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Abstract 

 

Type 2 diabetes mellitus (T2DM) is hallmarked by insulin resistance, with the INSR gene 

identified as a key player in this condition in humans. This gene is known to harbor genetic 

variants with a wide range of clinical significance from pathogenic to variants of uncertain 

significance (VUS) to benign. This project investigates a VUS associated with T2DM identified 

through ClinVar. A gene mutational analysis, predictive amino acid substitution analysis, and 

protein modeling predict INSR c.1628C>T (p. Thr543Met) to be likely pathogenic or damaging. 

PolyPhen-2 predicts this variant to be probably damaging (HumDiv score of 1.000). 

Evolutionary conservation of the VUS loci across multiple species was confirmed through 

multiple sequence alignment carried out through Benchling. The VUS results in an amino acid 

class change from the polar, hydrophilic amino acid threonine to the nonpolar, hydrophobic 

amino acid methionine. Utilizing SWISS-MODEL, homology-based protein models were 

generated for both human native and VUS mutant INSR proteins. Subsequent analysis in PyMOL 

revealed an RMSD value of 0.001. The affected amino acid resides in the extracellular alpha 

subunit, which may contribute to its potential impact to protein structure and function. To 

understand the functional implications of this structural alteration, we plan to observe potential 

phenotypic differences between wildtype N2 C. elegans nematodes and a CRISPR-Cas9 

engineered daf-2 VUS nematodes. This research aims to elucidate the functional impact of the 

INSR variant and provide valuable insight into its role in the context of insulin resistance and 

T2DM. 
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Introduction 

Type 2 diabetes mellitus (T2DM) is a metabolic disorder hallmarked by insulin 

resistance (Wei et al., 2020). T2DM accounts for approximately 90% of all cases of 

diabetes (Goyal et al., 2023). T2DM affects most vital organs and is found to be 

associated with diseases such as Alzheimer’s disease, certain cancers, as well as 

hypertension and other forms of cardiovascular disease (Haeusler et al., 2018, Baghaie et 

al., 2023). T2DM may also lead to the development of neuropathy, retinopathy, and 

nephropathy. This can lead to end stage renal disease, blindness, and loss of lower limbs, 

respectively (Goyal et al., 2023). Homeostasis of plasma glucose levels is a complex 

process, with glucose uptake into cells being limited in patient with T2DM (Wei et al., 

2020). In T2DM, the cells do not respond properly to insulin. Insulin increases the 

permeability of the cells to allow for glucose intake. While not the only contributing 

factor to insulin’s inability to maintain glucose homeostasis, this study will focus on the 

inability of insulin to bind to the insulin receptor. When this binding is impaired, glucose 

intake into the cells does not occur. As such, the glucose remains in the blood plasma and 

levels begin to rise. This results in the loss of insulin’s ability to properly maintain 

glucose homeostasis (Figure 1, Panel I). Insulin production by pancreatic beta cells is 

increased in response to increasing serum glucose levels, which in turn causes the beta 

cells of the pancreas to change and even become dysfunctional (Goyal et al., 2023). As 

insulin levels continue to increase, cell receptor sensitivity decreases, which leads to 

peripheral insulin resistance (Baghaie et al., 2023). While environmental factors such as 

obesity play a role in the development of T2DM, there could also be a genetic 
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contribution to disease development. One study found that defects in both insulin- 

dependent and insulin-independent mechanisms for glucose uptake could be detected 

more than a decade before the onset of the clinical disease. This same study found a high 

incidence of diabetes in first degree relatives of individuals with T2DM, including among 

identical twins. Researchers also found that factors such as insulin resistance, insulin 

deficiency, beta-cell failure, obesity, and excess caloric intake can act synergistically with 

genetic components, leading to the development of T2DM (Martin et al., 1992). Though 

not the only contributing factor, obesity has been found to be a major contributor to an 

increased risk for the development of T2DM. Obesity, particularly in patients with excess 

abdominal adipose tissue, can increase the risk for the development of T2DM as adipose 

tissue can promote insulin resistance through various inflammatory processes (Goyal et 

al., 2023). Obesity is inversely related to the concentration of insulin receptors on the 

surface of cells as well as plasma insulin levels (Payankaulam et al., 2019). Insulin 

resistance also plays a key role in the development of T2DM, with it being a main factor 

to separate prediabetic and nondiabetic patients (Martin et al., 1992). This separation 

between prediabetic, nondiabetic, and diabetic is defined by the American Diabetes 

