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Abstract

Insulin sensitivity declines with age in mammals, leading to diseases such
as type 2 diabetes and obesity, yet the precise mechanism is not well understood.
The modulation of insulin signaling is implicated in the pathogenesis of the
diseases and plays a critical role in various metabolic processes. The
matrix-metalloproteinase (MMP) are a family of multifunctional Zn2+-dependent
protease enzymes that play a role in tissue development, cell organization, and
cell cycle control in mammals and the model organism Drosophila melanogaster
which are a great model organism for research because it has a rapid life cycle, is
small and easily cultured, male and female individuals are easily differentiated,
and they share 75% similarity to all human genes implicated in disease. (Guo et
al., 2022). Many MMPs are attached to the cell membrane by the protein
glycosylphosphatidylinositol (GPI), which allows them to interact with the
extracellular matrix (ECM). In Drosophila there are two MMPs: MMP1 and
MMP2 which together degrade ECM components (Jia et al., 2014). I investigated
the role of MMPs in the regulation of insulin signaling.

Past studies have examined the indirect involvement of Drosophila MMP2
in insulin signaling (Bond, 2010). Along with a homolog for MMP2, MMP14
direct cleavage of insulin receptor in a murine model, consequently suppressing
insulin signaling. In my investigation, I studied the role of MMP2 in insulin
signaling during larval development by performing starvation experiments. I
hypothesize that starvation induces MMP2 expression to allow MMP2 to cleave
insulin receptor, which shuts off insulin signaling, allowing autophagy and
nutrient release to occur. In order to test this hypothesis I have examined MMP2
transcript levels in the fat bodies of fed and starved third instar larvae using real
time quantitative Polymerase Chain Reaction (PCR). The results of my
experiments support my hypothesis that higher MMP2 transcript levels are
observed in a starved condition compared to a fed control.

v
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INTRODUCTION

Summary

The risk of specific cancers increases in patients with obesity, diabetes,

and other types of metabolic dysfunction. Cancer metastasis is characterized by

the migration of tumor cells to tissue that was previously unaffected. Drosophila

melanogaster, commonly called the fruit fly, is a well studied system for research.

During fat body remodeling, Drosophila melanogaster fat body cells mirror

behavior similar to metastasizing tumor cells (Hirabayashi et al., 2013; Papalexi,

2013). Using Drosophila melanogaster as a model we can explore the relationship

between insulin signaling and fat body remodeling.

Type Two Diabetes and Metabolic Dysfunction

90% of diabetes is accounted for by type 2 diabetes mellitus (T2DM).

Diabetes mellitus is characterized by persistent hyperglycemia. In T2DM, the

response to insulin is diminished. This is defined as insulin resistance (Goyal et

at., 2023). T2DM is most common in people over 45, and age is associated with

increased insulin resistance (Goyal et al., 2023; Guo et al., 2023). The

development of insulin resistance causes an inability of cells to take up circulating

glucose. The increase in blood sugar can put stress on an individual's pancreas

and liver (Freeman et al., 2023). Currently treatments mostly include managing
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diet, and exercising (Goyal et al., 2023). It is important to find therapeutics that

target increased insulin sensitivity. This becomes more pressing as insulin

becomes less accessible due to its rise in price. Millions of people around the

world rely on insulin treatments for their survival. Studying insulin signaling and

its inhibitors has the potential to aid in finding new therapeutic targets.

Insulin and Insulin Signaling

Insulin is a circulating anabolic hormone, which is a growth hormone.

Insulin is essential in tissue development of insulin dependent cells such as

adipose tissue, liver, and muscles, growth, and maintenance of glucose

homeostasis in organisms including mammals and insects like the model

organism Drosophila melanogaster. Insulin is part of a superfamily of insulin-like

peptides (ILPs) derived from a ubiquitous genetic group found across vertebrates

and mollusks, insects, and nematodes (Biglou et al., 2021). Insulin signaling is an

evolutionarily conserved pathway that is found in many organisms including

insects, like Drosophila, and mammals, like mice and humans, that use it to

regulate their growth and metabolic processes. In humans, diseases such as type 2

diabetes, high blood pressure, and other metabolic dysfunction increase when

insulin signaling fails to effectively regulate growth and metabolism. This

signaling pathway is regulated by insulin-like peptides (ILPs) which bind to and

control the activity of their respective receptor (Semanik et al., 2018). This
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regulation happens by the binding of insulin or other ILPs, such as insulin growth

factor 1 and insulin growth factor 2 (IGF-I & IGF-II), that bind to the

transmembrane protein called insulin receptor (InR). In humans, human insulin

receptor (hINR) is closely related to insulin-like growth factor receptor in

Drosophila; they are both members of the tyrosine kinase receptor family (Figure

1) (Biglou et al., 2021).
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Figure 1. Crystal Structure of the Ectodomain of the Human Insulin
Receptor. Structure derived from X-ray crystallization of the receptor. One
monomer is depicted in the secondary structure, the alternate receptor monomer in
the 3D, surface representation. The grey spheres represent the observed C
terminus of the α-chain (IDα) and the observed N terminus of the β-chain (IDβ).
L1 and L2 in the figure refer to the two leucine-rich repeats. In humans hINR is
closely related to insulin-like growth factor receptor in Drosophila, they are both
members of the tyrosine kinase receptor family (Figure from Biglou et al., 2021).
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Insulin Signaling Across Different Taxa

In mammals such as humans insulin signaling is associated with glucose

homeostasis. hINR is critical for regulation of glycogen storage and fat

metabolism in the body. The insulin receptor (hINR) is essential for regulating

glycogen storage and fat metabolism. When insulin-like peptides (ILPs) bind to

the insulin receptor (InR), it triggers conformational changes that lead to the

autophosphorylation of tyrosine residues on the receptor. These phosphorylated

residues serve as binding sites for various signaling proteins, such as insulin

receptor substrate (IRS), initiating downstream signaling cascades within the cell.

The catalytic subunit of phosphatidylinositol 3-kinases (PI3K) is recruited upon

the binding of IRS1 and -2 to the non-catalytic PI3K subunits. This recruitment

activates PI3K, resulting in the production of the minor acidic phospholipid

product, phosphatidylinositol-triphosphate (PIP3). However, this step is

counteracted by the PTEN phosphatase, which converts PIP3 back to

phosphatidylinositol 4,5-bisphosphate (PIP2). The production of PIP3

subsequently activates AKT/PKB (protein kinase B) through

phosphoinositide-dependent protein kinase 1 and -2 (PDKs). AKT/PKB activation

inhibits the forkhead box-containing protein, O subfamily (FOXO), by

sequestering it outside the nucleus. FOXO is a transcription factor that regulates

the expression of various genes, including phosphoenolpyruvate carboxykinase
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(PEPCK), an important enzyme in gluconeogenesis. Therefore, AKT/PKB

activation ultimately results in the inhibition of FOXO and subsequent regulation

of gene expression (Biglou et al., 2021).

Insulin Signaling in Drosophila

The Insulin-Like Growth Factor Signaling (IIS) pathway also referred to

as the insulin signaling pathway is initiated by the binding Drosophila insulin-like

peptide (dILP) activation via autophosphorylation of the receptor (Figure 2)

(Biglou et al., 2021; Semanik et al., 2018). Mammalian insulin has many

structural and functional similarities to dILPs (Semanik et al., 2018). The protein

structures are similar enough that mammalian insulin can bind to Drosophila

Insulin Receptor (dInR) (Taguchi and White, 2008). Individuals without dInR can

not survive through the larval stage of development. Eight Drosophila insulin-like

peptides (dILPs) have been identified, dILP 1-8 (Semanik et al., 2018). dILP 1-8

display cell and stage specific expression patterns. The eight dILPs (dILP1-8) are

similar structurally, though the exact function of each of the dILPs (1-8) are not

fully understood. While they may not fully be understood, the different dILPs are

produced in various cell types and tissues in specific spatiotemporal patterns

during development, this suggests that the dILPs have different functional roles in

the adult fly (Nässel et al., 2013).While there are eight different dILPs there is

only one insulin receptor (dInR). dInR has a high affinity for the dILPs and binds
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to all eight of the known dILPs (Nässel et al., 2013). dInR is homologous to

human insulin receptor. Unlike in Drosophila, humans only have one Insulin

Receptor (IR) (Semanik et al., 2018). Once a dILP is bound to dInR the receptor

​​phosphorylates an insulin receptor substrate (IRS) called CHICO. This results in

downstream signaling events. After the phosphorylation of CHICO downstream

events are achieved by binding of D110 and activation of protein kinase B/AKT.

