this, I cloned a cDNA coding for human Akt1 (hAkt1) in frame within 

a pHLSEC2 vector using PCR. Next, I designed primers and performed PCR to insert a Flag 

tag at the N-terminus of hAkt1 in this vector. To test the dependence of hTrib3 trafficking upon 

hAkt1 levels in the cell, I co-transfected HEK293T cells with hAkt1 and WT hTrib3 (Figure 

4.8C) or hTrib3NLE/G (Figure 4.8D) and observed that both hTrib3 and hTrib3NLE/G displayed 

normal distribution patterns in the nucleus of HEK293T cells. Thus, unlike the SLE mutation 

in fly Trbl, mutations in the the NLE motif in hTrib3 does not affect subcellular distribution 

and hTrib3 accumulation is independent of levels of hAkt1 expression in the one human cell 

line tested. 

  

4.2.9 Trbl Protein Binds Membrane Phospholipids 

The failure of hTrib3NLE/G expressed in HEK293T cells to localize to the membrane 

suggested that the fly fat body might be specialized to traffic Trbl to the membrane. While co-

misexpression of HA-dAkt and TrblSLE/G did not change the localization pattern of either 

(Figure 4.9A., A’), co-misexpression of activated HA-myr-dAkt and TrblSLE/G led to a 

surprising result: while both proteins accumulated at the membrane, they both simultaneously 

appeared ectopically in the nucleus (Figure 4.9B, B’). Combined with previous pull-down 

analysis and yeast two hybrid analysis, these data suggest that while Akt-Trbl interactions do 

occur at the fat body cell membrane, the proteins compete for a limiting component anchoring 

them to that  
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Figure 4.9. Trbl protein binds membrane phospholipids. A)-E) Confocal fluorescent 
micrographs of larval fat bodies incubated with Trbl antisera (yellow), HA antibody (cyan), 
GFP antisera (green), phalloidin (red), and DAPI (magenta). Genotypes shown in white. G)-
I) membrane lipid strips incubated with Trbl or Trbl mutant protein, indicated below. 
Detection method indicated above. Chemiluminescent signals indicate binding of Trbl to 
specific membrane phospholipids, represented by abbreviation. 
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subcellular compartment, and the modulated recruitment of both to the membrane in response 

to starvation is likely tightly regulated by changes in membrane structure that occur in response 

to nutrient availability.  

The microenvironment of the inner leaf of the membrane includes an array of 

phospholipids and protein complexes that interact in dynamic ways that are tightly regulated 

by many pathways (reviewed in (Casares, Escribá, & Rosselló, 2019). Insulin signaling 

requires the synthesis and modification of specific phospholipid species and in particular the 

insulin-mediated activation of PI3K lipid kinase directly generates PIP3 at the membrane to 

recruit Akt to the cell cortex (reviewed in (Fresno Vara et al., 2004). In well-fed larvae, the 

concentration of PIP3 increases on the cytosolic face of the PM. IIS proteins possessing 

pleckstrin homology (PH) domains, including dAkt and PDK, recognize and bind PIP3 at the 

inner leaflet of the PM (Datta et al., 1995). This recruitment of dAkt to the membrane precedes 

phosphorylation by membrane-localized kinases. Because Trbl membrane trafficking is 

dependent on the activation state of Akt (see Figure 4.2E), Trbl PM localization may be 

dependent on the PM phospholipid population. Though PM accumulation of TrblSLE/G is 

dependent on Akt (see Figure 4.5A) its mis-localization may rely in part on aberrant 

interactions with membrane lipid species.  

To test the relationship between TrblSLE/G and PM phospholipids, I took two approaches 

to changing the available phospholipids in the membrane of fat bodies. First, I misexpressed 

an RNAi directed towards the lipid phosphatase PTEN. While PTEN RNAi increase WT Trbl 

at the membrane (Figure 4.2C), it effectively reduced TrblSLE/G accumulation at the PM and 

correspondingly increased nuclear staining (Figure 4.9C). Next, I used a fly line constitutively 

expressing a GFP-tagged PIP3 phospholipid-binding PH domain under control of a synthetic 
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tubulin promoter. This constitutively-expressed GFP-PH protein has been shown to 

accumulate at the PM in response to feeding (Britton et al., 2002). I reasoned that if Trbl 

selectively binds phospholipids present in the membranes of starved animals, co-

misexpression of tGPH and either Trbl or TrblSLE/G might result in a competition for limited 

PIP2 and PIP3 binding sites and resulting in accumulation of Trbl in other cellular 

compartments. To test this, I crossed tGPH virgins with UAS-Trbl; r4GAL4 or UAS-TrblSLE/G; 

r4GAL4 males, dissected fat bodies from well-fed third instar larval progeny, and performed 

immunohistochemistry using Trbl and GFP antisera. Trbl subcellular distribution in fat body 

cells of well-fed tGPH-expressing larvae is comparable to endogenous Trbl patterns described 

above (Figure 4.9D’), and in fat body cells co-misexpressing WT Trbl and tGPH, similar Trbl 

distribution patterns were observed (Figure 4.9E’). In contrast, co-misexpression of TrblSLE/G 

and tGPH had two effects: 1) the accumulation of GFP-PH at the PM was reduced and 2) 

TrblSLE/G localized to the nucleus in part (Figure 4.9F, F’).  

These data suggest that the membrane localization of TrblSLE/G is sensitive to available 

phospholipids, and can be altered either directly by Pten knock-down or indirectly via 

misexpression of a PIP3 binding domain. In order to test this further, I sought to demonstrate 

the selective affinity of Trbl protein for bio-active lipids. To do this, I expressed and purified 

myc-tagged WT and SLE/G Trbl proteins, incubated membrane lipid strips spotted with 15 

different biologically relevant phospholipids, and detected lipid-bound molecules using an 

anti-myc antibody. At high concentrations of proteins (5 ug/mL) both myc-tagged wild-type 

and myc-tagged TrblSLE/G proteins bound phosphatidic acid (PA), phosphatidylinositol-4-

phosphate (PI4P) and PIP2 (Figure 4.9G). Under more stringent conditions of reduced proteins 

concentrations (detected using sensitive Trbl antisera), TrblSLE/G bound PA, PI4P, and PIP2 
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more robustly than WT Trbl (Figure 4.9H). These data are consistent with the idea that SLE/G 

has increased affinity for specific lipids compared to Trbl, but I note that in this in vitro system, 

the preparation of purified protein can affect binding: as shown in Figure 4.9I, a third binding 

test using biotinylated Trbl detected using a Strep-HRP reagent resulted in selective binding 

of this modified Trbl protein to phosphatidylserine (PS), PA, and PI4P, making it clear that the 

biological relevance of this in vitro approach will have to be tested further (see Discussion). 

 

Discussion 

 We have previously shown that Drosophila Tribbles shares functional homology with 

mammalian Trib3, binding to and inhibiting the phosphorylation of the IIS kinase dAkt/Akt 

(Das et al., 2014). In this work, I report that Trbl protein responds to changes in IIS pathway 

activity by multiple mechanisms. First, Trbl protein levels increase in the insulin-responsive 

larval fat body under fasting conditions and this is coincident with increased Trbl protein 

accumulation at the PM, an important site of IIS pathway signaling. Second, constitutive 

expression of a membrane-targeted form of Akt in the fat body of well-fed larvae results in 

recruitment of Trbl to the PM. Next, I identified a residue in a conserved SLE motif that is 

critically important for the regulation of Trbl turnover, trafficking, and multimerization in an 

insulin-responsive tissue. Because misexpression of the SLE/G mutant stabilizes P-dAkt, 

String, and Slbo in larval fat body cells, our data suggest that this residue, Glu286, is also 

required for the proper inhibition and/or turnover of Trbl targets. Finally, I report that Trbl 

protein binds membrane phospholipids and the SLE/G mutant exhibits increased lipid avidity. 

Collectively, these data suggest that Trbl membrane trafficking is one mechanism by which 

Trbl achieves proximity to its compartment-specific targets. Recently, studies of the molecular 
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interaction between Trib1 and COP1 E3 ubiquitin ligase showed that Trib1 trafficking to the 

nucleus is an important mechanism regulating Trib function (Kung & Jura, 2019), adding 

support to the dynamic scaffold model suggested by Trib1 crystal structures and molecular 

modeling.  

 

4.3.1 Fasting Increases Trbl Protein Levels and PM Accumulation 

 Our data indicates Trbl trafficking is dynamic and responds rapidly to changes in 

nutrient availability. I propose a model wherein the decrease in systemic insulin activates 

trafficking of Trbl to the fat body PM where Trbl binds membrane phospholipids, and this PM 

accumulation enhances the formation of Trbl multimers. The formation of these Trbl 

complexes likely obscures sites on Trbl that direct Trbl turnover by the proteasome, stabilizing 

Trbl protein levels. Stable, proteasome-resistant, PM-localized Trbl complexes then bind dAkt 

to inhibit the propagation of the insulin signal when diet is limiting. In support of this, 1) Trbl 

levels increase and Trbl protein accumulates at the PM in fasted larvae, 2) increased PIP3 

levels resulted in increased WT Trbl at the membrane, 3) Trbl bound membrane phospholipids 

in vitro, and 4) membrane targeting of dAkt recruited WT Trbl to the membrane. It will be 

important to define the interaction face between Trbl and dAkt because our data indicate that 

this site is not conserved because myr-dAkt does not affect the subcellular localization of 

mammalian Trbs. Binding assays such as biolayer interferometry and targeted mutagenesis 

bolstered by in vivo fat body studies could be used detail the Trbl-dAkt interaction sites.  
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4.3.2 The TrblSLE/G Mutant 

In this work, I identified a conserved Trib family residue, Glu286 in the SLE loop, that 

is required for Trbl trafficking and instability. Misexpression of TrblSLE/G in the the larval fat 

body resulted in an increase in Trbl protein levels and accumulation of Trbl protein at the PM, 

suggesting the SLE/G mutation inhibits Trbl turnover and increases Trbl trafficking to the 

membrane by an unknown mechanism.  

.The SLE/G mutation affects the dynamic activation loop of Trbl in ways that remain 

unclear, nevertheless gave us insight into several surprising properties of Trbl in the fat body. 

The SLE/G mutation increased Trbl-Trbl affinity, a property identified previously in yeast two-

hybrid assays (Masoner et al., 2013), resulting in the formation of Trbl homomultimers at the 

membrane, an interaction that reveals the effect of trafficking on stability and thus activity. 

The increased stability of the TrblSLE/G mutant likely results from a defect in ubiquitinated 

turnover (data not shown). Consistent with this, an online ubiquitination motif prediction 

software indicates a high-confidence ubiquitination site proximal to the SLE motif (data not 

shown), suitable for mutagenesis studies. Trbl physically binds and inhibits its targets Slbo, 

String and dAkt (Das et al., 2014) Consistent with this, TrblSLE/G bound dAkt more strongly 

than WT Trbl in a yeast two-hybrid experiment. However, western blot analysis indicated that 

TrblSLE/G was less effective at inhibiting dAkt phosphorylation in vivo compared to WT Trbl, 

suggesting that the SLE/G mutation specifically reduced dAkt activation. The stability and 

affinity TrblSLE/G fo its targets will make it useful to perform co-immunoprecipitation 

experiments to identify novel binding partners.  

In contrast to its effects on Akt, Trbl targets Slbo and String for degradation. I found 

that misexpression of the SLE/G mutant stabilized levels of both Slbo and String and 
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complimentarily, nuclear Slbo dramatically reduced TrblSLE/G PM accumulation. This suggests 

that the cellular pool of Trbl is trafficked to different subcellular compartments in response to 

changes in levels of Trbl targets. I propose that TrbSLE/G binds targets with higher affinity than 

WT Trbl, but is structurally incapable of adopting the necessary conformations to recruit E3 

ubiquitin ligases and degrade these targets. In the wing and eye, TrblSLE/G misexpression blocks 

cell growth (data not shown), suggesting that the SLE/G mutant may effectively block target 

activity, even in the absence of degradation. Further work is needed to elucidate the 

contradictory effects of the SLE/G mutation in different tissues. 

Our data showing 1) TrblSLE/G competed with tGPH for membrane localization and 2) 

TrblSLE/G exhibited higher affinity for membrane phospholipids lead us to postulate that the 

SLE/G mutation results in preferential membrane localization of Trbl protein via increased 

phospholipid affinity. With regards to mechanism of Trbl action, I propose that Trbl PM 

localization activates Trbl-Trbl dimerization at this compartment and Trbl dimers obscure sites 

recognized by the proteasomal machinery to activate Trbl turnover. In this stable, PM-localized 

state, Trbl is poised to inhibit dAkt phosphorylation. I predict that although the SLE/G mutant 

has higher affinity for dAkt compared to WT Trbl in vitro, SLE/G preferentially forms inactive, 

stable Trbl multimers. To test this prediction, further work must be done to investigate the 

dynamic interactions between Trbl and dAkt.  

I predict that the SLE/G mutation modifies the ubiquitination state of Trbl, and 

TrblSLE/G PM accumulation and reduced turnover could be a consequence of disruption of 

ubiquitination of Trbl. To analyze this, I propose to 1) perform western blot analysis of cell 

lysates misexpressing WT Trbl or TrblSLE/G using a ubiquitin antibody to compare 

ubiquitination levels in these samples and 2) misexpress WT Trbl and TrblSLE/G in fat body 
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cells, purify Trbl protein using immunoprecipitation, and perform mass spectrometric analysis 

to search for ubiquitinated Trbl peptides.  

 

4.3.3 Changes in IIS Signaling Modify Trbl PM Trafficking 

In this work, I demonstrated that Trbl PM trafficking is dynamic and responsive to 1) 

changes in nutrition and 2) experimental manipulation of IIS signaling. I utilized the TrblSLE/G 

mutant to test if the PM accumulation phenotype I observed was dependent on the strength of 

dAkt activation. I encountered challenges to this approach: 1) manipulation of the IIS pathway 

in larvae is often lethal and 2) the experimental overaction or suppression of IIS genes often 

causes dramatic morphological defects including excess lipid droplet fusion and tissue atrophy 

that make interpreting changes in subcellular distribution difficult. Although I observed that 

Trbl membrane shuttling is dependent on the strength of dAkt activation, further work is 

required to precisely identify the function of Trbl in the IIS pathway (see Chapter 4, Future 

Directions). 

 

4.3.4 Investigation of Functional Conservation of the SLE Motif 

I observed that expression of a human Trib3 NLE/G mutant in HEK293T cells did not 

result in PM accumulation or increased stability of Trib3 protein in these cells. However, the 

high degree of conservation at this motif across the metazoan lineage suggests this motif is 

important for the function of Trib proteins. It is possible that the NLE motif in Trib3 is not 

required for the trafficking and turnover of Trib3 family proteins. However, this motif is 

conserved in mammalian Trib1 and Trib2 proteins (SLE), and thus I predict that the importance 

of the SLE loop in modulating Trbl trafficking and stability may be isoform-specific. To test 
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this, I propose to design mammalian Trib1 and Trib2 SLE/G mutants, express these in 

mammalian cell culture, and compare the subcellular distribution of WT Trib1/Trib2 to 

Trib1/Trib2 SLE/G mutants. In addition, I propose utilizing different mammalian cell lines, 

because Trib proteins exhibit distinct, tissue-specific functions (reviewed in (Eyers et al., 2017; 

Dobens & Bouyain, 2012), and components required to recruit Trbl to the PM may be present 

in other cell lines.  