Association. According to the ADA, an A1C level of 6.5% or higher is considered 

diabetes, while 5.7% to 6.4% is considered prediabetic levels. Levels under 5.7% are 

considered nondiabetic. Similarly, fasting plasma glucose (FPG) levels can be tested. The 

ADA states that a FPG of 126 mg/dL or higher is considered diabetic. 100mg/dL to 125 

mg/dL is considered prediabetic levels, and below 100mg/dL is considered nondiabetic, 

or normal (Table 1) (Malkani and Mordes, 2011). Insulin resistance is also synonymous 
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with hyperinsulinemia. It is notable that insulin resistance is shown to dramatically 

decrease after periods of fasting. This could point to the role of nutrition in the 

development of T2DM (Haeusler et al., 2018). 

As previously stated, one role of insulin is to increase the permeability of the cell 

membrane to allow more glucose to move intracellularly from the plasma. This occurs in 

tissues such as muscular tissue, adipose tissue, liver tissues, and neuronal tissues. Insulin 

also acts as a negative regulator of insulin signaling; as insulin concentration in plasma 

increases, insulin receptors on peripheral cell membranes downregulate causing a 

decrease in signaling for insulin release and termination of the insulin bond to the 

receptor (Haeusler et al., 2018). The human insulin receptor gene (INSR) is the first 

critical node in this insulin signaling pathway (Taniguchi et al., 2006). INSR also plays a 

key role in metabolic regulation, control of growth, and neuronal function. At one point, 

the INSR gene was believed to be a house-keeping gene, but recent evidence shows that 

INSR is heavily regulated with dynamic transcriptional regulation. These regulatory 

elements are found both within the promoter and in the intronic region of the DNA 

sequence. Large DNA sequences are dedicated to encoding feedback for this 

sophisticated signaling system (Payankaulam et al., 2019). Furthermore, the. structure 

and placement of the insulin receptor could indicate its function in insulin signaling. The 

receptor protein is a single pass transmembrane receptor, crossing across the lipid bilayer 

of the cell membrane. (Payankaulam et al., 2019). Evidence of the insulin receptor’s role 

in the insulin signaling metabolic pathway can be seen upon knockout of the receptor 

gene. This leads to metabolic dysfunction and impaired muscle growth (Haeusler et al., 
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2018). The mammalian insulin receptor is a heterotrimer formed from two alpha subunits 

and two beta subunits. The alpha subunits are linked to each other via extracellular ligand 

binding domains and are the site of insulin binding (Murphy and Hu, 2013, Payankaulam 

et al., 2019). The alpha subunits also exhibit affinities for both insulin and insulin-like 

growth factor- II (IGF-II), making it stronger in glycogen synthesis promotion and in 

metabolic effects than the beta subunits (Haeusler et al., 2018). The beta subunits contain 

transmembrane and intracellular tyrosine-kinase domains. Cysteine on each alpha 

subunits link together and to beta subunits through disulfide bonds. Binding of insulin to 

receptors on the alpha subunit creates a conformational change on the alpha subunits and, 

sequentially, the beta subunits (Payankaulam et al., 2019). In this, insulin binding induces 

autophosphorylation of tyrosine residues. This action activates the tyrosine kinase activity 

intrinsic to the beta subunit of the insulin receptor (Murphy and Hu, 2013). Tyrosine 

residues in the protein are trans-phosphorylated and serve by acting as binding sites for 

insulin receptor substrates. These substrates can act as adaptor proteins (Payankaulam et 

al., 2019). These metabolic actions of insulin, such as glucose uptake by the cells and 

glycogen synthesis, require serine and threonine residues to be phosphorylated (Haeusler 

et al., 2018). Phosphorylation of insulin at the receptor leads to the production of insulin 

substrate proteins which activate the P13K-AKT/ protein kinase ß (PKB) pathway and 

the Ras-mitogen activated protein kinase (MAPK) pathway (Taniguchi et al., 2006). The 