Following B/AKT activation a downstream signaling pathway called Target of

rapamycin (TOR) is activated. TOR, a downstream signaling pathway, becomes

active to modulate gene expression in response to nutrient intake and serves as a

negative regulator of autophagy (​​Hirabayashi et al., 2013). When insulin signaling

is inhibited, TOR signaling is inhibited as well. TOR is found to be involved not

only in cell growth regulation but also in carbohydrolyisis, lipolysis and

autophagy for example, in the fat body (Teleman, 2010). Phosphorylation of

Drosophila forkhead transcription factor (dFOXO) is necessary for localization

and transcriptional activity, modulating stress response, growth and proliferation

(Figure 3). dFOXO activation can occur during times of nutrient restriction,

amino acid starvation, and oxidative stress. These all can result in inhibition of

growth and development in an individual (Biglou et al., 2021).
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Figure 2. Simplified Diagram Illustrating the Insulin Signaling Pathway
Following Receptor Binding in the Extracellular Matrix (ECM). (A)
Mammalian insulin pathway: Following binding of insulin with the insulin
receptor, downstream signal transduction is initiated. Phosphoinositide 3-kinase
(PI3K) is recruited and activated leading to phosphorylation of downstream
targets, phosphatase and tensin homolog (PTEN) inhibit the pathway via
phosphatase activity. Activation of PI3K leads to activation of downstream
component AKT that in turn inhibits the translocation of forkhead box-containing
protein, from the O subfamily (FOXO) into the nucleus and transcription of genes
occurs. (B) Drosophila insulin pathway. DP110 is the Drosophila homolog of
mammalian PI3K that is activated following binding of Drosophila insulin-like
peptides (dILPs) to the Drosophila insulin receptor (dInR). The pathway is
inhibited by Drosophila PTEN. Following receptor activation Drosophila FOXO
(dFOXO) is sequestered and is unable to translocate to the nucleus where it is
involved in transcription of genes (Figure from Biglou et al., 2021).
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Figure 3. The Drosophila Insulin Signaling Pathway: Activation of PlK3
Signaling and TOR Signaling Pathways. Upon dILP ligand binding to dInR
PlK3 signaling pathway is turned on. The activation of Chico, PKB and dPDK1
act downstream of dInR to suppress dFOXO and the activation of the TOR
pathway. dFOXO gets phosphorylated and can no longer act inside the cell
nucleus. Dashed lines represent indirect interaction. Arrows represent activation
and bar-headed lines represent inhibition (Figure from Álvarez-Rendón, Salceda,
and Riesgo-Escovar, 2018).

Regulation of Insulin signaling by ecdysone

20-hydroxyecdysone (ecdysone), is a steroid hormone produced mainly in

the prothoracic gland found in insects including Drosophila. Ecdysone is involved

in cell proliferation, growth, and apoptosis. Ecdysone plays a crucial role in
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regulating physiological processes including molting and metamorphosis

(Yamanaka et al., 2013). The structure of the ecdysone hormone is consistent with

other hormones containing a three-membered ring attached to a single

five-membered ring (Aranda and Pascual, 2001). The solubility of ecdysone

allows it to diffuse through the membrane of target cells and bind to its receptor,

producing allosteric changes. Ecdysone orchestrates molting, ecdysis, and

eclosion events throughout the Drosophila life cycle. Ecdysone is necessary and

responsible for regulating the transition between different developmental stages

and tissue remodeling in the fat body (Bond et al., 2011). It acts through a

complex signaling pathway involving nuclear hormone receptors and gene

expression, ultimately regulating the intricate changes in morphology and

behavior characteristic of insect development (Figure 4).

Ecdysone, in addition to playing a large role in larval development and

metamorphosis, is involved in the regulation of insulin signaling. It has been

suggested that ecdysone together with insulin signaling regulate growth during

larval development (Colombani et al., 2005). It has been previously hypothesized

that ecdysone acts as an upstream regulator of the insulin signaling pathway and

therefore indirectly blocks the TOR signaling pathway (Bond, 2010; Colombani

et al., 2005). Growth in Drosophila is facilitated by dILPs. dILPs are released into

the hemolymph and bind to dInR. This initiated insulin-like growth factor

signaling (IIS) cascade. Reducing IIS by removing insulin-producing cells or key
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effectors can result in decreased growth, metabolic dysfunction and is

characterized by a diabetic-like phenotype (Buhler et al., 2018). Growth and

maturation are coordinated processes that intercommunicate with one another.

Figure 4. Ecdysone Pulses Trigger Each of the Major Developmental
Transitions in Drosophila. Major developmental changes are marked by dotted
lines. Each post-embryonic transition is marked by an increase in ecdysone titer.
A high pulse of ecdysone initiates Puparium formation and head Eversion, at 0
hours after puparium formation (APF) and 10-12 hours APF (Figure from
Thummel, 2001).

Insulin Signaling and MMP2

One type of molecule that is hypothesized to play a role in insulin

signaling are the matrix-metalloproteinases (MMPs). MMPs are an extensive

family of enzymes responsible for the degradation and remodeling of extracellular
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matrix (ECM) proteins and are capable of intracellular and extracellular cleavage

for various physiological and pathological processes including wound healing,

angiogenesis, and cell migration (Gou et al., 2023; Jia et al., 2017). MMPs are

tightly regulated endogenous inhibitors called tissue inhibitors of

metalloproteinases (TIMPs). TIMPs bind to active MMPs, forming complexes

that prevent MMP-mediated ECM degradation. The expression and activity of

MMPs are essential for various physiological processes, including tissue repair

(Jia et al., 2017). However, dysregulated MMP expression is associated with

numerous pathological conditions, such as cancer metastasis, inflammatory

diseases, and metabolic dysfunction (Hirabayashi et al., 2013). Therefore,

understanding the mechanisms controlling MMP expression and activity is critical

for developing therapeutics targeting these enzymes. There are MMPs in insects

and mammals. In mammals 24 MMPs have been identified (Cieplak and Strongin,

2017). In Drosophila there are two MMPs; MMP1 and MMP2.

In Drosophila, there are two proteins that have functional similarities to

mammalian insulin-like growth factor-binding proteins (IGF-BPs); Drosophila

Insulin-like Growth Factor-Binding Protein Acid-Labile Subunit (dALS) and

Imaginal morphogenesis protein-Late 2 (Imp-L2). Both dALS and Imp-L2 are

involved in insulin signaling in Drosophila. Imp-L2 has been identified as the

mammalian ortholog of IGFBP-rP1 as it shares many functional and structural

similarities with IGFBP-rP1 (Arquier et al., 2008). Imp-L2 has been identified as
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the homolog of vertebrate IGF-binding protein 7. It has been suggested that

Imp-L2 suppresses insulin signaling as it binds to Drosophila insulin-like peptide

2 (dILP-2). It is thought that the Imp-L2-dILP-2 interaction enables dILP-2 to

phosphorylate InR. Imp-L2 is an inhibitor of growth and essential for the

endurance of periods of starvation. During periods of starvation nutrient release

becomes essential for an individual's survival. During this time Imp-L2

expression increases causing glycogen and lipid release. Overexpression of

dILP-2 seems to require Imp-L2 to control. This is known as hyperinsulinemia

(Honegger et al., 2008).