  

4.3.5 Glu286 in the SLE Motif is Required for Trbl Turnover and Membrane Shuttling 

 I pursued additional mutations in the conserved SLE motif and alpha C-helix but were 

unable to identify residues required for Trbl trafficking and instability in larval fat body cells. 

Mutation of additional SLE residues or replacement of the SLE motif with the canonical kinase 

DFG motif resulted in Trbl protein stability and trafficking comparable to WT Trbl. 

Additionally, our data shows that mutation of large aromatic residues on the alpha C-helix 

which might interact with the SLE loop did not produce phenotypes any different from WT 

Trbl. An analysis of the Trib1 crystal structure suggests that intramolecular bonds at the 

conserved SLE/alpha C-helix interface govern the transition between inactive and active states. 

I propose that further mutagenesis of Trbl alpha C-helix residues may result in the 

identification of the residue/s that interact with Glu286 and regulate Trib structural dynamics. 

 Our data indicate the Trbl C-terminal tail (CTT) is not required for regulating Trbl 

turnover in larval fat body cells, but I observed that misexpression of a double mutant lacking 

the CTT and possessing the SLE/G mutation strongly reduced Trbl protein stability. Although 

these results are contradictory, I propose that discrete structural conformations of the SLE loop 

allow access of proteasomal machinery to Trbl to direct Trbl turnover. The SLE/G mutant is 
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1) more stable and 2) less effective at turning over Trbl targets in larval tissue, and this suggests 

that the SLE/G mutation inhibits E3 ubiquitin ligase binding and targeting of substrates. The 

reduction in Trbl stability I observed when misexpressing the SLE/G+∆C mutant indicates that 

SLE/G PM accumulation and stability in larval fat body cells requires the CTT, suggesting 

cooperativity between these conserved Trib motifs. Further mutagenesis of the CTT may aid 

in the identification of the specific sequence modulating SLE-CTT interactions. 

 

4.3.6 Trbl Interacts with PM Phospholipids 

Fasting increases Trib3 levels, which effectively dials down the Akt response by 

blocking phosphorylation (Du et al., 2003). Rapid changes in the phospholipid composition at 

the PM occur as well, modulating the number of phospholipid docking sites for dAkt (Rintelen, 

Stocker, Thomas, & Hafen, 2001; Britton et al., 2002) I have shown that Trbl and dAkt 

physically interact in vitro, which must be important to reduce insulin response rapidly in 

response to fasting. In addition, our data suggest that Trbl is recruited by phospholipids induced 

by fasting, to either mask of dAkt phospholipid binding sites or to position Trbl to bind and 

inhibit extant dAkt. Either of these hypotheses could explain our results and suggest a 

mechanism by which fasting limits dAkt activation through Trbl. In our experiments 

examining Trbl-lipid binding, I observed variable results likely resulting from differences in 

experimental approach, purification method, and tools to detect Trbl-lipid interactions (see 

Figure 4.8G-I and Materials and Methods). Further work is required to confirm the nature of 

Trbl-lipid interactions and their importance in vivo.  

If Trbl binds lipids, manipulating the levels of lipid modifying enzymes in the larval 

fat body may increase or reduce Trbl PM accumulation. Initial work to knock down or 
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misexpress phospholipid modifying enzymes in the fat body resulted in lethality, indicating 

that repeating these experiments at lower temperatures or in combination GAL80 (Suster, 

Seugnet, Bate, & Sokolowski, 2004) may limit lethality and allow for documentation in 

changes in Trbl trafficking and turnover. Additionally, I suggest using biolayer interferometry 

with lipid vesicles composed of specific membrane phospholipids will allow us to evaluate 

better the affinity and specificity of Trbl for lipids. 

 
 

Materials and Methods 

4.4.1 Drosophila Strains 

 The following strains were obtained from Bloomington Drosophila Stock Center: (1) 

Canton S, (2) UAS-LacZ (w[1118] P(w[+mC]=UAS-lacZ.NZ)20b), (3) UAS-HA-myr-Akt 

(P(UAS-myr-Akt1.DeltaPH)3), (4) UAS-InRK1409A (y[1] w[1118]; P(w[+mC]=UAS-

InR.K1409A)3), (5) UAS-InR RNAi (y1 v1; P(TRiP.JF01482)attP2, y1 w1118) ; (6) UAS-

InR (P(UAS-InR.Exel)2), (7) UAS-PI3K92EA2860C (y[1] w[1118]; P(w[+mC]=UAS-

Pi3K92E.A2860C)1), (8) UAS-PI3K92E (y1 w1118; P(UAS-Pi3K92E.Exel)2), (9) UAS-

PTEN RNAi (y[1] v[1]; P(y[+t7.7] v[+t1.8]=TRiP.HMS00044)attP2), (10) UAS-PI3K RNAi 

(y1 v1; P(TRiP.JF02770)attP2/TM3, Sb1), (11) UAS-Akt RNAi (y[1] v[1]; P(y[+t7.7] 

v[+t1.8]=TRiP.HMS00007)attP2), (12) tGPH (Sco/CyO; P(w[+mC]=tGPH)4/TM3) 

 The following stocks were obtained from Vienna Drosophila Research Center: 

(1) UAS-Trbl RNAi (w1118; P(GD11640)v22114), (2) UAS-Trbl-3XHA (M(UAS-

Trbl.ORF.3XHA)ZH-86Fb), (3) UAS-Akt-3XHA (M(UAS-Akt1.ORF.3XHA)ZH-86Fb). 

R4GAL4 (y1 w*; P(r4GAL4)3) was a generous gift from Laura Musselman. 
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Design and generation of UAS-FLAG-Trbl, UAS-FLAG-TrblFLCR/A, UAS-FLAG-

TrblD/NLK, and UAS-FLAG-TrblSLE/G stocks described previously (Masoner et al., 2013). 

The following stocks were generated using the Q5 Site Directed Mutagenesis Kit 

(NEB). Briefly, we utilized NEB’s NEBasechanger software and the coding sequence for 

Drosophila Tribbles to design the following oligonucleotides for mutagenesis. pUASTattB-

Flag-Trbl was utilized as template (Masoner et al., 2013). Mutated codon shown in bold. These 

mutant constructs were sent for injection into embryos as a fee-for-service (Rainbow 

Transgenics), and progeny flies were sorted by presence of mini-white gene, which indicates 

successful insertion of the transgene into the genome. 

 

4.4.2 Primer Design 

UAS-FLAG-TrblE283G  

Fwd primer 5’-ACTGCAGTATGCCTCACTGGAAGGCTCAATG-3’    

Rev primer 5’-TTCGTTCTGGCCTCGTCG-3’   

UAS-FLAG-TrblS284G  

Fwd primer 5’-GCAGTATGAAGCCCTGGAAGGCTC-3’    

Rev primer 5’-AGTTTCGTTCTGGCCTCG-3’   

UAS-FLAG-TrblL285G 

Fwd primer 5’-GTATGAATCAGCCGAAGGCTCAATGATCCTCGAC-3’    

Rev primer 5’-TGCAGTTTCGTTCTGGCC-3’  

UAS-FLAG-TrblSLE/DFG 

Fwd primer 5’-CGGCGGCTCAATGATCCTCGAC-3’   

Rev primer 5’-AAATCTTCATACTGCAGTTTCGTTC-3’    
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UAS-FLAG-TrblF168A 

Fwd primer 5’-ACGAGCCTACGCCCAGCTGCAGC-3’    

Rev primer 5’-TGCACCTTATGCAACGGT-3’    

UAS-FLAG-TrblY167A 

Fwd primer 5’-GCAACGAGCCGCCTTTCAGCTGC-3’  

Rev primer 5’-ACCTTATGCAACGGTTCG-3’  

UAS-myr-Trbl  

Fwd primer 5’-AACCCGGAAGACGACGCGGCTATGGATTACAAGGATGAC-3’ 

Rev primer 5’-CGAGGAGCACCAGCAGCCCATGAATTCCCAATTCCCTATTC-3’  

UAS-TrblSLE/G+DC 

Design and generation of UAS-TrblDC is described elsewhere (Nauman et al., in prep). To 

generate UAS-TrblSLE/G+DC, we used as a template pUASTattB-UAS-Flag-TrblDC (Nauman et 

al., 2020, in prep) and designed primers to introduce the SLE/G mutation. Injection and sorting 

of transformed flies is described above. Mutated sequence shown in bold. 

Fwd primer 5’-TGAATCACTGGGAGGCTCAATGA-3’    

Rev primer 5’-TACTGCAGTTTCGTTCTG-3’ 

Design and construction of Trbl-CRISPR-GFP is described elsewhere (Dobens et al., 2020, in 

prep). 

UAS-FLAG-mTrib1, UAS-FLAG-mTrib2, and UAS-FLAG-mTrib3 were generated 

as follows: The complete ORFs of mouse trib1, trib2, and trib3 were amplified from cDNA 

(Origene) using oligonucleotides designed to introduce an N-terminal FLAG tag. FLAG-

mTrib1: forward primer 5′-

ATGGATTACAAGGATGACGACGATAAGATGCGGGTCGGTCCCGTG-3′, reverse 
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primer 5′-CTAGCAGAAGAAGGAACTTATGTCACTGTCCTCCTGGTACTC-3′. FLAG-

mTrib2: forward primer 

ATGGATTACAAGGATGACGACGATAAGATGAACATACACAGGTCTACC-3′, 

reverse primer 5′-TCAGTTAAAGAAAGGGTCCAAGTTCTCCTCCATGTTGAC -3′. 

FLAG-mTrib3: forward primer 5′-

ATGGATTACAAGGATGACGACGATAAGATGCGAGCTACACCTCTG-3′, reverse 

primer 5′-TCAGCCGTACAGCCCCACCTCCCCTTC-3′. (FLAG sequences in bold). PCR 

products were cloned into pSTBlue-1 (AccepTor Vector kit, Novagen) and confirmed by DNA 

sequencing. An EcoRI fragment containing the full-length FLAG-mTribs was then cloned into 

pUASTattB and again confirmed by DNA sequencing. Embryos were injected as a fee-for-

service (Rainbow Transgenic Flies) and successfully transformed progeny were sorted and 

balanced based on the presence of mini-white. 

 

4.4.3 Collection of Age-Matched Larvae 

 For experiments comparing Trbl protein levels and distribution in age-matched larvae 

(Figure 4.1 and Figure 4.4C-I), males and females were mated for three days in egg collection 

chambers on standard MYCM fly food at 25°C and food was replaced daily. On the fourth day, 

eggs were collected from these crosses on fresh food plates by changing plates every hour to 

guarantee developmental synchronicity. Crosses designed to misexpress UAS-transgenes in 

the larval fat body using the GAL4-UAS system were performed at 29°c to increase GAL4 

production. Crosses and collection of Canton S larvae and Trbl-CRISPR-GFP larvae were 

performed at 25°c. The following day, 60 emerged first instar larvae were transferred from 

each plate to fresh plates at 24 hours after egg deposition. Using this approach, each food plate 
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contained the same number of larvae and the larvae within an individual plate were 

developmentally synchronous.  

 

4.4.4 Canton S Fasted/Fed Larvae 

For the fed group, I collected third instar Canton S larvae at 96, 101, and 111 hours 

after egg deposition (AED). For the fasted group, Canton S larvae were collected at 96 AED 

and transferred to an empty vial containing KimWipe wetted with distilled water for either 5 

hours (96h fed + 5h fasted) or 15 hours (96h fed + 15h fasted). 20 larvae were collected at 

these fed/fasted timepoints. After this, larval fat bodies were collected and processed according 

to standard larval fat body dissection and immunostaining, described below.  

 

4.4.5 Misexpression of Trbl and Trbl Mutants in Age-matched Larvae 

For our experiments comparing the effects of Trbl mutant larval fat body misexpression 

on Trbl subcellular distribution and stability, we collected age-matched third instar larvae at 

72 hours after egg deposition and performed standard larval fat body dissection and 

immunostaining, described below. 

  

4.4.6 Larval Fat Body Immunofluorescence 

20 mid-third instar larvae were selected based on eversion of anterior spiracles and 

visual observation of feeding (wandering third instar exit the food), washed in fresh PBS, then 

transferred to fresh ice-cold PBS for dissection. Larval fat bodies were partially dissected and 

all other internal organs were removed, leaving only the cuticle and attached fat body. These 

were fixed in 4% paraformaldehyde (ThermoFisher) in PBS for 15 minutes and washed three 
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times in PBS+0.1% Triton-X100 (ThermoFisher) (PBST). Then, fat bodies were blocked for 

1 hour in PBST + 5% bovine serum albumin (BSA) (ThermoFisher) and incubated overnight 

at 4°C with primary antibody. Antibody concentrations: chicken anti-Trbl 1:1000 (the 

generation of Trbl antisera used in this work has been described previously (Masoner et al., 

2013), mouse anti-HA (CST) 1:1000, rabbit anti-FLAG (CST) 1:1000, and mouse anti-GFP 

(DSHB) 1:500. The following day, fat bodies were washed twice in PBST and incubated for 1 

hour at room temperature with 1:400 TRITC-conjugated phalloidin (Sigma) in PBST. 

Following this, fat bodies were washed once in PBST and incubated for two hours at room 

temperature in appropriate fluorescent secondary antibody at 1:200 in PBST + normal goat 

serum (ThermoFisher). AlexaFluor secondary antibodies were obtained from ThermoFisher: 

goat anti-chicken 488, goat anti-rabbit 546, goat anti-chicken 647, goat anti-mouse 546, goat 

anti-mouse 647. Next, fat bodies were washed twice in PBST and incubated for 30 minutes in 

1:1000 DAPI (Sigma) in PBS. Finally, fat bodies were washed once in PBST and mounted on 

glass slides in 50% glycerol/PBS and visualized on an Olympus confocal laser-scanning 

microscope. Images were prepared with ImageJ. 

 

4.4.7 Plot Profile Analysis 

 For analysis of Trbl protein subcellular distribution, Trbl, phalloidin, and DAPI 

distribution and intensity in 90 larval fat body cells were analyzed using the ImageJ Plot Profile 

plugin. Plot Profile intensities were averaged and graphed using Microsoft Excel.  
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4.4.8 Pupation/Eclosion Analysis 

 Analysis of pupation and eclosion rates were performed by setting crosses at 29°c and 

collecting 40 age-matched larvae at 72 hours after egg deposition. These larvae were 

transferred to fresh food vials and 3 days later, the number of pupal cases was documented. 

This experiment was repeated 3 times, and statistical analysis was performed using one-way 

ANOVA and Tukey post-hoc (Graph Pad Prism). The experiments analyzing eclosion were 

performed exactly as above, except vials were analyzed 5 days after transfer and eclosed flies 

were counted. 