P13K enzyme activate the serine and threonine kinase activity of AKT which is 

responsible for modulation of glucose uptake by glucose transporter type 4 (GLUT4), 

glycogen synthesis by GSK3, protein and fat synthesis by mTOR, and gene expression by 
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the forkhead family box genes (FOXO) (Haeusler et al., 2018). Particularly the 

exocytosis of GLUT4 allows for the increased permeability of glucose through the cell 

membrane. Protein tyrosine phosphatases (PTP) then dephosphorylate the tyrosine 

residues to decrease the activity of insulin (Taniguchi et al., 2006). For a simplified 

schematic of insulin signaling (Figure 1, Panel II). 

The daf-2 gene family is one part of the major metabolic pathways that help 

regulate lipid, protein, and energy metabolism in the nematode C. elegans. This gene 

family can also aid in response to stresses and in developing cell structure, such as heat 

stress and starvation (Halaschek-Wiener et al., 2005). daf-2 encodes for an insulin 

receptor family member, hinting to its role as a regulator of metabolism (Kimura et al., 

1997). Similar to insulin signaling in humans, daf-2 kinase will autophosphorylate its 

own insulin receptor substrate (IRS-1) domain (Thomas and Inoue, 1998). Agonist 

insulin-like peptides bind to the daf-2 receptors, recruiting insulin receptor substrates and 

activating the age-1/ p13k pathways, thereby increasing the level of phosphodylinositol 

(3,4,5) triphosphate (PIP3). PIP3 will become phosphodylinositol (4,5) biphosphate 

(PIP2), activating the kinase cascade. This cascade consists of several key kinases, such 

as 3-phosphoinositide dependent protein kinase-1 (PDK-1), protein kinase B (akt-1/-2), 

and serum and glucocorticoid inducible kinase 1 (SGK-1). This cascade then 

phosphorylates and inactivates downstream daf-16 and FOXO transcription factors, thus 

promoting translocation of daf-16 from the nucleus to the cytosol of peripheral cells 

(Altintas et al., 2016). Nothing is known about the functions of the two isoform daf-2 

proteins formed from alternative splicing. One study did find that daf-2 is highly 



6  

expressed in neuroendocrine cells and in the nervous system of the nematode (Murphy 

and Hu, 2013). In another study, knock-in fluorescent receptors were used to identify the 

intestine as the main site for daf-2 to daf-16 signaling. This study also determined this 

signaling to have a major role in lifespan regulation in Caenorhabditis elegans, with 

decreased signaling leading to a 94% extended lifespan (Zhang et al., 2022). 

The daf-2 pathway is exclusively responsible for the regulation of life span in the 

adult nematode, and it plays a key role in larval development (Altintas et al., 2016). 

Downregulation of the daf-2 pathway leads to a doubled lifespan. This pathway also 

upregulates the stress response to antimicrobials as well as upregulating genes associated 

with metabolism while simultaneously downregulating genes known to shorten the 

lifespan (Halaschek-Wiener et al., 2005). Loss of function found with daf-2 mutants 

yields resistance to a variety of bacterial pathogens. Part of this could be due to serine- 

threonine kinases activity to regulate lifespan and resistance to pathogens, though the 

mechanism of this remains unknown (Evans et al., 2008). This pathway also regulates 

reproduction and lipid metabolism. It also controls the pathway to enter developmental 

diapause, forming a metabolically arrested dauer larva, making daf-2 the central regulator 

of dauer formation (Halaschek-Wiener et al., 2005). This trigger to enter the dauer larval 

state is made by a decrease in the daf-2 signaling pathway (Gottlieb and Ruvkun, 1994). 

These dauer larva are in a third stage of larval development, which could also be thought 

of as a diapause stage of arrested development of the larva until conditions are better 

fitting for development to continue occurring. As such, the dauer stage may be induced 

by stressful environment, such as food limitation, high population size, and high 
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Temperatures (Thomas and Inoue, 1998, Halaschek-Wiener et al., 2005). In the dauer 

larva stage, C. elegans can survive up to several months in a harsh environment (Thomas 

and Inoue, 1998). daf-2 mutants have also exhibited an increase in thermotolerance and 

may express lower levels of transcripts associated with metabolism (Murphy and Hu, 

2013, Halaschek-Wiener et al., 2005). 