The mammalian homolog of insulin-like growth factor-binding protein

acid-labile subunit (IGF-BP-ALS) is known as dALS (Arquier et al., 2008). In

mammals IGF-BP and ALS bind to form various complexes (Biglou et al., 2021).

dALS binds to both dILPs and Imp-L2 forming a trimeric complex. If binding

between dALS and Imp-L2 does not occur, dALS is unable to bind dILP. When

this complex is formed it is involved in growth regulation. dALS regulates growth

and metabolism through this trimeric complex by responding to fluctuations in

nutrient availability. During periods of starvation, dILPs are found to be limited in

numbers. Upon starvation, dALS prolongs the half-life of the dILPs. This

interaction provides Drosophila with some resistance to starvation. Alternatively,

when there is an excess of nutrients, dALS acts as an inhibitor of growth in an

individual (Arquier et al., 2008).
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MMPs induce the release of growth factors by binding growth

factor-binding proteins (IGF-BPs). Various MMPs serve as IGF-BP-cleaving

proteins. Alterations in MMP expression may be associated with adverse health

outcomes including cancer metastasis and metabolic dysfunction (Cui, Hu, and

Khalil, 2017). Cleavage of IGF-BP by MMP7 in mammals is associated with

tumors, MMP-7 it is found to be responsible for enhancing cancer cell growth

(Papalexi, 2013). In Drosophila the mechanism of insulin signaling regulation is

not well understood. If mammalian and Drosophila IGF-BP and MMPs are not

only structurally but also functionally similar then Drosophila MMPs may play a

pivotal role in insulin signaling regulation. MMP2 is hypothesized to be involved

in insulin signaling regulation because of its involvement with fat body

dissociation during metamorphosis. When fat body cells get dispersed, nutrient

release occurs. This suggests that insulin signaling is downregulated. This leads to

the hypothesis that MMP2 acts as an inhibitor to insulin signaling.

Drosophila melanogaster as a Model Organism

Drosophila melanogaster, commonly known as the fruit fly, is a widely

used model organism for research genetics and developmental biology. They are

often used in research of developmental signaling pathways. Drosophila are used

in research to address human diseases and signaling pathways and molecular

functions in normal and diseased cells due to Drosophila having 75% similarity to
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all human genes implicated in disease have functional homologs in Drosophila

(Rubin et al., 2000). Therefore Drosophila makes a good model organism to study

insulin signaling seeing that it is analogous to mammalian insulin signaling like

that of humans. The Drosophila fat body is functionally analogous to mammalian

hepatic and adipose tissue which are highly susceptible to insulin insensitivity (Jia

et al., 2017). Drosophila are used as a model for numerous characteristics: they

have a rapid life cycle, are small and easily cultured, have an extensively mapped

genomen, and male and female individuals are easily distinguishable.

The Drosophila Life Cycle

Drosophila undergoes five distinct stages of development; embryonic,

larval, prepupal, pupal, and adult (Figure 5). The life cycle starts with fertilization

of the egg, after the embryo develops for one day it undergoes the process of

embryogenesis and the larva hatches. This is the larval stage. Over the next 8 days

the larva undergoes many developmental changes. There are the three distinct

larval stages: first, second, and third instar. The transition from one stage to the

next occurs through a molting process where the mouth hooks, spiracles, and

other essential structures are torn apart and reformed (Demerec, 1950;

Notarangelo, 2014). The three larval stages are distinguishable by morphological

differences. 1st instar larvae have small mouth hooks. After the first molt, this is
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the transition between 1st and 2nd instar, larvae develop larger mouth hooks as

well as forming both anterior and posterior spiracles. Posterior spiracles have an

orange hue. The second molt occurs, this results in the formation of the 3rd instar.

The orange hue in the posterior spiracles continues to darken and the anterior

spiracles become shell shaped. During each molt the larvae grow in size. The 3rd

instar is divided into two stages, the feeding stage and the wandering stage.

Feeding thirds are located in the food and are actively consuming food to hit

critical mass. Wandering thirds have crawled out of the fly food in preparation for

metamorphosis (Chung et al., 2009). The transition from wandering third to the

prepupal stage is followed by formation of the puparium. This marks the

beginning of metamorphosis. Puparium formation is used as a marker of time

throughout Drosophila development, it is denoted as hours after puparium

formation (APF). Puparium formation occurs at 0 h APF. During puparium

formation the larval cuticle transitions from white to a dark brown color. The

individual undergoes tissue remodeling and programmed cell death during the

prepupa and pupa stages. Remodeling of the larval fat body occurs, the process by

which sheets of attached cells are transformed into single cells into free-floating

spherical cells. Head and wing eversion occur. Once metamorphosis is completed

the adult fly ecloses (Bond et al., 2011).



17

Figure 5. Drosophila melanogaster Life Cycle. The stages of Drosophila
development from embryo to adult. Through molting the larvae develop larger
mouth hooks and spiracles. The end of the larval stage is marked by the
development of puparium and transformation into a prepupa. This transition
marks the beginning of metamorphosis. (Figure from Weigmann et al., 2003)

Metamorphosis

As the Drosophila life cycle takes place a process called metamorphosis

occurs. During Drosophila metamorphosis the individual transitions from a larva,

which eats continuously, through a pupal stage in which the individual is

undergoing a mandatory 5 day starvation. Ending metamorphosis as an adult fly.
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The individual has to survive on nutrient molecules stored in the cells of the larval

fat body. During metamorphosis the fat body goes through major changes. The

cells transition from energy storage cells to energy release cells and the tissue

remodels, breaking up from a sheet of connected cells to individual cells. We have

determined some of the key molecular genetic steps that lead to the remodeling of

the fat body and the dissociation of the cells from one another.

Metamorphosis is the transition from larva to adult fly. As metamorphosis

occurs there are changes in gene expression which lead to transformations in

formation of tissue and organs and well as tissue remodeling and destruction. The

competency factor βFTZ-F1 plays an important role in tissue changes during

metamorphosis. βFTZ-F1 has been shown to be involved in tissue remodeling in

the fat body of Drosophila (Bond et al., 2011). During metamorphosis individuals

undergo a period of starvation in which they must rely on nutrients from the larval

fat body (Jia et al., 2017). MMP2 is an enzyme that, during metamorphosis, when

the pupa is undergoing starvation, cleaves extracellular matrix proteins and

cell-cell junction proteins to allow dissociation of the fat body cells from each

other during tissue remodeling (Anding & Baehrecke, 2015; Bond et al., 2011;

Notarangelo, 2014).
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Fat body Remodeling

Remodeling of the fat body occurs in response to various physiological

cues, such as nutrient availability, developmental stage, and environmental

conditions. The fat body of Drosophila is analogous to vertebrate liver and

adipose tissue. The larval fat body is a single-cell sheet consisting of only one cell

type. During the prepupal–pupal transition, around 6 hours APF, the larval fat

body detaches from a single sheet and becomes spherical. Around 12 hours APF,

detachment is complete and fat body cells are fully dissociated into single cells

(Figure 6) (Jia et al., 2017). Notably both MMP1 and MMP2 are required to

induce fat body cell dissociation. MMP1 cleaves epithelial- cadherin–mediated

cell– cell junctions and MMP2 degrades basement membrane components. This

leads to the destruction of cell–BM junctions, which leads to dissociation of the

fat body into individual cells (Jia et al., 2017). In addition to storing energy, the

fat body also plays a central role in regulating systemic growth in response to

nutrition. Upon sensing dietary amino acids the fat body secretes several humoral

factors, which control systemic growth of the individual. This is due in part to the

regulated secretion of dILPs by the insulin-producing cells of the brain. The fat

body also plays a role in systemic immunity by ​​expression and secretion of

several antimicrobial peptides. Fat body cells are motile which allows them to
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migrate to wound sites and undertake local functions to drive wound repair and

prevention of infection (Franz et al., 2018).

Figure 6. Remodeling of the Larval Fat Body in Drosophila. Through
metamorphosis the fat body remodels from a single-cell sheet consisting of only
one cell type. Around 6 hours APF the larval fat body detaches from a single
sheet and becomes spherical. Around 12 hours APF, detachment is complete and
fat body cells are fully dissociated into single cells which are motile.

MMPs

Matrix-Metalloproteinases are membrane bound proteases that are part of

a family of Zinc dependent membrane endopeptidases (Guo et al., 2023). There

are two matrix-metalloproteinases (MMPs) in Drosophila melanogaster: MMP1

and MMP2. In mammals there are 24 MMPs. Some MMPs are attached to the cell

membrane by glycosylphosphatidylinositol (GPI) which is a membrane anchoring

glycolipid allowing some MMPs to be peripheral proteins having a larger
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presence near the ECM in the extracellular region (Page-McCaw, 2008). MMPs

are membrane bound proteases responsible for breaking down ECM proteins such

as laminin, collagen, and fibronectin. When cleavage of ECM proteins occurs,

cells lose their attachments. MMPs are expressed in small amounts during

standard conditions, affecting the ECM. When MMP2 is uninhibited in the cell

they have high rates of degradation of the ECM. This can cause catastrophic

cleavage of ECM structures, growth factors, cytokines, and signaling receptors.