 

4.4.9 Western Blot 

 Western blot experiments were performed by collecting 20 larval fat bodies, 

homogenizing on ice in RIPA buffer with protease inhibitor cocktail (Roche), and spun down 

for 30 minutes at 4°c. Supernatant was collected, an aliquot was removed for BCA analysis 

(Pierce) to ensure equivalent loading, and 5X SDS buffer was added to supernatant. Samples 

were boiled for 5 minutes at 95°c and DTT (Sigma) was added to 100mM. Samples were 

loaded onto 10% polyacrylamide gels and electrophoresed for 1.5 hours at 100V. Next, semi-

dry transfer was performed using PVDF membrane (Millipore) and according to manufacturer 

protocols (Abcam). Semi-dry transfer was performed at 126 mA for 45 minutes. Next, PVDF 

membranes were blocked for 1 hour in TBST + 3% BSA and incubated overnight at 4°c in 

primary antibody. Primary antibodies used were chicken anti-Tribbles, 1:2000, rabbit anti-

FLAG (CST), 1:1000, mouse anti-alpha tubulin (DSHB), 1:2000, rabbit anti-phospho-dAkt 

S505 (CST) 1:1000, and rabbit anti-pan-Akt (CST) 1:1000. Next, PVDF membranes were 

washed three times for 5 minutes in TBST and incubated for 2 hours at room temperature in 
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appropriate HRP-conjugated secondary antibody. Secondary antibodies used include goat anti-

rabbit HRP (CST), 1:2000, goat anti-mouse HRP (CST), 1:2000, and goat anti-chicken HRP 

(Abcam), 1:5000. Following this, PVDF membranes were washed three times for 5 minutes in 

TBST and incubated in ECL plus chemiluminescent substrate (Pierce) for 5 minutes. 

Chemiluminescent signals were detected using ChemiDoc (BioRad) and analyzed using one-

way ANOVA followed by Tukey post-hoc (Graph Pad Prism). 

 

4.4.10 Yeast Two-Hybrid Interaction Screen 

 Construction of pDEST32-Trbl and pDEST32-TrblSLE/G is described elsewhere (Pence, 

). pDEST22-dAkt was constructed by PCR amplification of a dAkt cDNA (Origene) to add 

flanking attB1 and attB2 sites. Using the Gateway Technology system (Invitrogen), this dAkt 

fragment was cloned into pDONR-221 and then into the destination vector pDEST22, and 

confirmed by DNA sequencing. Yeast media preparation, plasmid DNA transformation into 

MaV203 yeast, and plating were described previously (Pence, ).  

 

4.4.11 Construction of pHLSEC2 Mammalian Expression Vectors and Human Cell 

Culture 

 To generate a pHLSEC2-myc-hTrib3 mammalian expression vector, we cloned a 

gBlock (IDT) coding for myc-tagged human Trib3 into a pHLSEC2 plasmid (Aricescu et al., 

2006). To generate pHLSEC2-HA-hTrib3NLE/G, we designed primers and used PCR to replace 

the myc sequence in pHLSEC2-myc-hTrib3 with a sequence coding for the HA epitope at the 

N-terminus of hTrib3. Next, using NEBasechanger, we designed primers and utilized Q5 site-

directed mutagenesis (NEB) to introduce the E/G mutation. Mutated sequence in bold.  
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Fwd primer 5’-GGAGAACCTGGGGGACTCCTGCG-3’ 

Reverse primer 5’-AGCACCAGCTTCTTCCTC-3’  

Mutagenesis was confirmed by sequencing (MU DNA Core). To generate a pHLSEC2-FLAG-

hAkt1 mammalian expression vector, we cloned a gBlock (IDT) coding for FLAG-tagged 

human Akt1 into the pHLSEC2 plasmid. Transfection was performed as follows: HEK293T 

cells were cultured to 50% confluency in EMEM + pen/strep + FBS and transfected with 1 ug 

of vector using Superfect transfection reagent (Qiagen). Following transfection, cells were 

cultured to 80% confluency, washed 3 times in PBS at 4°C, and fixed in 4% formaldehyde for 

15 minutes. Cells were washed 2 times in PBS and permeabilized in PBS + 0.1% TritionX100 

for 10 minutes. Next, cells were washed twice for 5 minutes in PBS + 0.05% Tween-20, 

blocked for 10 minutes in PBST + 5% NGS, and incubated overnight at 4°C in primary 

antibody + PBST. Primary antibodies: mouse anti-myc, 1:500 (generous gift from Samuel 

Bouyain), rabbit anti-FLAG, 1:500 (CST), and mouse anti-HA, 1:500 (CST). The following 

day, cells were washed 3 times for 5 minutes in PBST, blocked as above to limit non-specific 

binding of secondary antibodies, and incubated for 2 ours at room temperature in fluorescent 

secondary antibodies at 1:200 in PBST + NGS. Secondary antibodies: goat anti-mouse 

(Invitrogen) and goat anti-rabbit (Invitrogen). Cells were washed 5 times in PBST and mounted 

on glass slides using Vectashield mounting medium (ThermoFisher) and visualized at 100x on 

a confocal fluorescent microscope.  
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4.4.12 Lipid-Binding Experiments 

pT7HMP-Trbl was a generous gift from Samuel Bouyain. To generate pT7HMP-

TrblSLE/G, we designed mutagenic primers and utilized a PCR approach to introduce the E/G 

mutation within pT7HMP-Trbl. Mutated sequence in bold. 

Fwd primer 5’-TGAATCACTGGGCGGCTCAATGATC-3’ 

Rev primer 5’-TACTGCAGTTTCGTTCTG-3’ 

A 50uL aliquot of competent BL21(DE3) E. coli were transformed with 2 uL of 100 

uM pT7HMP-Trbl or pT7HMP-TrblSLE/G plasmid by 30 second heat shock at 42°C. This was 

followed by incubation on ice for 5 minutes and recovery in 1 mL LB media for 1 hour at 37C. 

100uL of the recovery media was plated on LB-Kanamycin plates. Four colonies from each 

plate were transferred separately to 5 mL LB + 1uM kanamycin and cultured overnight on a 

shaker at 37°C. The following day, cultures were transferred to 1L LB + 1 uM kanamycin for 

large-scale growth at 20°C until reaching OD 0.6. Protein expression was induced using IPTG 

(ThermoFisher) and cultures were grown at 18°C overnight. The next day, cultures were spun 

down at 9000g for 5 minutes, and pellets were collected and resuspended in resuspension 

buffer consisting of 0.5M NaCl, 20mM Tris pH 8.0, 20mM Imidazole pH 8.0, and 5% glycerol. 

Resuspended pellets were lysed using a microfluidizer, spun down at 16000g for 30 minutes, 

and the supernatant was transferred to 10 mL Nickel beads (GE Healthcare) for 60-minute 

batch binding at 4°C. Next, lysates were purified using standard gravity-flow column 

purification; briefly, lysate-nickel complex was washed twice with resuspension buffer and 

Trbl protein was eluted with 0.5M NaCl, 20mM Tris pH 8.0m and 300mM imidazole. 

For lipid-binding experiments using the full 6XHis-myc-Trbl/TrblSLE/G construct, Trbl 

protein was dialyzed against 3L of 50mM NaCl and 20mM Tris pH 8.0 overnight at 4°c and 
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subjected to ion exchange chromatography using a HiTrap Q HP 5mL on an Akta Explorer 

with buffer A consisting of 50mM NaCl and 20mM Tris pH 8.0 and buffer B consisting of 1M 

NaCl and 20mM Tris pH 8.0. Following this, ion exchange fractional eluates were selected 

based on abundance observed on SDS page gel at correct molecular weight (60kD), combined, 

concentrated to 10 mL using Pall Macrosep centrifugal columns, and subjected to size 

exclusion chromatography on a HiLoad 26/600 Superdex 200 column using an Akta Explorer 

and eluted in150mM NaCl and 20mM HEPES pH 7.5. Next, membrane lipid strips (Echelon 

P-6002) were blocked in TBST + 5% BSA for 1 hour and incubated for 1 hour at room 

temperature with 5 ug/mL or 2 ug/mL purified 6XHis-myc-Trbl/TrblSLE/G protein in TBST + 

3% BSA. Lipid strips were washed for 5 minutes in TBST and incubated for 1 hour at room 

temperature with either chicken-anti Trbl (1:2000) or mouse anti-myc (CST, 1:2000) in TBST 

+ 3% BSA. Then, lipid strips were washed for 5 minutes in TBST and incubated for 1 hour at 

room temperature in either 1:5000 goat anti-chicken HRP (Abcam) or 1:5000 goat anti-mouse 

HRP (CST). Finally, lipid strips were washed two times for 5 minutes in TBST, incubated with 

ECL chemiluminescent substrate (Pierce) and visualized using ChemiDoc (BioRad). 

For lipid-binding experiments with biotinylated Trbl, after nickel column purification, 

the 6X-His tag was removed using human rhinovirus 3C protease and purified using ion 

exchange chromatography and size exclusion chromatography exactly as above. Next, Trbl 

protein was dialysed overnight in 1L 50mM HEPES, 150mM NaCl, and 10% sucrose. Then 

Trbl protein was biotinylated at 1:2 ratio using NHS-Biotin (ThermoFisher). Finally, 

biotinylated Trbl was dialysed to remove unreacted biotin by dialyzing overnight at 4°C in 1L 

50mM HEPES, 150mM NaCl, and 10% sucrose. A membrane lipid strip was blocked for 1 

hour at room temperature in TBST + 3% BSA and inucubated with 5 ug/mL biotinylated Trbl 
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in TBST + 3% BSA for 1 hour at room temperature. The lipid strip was washed 5 minutes in 

TBST and incubated at room temperature for 1 hour in strep-HRP (CST, 1:2000) in TBST + 

3% BSA. Finally, lipid strips were washed twice for 5 minutes in TBST, incubate with ECL 

chemiluminescent substrate, and visualized on ChemiDoc (BioRad).  
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CHAPTER 5 

 

Future Directions 

In Chapter 2, I explored the evolutionary conservation of Tribbles (Trbl) unique 

carboxy-terminal tail. Our research uncovered four residues within a PEST domain. PEST 

domains are associated with the turnover of target proteins by way of association with Cul3 

components of the proteasome, and thus we explored an interaction between Trbl and Cul3 

mediated ubiquitination. Cul3 proteins are orienting scaffold proteins that bring together a 

RING-containing protein, an adaptor protein for substrate specificity, and a posttranslational 

modified neddylation site (that stimulates polyubiquitination) to form a Cul3-RING E3 

ubiquitin ligase complex (CRL3, reviews Sarikas et al., 2011; Petroski and Deshaies, 2005; 

Zimmerman et al., 2010). Adaptor proteins are often BTB motif-containing proteins that 

associate with the cullin repeat domain 1 (CR1, Canning et al., 2013), but PEST domains 

associate with a region thought to include both CR2 and CR3 (amino acids 161-293, Xing et 

al., 2010).  

Trbl had no appreciable influence on FL-Cul3 in co-misexpression experiments and 

vise-versa (Fig. S2.4), consistent with Cul3 lying downstream of Trbl as part of the 

housekeeping proteasomal processing machinery. In contrast, two Cul3 mutations (Fig. 2.6) 

that lack a functioning neddylation site and have little effect when misexpressed in the wing 

on their own effectively suppressed Trbl phenotypes when co-misexpressed in the wing.  

To test this further, I propose that the border cell migration assay be used to determine 

if protein turnover by Trbl can be suppressed by guftagu (gft, the gene name of Cul3 protein) 

knock-down. slbo-GAL4 misexpression of HA.Stg+Trbl, HA.Stg+gftRNAi, and 
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gftRNAi+Trbl+HA.Stg, should shed light on whether Cul3 is necessary to mediate Trbl 

degradation of HA-Stg and similar targets. Many research paths open up if reduced Cul3 can 

indeed block Trbl target turnover, with key follow-up questions such as: (1) do Trbl and Cul3 

interact through the PEST domain, as it does with HSF2 (Xing et al., 2010)?, (2) is the 

interaction direct or are there intermediary proteins?, and (3) where on each protein does the 

interaction occur? For binding assays, yeast two hybrid combined with mutagenesis will map 

the interaction site, with a particular focus on the Trbl PEST domain within the residues 404-

444 and the corresponding CR1 (Canning et al., 2013), CR2 and CR3, residues 161-293, 

domains in Cul3 (Xing et al., 2010). Once the respective binding regions have been identified, 

purified proteins of the identified regions could be used in isothermal titration calorimetry 

experiments, to confirm the interaction, identify residues required and test the effects of other 

components in the complex.  

Some PEST motifs are stabilized and conditionally activated through serine/threonine 

phosphorylation (García-Alai et al., 2006) and I note that the PEST motif in Trbl has a serine 

at S-418 and T-426. These can be tested in vivo and in vitro by on the one hand, alanine point 

mutants expected to block phosphorylation and on the other hand, phosphomimetics 

(converting the S-418 to aspartic acid and T-426 to glutamic acid) that would be expected to 

mimic constitutively phosphorylated form of the Trbl PEST domain. The expected outcome 

would be that the alanine mutant Trbl would be unstable and conversely the phosphomimic 

more stable. Positive results could then be followed up with affinity binding of purified 

proteins of Cul3 and the new Trbl mutants through something like isothermal titration 

calorimetry.  
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Mutation of the MEK1 binding site of Trbl resulted in an unexpected increase in 

relative wing size without increasing trichome density when misexpressed with en-GAL4, 

indicating increased cellular proliferation. The conserved signaling components that interact 

with the MEK1 binding site include the kinase MEK1 and possibly the kinases MKK7 and 

MKK4. MEK1 is a MAPK signaling member of the Ras/Raf signaling pathway and influences 

phosphorylation of the downstream member ERK to encourage cellular proliferation. In 

mammals, the different homologs of Tribbles are known to both stimulate (Jin et al., 2007) 

and suppress (Eder et al., 2008a; Eder et al., 2008b) the phosphorylation activation of ERK. 

Additionally, mammalian Tribbles interacts with MKK4 and MKK7 (Kiss-Toth et al., 2004), 

which are components of the MAPK/Rac signaling pathway which activate JNK (c-Jun NH2-

terminal kinase). Activated JNK is known to suppress apoptosis (Liu and Lin, 2005) and 

stimulate migration (Huang et al., 2003). Trib1 suppression reduces JNK phosphorylation, 

suggesting that it normally plays a role in activation of JNK, yet Trib1 overexpression does 

not increase phosphorylation over background (Sung et al., 2007). Additionally, a Trib1 

mutant, similar to that in this study, changed a tryptophan to an alanine in the MEK1 binding 

site resulting in reduced phosphorylation of ERK1 (Yokoyama et al., 2010).  

I favor the hypothesis that Trbl regulates crosstalk between many pathways, so that 

when the kinase-like core of Trbl binds targets like Slbo, Akt, Stg/Twe, Smurf1, or ACC1 

while not properly regulating the MAPK pathway, an imbalance in regulation of growth occurs 

in the wing disc. Trbl would most likely play a part in the activation or deactivation of the 

downstream targets of MEK1 and/or MKK7 and MKK4, which are respectively rolled (rl, the 

gene for ERK1 in Drosophila) and basket (bsk, the gene for JNK in Drosophila). I propose 

using western blots probed with phospho-ERK or phospho-JNK antisera of tissue samples 
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from flies misexpressing Trbl and the MEK binding site mutants to probe what possible 

pathways might be of interest. The given pathway component could then be tested, through 

RNAi knockdown, for an effect on phospho-ERK or phospho-JNK levels.  