There are similarities between the sequences and phenotypes of age-1 and daf-2, 

suggesting these genes participate in similar pathways as that of insulin signaling (Figure 

I, Panel III). daf-2 remains the only homolog of its mammalian insulin receptor family 

(Gottlieb and Ruvkun, 1994). In one study, daf-2 mutants were found to store fat and 

glucose in a form of glycogen. This same study found daf-2 insulin signaling and 

mammalian insulin signaling to have opposing effects on metabolism, though both can 

cause a shift towards fat deposition (Thomas and Inoue, 1998). A decrease in daf-2 

signaling may induce metabolic and developmental changes analogous to metabolic 

control by the insulin receptor found in mammals (Kimura et al., 1997). The insulin-like 

growth factor-1 homolog daf-2 has been found to be a principal component on lifespan, 

with deceased signaling of daf-2 being associated with an increase in lifespan 

(Halaschek-Wiener et al., 2005). In one study, it was found that glucose drastically 

shortens the lifespan of C. elegans daf-2 mutants by inhibiting FOXO family members, 

specifically daf-16 and the heat shock factor HSF-1. Insulin downregulates similar 

glycerol channels in mammals by inhibiting the expression of aquaporin glycerol 

channels. This would suggest glucose response and the pathways involved are 

evolutionarily conserved (Lee et al., 2009). These similarities show the C. elegans 
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species serves as an effective model for insulin signaling and could inform investigations 

into mammalian insulin signaling and other diseases associated with mutations and 

dysfunctions of the INSR gene (Murphy and Hu, 2013). 

C. elegans remains an effective choice for modeling human diseases by 

transgenesis, while also having the ability to generate null animals. While the complex 

organs found in mammals may be lacking in the nematode, these complex phenotypes 

associated with various mammalian diseases can be reduced and studied by their 

component parts and molecular events. This species also has a completely sequenced 

genome that shares a vast homology with mammals. They are also relatively easy to 

maintain, cost effective, and have a short lifespan. These reasons along with the ability to 

process large numbers of animals simultaneously further validate using C. elegans as a 

choice model (Silverman et al., 2009). This serves as the premise of this project. We aim 

to explore the pathogenicity of a variant of unknown significance in the INSR gene. A 

mutation was identified and located at c.1628C>T (p.Thr543Met) in the INSR gene in 

humans. A conserved genetic loci was also observed in the daf-2 gene in C. elegans at 

c.2084C>T (p.Thr698Met) (Table 1). Upon confirmation of conservation, pathogenicity 

prediction was conducted in PolyPhen-2. Informed by these results, we predicted a 

change in the structure of the protein encoded by INSR, resulting in a change in the 

protein's function. To explore this hypothesis further, bioinformatic analyses were 

conducted to investigate the extent of structural changes. Furthermore, primers were 

designed and tested to target the VUS region in the daf-2 genes. RNA guides were then 

designed to bring this study into the beginning stages of producing a CRISPR-Cas9 
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engineered C. elegans daf-2 mutant to test the functionality of the protein encoded by the 

variant daf-2 gene. 
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Materials and Methods 

 

All experiments detailed in this study were conducted in accordance with 

established standard operating protocols and procedures as set forth by the research 

laboratory of Dr. Ashley Turner. 

Confirmation of Conservation between INSR and daf-2 

 

The identification of a missense VUS associated with T2DM within the human 

gene INSR was documented in ClinVar at position c.1628C>T (p.Thr543Met) by an 

undergraduate student (Landrum et al., 2018). Specifically, a mutation at the orthologous 

mutation in the C. elegans gene daf-2 was identified at position c.2084C>T 

(p.Thr698Met). Leveraging the respective gene IDs for INSR (ENSG00000171105) and 

daf-2 (WBGene00000898), the corresponding cDNA files were successfully imported 

into Benchling (Benchling, (RRID:SCR_013955)). To verify conservation between INSR 

and daf-2, a multiple sequence alignment (MSA) was executed. This alignment was 

facilitated by employing the Auto-MAFFT alignment algorithm within Benchling, 

enabling the creation of a consensus alignment (Katoh & Standley, 2013). Such an 

approach permitted a comprehensive evaluation of conservation across both DNA and 

amino acid sequences at the VUS loci. 