Therefore, MMPs are regulated by tissue inhibitors of matrix metalloproteinases

(TIMPs) (Jia et al., 2017). In mammals there are 4 TIMPs: TIMP-1, TIMP-2,

TIMP-3, and TIMP-4 (Brew and Nagase, 2010). Unlike mammals, there is only

one TIMP in Drosophila. To ensure homeostasis, a balance must be achieved

between MMPs and TIMPs (Figure 7). During developmental changes, such as

metamorphosis and fat body remodeling the ratio changes and levels of MMP2

increase in Drosophila due to an increase in expression of ecdysone which also

triggers the increased expression of βFTZ-F1 (Figure 8) (Bond et al., 2011).

Opposingly, misregulation of TIMPs leads to failure in fat body remodeling which

leads to premature death (Jia et al., 2017). Both MMPs in Drosophila

cooperatively and individually to ECM structures. MMP1 is responsible for

tracheal development and head eversion. MMP2 is responsible for fat body

remodeling and is proposed to cleave insulin receptor (Bond et al., 2011;

Papalexi, 2013). MMP2 expression in the larval fat body is regulated by βFTZ-F1
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(Jia et al., 2017). It has been previously established that βFTZ-F1 in conjunction

with the prepupal pulse of ecdysone induce MMP2 expression. Bond and

colleagues in 2011 observed that ectopic βFTZ-F1 expression led to premature

MMP2 expression (Bond et al., 2011). Overexpression of MMP2 in the larval

stage causes fat body cells to separate from a single layered sheet to individual

spherical cells (Bond et al., 2011; Jia et al., 2017). MMP1 has roles in early

cleavage but is not sufficient for fat body remodeling. On the other hand, MMP2

is both necessary and sufficient for induction of fat body remodeling (Bond et al.,

2011). MMP2 is important in fat body remodeling and has the potential to cleave

insulin receptor (InR).
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Figure 7. Predicted Structures Matrix Metalloproteinase-2 and Tissue
Inhibitors of Matrix Metalloproteinases in Drosophila melanogaster. Neither
Matrix Metalloproteinase-2 (MMP2) or Tissue Inhibitors of Matrix
Metalloproteinase (TIMP) have a confirmed crystal structure. Therefore we are
reliant on predicted structures from software. Theoretical model from AlphaFold
protein structure database. (A) Predicted protein structure of MMP2. (B)
Predicted Aligned Error (PAE) of MMP2. PAE measures the confidence in the
relative position of two residues within the predicted structure. PAE provides
insight to the reliability of relative position and orientation of specific domains.
(C) Predicted structure of TIMP. (D) PAE for TIMP.
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Figure 8. 20-hydroxyecdysone Signaling and βFTZ-F1 Involvement in
Induction of Matrix Metalloproteinase 2 Expression in the Larval Fat Body.
Relative expression levels of MMP2 in dissected fat bodies from different time
points. At 6 hours after puparium formation (APF) low titer of ecdysone causes
the transcription of βFTZ-F1. This induced the transcription of MMP2 around 10
hours APF. Once MMP2 is transcribed it cleaves ECM proteins, disconnecting the
attachments between fat body cells. Fat body cells go from one contiguous sheet
to free floating individual cells in the larva (Figure from Bond, 2011).

In mammals the 24 MMPs play roles in many different processes,

including extracellular matrix cleavage, bone, and cartilage remodeling, cancer

mastitis, cell proliferation, wound healing, age associated insulin resistance and

angiogenesis (Papalexi, 2013; Guo et al., 2023). Serval MMPs have been shown

to cleave IGF-BPs. The characteristics of mammalian MMPs facilitate the release

of IGF which regulates growth. In mammals MMPs have been shown to enhance

cancer cell growth. In Drosophila the mechanisms for insulin regulation is not

entirely known. Drosophila and mammalian IGF-BP are structurally similar,

hence Drosophila MMP2 might play a pivotal role in the regulation of insulin
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signaling (Papalexi, 2013). MMP2 is involved in fat body remodeling during

metamorphosis (Jia et at., 2017). When fat body cells are dissociated and

dispersed throughout the larva, nutrient release occurs; this suggests that

downregulation of insulin signaling occurs (Bond, 2010). This led to the line of

thinking that MMP2 is directly acting on insulin signaling as an inhibitor. In 2010

Nichole Bond proposed a model in which IGF-BP (Imp-L2 and dALS) are

cleaved by MMP2. As a result dILPs are degraded and insulin signaling is shut

off. In this model nutrient release also occurs to satisfy the energy needs of the

individual (2010). The model I proposed is altered from Bond’s. In this model

MMP2 cleaves insulin receptors shutting off insulin signaling. Insulin sensitivity

declines progressively as aging occurs in mammals (Guo et al., 2023).

In a murine model matrix metalloproteinase14 (MMP14) also called MT1/MMP

is the mouse homolog for MMP2 in Drosophila. MMP14 is a membrane bound

zinc containing protease. MMP14 cleaves a wide range of substrates including

ECM and growth factor receptors. Mice with defects in MMP14 can exhibit

various age associated phenotypes and succumb. These phenotypes include

hypoglycemia, a condition that is associated with a reduction in blood glucose

which is often associated with type 2 diabetes and obesity in humans (Giugliano,

2008; Guo et al., 2023). In a study Guo et al. found that MMP14 is a central

regulator of insulin sensitivity during aging. MMP14 activation in insulin

sensitive tissues is promoted during aging. This leads to the cleavage of insulin
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receptor by MMP14, and suppresses insulin signaling. MMP14 has shown to

directly cleave insulin receptor in the liver of young mice leading to the

suppression of insulin signaling. Guo’s team also found that inhibition of MMP14

restores insulin receptor expression (2023). Due to MMP2 ability to cleave

signaling receptors and involvement of the degradation and remodeling of ECM

leads to questions about whether MMP2 in Drosophila may also be able to cleave

insulin receptor in an overexpressed condition. If MMP2 proves to be a regulator

of insulin receptor it may be a promising target for therapeutics for diseases

related to insulin sensitivity and metabolic dysfunction (Guo et al., 2023).

Hypothesis

By understanding the mechanisms involved in Drosophila insulin

signaling regulation we hope to gain a greater understanding of human diseases

such as type 2 diabetes, high blood pressure, insulin insensitivity, other metabolic

dysfunction, and other age associated pathologies (Hirabayashi et al., 2013; Guo

et al., 2023). Drosophila melanogaster is a model organism that can be used for

finding therapeutic strategies for these diseases, including those that can modulate

MMP2 activity in order to help regulate insulin insensitivity.
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In my attempt to understand the role of MMP2 in insulin signaling

experiments were performed to demonstrate the role of insulin signaling during

larval development. I hypothesize that starvation induces MMP2 expression to

allow MMP2 to cleave insulin receptor, which in turn shuts off insulin signaling,

allowing autophagy and nutrient release to occur (Figure 9). In order to test this

hypothesis I will examine MMP2 transcript levels in the fat bodies of fed and

starved third instar larvae using real time quantitative PCR. If my hypothesis is

correct, I expect to see higher MMP2 transcript levels in starved samples

compared to fed controls.
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Figure 9. The Proposed Role of MMP2 in Insulin Receptor During
Metamorphosis. The ecdysone receptor initiates the transcription of MMP2.
MMP2 cleaves insulin receptor. This blocks insulin signaling and consequently
represses TOR allowing for nutrient release from the fat body. Lipids are taken
from the fat body to the oenocytes and fatty acid metabolism and further
development to occur (Adapted from Bond, 2010).
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MATERIALS AND METHODS

Fly Stock and Maintenance

The Drosophila melanogaster Canton-S (CS) wild type fly stock was

raised on Genesee Nutri-Fly® Bloomington Formulation fly culture medium at

25℃ and 50% humidity. Drosophila were raised in bottles and transferred to new

bottles weekly to maintain a healthy fly stock.