In addition to Western blotting focused on phospho-ERK or phospho-JNK levels, the 

wing is a good spot to test the influence on Trbl and MAPK pathway. RNAi knockdowns of rl 

in the wing leads to ectopic vein material (Figure 4g in Maeng et al., 2012; Figure 4a,c,e in 

Hwang et al., 2010, respectively) whereas in the case of rl mutants missing vein material is 

observed (figure 6c in Brunner et al., 1994). Alternatively, wing misexpression of RNAi 

knockdowns of bsk leads to ectopic vein material and large cell phenotypes (Tripura et al., 

2011). Notably en-GAL4 misexpression of the MEK1 binding site point mutant also resulted 

in larger cells and a larger relative wing area than WT (Fig. 2.2d,e). While in our hands, en-

GAL4 misexpression of Trbl∆MEK1 resulted in no loss or gain of vein material in the wings nor 

did we see changes in cell size (Fig. 2.2a,e) similar to that seen with bsk knockdown. I predict 

that with co-misexpression of either Trbl MEK1 mutants with an RNAi knockdown of Erk (rl), 

we would observe a suppression of the large wing phenotype associated with misexpression of 

the MEK1 binding site mutants.  

  



 155 

REFERENCES 

 
Abdelilah-Seyfried, S., Chan, Y.M., Zeng, C., Justice, N.J., Younger-Shepherd, S., Sharp, 

L.E., Barbel, S., Meadows, S.A., Jan, L.Y., and Jan, Y.N. 2000. A gain-of-function 
screen for genes that affect the development of the Drosophila adult external sensory 
organ. Genetics, 155, 733-752. 

Adams, M.D., Celniker, S.E., Holt, R.A., Evans, C.A., Gocayne, J.D., Amanatides, P.G., 
Scherer, S.E., Li, P.W., Hoskins, R.A., Galle, R.F., et al., 2000. The genome sequence 
of Drosophila melanogaster. Science, 2875461, 2185-2195. 

Aguila, J.R., Suszko, J., Gibbs, A.G., and Hoshizaki, D.K. 2007. The role of larval fat cells in 
adult Drosophila melanogaster. J Exp Biol, 210Pt 6, 956-963. 

Alessi, D.R., James, S.R., Downes, C.P., Holmes, A.B., Gaffney, P.R., Reese, C.B., and 
Cohen, P. 1997. Characterization of a 3-phosphoinositide-dependent protein kinase 
which phosphorylates and activates protein kinase Balpha. Curr Biol, 74, 261-269. 

Alfa, R.W., and Kim, S.K. 2016. Using Drosophila to discover mechanisms underlying type 2 
diabetes. Dis Model Mech, 94, 365-376. 

An, W., and Wensink, P.C. 1995. Integrating sex- and tissue-specific regulation within a single 
Drosophila enhancer. Genes & Development, 92, 256-266. 

Andjelković, M., Jones, P.F., Grossniklaus, U., Cron, P., Schier, A.F., Dick, M., Bilbe, G., and 
Hemmings, B.A. 1995. Developmental regulation of expression and activity of 
multiple forms of the Drosophila RAC protein kinase. J Biol Chem, 2708, 4066-4075. 

Andreozzi, F., Formoso, G., Prudente, S., Hribal, M.L., Pandolfi, A., Bellacchio, E., Silverstre, 
S.D., Trixchitta, V., Consoli, A., and Sesti, G. 2008. TRIB3 R84 variant is associated 
with impaired insulin-mediated nitric oxide production in human endothelial cells. 
Arterioscler Thromb Vasc Biol, 287, 1355-1360. 

Aricescu, A.R., Lu, W., & Jones, E.Y. 2006. A time- and cost-efficient system for high-level 
protein production in mammalian cells. Acta Crystallogr D Biol Crystallogr, 62Pt 10, 
1243-1250. 

Arrese, E.L., & Soulages, J.L. 2010. Insect fat body: energy, metabolism, and regulation. Annu 
Rev Entomol, 55, 207-225. 

Ashkenazy, H., Abadi, S., Martz, E., Chay, O., Mayrose, I., Pupko, T., Ben-Tal, N. 2016. 
ConSurf 2016: an improved methodology to estimate and visualize evolutionary 
conservation in macromolecules. Nucleic Acids Res, 44W1, W344-50. 

Avery, J., Etzion, S., DeBosch, B.J., Jin, X., Lupu, T.S., Beitinjaneh, B., Grand, J., Kovacs, 
A., Sambandam, N., and Muslin, A.J. 2010. TRB3 function in cardiac endoplasmic 
reticulum stress. Circ Res, 1069, 1516-1523. 

Bailey, F.P., D.P. Byrne, K. Oruganty, C.E. Eyers, C.J. Novotny, K.M. Shokat, N. Kannan, 
and P.A. Eyers. 2015. The Tribbles 2 (TRB2) pseudokinase binds to ATP and 
autophosphorylates in a metal-independent manner. Biochem J, 467, no. 1: 47-62. 



 156 

Bauer, R. C., Yenilmez, B. O., and Rader, D. J. 2015. Tribbles-1: a novel regulator of hepatic 
lipid metabolism in humans. Biochem Soc Trans, 43, 1079-1084. 

Beira, J.V., and Paro, R. 2016. The legacy of Drosophila imaginal discs. Chromosoma, 125, 
573-592. 

Bellacosa, A., Chan, T.O., Ahmed, N.N., Datta, K., Malstrom, S., Stokoe, D., McCormick, F., 
Feng, J., Tsichlis, P. 1998. Akt activation by growth factors is a multiple-step process: 
the role of the PH domain. Oncogene, 173, 313-325. 

Benmimoun, B., Polesello, C., Waltzer, L., and Haenlin, M. 2012. Dual role for Insulin/TOR 
signaling in the control of hematopoietic progenitor maintenance in 
Drosophila.Development, 13910, 1713-1717. 

Bianchi, E., Denti, S., Catena, R., Rossetti, G., Polo, S., Gasparian, S., Putignano, S., Rogge, 
L., and Pardi, R. 2003. Characterization of human constitutive photomorphogenesis 
protein 1, a RING finger ubiquitin ligase that interacts with Jun transcription factors 
and modulates their transcriptional activity. J Biol Chem, 278, no. 22: 19682-19690. 

Bischof, J., Björklund, M., Furger, E., Schertel, C., Taipale, J., and Basler, K. 2013. A versatile 
platform for creating a comprehensive UAS-ORFeome library in Drosophila. 
Development, 140, 2434-2442. 

Bischof, J., Maeda, R.K., Hediger, M., Karch, F., and Basler, K. 2007. An optimized 
transgenesis system for Drosophila using germ-line-specific phiC31 integrases. Proc 
Natl Acad Sci U S A, 1049, 3312-3317. 

Borden, KL. 2000. RING domains: master builders of molecular scaffolds. J Mol Biol 295, 
no. 5: 1103-1112. 

Borsting, E., Patel, S.V., Declèves, A.E., Lee, S.J., Rahman, Q.M., Akira, S.2014. Tribbles 
homolog 3 attenuates mammalian target of rapamycin complex-2 signaling and 
inflammation in the diabetic kidney. J Am Soc Nephrol, 259, 2067-2078. 

Boulianne, G.L., de la Concha, A., Campos-Ortega, J.A., Jan, L.Y., and Jan, Y.N. 1991. The 
Drosophila neurogenic gene neuralized encodes a novel protein and is expressed in 
precursors of larval and adult neurons [published erratum appears in EMBO J, 1993 
Jun;126:2586]. EMBO J, 10, 2975-2983. 

Bouret, S., Levin, B.E., and Ozanne, S.E. 2015. Gene-environment interactions controlling 
energy and glucose homeostasis and the developmental origins of obesity. Physiol Rev, 
951, 47-82. 

Bramble, D.M., and Lieberman, D.E. 2004. Endurance running and the evolution of Homo. 
Nature, 4327015, 345-352. 

Britton, J.S., Lockwood, W.K., Li, L., Cohen, S.M., and Edgar, B.A. 2002. Drosophila’s 
insulin/PI3-kinase pathway coordinates cellular metabolism with nutritional 
conditions. Dev Cell, 22, 239-249. 

Brook, W.J., and Cohen, S.M. 1996. Antagonistic interactions between wingless and 
decapentaplegic responsible for dorsal-ventral pattern in the Drosophila Leg. Science, 
273, 1373-1377. 



 157 

Brunner, D., Oellers, N., Szabad, J., Biggs, W.H., Zipursky, S.L., and Hafen, E. 1994. A 
gain-of-function mutation in Drosophila MAP kinase activates multiple receptor 
tyrosine kinase signaling pathways. Cell, 76, no. 5: 875-888. 

Butterworth, F.M., Bodenstein, D., and King, R.C. 1965. Adipose tissue of Drosophila 
melanogaster. I. an experimental study of larval fat body. J Exp Zool, 158, 141-153. 

Canning, P., Cooper, C.D., Krojer, T., Murray, J.W., Pike, A.C., Chaikuad, A., Keates, T., 
Thangaratnarajah, C., Hojzan, V., Ayinampudi, V., Marsden, B.D., Gileadi, O., 
Knapp, S., von Delft, F., and Bullock, A.N. 2013. Structural basis for Cul3 protein 
assembly with the BTB-Kelch family of E3 ubiquitin ligases. J Biol Chem, 288, no. 
11: 7803-7814. 

Canavoso, L.E., Jouni, Z.E., Karnas, K.J., Pennington, J.E., and Wells, M.A. 2001. Fat 
metabolism in insects. Annu Rev Nutr, 21, 23-46. 

Carrera, A.C., Alexandrov, K., and Roberts, T.M. 1993. The conserved lysine of the catalytic 
domain of protein kinases is actively involved in the phosphotransfer reaction and not 
required for anchoring ATP. Proc Natl Acad Sci U S A, 902, 442-446. 

Casares, D., Escribá, P.V., and Rosselló, C.A. 2019. Membrane Lipid Composition: Effect on 
Membrane and Organelle Structure, Function and Compartmentalization and 
Therapeutic Avenues. Int J Mol Sci, 209. 

Causier, B., and Davies, B. 2002. Analysing protein-protein interactions with the yeast two-
hybrid system. Plant Mol Biol, 50, 855-870. 

Chan, M.C., Nguyen, P.H., Davis, B.N., Ohoka, N., Hayashi, H., Du, K., Lagna, G., and 
Hata, A. 2007. A novel regulatory mechanism of the bone morphogenetic protein 
(BMP) signaling pathway involving the carboxyl-terminal tail domain of BMP type II 
receptor. Mol Cell Biol,, 27, no. 16: 5776-5789. 

Crooks, G.E., Hon, G., Chandonia, J., and Brenner, S.E. 2004. WebLogo: a sequence logo 
generator. Genome Res, 14, no. 6: 1188-1190. 

Cunard, R. 2013. Mammalian tribbles homologs at the crossroads of endoplasmic reticulum 
stress and mammalian target of rapamycin pathways. Scientifica, Cairo 2013, 750871. 

Czech, M.P. 2003. Dynamics of phosphoinositides in membrane retrieval and insertion. Annu 
Rev Physiol, 65, 791-815. 

Das, R., and Dobens, L.L. 2015. Conservation of gene and tissue networks regulating insulin 
signalling in flies and vertebrates. Biochem Soc Trans, 435, 1057-1062. 

Das, R., Sebo, Z., Pence, L., and Dobens, L. L. 2014. Drosophila tribbles antagonizes insulin 
signaling-mediated growth and metabolism via interactions with Akt kinase. PLoS 
One, 9, e109530. 

Datta, K., Franke, T.F., Chan, T.O., Makris, A., Yang, S.I., Kaplan, D.R. 1995. AH/PH 
domain-mediated interaction between Akt molecules and its potential role in Akt 
regulation. Mol Cell Biol,, 154, 2304-2310. 

Datta, S.R., Dudek, H., Tao, X., Masters, S., Fu, H., Gotoh, Y. 1997. Akt phosphorylation of 
BAD couples survival signals to the cell-intrinsic death machinery. Cell, 912, 231-241. 



 158 

De Cosmo, S., Prudente, S., Andreozzi, F., Morini, E., Rauseo, A., Scarpelli, D. 2007. 
Glutamine to arginine substitution at amino acid 84 of mammalian tribbles homolog 
TRIB3 and CKD in whites with type 2 diabetes. Am J Kidney Dis, 504, 688-689. 

Dedhia, P. H., Keeshan, K., Uljon, S., Xu, L., Vega, M. E., Shestova, O., Zaks-Zilberman, M., 
Romany, C., Blacklow, S. C., and Pear, W. S. 2010. Differential ability of Tribbles 
family members to promote degradation of C/EBPalpha and induce acute myelogenous 
leukemia. Blood, 116, 1321-1328. 

Deng, J., James, C.H., Patel, L., Smith, A., Burnand, K.G., Rahmoune, H. 2009. Human 
tribbles homologue 2 is expressed in unstable regions of carotid plaques and regulates 
macrophage IL-10 in vitro. Clinical Science, 1163, 241-248. 

Deng, X.W., Matsui, M., Wei, N., Wagner, D., Chu, A.M., Feldmann, K.A., and Quail, P.H. 
1992. COP1, an Arabidopsis regulatory gene, encodes a protein with both a zinc-
binding motif and a G beta homologous domain. Cell, 71, no. 5: 791-801. 

DiAngelo, J.R., and Birnbaum, M.J. 2009. Regulation of fat cell mass by insulin in Drosophila 
melanogaster. Mol Cell Biol,, 2924, 6341-6352. 

Dimas, A.S., Lagou, V., Barker, A., Knowles, J.W., Mägi, R., Hivert, M.F. 2014. Impact of 
type 2 diabetes susceptibility variants on quantitative glycemic traits reveals 
mechanistic heterogeneity. Diabetes, 636, 2158-2171. 

Ding, C.Z., Guo, X.F., Wang, G.L., Wang, H.T., Xu, G.H., Liu, Y.Y. 2018. High glucose 
contributes to the proliferation and migration of non-small cell lung cancer cells via 
GAS5-TRIB3 axis. BioSci Rep. 

Dinkel, H., Michael, S., Weatheritt, R. J., Davey, N. E., Van Roey, K., Altenberg, B., Toedt, 
G., Uyar, B., Seiler, M., Budd, A., Jödicke, L., Dammert, M. A., Schroeter, C., 
Hammer, M., Schmidt, T., Jehl, P., McGuigan, C., Dymecka, M., Chica, C., Luck, K., 
Via, A., Chatr-Aryamontri, A., Haslam, N., Grebnev, G., Edwards, R. J., Steinmetz, 
M. O., Meiselbach, H., Diella, F., and Gibson, T. J. 2012. ELM--the database of 
eukaryotic linear motifs. Nucleic Acids Res, 40, D242-51. 

Dobens, A.C., and Dobens, L.L. 2013. FijiWings: an open source toolkit for semiautomated 
morphometric analysis of insect wings. G3 (Bethesda), 3, no. 8: 1443-1449. 

Dobens, L.L., and Bouyain, S. 2012. Developmental roles of tribbles protein family 
members. Dev Dyn, 241, no. 8: 1239-1248. 

Du, K., Herzig, S., Kulkarni, R. N., and Montminy, M. 2003. TRB3: a tribbles homolog that 
inhibits Akt/PKB activation by insulin in liver. Science, 300, 1574-1577. 