 

PolyPhen-2 Analysis 

To assess the potential pathogenic impact of the amino acid substitution on the 

human INSR protein, a prediction was conducted using PolyPhen-2. The protein 

identifier (P06213), specifying the human INSR protein, along with the substitution 
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position (543) and the specific amino acid alteration (threonine to methionine), were 

entered into the corresponding fields on the online bioinformatics server (Adzhubei et al., 

2013). The HumDiv score was chosen over the HumVar score to account for the 

multifactorial nature of T2DM (Adzhubei et al., 2010). This predictive analysis aimed to 

elucidate the potential functional consequences of the identified amino acid change, 

providing valuable insights into the protein's stability and activity. 

Protein Modeling and PyMOL Analysis 

 

SWISS-MODEL, a platform for protein structure prediction, was employed to 

generate three-dimensional structural predictions for both the wildtype and mutant forms 

of the human INSR genes (Benkert et al., 2011; Bertoni et al., 2017; Bienert et al., 2017; 

Guex et al., 2009; Mariani et al., 2013; Studer et al., 2014, 2020, 2021; Waterhouse et al., 

2018). Initially, the protein identifier for INSR (P06213) was submitted to the online 

bioinformatics server to generate the model of the wildtype protein. Subsequently, to 

create the mutant protein model, a FASTA sequence file with the specific amino acid 

substitution was provided to the online server. Template-based modeling and threading 

for both wildtype and mutant protein models were performed using the Local 

MetaThreading-Server (LOMETS). The template selected for modeling was the smallest 

unit forming the INSR tetramer with the highest coverage available, which in this case 

was a heterodimer (7bwa.1.A). PDB files obtained from SWISS-MODEL for both the 

wildtype and mutant proteins were then exported into PyMOL (Version 2.5.1, 

Schrödinger). 
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PyMOL, a robust molecular visualization tool, was utilized to visualize the three- 

dimensional protein models of both the wildtype and mutant forms. These models were 

superimposed to facilitate the visualization and analysis of structural differences, as 

illustrated in Figure 3. Additionally, PyMOL was employed to determine the root mean 

square deviation (RMSD) value, providing insights into the significance of structural 

alterations. This comprehensive approach enabled both visualization and bioinformatics 

analysis of structural changes, enriching the understanding of the molecular implications 

of the identified mutations. 

DNA Lysis 

 

N2 C. elegans were maintained within a controlled biological incubator set at a 

temperature of 20°C. These organisms were maintained on nematode growth media 

plates supplemented with OP51 E. coli. For experimental purposes, five to ten adult 

nematodes were delicately extracted and transferred into individual PCR tubes, each 

preloaded with 30 μL of lysis buffer fortified with proteinase K (Cat. # V302B, 

Promega). This assembly underwent an incubation period of two hours at 65°C, followed 

by a subsequent heat treatment at 95°C for ten minutes. 

 

Polymerase Chain Reactions 

Benchling's design tool was harnessed to design primers aimed at amplifying the 

target VUS locus within the daf-2 gene. Two primer sets were selected based on the 

Primer 3 specificity score provided by Benchling (Table 3). Following primer selection, 

polymerase chain reaction (PCR) analyses were conducted. A master mix tailored for 

primer set 1 was formulated, comprising 25μL of 2x Taq Master Mix (Cat. # M0270S, 
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New England Biolabs), 1μL each of forward and reverse primers at a concentration of 

10μM, and 50μL of nuclease-free water. Subsequently, 11.5μL of the master mix was 

dispensed into three PCR reaction tubes. Utilizing lysed DNA extracted from the N2 C. 

elegans strain as a template, 1μL was added to the first two PCR reaction tubes, totaling 

12.5μL. A third tube received 1μL of nuclease-free water, serving as a crucial non- 

template control. This procedure was replicated for the second primer set. 

The initial PCR reactions were executed with an annealing temperature of 55°C 

for 30 cycles, employing the Biorad thermal cycler. Subsequently, both primer sets 

underwent electrophoresis on a 6% polyacrylamide gel at 150V for 45 minutes. Post- 

electrophoresis, the gel was stained with GelRed (Cat. # 41003, Biotium) and imaged 

utilizing the Biorad imaging system. 