Staging Feeding Third Instar Larvae

Feeding third instars were collected directly from food in the culture

bottles and staged by morphology.

Starvation Protocol

Experimental group (STARVED): 15% sucrose was used to separate

feeding third instar larvae from food. 10-15 larvae were washed with distilled

water and left for 3-4 hours in 20% sucrose prior to dissection (Papalexi, 2013).

Control group (FED): 3-4 hours after separation of the experimental

group, 15% sucrose was used to separate feeding third instar larvae from food.
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10-15 larvae were washed with distilled water and fat-bodies were immediately

dissected from 4-5 larvae. Dissection time for both groups is restricted.

15% sucrose was made by gradually adding 150g of sucrose to 750 mL of

distilled water. While the solution was being combined it was placed on a hot

plate and a stir bar was added. After the sucrose had gone into solution an

additional

250 mL of distilled water was added. The solution was taken off the heat

and put through Nalgene™ Rapid-Flow™ Sterile Disposable Filter Units with

PES, CN, SFCA or Nylon Membranes. It was imperative to ensure that the

solution was sterile. The process was repeated for the 20% sucrose solution with

200g of sugar.

Larval Fat-Body Dissection and RNA Isolation

RNA was isolated from the fat bodies of feeding third instar larvae. The

fat-bodies of 4 -5 larvae were collected through dissection and placed in aqueous

buffer in separate tubes. For homogenization, TRIzol reagent was added and the

sample was ground. After a series of 12,000 rpm centrifugation was completed

and chloroform was added the TRIzol pellet was dissolved into RNase-free water.

Isopropanol was added and the sample was vortexed and precipitated overnight at
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-20℃. The next day the sample was centrifuged at 14,000 rpm for 30 minutes at

4℃, the pellet was just barely visible, the supernatant was removed using a pipet.

The remaining pellet was washed with 75% ethanol making it visible and

centrifuged at 14,000 rpm for another 10 minutes. The supernatant was removed

and the sample tube was then centrifuged briefly using the picofuge, and the

residual ethanol was removed from the sample. The pellet was left to air dry for 2

minutes after which RNase-free water was added to redissolve the pellet. The

sample was then left at room temperature for 5 minutes before being stored at

-20℃ (Table 1).

Table 1. Reagents for RNA Isolation

Component Amount per Reaction ( μL)

Aqueous Buffer 30.0

TRIzol 300.0

Chloroform 60.0

RNase-free water 200.0

Isopropanol 160.0

75% ethanol 500.0

RNase-free water 5.0
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cDNA synthesis using Oligo(dT)

Each component was centrifuged briefly before being used. To make the

master mix, all of the components were combined together in a sterile 0.5 mL

tube. The master mix included everything except for the RNA (Table 2).

Table 2. Reagents for Master Mix 1

Component Amount per Reaction ( μL)

RNA 1.0

10 mM dNTP mix 1.0

Primer (0.5 μg/μL
oligo (dt))

1.0

DEPC-treated water 7.0

The RNA primer was incubated for 5 minutes at 65℃ and was then placed

on ice for one minute. In another tube master mix 2 was prepared by combining

all of the components (Table 3).

Table 3. Reagents for Master Mix 2

Component Amount per Reaction ( μL)

10X RT buffer 2.0

25mM MgCl2 4.0

0.1 M DTT 2.0

RNaseOUT (40 U/μL) 1.0
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9 μL of master mix 1 were added to each RNA primer mixture and centrifuged

shortly to mix. The sample was incubated at 42℃ for 2 minutes and then 1 μl of

SuperScriptTM II RT was added. For the Minus RT control 1 μL DEPC-treated

water was added instead. The sample was incubated at 42°C for 50 minutes. The

reaction was terminated at 70°C for 15 minutes and then chilled on ice. The

sample was centrifuged and collected by adding RNase H to the sample and

incubating it for 20 minutes at 37°C. The sample was then stored at -20°C to be

used for PCR.

RNA Quantification

The concentration of RNA samples was measured using the nanodrop

spectrophotometer, TheremoFisher Scientific ND-1000 spectrophotometer

(Figure 10).

Figure 10. RNA Concentrations. Image of the RNA concentrations for control
(fed) and experimental (starved) samples. The minimum nucleic acid
concentration to be used in the study was 200 ng/ μL and the 260/280 had to be
greater than 1.5.
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Reverse Transcriptase Polymerase Chain Reaction (PCR) and Gel

Electrophoresis

PCR was performed in order to detect cDNA corresponding to MMP2 transcripts

in feeding third instar larvae. Gene specific primers were used to perform this

technique. Previously designed MMP2 and Actin 5C forward and reverse primers

were used. Primer sequences were obtained from Efi Papalexi (2013) and shown

in Table 4. PCR was prepared with First Strand SuperScript® Reverse

Transcriptase System kit for RT-PCR (Table 5), it was run on a thermocycler by

Techgene (Table 6). cDNA was amplified using RT-PCR.

Table 4.MMP2 and Actin 5C Primer Sequences

Primer Sequence

MMP2 forward 5'-AGCAATCCGGAGTCTCCAGTC
TTT-3'

MMP2 reverse 5'-TGGAGCCGATTTCGTGATACA
GGT-3'

Actin 5C forward 5'- TCTACGAGGGTTATGCCCTT-3'

Actin 5C reverse 5'-GCACAGCTTCTCCTTGATGT-3'
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Table 5. Master Mix for RT-PCR

Reagent Amount per reaction ( μL)

10X PCR Buffer (minus MgCl2) 5.0

25 mM MgCl2 6.0

10mM dNTPs 1.0

10 μM forward Primer 2.0

10 μM reverse Primer 2.0

cDNA 2.0

Nuclease-free water 31.0

Taq Polymerase 0.4 μL 0.4

Table 6. Thermocycler Profile for RT-PCR

Stage Temperature (°C) Duration/cycle count

Denaturation 94 30 seconds / 35 cycles

Annealing 58.2 30 seconds / 35 cycles

Extension 72 30 seconds / 35 cycles

Final extension 72 5 minutes /1 cycle

Final hold 4 Indefinitely

Both Actin 5C and MMP2 were put in the thermocycler at the same time because

of the similarity in their annealing temperatures. The annealing temperature from
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Bond et al. (2011) was used. Gel electrophoresis was then used to visualize the

products of PCR.

Real-time quantitative PCR

cDNA shown to be quality was used as a template to assess Actin 5C and

MMP2 transcript levels from fed and starved using real time quantitative PCR.

The goal of real-time quantitative PCR (RT-qPCR) is amplification and

quantification of the target sequence. The target for the primers is MMP2 and the

reference is Actin 5C . If the hypothesis is supported insulin signaling will be

repressed in the larva due to starvation. MMP2 will be overexpressed in the

starved larvae in comparison to the fed control. RT-qPCR was used to do the

relative quantification of the target gene transcript levels in fat body tissue of

starved larvae in comparison to the fed control.

As the reaction takes place, RT-qPCR detects the amplification of DNA. The

fluorescent dye, SYBRⓇ Green, is used to detect PCR product molecules by

binding to dsDNA product and emitting a green fluorescence. This technique was

used to quantify levels of MMP2 and Actin 5C transcript in fat body tissue of

starved larvae in comparison to the fed control. The reaction was set up on a

96-well plate (Table 12). The master mix utilized for both MMP2 and Actin 5C is

shown in Table 7. Each well held 1 μL of cDNA along with 24 μL of the
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appropriate master mix. The use of a master mix assured that there was less

pipetting, this allowed for the concentrations of the reagents to be consistent

between samples along with lowering risk of contamination. Additionally it saved

time. The stages of RT-qPCR are shown in Table 8. The qPCR machine used was

an Agilent Technologies AriaMx Real-Time PCR System and the software used to

view the data was Ailgent AriaMx. The data was analyzed using Pfaffl’s equation

(Pfaffl, 2001).