Eckardt, K., Taube, A., and Eckel, J. 2011. Obesity-associated insulin resistance in skeletal 
muscle: role of lipid accumulation and physical inactivity. Rev Endocr Metab Disord, 
123, 163-172. 

Eder, K., Guan, H., Sung, H.Y., Francis, S.E., Crossman, D.C., and Kiss-Toth, E. 2008a. 
LDL uptake by monocytes in response to inflammation is MAPK dependent but 
independent of tribbles protein expression. Immunol Lett, 116, no. 2: 178-183. 

Eder, K, Guan, H., Sung, H.Y., Ward, J., Angyal, A., Janas, M., Sarmay, G., Duda, E., 
Turner, M., Dower, S.K., Francis, S.E., Crossman, D.C., and Kiss-Toth, E. 2008b. 



 159 

Tribbles-2 is a novel regulator of inflammatory activation of monocytes. Int Immunol, 
20, no. 12: 1543-1550. 

Edgar, B. A., and O’Farrell, P. H. 1990. The three postblastoderm cell cycles of Drosophila 
embryogenesis are regulated in G2 by string. Cell, 62, 469-480. 

Elstrom, R.L., Bauer, D.E., Buzzai, M., Karnauskas, R., Harris, M.H., Plas, D.R. 2004. Akt 
stimulates aerobic glycolysis in cancer cells. Cancer Res, 6411, 3892-3899. 

Eyers, P.A., Keeshan, K., and Kannan, N. 2017. Tribbles in the 21st Century: The Evolving 
Roles of Tribbles Pseudokinases in Biology and Disease. Trends Cell Biol, 27, no. 4: 
284-298. 

Farrell, J.A., and O’Farrell, P.H. 2013. Mechanism and regulation of Cdc25/Twine protein 
destruction in embryonic cell-cycle remodeling. Curr Biol, 23, no. 2: 118-126. 

Fazekas, D., Koltai, M., Türei, D., Módos, D., Pálfy, M., Dúl, Z., Zsákai, L., Szalay-Bekő, M., 
Lenti, K., Farkas, I. J., Vellai, T., Csermely, P., and Korcsmáros, T. 2013. SignaLink 2 
- a signaling pathway resource with multi-layered regulatory networks. BMC Syst Biol, 
7, 7. 

Fields, S., and Song, O. 1989. A novel genetic system to detect protein-protein interactions. 
Nature, 340, 245-246. 

Figueroa-Clarevega, A., and Bilder, D. 2015. Malignant Drosophila tumors interrupt insulin 
signaling to induce cachexia-like wasting. Dev Cell, 331, 47-55. 

Fischer, Z., Das, R., Shipman, A., Fan, J. Y., Pence, L., Bouyain, S., and Dobens, L. L. 2017. 
A Drosophila model of insulin resistance associated with the human Trib3 Q/R 
polymorphism. Dis Model Mech, 10, 1453-1464. 

Force, T., and Bonventre, J.V. 1998. Growth factors and mitogen-activated protein kinases. 
Hypertension, 31, no. 1 Pt 2: 152-161. 

Formoso, G., Di Tomo, P., Andreozzi, F., Succurro, E., Di Silvestre, S., Prudente, S., 
Perticone, F., Trischitta, V., Sesti, G., Pandolfi, A., and Consoli, A. 2011. The TRIB3 
R84 variant is associated with increased carotid intima-media thickness in vivo and 
with enhanced MAPK signalling in human endothelial cells. Cardiovasc Res,  89, no. 
1: 184-192. 

Frayling, T.M. 2007. Genome-wide association studies provide new insights into type 2 
diabetes aetiology. Nat Rev Genet, 89, 657-662. 

Frayling, T.M., Wiltshire, S., Hitman, G.A., Walker, M., Levy, J.C., Sampson, M. 2003. 
Young-onset type 2 diabetes families are the major contributors to genetic loci in the 
Diabetes UK Warren 2 genome scan and identify putative novel loci on chromosomes 
8q21, 21q22, and 22q11. Diabetes, 527, 1857-1863. 

Fresno Vara, J.A., Casado, E., de Castro, J., Cejas, P., Belda-Iniesta, C., and González-Barón, 
M. 2004. PI3K/Akt signalling pathway and cancer. Cancer Treat Rev, 302, 193-204. 

Garami, A., Zwartkruis, F.J., Nobukuni, T., Joaquin, M., Roccio, M., Stocker, H. 2003. Insulin 
activation of Rheb, a mediator of mTOR/S6K/4E-BP signaling, is inhibited by TSC1 
and 2. Mol Cell, 116, 1457-1466. 



 160 

García-Alai, M.M., Gallo, M., Salame, M., Wetzler, D.E., McBride, A.A., Paci, M., Cicero, 
D.O., and de Prat-Gay, G. 2006. Molecular basis for phosphorylation-dependent, 
PEST-mediated protein turnover. Structure, 14, no. 2: 309-319. 

Garofalo, R.S. 2002. Genetic analysis of insulin signaling in Drosophila. Trends Endocrinol 
Metab, 134, 156-162. 

Gasque, G., Conway, S., Huang, J., Rao, Y., and Vosshall, L.B. 2013. Small molecule drug 
screening in Drosophila identifies the 5HT2A receptor as a feeding modulation target. 
Sci Rep, 3, srep02120. 

Gendelman, R., Xing, H., Mirzoeva, O.K., Sarde, P., Curtis, C., Feiler, H.S. 2017. Bayesian 
Network Inference Modeling Identifies TRIB1 as a Novel Regulator of Cell-Cycle 
Progression and Survival in Cancer Cells. Cancer Res, 777, 1575-1585. 

Grandinetti, K.B., Stevens, T.A., Ha, S., Salamone, R.J., Walker, J.R., Zhang, J., Agarwalla, 
S., Tenen, D.G., Peters, E.C., and Reddy, V.A. 2011. Overexpression of TRIB2 in 
human lung cancers contributes to tumorigenesis through downregulation of 
C/EBPalpha. Oncogene, 30, no. 30: 3328-3335. 

Gerlach, S. U., Sander, M., Song, S., and Herranz, H. 2019. The miRNA bantam regulates 
growth and tumorigenesis by repressing the cell cycle regulator tribbles. Life Sci 
Alliance, 2  

Ghosh, S., Watanabe, R.M., Valle, T.T., Hauser, E.R., Magnuson, V.L., Langefeld, C.D. 2000. 
The Finland-United States investigation of non-insulin-dependent diabetes mellitus 
Genetics FUSION study. I. An autosomal genome scan for genes that predispose to 
type 2 diabetes. Am J Hum Genet, 675, 1174-1185. 

Giniger, E., Tietje, K., Jan, L. Y., and Jan, Y. N. 1994. lola encodes a putative transcription 
factor required for axon growth and guidance in Drosophila. Development, 120, 1385-
1398. 

Gong, H.P., Wang, Z.H., Jiang, H., Fang, N.N., Li, J.S., Shang, Y.Y. 2009. TRIB3 functional 
Q84R polymorphism is a risk factor for metabolic syndrome and carotid 
atherosclerosis. Diabetes Care, 327, 1311-1313. 

Grosshans, J., and Wieschaus, E. 2000. A genetic link between morphogenesis and cell 
division during formation of the ventral furrow in Drosophila. Cell, 101, no. 5: 523-
531. 

Groth, A. C., Fish, M., Nusse, R., and Calos, M. P. 2004. Construction of transgenic 
Drosophila by using the site-specific integrase from phage phiC31. Genetics, 166, no. 
4: 1775-1782. 

Guan, H., Shuaib, A., De Leon, D.D., Angyal, A., Salazar, M., Velasco, G., Holcombe, M., 
Dower, S.K., and Kiss-Toth, E. 2016. Competition between members of the tribbles 
pseudokinase protein family shapes their interactions with mitogen activated protein 
kinase pathways. Scientific Reports, 6, no. 1: 32667  

Guruharsha, K. G., Kankel, M. W., and Artavanis-Tsakonas, S. 2012. The Notch signalling 
system: recent insights into the complexity of a conserved pathway. Nat Rev Genet, 13, 
654-666. 



 161 

Hanks, S.K., and Hunter, T. 1995. The eukaryotic protein kinase superfamily: kinase 
(catalytic) domain structure and classification 1. The FASEB Journal, 9, no. 8: 576-
596. 

Hassan, B.A., Prokopenko, S.N., Breuer, S., Zhang, B., Paululat, A., and Bellen, H.J. 1998. 
skittles, a Drosophila phosphatidylinositol 4-phosphate 5-kinase, is required for cell 
viability, germline development and bristle morphology, but not for neurotransmitter 
release. Genetics, 1504, 1527-1537. 

Hegedus, Z., Czibula, A., and Kiss-Toth, E. 2006. Tribbles: novel regulators of cell function; 
evolutionary aspects. Cell Mol Life Sci, 63, no. 14: 1632-1641. 

Hegedus, Z., Czibula, A., and Kiss-Toth, E. 2007. Tribbles: a family of kinase-like proteins 
with potent signaling regulatory function. Cell Signal, 19, no. 2: 238-250. 

Held, L. 2002. Imaginal Discs: The Genetic and Cellular Logic of Pattern Formation. 
Developmental and Cell Biology Series, Cambridge University Press. 

Hemmings, B.A., and Restuccia, D.F. 2012. PI3K-PKB/Akt pathway. Cold Spring Harb 
Perspect Biol, 49, a011189. 

Hietakangas, V., and Cohen, S.M. 2007. Re-evaluating AKT regulation: role of TOR complex 
2 in tissue growth. Genes Dev, 216, 632-637. 

Hill, R., Madureira, P.A., Ferreira, B., Baptista, I., Machado, S., Colaço, L. 2017. TRIB2 
confers resistance to anti-cancer therapy by activating the serine/threonine protein 
kinase AKT. Nat Commun, 8, 14687. 

Hill, R., Kalathur, R.K.R., Colaço, L., Brandão, R., Ugurel, S., Futschik, M. 2015. TRIB2 as 
a biomarker for diagnosis and progression of melanoma. Carcinogenesis, 364, 469-
477. 

Hollmann, M., Simmerl, E., Schäfer, U., and Schäfer, M. A. 2002. The essential Drosophila 
melanogaster gene wds will die slowly codes for a WD-repeat protein with seven 
repeats. Mol Genet Genomics, 268, 425-433. 

Hong, B., Zhou, J., Ma, K., Zhang, J., Xie, H., Zhang, K. 2019. TRIB3 Promotes the 
Proliferation and Invasion of Renal Cell Carcinoma Cells via Activating MAPK 
Signaling Pathway. Int J Biol Sci, 153, 587-597. 

Huang, C., Rajfur, Z., Borchers, C., Schaller, M.D., and Jacobson, K. 2003. JNK 
phosphorylates paxillin and regulates cell migration. Nature, 424, no. 6945: 219-223. 

Humphrey, R.K., Newcomb, C.J., Yu, S.M., Hao, E., Yu, D., Krajewski, S., Du, K., and 
Jhala, U.S. 2010. Mixed lineage kinase-3 stabilizes and functionally cooperates with 
TRIBBLES-3 to compromise mitochondrial integrity in cytokine-induced death of 
pancreatic beta cells. J Biol Chem, 285, no. 29: 22426-22436. 

Hwang, S., Kim, D., Choi, G., An, S.W., Hong, Y.K., Suh, Y.S., Lee, M.J., and Cho, K.S. 
2010. Parkin suppresses c-Jun N-terminal kinase-induced cell death via 
transcriptional regulation in Drosophila. Mol Cells 29, no. 6: 575-580. 



 162 

Im, Y.K., La Selva, R., Gandin, V., Ha, J.R., Sabourin, V., Sonenberg, N. 2015. The ShcA 
adaptor activates AKT signaling to potentiate breast tumor angiogenesis by stimulating 
VEGF mRNA translation in a 4E-BP-dependent manner. Oncogene, 3413, 1729-1735. 

Inoki, K., Li, Y., Zhu, T., Wu, J., and Guan, K.L. 2002. TSC2 is phosphorylated and inhibited 
by Akt and suppresses mTOR signalling. Nat Cell Biol, 49, 648-657. 

Izrailit, J., Berman, H. K., Datti, A., Wrana, J. L., and Reedijk, M. 2013. High throughput 
kinase inhibitor screens reveal TRB3 and MAPK-ERK/TGFbeta pathways as 
fundamental Notch regulators in breast cancer. Proc Natl Acad Sci U S A, 110, 1714-
1719. 

Izrailit, J., Jaiswal, A., Zheng, W., Moran, M. F., and Reedijk, M. 2017. Cellular stress induces 
TRB3/USP9x-dependent Notch activation in cancer. Oncogene, 36, 1048-1057. 

Jamieson, S.A., Ruan, Z., Burgess, A.E., Curry, J.R., McMillan, H.D., Brewster, J.L., 
Dunbier, A.K., Axtman, A.D., Kannan, N., and Mace, P.D. 2018. Substrate binding 
allosterically relieves autoinhibition of the pseudokinase TRIB1. Sci Signal, 11, no. 
549:  

Jin, G., Yamazaki, Y., Takuwa, M., Takahara, T., Kaneko, K., Kuwata, T., Miyata, S., and 
Nakamura, T. 2007. Trib1 and Evi1 cooperate with Hoxa and Meis1 in myeloid 
leukemogenesis. Blood, 109, no. 9: 3998-4005. 

Johnston, J.M., Angyal, A., Bauer, R.C., Hamby, S., Suvarna, S.K., Baidžajevas, K. 2019. 
Myeloid Tribbles 1 induces early atherosclerosis via enhanced foam cell expansion. 
Science, advances, 510, eaax9183. 

Jones, D. T., Taylor, W. R., and Thornton, J. M. 1992. The rapid generation of mutation data 
matrices from protein sequences. Comput Appl Biosci 8, no. 3: 275-282. 

Junger, M.A., Rintelen, F., Stocker, H., Wasserman, J.D., Vegh, M., Radimerski, T. 2003. The 
Drosophila forkhead transcription factor FOXO mediates the reduction in cell number 
associated with reduced insulin signaling. J Biol, 23, 20. 

Kahn, S.E., Cooper, M.E., and Del Prato, S. 2014. Pathophysiology and treatment of type 2 
diabetes: perspectives on the past, present, and future. Lancet, 3839922, 1068-1083. 

Keeshan, K., Bailis, W., Dedhia, P.H., Vega, M.E., Shestova, O., Xu, L., Toscano, K., Uljon, 
S.N., Blacklow, S.C., and Pear, W.S. 2010. Transformation by Tribbles homolog 2 
(Trib2) requires both the Trib2 kinase domain and COP1 binding. Blood, 116, no. 23: 
4948-4957. 

Keeshan, K., He, Y., Wouters, B.J., Shestova, O., Xu, L., Sai, H., Rodriguez, C.G., Maillard, 
I., Tobias, J.W., Valk, P., Carroll, M., Aster, J.C., Delwel, R., and Pear, W.S. 2006. 
Tribbles homolog 2 inactivates C/EBPalpha and causes acute myelogenous leukemia. 
Cancer Cell, 10, no. 5: 401-411. 

Kim, K.W., Thakur, N., Piggott, C.A., Omi, S., Polanowska, J., Jin, Y. 2016. Coordinated 
inhibition of C/EBP by Tribbles in multiple tissues is essential for Caenorhabditis 
elegans development. BMC Biol, 141, 104. 