To optimize the annealing temperature for each primer set, gradient PCR analyses 

were conducted. Primer set 1 underwent annealing temperature variation between 60°C to 

70°C, while primer set 2 explored a range from 50°C to 60°C. These analyses ensured the 

fine-tuning of experimental conditions to maximize PCR efficiency and specificity, 

crucial for downstream analyses and interpretation. 

CRISPR Guide Design 

Within Benchling, precise CRISPR targets flanking the VUS locus within the daf- 

2 gene were identified. RNA guides tailored to the target locus were designed. The 

selection process was rigorous, with a meticulous comparison of on-target scores, 

specifically optimized for 20-base-pair guides utilizing NGG protospacer adjacent motif 

(PAM), as outlined by Doench et al. (2016). Moreover, the specificity score, or off-target 
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score, as elucidated by Hsu et al. (2013) was evaluated. Two optimal guides were chosen 

based on their superior on-target and off-target scores, as illustrated in Table 4. This sets 

the stage for precise and effective CRISPR-mediated gene editing experiments. 
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Results 

In our investigation, a VUS associated with T2DM was previously identified 

within the INSR gene, as documented in ClinVar. The ortholog of this gene was 

discovered in the nematode C. elegans model, specifically in the daf-2 gene. By 

constructing a MSA, we confirmed conservation of the VUS location at the amino acid 

level (Table 2). 

We employed PolyPhen-2 to predict the potential impact of the amino acid 

substitution on the functionality of the human INSR protein. The HumDiv score, chosen 

to account for the multifactorial nature of T2DM, indicated a probable damaging effect, 

with a score of 1.000 (Figure 2). 

It was noted that there was a class change from the hydrophilic, polar amino acid 

threonine to the hydrophobic, nonpolar methionine. Furthermore, we analyzed the 

potential structural alterations in the human INSR protein by generating 3D models for 

both the wildtype and variant proteins. Subsequently, we compared these structures 

atom by atom, yielding an RMSD value of 0.001. This structural alteration results in the 

substitution of the polar amino acid threonine with the nonpolar amino acid methionine 

(Figure 3). 

Given the outcomes of our in silico studies, we deemed it necessary to design 

reagents to assess the functional implications of this structural change in the INSR 

protein through in vivo experimentation. To this end, we designed and executed various 

experiments aimed at creating a variant strain of C. elegans harboring the daf-2 ortholog 

mutation for further analysis. Two primer sets were designed for amplifying the targeted 
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daf-2 VUS region in the nematode model (Table 3). Primer set 1, with an expected size 

of 575 bp, displayed robust bands at approximately 600 bp with minimal residual bands. 

Conversely, primer set 2, expected to yield a product of 791 bp, exhibited strong bands 

around 800 bp, along with more pronounced residual bands (Figure 4). Subsequent PCR 

amplification across a gradient of annealing temperatures allowed us to optimize the 

annealing temperature for each primer set, determining 64°C for primer set 1 and 54°C 

for primer set 2 (Figures 5 and 6, respectively). 

To enable precise targeting of the daf-2 VUS region in the nematode model, we 

designed RNA guides for CRISPR-Cas9 engineering. These guides, designed to flank 

the daf-2 VUS locus within 30 base pairs, were tailored to complement the 

corresponding binding sites within the protospacer adjacent motif (PAM), where Cas9 

would bind and induce DNA cleavage (Table 4, Figure 7). The guides chosen 

demonstrated the best potential on-target and off-target scores. 
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Conclusion 

 

T2DM is a complex, multifactorial disease. The investigation outlined represents 

a crucial step towards elucidating the functional implications of the identified variant of 

the INSR gene associated with T2DM. By delineating the structural consequences of the 

threonine to methionine substitution within the INSR protein, we have laid the 

groundwork for further experimental exploration. 