Table 7. RT-qPCR Master Mix

Reagent Amount per reaction ( μL)

PowerUp ™ SYBR ™ Green Master
Mix

12.5

10 μM forward primer 1.0

10 μM reverse primer 1.0

cDNA 1.0

Nuclease-Free Water 9.5
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Table 8. Thermocycler profile for RT-qPCR

Stage Temperature (°C) Duration/cycle count

Taq activation 95 2 minutes / 1 cycle

Separation 95 15 seconds / 40 cycles

Annealing 58.2 30 seconds / 40 cycles

Extension 72 30 seconds / 40 cycles

Dissociation 1 cycle

Standard Curve

RT-qPCR required a standard curve to be calculated for the MMP2 and

Actin 5C primers. These calculations were used to specify the prime efficiency for

each specific amplification experiment. A 10 μL cDNA sample was taken from

whole CS larvae to be used as an undiluted cDNA sample. Nuclease free water

was used to make 1/2, 1/4, 1/8, and 1/16 dilutions to be used for each standard

curve. Each reaction contained 24 μl of the appropriate qPCR master mix and 1 μl

of the appropriate cDNA in a single well of a 96-well qPCR plate. At the end of

the experiment the qualification cycle (Cq) values from the samples were plotted

against the log of the cDNA concentrations and a linear standard curve was

obtained. The primer efficiency was calculated using the formula below. Primer

efficiencies were thought to be optimal if they were approaching the value of 2.

Primer efficiency = 10(-1/standard curve slope)
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RT-qPCR Calculations

For each duplicate experimental reaction on the plate the average Cq was

calculated. The average Cq values were then used to calculate the ΔCq(MMP2) and

the ΔCq(Actin 5c) giving the difference between reference gene, Actin 5C, and

experimental gene, MMP2, expression.

ΔCq(MMP2)= Cq(MMP2 fed) - Cq(MMP2 starved)

ΔCq(Actin 5C)= Cq(Actin 5C fed) - Cq(Actin 5C starved)

The Pfaffl method is then used to calculate the gene expression ratio of fed and

starved larvae (Pfaffl, 2001). For this calculation, the reference gene and target

gene are essential; the reference gene is Actin 5C and the target gene is MMP2.

The equation proposed by Pfaffl takes into account potentially differing amounts

of larval fat body tissue in dissections. The equation also works to correct primer

efficiency in order to find the relative expression ratios (Pfaffl, 2001). The ratio is

MMP2 primer efficiency raised to ΔCq(MMP2) all over the primer efficiency of

Actin 5C raised to ΔCq(Actin 5C). The final calculations indicate the relative

expression ratio of the delta Cq values between MMP2 in starved relative to fed

fat body tissue.
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Statistical Analysis

A two way analysis of variance (ANOVA) was used to decide whether the

results obtained from qPCR were statistically significant. Results were considered

statistical significance if the p value was less than 0.05.
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RESULTS

RNA Isolation

The NanoDrop spectrophotometer was used to analyze the results

post-isolation of RNA. This spectrophotometer works by analyzing 1 μl of

the RNA sample and it measures the amount of the wavelength of light

that has been absorbed by the sample. The 260/280 ratio to be paid attention to

while using the spectrophotometer. The 260/280 ratio acts as a detector of any

protein contamination. For the sample to be used the number must be greater than

1.5 (Koetsier and Cantor, 2019).

The sample for CS fed third instar larvae fat body had a 260/280 ratio of

1.99, 1.69, and 1.96 respectively. The sample for CS starved third instar larvae fat

body had a 260/280 ratio of 1.86, 1.73, and 1.87 respectively. These samples were

sufficient to move onto the step of cDNA synthesis.
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Figure 11. 10mm Absorbance vs Wavelength in nm for CS Fed Third Instar
Larvae Fat Body Sample. The 260/280 ratio is 1.99 and the concentration of the
nucleic acid is 541.9 ng/μl.

Figure 12. 10mm Absorbance vs Wavelength in nm for CS Starved Third
Instar Larvae Fat Body Sample. The 260/280 ratio is 1.73 and the concentration
of the nucleic acid is 206.7 ng/μl.
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PCR Products and Gel Electrophoresis

Gel electrophoresis was used to visualize the RT-PCR products as well as

assessing the primer efficiencies. The samples measured Actin 5C and MMP2

transcript in both fed and starved CS larval fat body isolation (Figure 13 and

Figure 14). As seen in figure 13, there is amplification of the target sequence in

both Actin 5C and MMP2 starved reactions. MMP2 and Actin 5C starved

reactions worked well because of the bands observed in the +RT lanes. On the

other hand the Fed reactions for both MMP2 and Actin 5C did not work,

indicating that the Fed cDNA was not effective and had to be remade. As seen in

figure 14, there is amplification of the target sequence in both Actin 5C Fed and

Starved. There are bands observed in the +RT lanes of Actin 5C Fed and Actin 5C

Starved. There is no amplification of the target sequence in any of the MMP2

samples, the reason for which is not completely understood. We are unsure why

these MMP2 primers did not work because they have been used previously in our

and published by Bond et al. (2011). Bands of primer dimers were identified in

both figure 13 and figure 14. Primer dimer was a byproduct of PCR, possibly

because of reduced primer efficiency, The presence of bands in both fed and

starved samples show that the samples were successfully converted to cDNA. The

combination of these two gel electrophoresis allowed moving forward to

RT-qPCT.
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Figure 13.MMP2/Actin 5C Primer Specific RT-PCR Gel electrophoresis of
Fed and Starved Third Instar Larval Fat Body in Drosophila melanogaster.
Image from February 11 2024. Gel electrophoresis was used to detect the
presence of MMP2 and Actin 5C transcripts in both fed and starved larval
fat-bodies. A 100 base pair (bp) DNA ladder was added to the first lane and the
rest of the lanes are labeled accordingly. There was amplification of MMP2
starved around 190 bp and amplification if Actin 5C starved around 180 bp.
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Figure 14.MMP2/Actin 5C Primer Specific RT-PCR Gel electrophoresis of
Fed and Starved Third Instar Larval Fat Body in Drosophila melanogaster.
Image from February 13 2024. Gel electrophoresis was used to detect the
presence of MMP2 and Actin 5C transcripts in both fed and starved larval
fat-bodies. A 100 base pair (bp) DNA ladder was added to the first lane and the
rest of the lanes are labeled accordingly. There was no amplification of MMP2.
There was amplification of Actin 5C samples around 180 bp.
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Quantitative RT-qPCR Standard Curves

Standard curves were set up for every experimental RT-qPCR performed.

Each standard curve is specific to the RT-qPCR it was run for. Every experiment

had a standard curve for Actin 5C and MMP2. The standard curves were

generated using 5 serial dilutions of CS whole larval cDNA: undiluted, 1/2, 1/4,

1/8, and 1/16. See figures 15-16.

Figure 15. Actin 5C Standard Curve. Depicts the log of the concentration of
Actin 5C dilutions from CS whole larvae plotted against the Cq values. The slope
is -3.05 and was used to calculate the Actin 5C primer efficiency which was found
to be 2.13.
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Figure 16.MMP2 Standard Curve. Depicts the log of the concentration of
MMP2 dilutions from CS whole larvae plotted against the Cq values. The slope is
-1.94 and was used to calculate the MMP2 primer efficiency which was found to
be 3.29. Dilutions were excluded due to no Cq value being calculated during
RT-qPCR, in this case missing 1/8 dilution.
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Table 9. Primer Efficiency Values.

Date Primer Efficiency = 10(-1/slope)

3/19 Actin 5C 2.13

3/19 MMP2 3.29

3/23 A Actin 5C 1.93

3/23 A MMP2 2.47

3/23 B Actin 5C 42.37

3/23 B MMP2 3.21

Quantitative RT-qPCR expression ratios

The expression ratios of CS fed larval fat body to starved larval fat body in

feeding third instar larvae were calculated using the Pfaffl equation. MMP2 was

used as the gene of interest also known as the target gene. Actin 5C was used as

the reference gene also known as a housekeeping gene. The hypothesis predicts

that MMP2 will be overexpressed in starved samples in comparison to fed

samples. This was supported by each trial's expression ratios along the average

expression ratios. According to the Pfaffl equation, 1 is always the expression

ratio for the wild-type samples in RT-qPCR (Pfaffl, 2001). Overexpression refers

to a ratio greater than 1 and underexpression refers to a ratio less than 1.
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Table 10.MMP2 and Actin 5C Expression Ratios. This table shows the
expression ratios of fed larval fat body to starved larval fat body in feeding third
instar larvae. Overexpression was observed for all dates. Primer efficiency for
MMP2 and Actin 5C indicate that they are fit for use.