 163 

Kim, S.J., DeStefano, M.A., Oh, W.J., Wu, C.C., Vega-Cotto, N.M., Finlan, M. 2012. mTOR 
complex 2 regulates proper turnover of insulin receptor substrate-1 via the ubiquitin 
ligase subunit Fbw8. Mol Cell, 486, 875-887. 

Kim, S.K., and Rulifson, E.J. 2004. Conserved mechanisms of glucose sensing and regulation 
by Drosophila corpora cardiaca cells. Nature, 4317006, 316-320. 

Kiss-Toth, E., Bagstaff, S.M., Sung, H.Y., Jozsa, V., Dempsey, C., Caunt, J.C., Oxley, K.M., 
Wyllie, D.H., Polgar, T., Harte, M., O’neill, L.A., Qwarnstrom, E.E., and Dower, 
S.K. 2004. Human tribbles, a protein family controlling mitogen-activated protein 
kinase cascades. J Biol Chem, 279, no. 41: 42703-42708. 

Kiss-Toth, E., Velasco, G., and Pear, W.S. 2015. Tribbles at the cross-roads…. Biochem Soc 
Trans, 43, no. 5: 1049-1050 

Kockel, L., Kerr, K.S., Melnick, M., Bruckner, K., Hebrok, M., and Perrimon, N. 2010. 
Dynamic switch of negative feedback regulation in Drosophila Akt-TOR signaling. 
PLoS Genet, 66, e1000990. 

Koo, S.H., Satoh, H., Herzig, S., Lee, C.H., Hedrick, S., Kulkarni, R. 2004. PGC-1 promotes 
insulin resistance in liver through PPAR-alpha-dependent induction of TRB-3. Nat 
Med, 105, 530-534. 

Koyama, T., Mendes, C.C., and Mirth, C.K. 2013. Mechanisms regulating nutrition-dependent 
developmental plasticity through organ-specific effects in insects. Front Physiol, 4, 
263. 

Kung, J.E., and Jura, N. 2019. The pseudokinase TRIB1 toggles an intramolecular switch to 
regulate COP1 nuclear export. EMBO J, 384. 

Kumar, S., Stecher, G., Li, M., Knyaz, C., and Tamura, K. 2018. MEGA X: Molecular 
Evolutionary Genetics Analysis across Computing Platforms. Mol Biol Evol,  35, no. 
6: 1547-1549. 

Kwon, Y., Song, W., Droujinine, I.A., Hu, Y., Asara, J.M., and Perrimon, N. 2015. Systemic 
organ wasting induced by localized expression of the secreted insulin/IGF antagonist 
ImpL2. Dev Cell, 331, 36-46. 

Lai, E. C., Roegiers, F., Qin, X., Jan, Y. N., and Rubin, G. M. 2005. The ubiquitin ligase 
Drosophila Mind bomb promotes Notch signaling by regulating the localization and 
activity of Serrate and Delta. Development, 132, 2319-2332. 

Lai, K., Wang, H., Lee, W.S., Jain, M.K., Lee, M.E., and Haber, E. 1996. Mitogen-activated 
protein kinase phosphatase-1 in rat arterial smooth muscle cell proliferation. J Clin 
Invest, 98, no. 7: 1560-1567. 

Le Borgne, R., Remaud, S., Hamel, S., and Schweisguth, F. 2005. Two distinct E3 ubiquitin 
ligases have complementary functions in the regulation of delta and serrate signaling 
in Drosophila. PLoS Biol 3, e96. 

Le Borgne, R., and Schweisguth, F. 2003. Unequal segregation of Neuralized biases Notch 
activation during asymmetric cell division. Dev Cell, 5, 139-148. 



 164 

Lee, G., and Park, J.H. 2004. Hemolymph sugar homeostasis and starvation-induced 
hyperactivity affected by genetic manipulations of the adipokinetic hormone-encoding 
gene in Drosophila melanogaster. Genetics, 1671, 311-323. 

Liang, K.L., O’Connor, C., Veiga, J.P., McCarthy, T.V., and Keeshan, K. 2016a. TRIB2 
regulates normal and stress-induced thymocyte proliferation. Cell Discov, 2, 15050. 

Liang, K.L., Paredes, R., Carmody, R., Eyers, P.A., Meyer, S., McCarthy, T.V., and 
Keeshan, K. 2016b. Human TRIB2 Oscillates during the Cell Cycle and Promotes 
Ubiquitination and Degradation of CDC25C. Int J Mol Sci, 17, no. 9: 1378  

Liang, K.L., Rishi, L., and Keeshan, K. 2013. Tribbles in acute leukemia. Blood, 121, no. 21: 
4265-4270 

Liew, C.W., Bochenski, J., Kawamori, D., Hu, J., Leech, C.A., Wanic, K. 2010. The 
pseudokinase tribbles homolog 3 interacts with ATF4 to negatively regulate insulin 
exocytosis in human and mouse beta cells. J Clin Invest, 1208, 2876-2888. 

Lima, A.F., Ropelle, E.R., Pauli, J.R., Cintra, D.E., Frederico, M.J., Pinho, R.A. 2009. Acute 
exercise reduces insulin resistance-induced TRB3 expression and amelioration of the 
hepatic production of glucose in the liver of diabetic mice. J Cell Physiol, 2211, 92-97. 

Lin, K.R., Lee, S.F., Hung, C.M., Li, C.L., Yang-Yen, H.F., and Yen, J.J. 2007. Survival 
factor withdrawal-induced apoptosis of TF-1 cells involves a TRB2-Mcl-1 axis-
dependent pathway. J Biol Chem, 282, no. 30: 21962-21972. 

Liu, C. H., Bollepalli, M. K., Long, S. V., Asteriti, S., Tan, J., Brill, J. A., and Hardie, R. C. 
2018. Genetic dissection of the phosphoinositide cycle in Drosophila photoreceptors. 
J Cell Sci, 131,  

Liu, J., and Lin, A. 2005. Role of JNK activation in apoptosis: a double-edged sword. Cell 
Res 15, no. 1: 36-42. 

Lohan, F., and Keeshan, K. 2013. The functionally diverse roles of tribbles. Biochem Soc 
Trans, 414, 1096-1100. 

Lott, S.E., Villalta, J.E., Schroth, G.P., Luo, S., Tonkin, L.A., and Eisen, M.B. 2011. 
Noncanonical compensation of zygotic X transcription in early Drosophila 
melanogaster development revealed through single-embryo RNA-seq. PLoS Biol 9, 
no. 2: e1000590. 

Ma, W., Kong, Q., Grix, M., Mantyla, J.J., Yang, Y., Benning, C., and Ohlrogge, J.B. 2015. 
Deletion of a C-terminal intrinsically disordered region of WRINKLED1 affects its 
stability and enhances oil accumulation in Arabidopsis. Plant J, 83, no. 5: 864-874. 

Maeng, O., Son, W., Chung, J., Lee, K., Lee, Y., Yoo, O., Cha, G., and Paik, S. 2012. The 
BTB/POZ-ZF transcription factor dPLZF is involved in Ras/ERK signaling during 
Drosophila wing development. Molecules and Cells 33, no. 5: 457-463. 

Manning, B.D. 2010. Insulin signaling: inositol phosphates get into the Akt. Cell, 1436, 861-
863. 

Manning, G., Whyte, D. B., Martinez, R., Hunter, T., and Sudarsanam, S. 2002. The protein 
kinase complement of the human genome. Science, 298, no. 5600: 1912-1934. 



 165 

Masaki, T., Mitsui, N., Tsukagoshi, H., Nishii, T., Morikami, A., and Nakamura, K. 2005. 
ACTIVATOR of Spomin::LUC1/WRINKLED1 of Arabidopsis thaliana 
transactivates sugar-inducible promoters. Plant Cell Physiol, 46, no. 4: 547-556. 

Masoner, V., Das, R., Pence, L., Anand, G., LaFerriere, H., Zars, T., Bouyain, S., and 
Dobens, L.L. 2013. The kinase domain of Drosophila Tribbles is required for 
turnover of fly C/EBP during cell migration. Dev Biol, 375, no. 1: 33-44. 

Mata, J., Curado, S., Ephrussi, A., and Rorth, P. 2000. Tribbles coordinates mitosis and 
morphogenesis in Drosophila by regulating string/CDC25 proteolysis. Cell, 101, no. 
5: 511-522. 

Matos, A., Ropelle, E.R., Pauli, J.R., Frederico, M.J., de Pinho, R.A., Velloso, L.A. 2010. 
Acute exercise reverses TRB3 expression in the skeletal muscle and ameliorates whole 
body insulin sensitivity in diabetic mice. Acta Physiol Oxf, 1981, 61-69. 

Matsushima, R., Harada, N., Webster, N.J., Tsutsumi, Y.M., and Nakaya, Y. 2006. Effect of 
TRB3 on insulin and nutrient-stimulated hepatic p70 S6 kinase activity. J Biol Chem, 
28140, 29719-29729. 

Mayumi-Matsuda, K., Kojima, S., Suzuki, H., and Sakata, T. 1999. Identification of a Novel 
Kinase-like Gene Induced during Neuronal Cell Death. Biochemical and Biophysical 
Research Communications 258, no. 2: 260-264. 

McNellis, T.W., von Arnim, A.G., and Deng, X.W. 1994. Overexpression of Arabidopsis 
COP1 results in partial suppression of light-mediated development: evidence for a 
light-inactivable repressor of photomorphogenesis. Plant Cell, 6, no. 10: 1391-1400. 

Mellerick, D. M., Kassis, J. A., Zhang, S. D., and Odenwald, W. F. 1992. castor encodes a 
novel zinc finger protein required for the development of a subset of CNS neurons in 
Drosophila. Neuron, 9, 789-803. 

Migliorini, D., Bogaerts, S., Defever,V., Vyas, R., Denecker, G., Radaelli, E., Zwolinska, A., 
Depaepe, V., Hochepied, T., Skarnes, W.C., and Marine, J.C. 2011. COP1 
constitutively regulates c-Jun protein stability and functions as a tumor suppressor in 
mice. J Clin Invest, 121, no. 4: 1329-1343. 

Miron, M., Lasko, P., and Sonenberg, N. 2003. Signaling from Akt to FRAP/TOR targets both 
4E-BP and S6K in Drosophila melanogaster. Mol Cell Biol,, 2324, 9117-9126. 

Mirza, A.M., Gysin, S., Malek, N., Nakayama, K., Roberts, J.M., and McMahon, M. 2004. 
Cooperative regulation of the cell division cycle by the protein kinases RAF and AKT. 
Mol Cell Biol,, 24, 10868-10881. 

Mitchell, B.D., Kammerer, C.M., Reinhart, L.J., and Stern, M.P. 1994. NIDDM in Mexican-
American families. Heterogeneity by age of onset. Diabetes Care, 176, 567-573. 

Miyoshi, N., Ishii, H., Mimori, K., Takatsuno, Y., Kim, H., Hirose, H., Sekimoto, M., Doki, 
Y., and Mori, M. 2009. Abnormal expression of TRIB3 in colorectal cancer: a novel 
marker for prognosis. Br J Cancer 101, no. 10: 1664-1670. 

Mondal, D., Mathur, A., and Chandra, P.K. 2016. Tripping on TRIB3 at the junction of health, 
metabolic dysfunction and cancer. Biochimie, 124, 34-52. 



 166 

Montagne, J., Stewart, M.J., Stocker, H., Hafen, E., Kozma, S.C., and Thomas, G. 1999. 
Drosophila S6 kinase: a regulator of cell size. Science, 2855436, 2126-2129. 

Montell, D. J., Rorth, P., and Spradling, A. C. 1992. Slow border cells, a locus required for a 
developmentally regulated cell migration during oogenesis, encodes Drosophila 
C/EBP. Cell, 71, 51-62. 

Mukherjee, T., Schafer, U., and Zeidler, M. P. 2006. Identification of Drosophila genes 
modulating Janus kinase/signal transducer and activator of transcription signal 
transduction. Genetics 172, 1683-1697. 

Murphy, J. M., Nakatani, Y., Jamieson, S.A., Dai, W., Lucet, I.S., and Mace, P.D. 2015. 
Molecular Mechanism of CCAAT-Enhancer Binding Protein Recruitment by the 
TRIB1 Pseudokinase. Structure, 23, no. 11: 2111-2121. 

Musselman, L.P., Fink, J.L., Narzinski, K., Ramachandran, P.V., Hathiramani, S.S., Cagan, 
R.L. 2011. A high-sugar diet produces obesity and insulin resistance in wild-type 
Drosophila. Dis Model Mech, 46, 842-849. 

Naiki, T., Saijou, E., Miyaoka, Y., Sekine, K., and Miyajima, A. 2007. TRB2, a mouse 
Tribbles ortholog, suppresses adipocyte differentiation by inhibiting AKT and 
C/EBPbeta. J Biol Chem, 282, no. 33: 24075-24082. 

Nakamura, T. 2015. The role of Trib1 in myeloid leukaemogenesis and differentiation. 
Biochem Soc Trans, 43, 1104-1107. 

O’Connell, M. J., and Nurse, P. 1994. How cells know they are in G1 or g2. Curr Opinion Cell 
Biol, 6, 867-871. 

Oberkofler, H., Pfeifenberger, A., Soyal, S., Felder, T., Hahne, P., Miller, K. 2010. Aberrant 
hepatic TRIB3 gene expression in insulin-resistant obese humans. Diabetologia, 539, 
1971-1975. 

Ohoka, N., Yoshii, S., Hattori, T., Onozaki, K., and Hayashi, H. 2005. TRB3, a novel ER 
stress-inducible gene, is induced via ATF4-CHOP pathway and is involved in cell 
death. EMBO J, 246, 1243-1255. 

Ohta, T., Michel, J.J., Schottelius, A.J., and Xiong, Y. 1999. ROC1, a homolog of APC11, 
represents a family of cullin partners with an associated ubiquitin ligase activity. Mol 
Cell, 3, no. 4: 535-541. 

Okamoto, H., Latres, E., Liu, R., Thabet, K., Murphy, A., Valenzeula, D., Yancopoulos, 
G.D., Stitt, T.N., Glass, D.J., and Sleeman, M.W. 2007. Genetic deletion of Trb3, the 
mammalian Drosophila tribbles homolog, displays normal hepatic insulin signaling 
and glucose homeostasis. Diabetes 56, no. 5: 1350-1356. 

Osterlund, M.T., Ang, L.H., and Deng, X.W. 1999. The role of COP1 in repression of 
Arabidopsis photomorphogenic development. Trends Cell Biol, 9, no. 3: 113-118. 

Ord, T. 2017. Mammalian Pseudokinase TRIB3 in Normal Physiology and Disease: Charting 
the Progress in Old and New Avenues. Curr Protein Pept Sci, 18, 819-842. 

Otsuki, L., and Brand, A.H. 2018. Cell cycle heterogeneity directs the timing of neural stem 
cell activation from quiescence. Science, 360, no. 6384: 99-102. 



 167 

Padmanabhan, S., Mukhopadhyay, A., Narasimhan, S.D., Tesz, G., Czech, M.P., and 
Tissenbaum, H.A. 2009. A PP2A regulatory subunit regulates C. elegans insulin/IGF-
1 signaling by modulating AKT-1 phosphorylation. Cell, 1365, 939-951. 