Date Fed/ Starved
Expression
Ratio

Expression in
Fed compared
to Starved

MMP2
primer
efficiency

Actin 5C
primer
efficiency

3/19/2024 60.1 Overexpressed 3.29 2.13

3/23/2024 A 775.3 Overexpressed 2.47 1.93

3/23/2024 B 16.1 Overexpressed 3.21 42.37

For all three dates the data shows overexpression: all the values are over one.

Since the primer efficiency looked reliable was considered for analysis of the

results.

Along with a table showing the raw data of MMP2 and Actin 5C

expression ratios the results are presented in a chart to better visualize the

overexpression of MMP2 in a starved condition (Figure 17).
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Figure 17. Average Expression Ratio ofMMP2 in Fed and Starved Feeding
Third Instar Larval Fat Body of Drosophila. The average expression ratios are
shown for the RT-qPCR run on 3/19/24, and the two RT-qPCR run on 3/23/24.
The fed sample has a constant expression ratio of 1. The average starved
expression ratio is 283.8.

Statistical analysis was performed for all data using R studios to determine

statistical significance. An ANOVA was performed to determine if there was a

significant effect on larval treatment: fed and starved, gene: Actin 5C and MMP2,

and the interaction of larval treatment and gene. Once a significant effect was

identified in the model a Tukey test pairwise comparison was performed.
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Table 11. Analysis of Variance Data. The table shows the data from the analysis
of variance. Larval treatment refers to fed and starved conditions. Gene refers to
Actin 5C and MMP2. Larval treatment: Gene is a comparison of the interaction
between the two groups. Statistical analysis was performed to ensure the results
were significant (Significance codes p < 0.01 *, p < 0.001 **, p < 0***).

Degrees of
Freedom

Sum of
Squares

Mean of
Squares

F value P value

Larval
treatment

1 22.98 22.98 14.620 0.00506**

Gene 1 291.72 291.72 185.585 8.11e-07**
*

Larval
treatment
: Gene

1 15.69 15.69 9.979 0.01342**

After statistical significance was found using the ANOVA (Table 11) a

Tukey test was performed to assess the effects of larval treatment on MMP2. It

was predicted that there would be a difference in the Cq values between fed and

starved treatment in MMP. This was supported by the Tukey test.
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Figure 18. Cq Values for Actin 5C andMMP2 in Fed and Starved Feeding
Third Instar Larval Fat Body of Drosophila. The mean Cq values are indicated
by the darker colored dot. The raw Cq values are indicated by lighter colored dots
behind the mean Cq values. The chart shows that there is no significant difference
between fed and starved larval treatment in Actin 5C. There is a significant
difference in Cq values between fed and starved larval treatment in MMP2.
(Significance codes p < 0.01 *)
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DISCUSSION

Starvation Experiment and Dissection Observations

Starvation experiments were conducted on CS feeding third instar larvae.

During starvation experiments I observed some of the larvae in the starved group

start to turn grey. This was an indication of the development of necrotic tissue.

These larvae were not used for dissection and RNA isolation. During dissections I

observed less fat body tissue in starved samples compared to fed controls.

RNA Isolation Results Observations

Analysis of the fed and starved RNA showed that each sample was

satisfactory for use in cDNA synthesis. The nucleic acid concentration for each

sample being over 200 ng/ μL and the 260/280 ratio, which indicate the purity of

the RNA sample post-isolation, were crucial factors in determining whether to

initiate cDNA synthesis. Not all samples used for this investigation had perfect

RNA purity, those determined to have a small amount of imperfection were used

for cDNA synthesis.
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RT-PCR and Gel Electrophoresis Results Observations

The observation and results of RT-PCR and gel electrophoresis had some

challenges but ultimately provided helpful insight into determining the next steps

of the study. This was because it provided evidence about the efficiency

of the primers and the PCR products provided insight on the success of the

cDNA synthesis. Challenges included smearing in the lanes of the gel likely due

to DNA contamination, amplification of only the reference gene Actin 5C, and

amplification of only starved samples for both Actin 5C and MMP2. The 100 bp

DNA ladder was used for comparison and analysis. Both the Actin 5C and the

MMP2 PCR reactions were successful for starved samples, as shown by bands of

PCR product on electrophoretic gels. Actin 5C PCR reactions were successful for

fed samples, as shown by bands of PCR product on electrophoretic gels. After

several attempts there was no band of product in MMP2 fed samples. The reason

for failure to get bands for some samples is unclear because the sample primer

and cDNA were used for the other samples that had amplification. Once cDNA

was determined to be quality I proceeded to RT-qPCR since it was difficult to

draw conclusions from these findings.
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RT-qPCR Results Observations

The goal of RT-qPCR was to quantify the data in terms of relative gene

expression ratio in order to analyze the amount of DNA present. The results of all

three RT-qPCRs indicate overexpression of MMP2 in a starved condition

compared to fed controls in Drosophila third instar larval fat body. In

conventional PCR there were primer dimers present in the samples. The problem

with the primer dimer was resolved during RT-qPCR. Melt curves were normal

melting temperatures were around 80℃ indicating that the fluorescence was due

to full length PCR products and not primer dimer. The sample size for the data

was a total of three runs. Each run showed overexpression but differing amounts.

The first run had an expression ratio of 60.1, the second run had an expression

ratio of 775.3, and the third run had an expression ratio of 16.1. In order to better

compile the results the average of the relative expression ratios were calculated

and graphed comparing fed and starved samples. All of the samples were

compared using their relative expression ratios of MMP2. For fed, this is constant

at 1 because the control tissue has a constant expression ratio. The starved

samples show varying levels of MMP2 expression, the average relative expression

ratio is 283.8. The expression ratio for all starved samples was over 1 which

indicates overexpression. An ANOVA was performed to determine significance

and a Tukey test was performed to analyze the effect of larval treatment on
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MMP2. As predicted, there was a significant difference between the Cq values of

fed and starved larval treatments in MMP2. There was no significant difference

between the Cq values of fed and starved larval treatments in Actin 5C (Figure

18). The primer efficiencies, calculated using the Pfaffl method, are important to

note when analyzing the results of RT-qPCR (Pfaffl, 2001). The primer

efficiencies for MMP2 and Actin 5C were reasonable, excluding the Actin 5C

primer efficiency from trial three, allowing for their data to be considered reliable

and valid. The reason for the Actin 5C primer efficiency from trial three not being

valid is unknown, but could be due to sampling error. In some of the primer

efficiencies some samples were excluded because they did not provide results

during RT-qPCR. These samples were excluded when calculating primer

efficiency. Overall, the data suggests overexpression of MMP2 in the starved

larval third instar fat body of CS Drosophila melanogaster. These results are in

line with the hypothesis which predicts overexpression of MMP2 in starved

samples compared to fed controls.

Experimental Errors

The collection and processing of samples consistently has the potential for

experimental errors. One notable observation was the development of necrotic

tissue in starved larvae during starvation experiments. This led to their exclusion
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from dissection and RNA isolation. The presence of necrotic tissue could

introduce variability in the samples, potentially affecting the RNA quality and

subsequent gene expression analyses. While efforts were made to exclude affected

larvae, the possibility of residual effects cannot be entirely ruled out.The RT-PCR

and gel electrophoresis processes encountered several challenges, including

smearing in gel lanes, amplification of only specific genes in certain samples, and

primer dimer formation. These issues could have stemmed from factors such as

DNA contamination, contamination of aliquots, and reduced primer efficiency.

Issues like smearing in the lanes could make it difficult to interpret data. RT-qPCR

results suggested that MMP2 is overexpressed in a starved condition, even so

there was lots of variability in the RT-qPCR results. Factors such as pipetting

error, reaction conditions, or sample quality could contribute to this variability

along with inherent variability in biological systems. Calculation of primer

efficiencies is crucial for accurate quantification of gene expression using

RT-qPCR. While reasonable primer efficiencies were observed for most genes,

inconsistencies were noted in some cases. Variations in primer efficiency could

affect the reliability of gene expression measurements. Despite these potential

sources of experimental error, the overall trends observed in the data support the

hypothesis. However, it is essential to acknowledge and address these sources of

variability to ensure the reliability and validity of the experimental findings.
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Conclusion and Future Directions

To conclude, the results of this study are consistent with the hypothesis

that MMP2 inhibits insulin signaling by degrading insulin receptor. MMP2

transcript levels were higher in starved samples compared to fed controls in

Drosophila third instar larval fat body. These findings are critical in

understanding MMP2's role in insulin signaling during larval development.

Overexpression of MMP2 in a starved condition is consistent with the hypothesis

that MMP2 regulates insulin signaling by degrading insulin receptor but it does

not provide direct evidence for it. My research shows that MMP2 is increased in

response to starvation but does address whether or not MMP2 is, in fact, cleaving

insulin receptor. In the future, it would be helpful to do experiments that

understand the role of MMP2 in cleaving insulin receptor. A previous study

showed in a murine model MMP14, a homolog for Drosophila MMP2, directly

cleaved insulin receptor. They did this by performing western blot analysis of the

β-chain protein of the insulin receptor. This allowed them to see suppression of

insulin signaling resulting from MMP2 activity (Guo et al., 2022). A similar

experiment could be conducted in Drosophila using specific antibodies for insulin

receptor, which currently are not commercially available and would need to be

generated in order to further examine the role of MMP2 in insulin signaling.

Another way to examine the hypothesis that MPP2 degrades insulin receptor
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could be to use a biomarker for autophagy such as Atg8a to measure the levels of

autophagy and indirectly measure cleavage of insulin receptor. Another student in

the Woodard Lab, Madigan Sticher, is working on this in her thesis. Alternatively,

microscopy could be used to better understand early fat body remodeling in

Drosophila fat body cells overexpressing MMP2 to better understand the timeline

of tissue remodeling and ECM degradation (Bond et al., 2011).

Studies of the effects of MMP2 on insulin signaling are impactful for the

future of therapeutics for insulin insensitivity, metabolic dysfunction, and

insulin-mediated cancers (Biglou et al., 2021). If MMP2 directly cleaves insulin

receptor it may give insight into functional homologs of MMP2 in humans that

could be used to develop therapeutics to modulate MMP2 activity if it is a major

contributor to insulin insensitivity and metabolic dysfunction. The goal of this

study was to better understand the mechanisms involved in Drosophila insulin

signaling regulation. By doing this we hoped to gain a greater understanding of

human diseases such as type 2 diabetes, high blood pressure, insulin insensitivity,

other metabolic dysfunction, and other age associated pathologies. All of the data

and results can assist in understanding the role of MMP2 in insulin signaling

which could aid in advancing healthcare based research for insulin insensitivity

and metabolic dysfunction.
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APPENDIX

Table 12. RT- qPCR 96 well plate layout Actin 5C andMMP2.

1 2 3 4 5 6

A Standard
Curve
1/1
Actin 5C

Standard
Curve
1/2
Actin 5C

Standard
Curve
1/4
Actin 5C

Standard
Curve
1/8
Actin 5C

Standard
Curve
1/16
Actin 5C

Blank

B Standard
Curve
1/1
MMP2

Standard
Curve
1/2
MMP2

Standard
Curve
1/4
MMP2

Standard
Curve
1/8
MMP2

Standard
Curve
1/16
MMP2

Blank

C Fed +RT
Actin 5C

Fed +RT
Actin 5C

Fed +RT
Actin 5C

Fed -RT
Actin 5C

Blank Blank

D Fed +RT
MMP2

Fed +RT
MMP2

Fed +RT
MMP2

Fed -RT
MMP2

Blank Blank

E Starved
+RT
Actin 5C

Starved
+RT
Actin 5C

Starved
+RT
Actin 5C

Starved
-RT
Actin 5C

Blank Blank

F Starved
+RT
MMP2

Starved
+RT
MMP2

Starved
+RT
MMP2

Starved
-RT
MMP2

Blank Blank

G Blank Blank Blank Blank Blank Blank

H Blank Blank Blank Blank Blank Blank



66

Figure 19. Actin 5C Standard Curve from 3/23/24 A. Depicts the log of the
concentration of Actin 5C dilutions from CS whole larvae plotted against the Cq

values. The slope is -3.5 and was used to calculate the Actin 5C primer efficiency
which was found to be 1.93.



67

Figure 20.MMP2 Standard Curve from 3/23/24 A. Depicts the log of the
concentration of MMP2 dilutions from CS whole larvae plotted against the Cq

values. The slope is -2.55 and was used to calculate the MMP2 primer efficiency
which was found to be 2.47. Dilutions were excluded due to no Cq value being
calculated during RT-qPCR, in this case missing 1/16 dilution.
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Figure 21. Actin 5C Standard Curve from 3/23/24 B. Depicts the log of the
concentration of Actin 5C dilutions from CS whole larvae plotted against the Cq

values. The slope is -0.61 and was used to calculate the Actin 5C primer
efficiency which was found to be 42.37.
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Figure 22.MMP2 Standard Curve from 3/23/24 B. Depicts the log of the
concentration of MMP2 dilutions from CS whole larvae plotted against the Cq

values. The slope is -1.97 and was used to calculate the MMP2 primer efficiency
which was found to be 3.21.

Figure 23. Expression Ratio ofMMP2 in Fed and Starved Feeding Third
Instar Larval Fat Body of Drosophila for 3/19/24. The fed sample has a
constant expression ratio of 1. The average starved expression ratio is 60.05.
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Figure 24. Expression Ratio ofMMP2 in Fed and Starved Feeding Third
Instar Larval Fat Body of Drosophila for 3/23/24 A. The fed sample has a
constant expression ratio of 1. The average starved expression ratio is 775.27.

Figure 25. Expression Ratio ofMMP2 in Fed and Starved Feeding Third
Instar Larval Fat Body of Drosophila for 3/23/24 B. The fed sample has a
constant expression ratio of 1. The average starved expression ratio is 16.08.
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Figure 26. Melt Curve for RT-qPCR for 3/19/24. Melting curve shows there
was no primer dimer in the sample. Melt curves were normal melting
temperatures at around 80℃. This indicates that the fluorescence was due to full
length PCR products and not primer dimer.
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Table 13. List of Abbreviations.

Abbreviation Name

AKT/PKB Protein Kinase B

ANOVA Analysis of Variance

APF After Puparium Formation

bp Base Pair

βFTZ-F1 Βeta Fushi Tarazu

CS Canton-S

Cq Qualification cycle

dALS Drosophila Insulin-like Growth Factor- Binding Protein
Acid-Labile Subunit

dILP Drosophila Insulin-Like Peptide

dInR Drosophila Insulin Receptor

dFOXO Drosophila Forkhead Box-containing Protein, O subfamily

ECM Extracellular Matrix

ecdysone 20-Hydroxyecdysone

FOXO Forkhead Box-containing Protein, O subfamily

GPI Glycosylphosphatidylinositol

hINR Human Insulin Receptor

IGF Insulin Growth Factor

IGF-BP-ALS Insulin-like Growth Factor-Binding Protein
Acid-Labile Subunit

IGF-BP Insulin-like Growth Factor-Binding Protein
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IIS Insulin-Like Growth Factor Signaling

ILPs Insulin-like Peptides

Imp-L2 Imaginal Morphogenesis Protein-Late 2

InR Insulin Receptor

IRS Insulin Receptor Substrate

MMP Matrix-metalloproteinase

MMP14 Matrix-metalloproteinase14

PAE Predicted Aligned Error

PEPCK Phosphoenolpyruvate carboxykinase

PIK3 Phosphatidylinositol 3-kinases

PIP2 Phosphatidylinositol 4,5-bisphosphate

PIP3 Phosphatidylinositol-triphosphate

PCR Polymerase Chain Reaction

RT-PCR Reverse Transcriptase Polymerase Chain Reaction

RT-qPCR Real Time quantitative PCR

T2DM Type 2 Diabetes Mellitus

TIMP Tissue Inhibitors of Metalloproteinase

TOR Target of Rapamycin