Pan, Z.Q., Kentsis, A., Dias, D.C., Yamoah, K., and Wu, K. 2004. Nedd8 on cullin: building 
an expressway to protein destruction. Oncogene, 23, no. 11: 1985-1997. 

Parisi, F., Riccardo, S., Daniel, M., Saqcena, M., Kundu, N., Pession, A. 2011. Drosophila 
insulin and target of rapamycin TOR pathways regulate GSK3 beta activity to control 
Myc stability and determine Myc expression in vivo. BMC Biol, 9, 65. 

Park, M.H., Cho, S.A., Yoo, K.H., Yang, M.H., Ahn, J.Y., Lee, H.S., Lee, K.E., Mun, Y.C., 
Cho, D.H., Seong, C.M., and Park, J.H. 2007. Gene expression profile related to 
prognosis of acute myeloid leukemia. Oncol Rep 18, no. 6: 1395-1402. 

Pence, L. 2013. Identification of Motifs in the Tribbles Kinase Required for Substrate 
Interactions. Thesis: Master of Science, University of Missouri-Kansas City 112 pages. 

Permutt, M.A., Wasson, J.C., Suarez, B.K., Lin, J., Thomas, J., Meyer, J. 2001. A genome scan 
for type 2 diabetes susceptibility loci in a genetically isolated population. Diabetes, 
503, 681-685. 

Petroski, M.D., and Deshaies, R.J. 2005. Function and regulation of cullin–RING ubiquitin 
ligases. Nature Reviews Molecular Cell Biology, 6, no. 1: 9-20. 

Picone, P., Giacomazza, D., Vetri, V., Carrotta, R., Militello, V., San Biagio, P.L. 2011. 
Insulin-activated Akt rescues Aβ oxidative stress-induced cell death by orchestrating 
molecular trafficking. Aging Cell, 105, 832-843. 

Poltilove, R.M., Jacobs, A.R., Haft, C.R., Xu, P., and Taylor, S.I. 2000. Characterization of 
Drosophila insulin receptor substrate. J Biol Chem, 27530, 23346-23354. 

Porstmann, T., Griffiths, B., Chung, Y.L., Delpuech, O., Griffiths, J.R., Downward, J. 2005. 
PKB/Akt induces transcription of enzymes involved in cholesterol and fatty acid 
biosynthesis via activation of SREBP. Oncogene, 2443, 6465-6481. 

Porstmann, T., Santos, C.R., Griffiths, B., Cully, M., Wu, M., Leevers, S. 2008. SREBP 
activity is regulated by mTORC1 and contributes to Akt-dependent cell growth. Cell 
Metab, 83, 224-236. 

Prudente, S., Baratta, R., Andreozzi, F., Morini, E., Farina, M.G., Nigro, A. 2010. TRIB3 R84 
variant affects glucose homeostasis by altering the interplay between insulin sensitivity 
and secretion. Diabetologia, 537, 1354-1361. 

Prudente, S., Dallapiccola, B., Pellegrini, F., Doria, A., and Trischitta, V. 2012. Genetic 
prediction of common diseases. Still no help for the clinical diabetologist. Nutr Metab 
Cardiovasc Dis, 2211, 929-936. 

Prudente, S., Hribal, M.L., Flex, E., Turchi, F., Morini, E., De Cosmo, S., Bacci, S., Tassi, 
V., Cardellini, M., Lauro, R., Sesti, G., Dallapiccola, B., and Trischitta, V. 2005. The 
functional Q84R polymorphism of mammalian Tribbles homolog TRB3 is associated 
with insulin resistance and related cardiovascular risk in Caucasians from Italy. 
Diabetes 54, no. 9: 2807-2811. 



 168 

Prudente, S., Morini, E., Marselli, L., Baratta, R., Copetti, M., Mendonca, C. 2013. Joint effect 
of insulin signaling genes on insulin secretion and glucose homeostasis. J Clin 
Endocrinol Metab, 986, E1143-7. 

Prudente, S., Scarpelli, D., Chandalia, M., Zhang, Y.Y., Morini, E., Del Guerra, S. 2009. The 
TRIB3 Q84R polymorphism and risk of early-onset type 2 diabetes. J Clin Endocrinol 
Metab, 941, 190-196. 

Prudente, S., Sesti, G., Pandolfi, A., Andreozzi, F., Consoli, A., and Trischitta, V. 2012. The 
Mammalian Tribbles Homolog TRIB3, Glucose Homeostasis, and Cardiovascular 
Diseases. Endocr Rev. 

Prudente, S., and Trischitta, V. 2015. The TRIB3 Q84R polymorphism, insulin resistance and 
related metabolic alterations. Biochem Soc Trans, 435, 1108-1111. 

Puig, O., and Tjian, R. 2005. Transcriptional feedback control of insulin receptor by 
dFOXO/FOXO1. Genes Dev, 1920, 2435-2446. 

Qi, L., Heredia, J.E., Altarejos, J.Y., Screaton, R., Goebel, N., Niessen, S., Macleod, I.X., 
Liew, C.W., Kulkarni, R.N., Bain, J., Newgard, C., Nelson, M., Evans, R.M., Yates, 
J., and Montminy, M. 2006. TRB3 links the E3 ubiquitin ligase COP1 to lipid 
metabolism. Science, 312, no. 5781: 1763-1766. 

Quijano, J. C., Wisotzkey, R. G., Tran, N. L., Huang, Y., Stinchfield, M. J., Haerry, T. E., 
Shimmi, O., and Newfeld, S. J. 2016. lolal Is an Evolutionarily New Epigenetic 
Regulator of dpp Transcription during Dorsal-Ventral Axis Formation. Mol Biol Evol,  
33, 2621-2632. 

Radimerski, T., Montagne, J., Hemmings-Mieszczak, M., and Thomas, G. 2002. Lethality of 
Drosophila lacking TSC tumor suppressor function rescued by reducing dS6K 
signaling. Genes Dev, 1620, 2627-2632. 

Rathmell, J.C., Fox, C.J., Plas, D.R., Hammerman, P.S., Cinalli, R.M., and Thompson, C.B. 
2003. Akt-directed glucose metabolism can prevent Bax conformation change and 
promote growth factor-independent survival. Mol Cell Biol,, 2320, 7315-7328. 

Rechsteiner, M., and Rogers, S.W. 1996. PEST sequences and regulation by proteolysis. 
Trends Biochem Sci, 21, no. 7: 267-271. 

Renström, F., Payne, F., Nordström, A., Brito, E.C., Rolandsson, O., Hallmans, G. 2009. 
Replication and extension of genome-wide association study results for obesity in 4923 
adults from northern Sweden. Hum Mol Genet, 188, 1489-1496. 

Rhyu, M. S., Jan, L. Y., and Jan, Y. N. 1994. Asymmetric distribution of numb protein during 
division of the sensory organ precursor cell confers distinct fates to daughter cells. Cell, 
76, 477-491. 

Richmond, L., and Keeshan, K. 2019. Pseudokinases: a tribble-edged sword. FEBS J  
Rintelen, F., Stocker, H., Thomas, G., and Hafen, E. 2001. PDK1 regulates growth through 

Akt and S6K in Drosophila. Proc Natl Acad Sci U S A, 9826, 15020-15025. 
Rogers, S., Wells, R., and Rechsteiner, M. 1986. Amino acid sequences common to rapidly 

degraded proteins: the PEST hypothesis. Science, 234, no. 4774: 364-368. 



 169 

Rorth, P., Szabo, K., and Texido, G. 2000. The level of C/EBP protein is critical for cell 
migration during Drosophila oogenesis and is tightly controlled by regulated 
degradation. Mol Cell, 6, no. 1: 23-30. 

Rorth, P., Szabo, K., Bailey, A., Laverty, T., Rehm, J., Rubin, G. M., Weigmann, K., Milan, 
M., Benes, V., Ansorge, W., and Cohen, S. M. 1998. Systematic gain-of-function 
Genetics in Drosophila. Development, 125, 1049-1057. 

Rorth, P., and Montell, D.J. 1992. Drosophila C/EBP: a tissue-specific DNA-binding protein 
required for embryonic development. Genes and Development, 612A, 2299-2311. 

Ruaud, A.F., Lam, G., and Thummel, C.S. 2011. The Drosophila NR4A nuclear receptor 
DHR38 regulates carbohydrate metabolism and glycogen storage. Mol Endocrinol, 
251, 83-91. 

Ruderman, N.B., Kapeller, R., White, M.F., and Cantley, L.C. 1990. Activation of 
phosphatidylinositol 3-kinase by insulin. Proc Natl Acad Sci U S A, 874, 1411-1415. 

Rulifson, E.J., Kim, S.K., and Nusse, R. 2002. Ablation of insulin-producing neurons in flies: 
growth and diabetic phenotypes. Science, 2965570, 1118-1120. 

Russell, J., Gennissen, A., and Nusse, R. 1992. Isolation and expression of two novel 
Wnt/wingless gene homologues in Drosophila. Development, 115, 475-485. 

Sakai, S., Miyajima, C., Uchida, C., Itoh, Y., Hayashi, H., and Inoue, Y. 2016. Tribbles-
Related Protein Family Members as Regulators or Substrates of the Ubiquitin-
Proteasome System in Cancer Development. Curr Cancer Drug Targets, 16, 147-156. 

Salazar, M., Carracedo, A., Salanueva, I.J., Hernández-Tiedra, S., Lorente, M., Egia, A., 
Vázquez, P., Blázquez, C., Torres, S., García, S., Nowak, J., Fimia, G.M., Piacentini, 
M., Cecconi, F., Pandolfi, P.P., González-Feria, L., Iovanna, J.L., Guzmán, M., Boya, 
P., and Velasco, G. 2009. Cannabinoid action induces autophagy-mediated cell death 
through stimulation of ER stress in human glioma cells. J Clin Invest, 119, no. 5: 
1359-1372. 

Salazar, M., Lorente, M., Orea-Soufi, A., Dávila, D., Erazo, T., Lizcano, J., Carracedo, A., 
Kiss-Toth, E., and Velasco, G. 2015. Oncosuppressive functions of tribbles 
pseudokinase 3. Biochem Soc Trans, 43, 1122-1126. 

Sarbassov, D.D., Guertin, D.A., Ali, S.M., and Sabatini, D.M. 2005. Phosphorylation and 
regulation of Akt/PKB by the rictor-mTOR complex. Science, 3075712, 1098-1101. 

Sarikas, A., Hartmann, T., and Pan, Z.Q. 2011. The cullin protein family. Genome Biol, 12, 
no. 4: 220. 

Schertel, C., Huang, D., Bjorklund, M., Bischof, J., Yin, D., Li, R., Wu, Y., Zeng, R., Wu, J., 
Taipale, J., Song, H., and Basler, K. 2013. Systematic screening of a Drosophila ORF 
library in vivo uncovers Wnt/Wg pathway components. Dev Cell, 25, 207-219. 

Schneider, T.D., and Stephens, R.M. 1990. Sequence logos: a new way to display consensus 
sequences. Nucleic Acids Res, 18, no. 20: 6097-6100. 

Schulz, C., Kiger, A. A., Tazuke, S. I., Yamashita, Y. M., Pantalena-Filho, L. C., Jones, D. L., 
Wood, C. G., and Fuller, M. T. 2004. A misexpression screen reveals effects of bag-



 170 

of-marbles and TGF beta class signaling on the Drosophila male germ-line stem cell 
lineage. Genetics 167, 707-723. 

Schwanbeck, R., and Just, U. 2011. The Notch signaling pathway in hematopoiesis and 
hematologic malignancies. Haematologica, 96, 1735-1737. 

Schwarzer, R., Dames, S., Tondera, D., Klippel, A., and Kaufmann, J. 2006. TRB3 is a PI 3-
kinase dependent indicator for nutrient starvation. Cell Signal, 186, 899-909. 

Schweisguth, F. 2015. Asymmetric cell division in the Drosophila bristle lineage: from the 
polarization of sensory organ precursor cells to Notch-mediated binary fate decision. 
Wiley Interdiscip Rev Dev Biol, 4, 299-309. 

Seher, T.C., and Leptin, M. 2000. Tribbles, a cell-cycle brake that coordinates proliferation 
and morphogenesis during Drosophila gastrulation. Curr Biol, 10, no. 11: 623-629. 

Shi, Z., Liu, J., Guo, Q., Ma, X., Shen, L., Xu, S. 2009. Association of TRB3 gene Q84R 
polymorphism with type 2 diabetes mellitus in Chinese population. Endocrine, 353, 
414-419. 

Shimizu, K., Takahama, S., Endo, Y., and Sawasaki, T. 2012. Stress-inducible caspase 
substrate TRB3 promotes nuclear translocation of procaspase-3. PLoS One, 7, e42721. 

Shingleton, A.W., Das, J., Vinicius, L., and Stern, D.L. 2005. The temporal requirements for 
insulin signaling during development in Drosophila. PLoS Biol, 39, e289. 

Shipman, A., and Dobens, L. 2015. A Screen for Tribbles interacting genes regulating cell 
growth and proliferation. in preparation, mas. 

Siebel, C., and Lendahl, U. 2017. Notch Signaling in Development, Tissue Homeostasis, and 
Disease. Physiol Rev 97, 1235-1294. 

Sievers, F., Wilm, A., Dineen, D., Gibson, T.J., Karplus, K., Li, W. 2011. Fast, scalable 
generation of high-quality protein multiple sequence alignments using Clustal Omega. 
Mol Syst Biol, 7, 539. 

Singh, G.P., Ganapathi, M., Sandhu, K.S., and Dash, D. 2006. Intrinsic unstructuredness and 
abundance of PEST motifs in eukaryotic proteomes. Proteins, 62, no. 2: 309-315. 

Song, G., Ouyang, G., and Bao, S. 2005. The activation of Akt/PKB signaling pathway and 
cell survival. J Cell Mol Med, 91, 59-71. 

Soubeyrand, S., Martinuk, A., Lau, P., and McPherson, R. 2016. TRIB1 Is Regulated Post-
Transcriptionally by Proteasomal and Non-Proteasomal Pathways. PLoS One, 11, no. 
3: e0152346. 

Stecher, G., Tamura, K., and Kumar, S. 2020. Molecular Evolutionary Genetics Analysis 
(MEGA) for macOS. Mol Biol Evol, 37, no. 4, 1237–1239.   

Stein, S. J., Mack, E. A., Rome, K. S., and Pear, W. S. 2015. Tribbles in normal and malignant 
haematopoiesis. Biochem Soc Trans, 43, 1112-1115. 

Storlazzi, C.T., Fioretos, T., Paulsson, K., Strömbeck, B., Lassen, C., Ahlgren, T., Juliusson, 
G., Mitelman, F., Rocchi, M., and Johansson, B. 2004. Identification of a commonly 
amplified 4.3 Mb region with overexpression of C8FW, but not MYC in MYC-



 171 

containing double minutes in myeloid malignancies. Hum Mol Genet 13, no. 14: 
1479-1485. 

Sung, H.Y., Guan, H., Czibula, A., King, A.R., Eder, K., Heath, E., Suvarna, S.K., Dower, 
S.K., Wilson, A.G., Francis, S.E., Crossman, D.C., and Kiss-Toth, E. 2007. Human 
tribbles-1 controls proliferation and chemotaxis of smooth muscle cells via MAPK 
signaling pathways. J Biol Chem, 282, no. 25: 18379-18387. 

Suster, M.L., Seugnet, L., Bate, M., and Sokolowski, M.B. 2004. Refining GAL4-driven 
transgene expression in Drosophila with a GAL80 enhancer-trap. Genesis, 394, 240-
245. 

Takasato, M., Kobayashi, C., Okabayashi, K., Kiyonari, H., Oshima, N., Asashima, M., and 
Nishinakamura, R. 2008. Trb2, a mouse homolog of tribbles, is dispensable for 
kidney and mouse development. Biochem Biophys Res Commun 373, no. 4: 648-652. 

Teleman, A.A., Hietakangas, V., Sayadian, A.C., and Cohen, S.M. 2008. Nutritional control 
of protein biosynthetic capacity by insulin via Myc in Drosophila. Cell Metab, 71, 21-
32. 

Temme, C., Zaessinger, S., Meyer, S., Simonelig, M., and Wahle, E. 2004. A complex 
containing the CCR4 and CAF1 proteins is involved in mRNA deadenylation in 
Drosophila. EMBO J, 23, 2862-2871. 

Ti, Y., Xie, G.L., Wang, Z.H., Bi, X.L., Ding, W.Y., Wang, J. 2011. TRB3 gene silencing 
alleviates diabetic cardiomyopathy in a type 2 diabetic rat model. Diabetes, 6011, 2963-
2974. 

Tong, H., Imahashi, K., Steenbergen, C., and Murphy, E. 2002. Phosphorylation of glycogen 
synthase kinase-3beta during preconditioning through a phosphatidylinositol-3-kinase-
-dependent pathway is cardioprotective. Circ Res, 904, 377-379. 

Tripura, C., Chandrika, N.P., Susmitha, V.N., Noselli, S., and Shashidhara, L.S. 2011. 
Regulation and activity of JNK signaling in the wing disc peripodial membrane 
during adult morphogenesis in Drosophila. Int J Dev Biol, 55, no. 6: 583-590. 

Tsuzuki, K., Itoh, Y., Inoue, Y., and Hayashi, H. 2018. TRB1 negatively regulates 
gluconeogenesis by suppressing the transcriptional activity of FOXO1. FEBS Lett, 593, 
3. 

Uljon, S., X. Xu, I. Durzynska, S. Stein, G. Adelmant, J. A. Marto, W. S. Pear, and S. C. 
Blacklow. 2016. Structural Basis for Substrate Selectivity of the E3 Ligase COP1. 
Structure, 24, no. 5: 687-696. 

Uljon, S., Xu, X., Durzynska, I., Stein, S., Adelmant, G., Marto, J.A., Pear, W.S., and 
Blacklow, S.C. 2016. Structural Basis for Substrate Selectivity of the E3 Ligase 
COP1. Structure, 24, no. 5: 687-696. 

Visscher, P.M., Brown, M.A., McCarthy, M.I., and Yang, J. 2012. Five years of GWAS 
discovery. Am J Hum Genet, 901, 7-24. 

Vitari, A.C., Leong, K.G., Newton, K., Yee, C., O’Rourke, K., Liu, J., Phu, L., Vij, R., 
Ferrando, R., Couto, S.S., Mohan, S., Pandita, A., Hongo, J.A., Arnott, D., Wertz, 



 172 

I.E., Gao, W.Q., French, D.M., and Dixit, V.M. 2011. COP1 is a tumour suppressor 
that causes degradation of ETS transcription factors. Nature, 474, no. 7351: 403-406. 

Voight, B.F., Scott, L.J., Steinthorsdottir, V., Morris, A.P., Dina, C., Welch, R.P. 2010. Twelve 
type 2 diabetes susceptibility loci identified through large-scale association analysis. 
Nat Genet, 427, 579-589. 

Wallner, J., Lhota, G., Jeschek, D., Mader, A., and Vorauer-Uhl, K. 2013. Application of Bio-
Layer Interferometry for the analysis of protein/liposome interactions. J Pharm Biomed 
Anal, 72, 150-154. 

Wang, H., Kang, D., Deng, X.W., and Wei, N. 1999. Evidence for functional conservation of 
a mammalian homologue of the light-responsive plant protein COP1. Curr Biol, 9, 
no. 13: 711-714. 

Wang, J., Zhang, Y., Weng, W., Qiao, Y., Ma, L., Xiao, W., Yu, Y., Pan, Q., and Sun, F. 
2013. Impaired phosphorylation and ubiquitination by p70 S6 kinase (p70S6K) and 
Smad ubiquitination regulatory factor 1 (Smurf1) promote tribbles homolog 2 
(TRIB2) stability and carcinogenic property in liver cancer. J Biol Chem, 288, no. 47: 
33667-33681. 

Wang, W., and Struhl, G. 2005. Distinct roles for Mind bomb, Neuralized and Epsin in 
mediating DSL endocytosis and signaling in Drosophila. Development, 132, 2883-
2894. 

Wang, Y.G., Shi, M., Wang, T., Shi, T., Wei, J., Wang, N. 2009. Signal transduction 
mechanism of TRB3 in rats with non-alcoholic fatty liver disease. World J 
Gastroenterol, 1519, 2329-2335. 

Wang, Z.H., Shang, Y.Y., Zhang, S., Zhong, M., Wang, X.P., Deng, J.T. 2012. Silence of 
TRIB3 suppresses atherosclerosis and stabilizes plaques in diabetic ApoE-/-/LDL 
receptor-/- mice. Diabetes, 612, 463-473. 

Weijnen, C.F., Rich, S.S., Meigs, J.B., Krolewski, A.S., and Warram, J.H. 2002. Risk of 
diabetes in siblings of index cases with Type 2 diabetes: implications for genetic 
studies. Diabet Med, 191, 41-50. 

Weinmaster, G. 1998. Notch signaling: direct or what? Curr. Op. Genet. Dev, 8, 436-442. 
Wennemers, M., Bussink, J., Scheijen, B., Nagtegaal, I.D., van Laarhoven, H.W., Raleigh, 

J.A., Varia, M.A., Heuvel, J.J., Rouschop, K.M., Sweep, F.C., and Span, P.N. 2011. 
Tribbles homolog 3 denotes a poor prognosis in breast cancer and is involved in 
hypoxia response. Breast Cancer Res, 13, no. 4: R82. 

White, M.F. 2003. Insulin signaling in health and disease. Science, 3025651, 1710-1711. 
Wilkin, F., Savonet, V., Radulescu, A., Petermans, J., Dumont, J.E., and Maenhaut, C. 1996. 

Identification and characterization of novel genes modulated in the thyroid of dogs 
treated with methimazole and propylthiouracil. J Biol Chem, 271, no. 45: 28451-
28457. 

Wilkin, F., Suarez-Huerta, N., Robaye, B., Peetermans, J., Libert, F., Dumont, J.E., and 
Maenhaut, C. 1997. Characterization of a phosphoprotein whose mRNA is regulated 
by the mitogenic pathways in dog thyroid cells. Eur J Biochem, 248, no. 3: 660-668. 



 173 

Williams, J. A., Paddock, S. W., Vorwerk, K., and Carroll, S. B. 1994. Organization of wing 
formation and induction of a wing-patterning gene at the dorsal/ventral compartment 
boundary. Nature, 368, 299-305. 

Wouters, B. J., Jordà, M. A., Keeshan, K., Louwers, I., Erpelinck-Verschueren, C. A., 
Tielemans, D., Langerak, A. W., He, Y., Yashiro-Ohtani, Y., Zhang, P., Hetherington, 
C. J., Verhaak, R. G., Valk, P. J., Löwenberg, B., Tenen, D. G., Pear, W. S., and Delwel, 
R. 2007. Distinct gene expression profiles of acute myeloid/T-lymphoid leukemia with 
silenced CEBPA and mutations in NOTCH1. Blood, 110, 3706-3714. 

Wu, Y.T., Ouyang, W., Lazorchak, A.S., Liu, D., Shen, H.M., and Su, B. 2011. mTOR 
complex 2 targets Akt for proteasomal degradation via phosphorylation at the 
hydrophobic motif. J Biol Chem, 28616, 14190-14198. 

Xing, H., Hong, Y., and Sarge, K.D. 2010. PEST sequences mediate heat shock factor 2 
turnover by interacting with the Cul3 subunit of the Cul3-RING ubiquitin ligase. Cell 
Stress and Chaperones, 15, no. 3: 301-308. 

Xu, C., and Min, J. 2011. Structure and function of WD40 domain proteins. Protein Cell, 2, 
no. 3: 202-214. 

Xu, G., and Jaffrey, S.R. 2013. Proteomic identification of protein ubiquitination events. 
Biotechnol Genet Eng Rev, 29, 73-109. 

Xu, J., Lv, S., Qin, Y., Shu, F., Xu, Y., Chen, J. 2007. TRB3 interacts with CtIP and is 
overexpressed in certain cancers. Biochem Biophys Acta, 17702, 273-278. 

Yang, Y., Nishimura, I., Imai, Y., Takahashi, R., and Lu, B. 2003. Parkin suppresses 
dopaminergic neuron-selective neurotoxicity induced by Pael-R in Drosophila. 
Neuron, 37, 911-924. 

Yoffe, K. B., Manoukian, A. S., Wilder, E. L., Brand, A. H., and Perrimon, N. 1995. Evidence 
for engrailed-independent wingless autoregulation in Drosophila. Dev Biol, 170, 636-
650. 

Yokoyama, T., Kanno Y., Yamazaki, Y., Takahara, T., Miyata, S., and Nakamura, T. 2010. 
Trib1 links the MEK1/ERK pathway in myeloid leukemogenesis. Blood, 116, no. 15: 
2768-2775. 

Yokoyama, T., and Nakamura, T. 2011. Tribbles in disease: Signaling pathways important 
for cellular function and neoplastic transformation. Cancer Sci, 102, no. 6: 1115-
1122. 

Yokoyama, T., Toki, T., Aoki, Y., Kanezaki, R., Park, M.J., Kanno, Y. 2012. Identification of 
TRIB1 R107L gain-of-function mutation in human acute megakaryocytic leukemia. 
Blood, 11911, 2608-2611. 

Yu, J.-m., Sun, W., Wang, Z.-h., Liang, X., Hua, F., Li, K. 2019. TRIB3 supports breast cancer 
stemness by suppressing FOXO1 degradation and enhancing SOX2 transcription. 
Nature Communications, 101, 1-16. 

Zanella, F., Renner, O., Garcia, B., Callejas, S., Dopazo, A., Peregrina, S., Carnero, A., and 
Link, W. 2010. Human TRIB2 is a repressor of FOXO that contributes to the 
malignant phenotype of melanoma cells. Oncogene, 29, no. 20: 2973-2982. 



 174 

Zeggini, E., Scott, L.J., Saxena, R., Voight, B.F., Marchini, J.L., Hu, T. 2008. Meta-analysis 
of genome-wide association data and large-scale replication identifies additional 
susceptibility loci for type 2 diabetes. Nat Genet, 405, 638-645. 

Zhang, W., Yang, Z., Li, X., Wen, J., Zhang, H., Wang, S. 2015. The functional Q84R 
polymorphism of TRIB3 gene is associated with diabetic nephropathy in Chinese type 
2 diabetic patients. Gene, 5552, 357-361. 

Zhang, X., Tang, N., Hadden, T.J., and Rishi, A.K. 2011. Akt, FoxO and regulation of 
apoptosis. Biochem Biophys Acta, 181311, 1978-1986. 

Zheng, N., Schulman, B.A., Song, L., Miller, J.J., Jeffrey, P.D., Wang, P., Chu, C., Koepp, 
D.M., Elledge, S.J., Pagano, M., Conaway, R.C., Conaway, J.W., Harper, J.W., and 
Pavletich, N.P. 2002. Structure of the Cul1-Rbx1-Skp1-F boxSkp2 SCF ubiquitin 
ligase complex. Nature, 416, no. 6882: 703-709. 

Zhou, H., Luo, Y., Chen, J. H., Hu, J., Luo, Y. Z., Wang, W., Zeng, Y., and Xiao, L. 2013. 
Knockdown of TRB3 induces apoptosis in human lung adenocarcinoma cells through 
regulation of Notch 1 expression. Mol Med Rep, 8, 47-52. 

Zielke, N., Korzelius, J., van Straaten, M., Bender, K., Schuhknecht, G. F., Dutta, D., Xiang, 
J., and Edgar, B. A. 2014. Fly-FUCCI: A versatile tool for studying cell proliferation 
in complex tissues. Cell Rep, 7, 588-598. 

Zimmerman, E.S., Schulman, B.A., and Zheng, N. 2010. Structural assembly of cullin-RING 
ubiquitin ligase complexes. Curr Opin Struct Biol, 20, no. 6: 714-721. 

  
  



 175 

VITA 

 Christopher Eric Nauman was born April 13th, 1982, in Arkansas City, Kansas, was 

married to Amanda in 2006, and had a son, Corbin in 2010. He attended many school districts 

but the bulk of his K-12 education was obtained in the Park Hill school district in Parkville, 

MO. He received his diploma from Park Hill South High School in 2001. After many years in 

manual labor, the economic downturn in 2008 caused much economic hardship and many hard 

decisions but also provided an opportunity for Chris to achieve his goal of continuing his 

education.  

Mr. Nauman began taking consistent classes at MCC-Maple Woods Community 

College and completed his Associate of Science, in biology in 2011. During his time at Maple 

Woods, Chris worked as a tutor in the Math and Science, Lab and participated in several 

student organizations, 1) The Ambassadors [Vice president], 2) Engineering Club, and 3) 

Environmental Club. Honors obtained while attending Maple Woods include being accepted 

into Phi Theta Kappa – Upsilon Xi chapter honors society and receiving an Outstanding 

Leadership Award. He holds a Bachelor of Science, degree in both Chemistry and Biology 

from the University of Missouri - Kansas City (UMKC), completed in 2014. During his 

undergraduate, he worked in the lab of Alexander Idnurm, Ph.D. and attempted to identify the 

genes, in Rhodosporidium kratochvilovae strain LS11, responsible for generating proteins that 

break down patulin, a dangerous mycotoxin excreted from bacteria that infect fruit stores. 

In 2014, with acceptance letters from three universities (University of Florida, 

University of Missouri, and UMKC) Mr. Nauman accepted and began working on a Ph.D. in 

molecular biology and biochemistry at UMKC. He worked under the guidance of Len Dobens 

where he studied the role of the divergent C-terminal tail of Drosophila melanogaster Tribbles 



 176 

protein had on the degradation of target products. He found a set of four residues in the tail 

that are important for function in a novel mechanism. He completed his degree in the Summer 

of 2020 during the Covid-19 pandemic. During his time as a graduate student he participated 

in the student organization Lavoisier Society, the KcRIBs organization, and the 

Entrepreneurship Scholars program. Christopher has found an interest in entrepreneurship, 

programming, research involving microbiomes, microbial control of host organisms, and 

genetic engineering of bacteria for production of industrial important compounds. To his 

interests Christopher went on to a postdoctoral position in the lab of Mark Blenner, Ph.D. at 

the University of Delaware. Here he will find yeast candidates that can metabolize by-products 

of chemical-thermal breakdown products of plastics, and then engineer them to increase 

biomass growth. 

  

 
 