Primers were designed and annealing temperatures for each primer set were 

optimized. RNA guides were designed. The proposed experimental approach moving 

forward would include an in vitro assay to ensure the guide cuts efficiently at the targeted 

site. Previous literature utilized a sgRNA expressed from a U6 small nuclear RNA 

promoter to allow Cas9 to target the desired genomic sequences. It was also found that 

the optimal expression from the pol III promoter occurs when the first nucleotide base is 

a purine. A SV40 nuclear localization signal (NLS) was also inserted into the pUC57 

vector at the 3’ open reading frame. Microinjection techniques would then be performed 

to insert this into the gonads of the nematode, allowing for reproduction of future 

generations to contain this mutation (Friedland et al., 2013). This would allow the 

engineering of a CRISPR-Cas9 generated daf-2 mutant strain. The N2 strain C. elegans 

will act as a control, along with a second engineered strain that lacks the VUS with a 

silent induced mutation. There is also a known daf-2 knockout strain in the lab. A rol-6 

guide will also be microinjected into the C. elegans to act as a positive control to give a 

visual phenotype marker. Those with a positive phenotype will be selected for breeding 
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and downstream analysis of the VUS daf-2. Using phenotype assays, we aim to determine 

a correlation between the identified mutation and downstream insulin signaling 

alterations. A lifespan assay would be conducted to determine the presence of a positive 

phenotype. Animals with a positive phenotype would present with arrested development 

in the larval stage with the formation of dauer larva. Those with a positive phenotype 

would also display a dramatically extended lifespan compared to their wildtype 

counterpart. The integration of dauer and lifespan assays will provide valuable insights 

into the physiological consequences of this genetic variation, potentially validating its 

pathogenicity. It has been found that a decrease in daf-2 signaling also leads to increased 

resistance to stresses such as oxidative stress, heat stress, hypoxic stress, osmotic stress, 

ultraviolet stress, and heavy metal toxicity (Altintas et al., 2016). Other phenotype assays 

could be conducted evaluating the stress response of daf-2 mutants to these stressors. 

Along with these phenotype assays, RT-PCR will be performed to detect the expression 

of the mutation in the transcripts of the nematode (Friedland et al., 2013). Positive 

phenotypes would support the hypothesis that this mutation impacts the protein's 

functionality. Further additional experiments would include functional challenges with 

insulin and/ or glucose in the nematode daf-2 mutant compared to the controls. 

Furthermore, a proposed bioinformatics analysis utilizing Schrodinger's 

Molecular Operating Environment (MOE) offers a comprehensive understanding of the 

structural dynamics and functional implications of the mutated INSR protein. By 

visualizing protein interactions within both extracellular and intramembranous domains, 

we seek to uncover novel insights into the molecular mechanisms underlying insulin 



19  

resistance in T2DM. A secondary bioinformatics analysis option would be mCSM 

membrane, which is a free open-source webserver-based software. It allows for 

investigations of single-point mutations on membrane proteins, including the stability of 

the proteins and the likelihood of them being pathogenic. This is accomplished by using 

graph-based signatures to model the protein geometry along with its physiochemical 

properties (Pires et al., 2020). 

The potential reclassification of the variant from unknown to likely pathogenic 

status underscores the clinical significance of our findings. Moreover, the prospect of 

extrapolating our results to other disease contexts harboring similar variants underscores 

the broader implications of our research. By unraveling the intricacies of INSR protein 

functionality, we pave the way for the development of targeted gene therapies tailored to 

individuals carrying this mutation, thereby advancing personalized medicine approaches 

in the management of T2DM. 

Further reaching implications would include other conditions associated with 

INSR and daf-2, including aging. This is based off a study showing that there does exist a 

role of insulin signaling in mammalian aging (Altintas et al., 2016). There is a possibility 

that metabolism and aging are correlated (Thomas and Inoue, 1998). Hyperinsulinemia 

and the increase of bioavailable IGF-1 may have a role in the tumor formation and 

progression, particularly in patients who are known to have insulin resistance. This could 

be because insulin and IGF-1 inhibit the hepatic synthesis of sex hormone binding 

globulin (SHBG), which stimulates the synthesis of sex steroids. Excess insulin and IGF- 

1 also increase the overproduction of reactive oxygen species. This leads to damage to 
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DNA, which in turn may lead to mutagenesis and carcinogenesis. This excess can also 

lead to an overabundance of inflammatory cells in adipose tissue, creating a 

protumorigenic environment (Arcidiacono et al., 2012). This is further implicated in 

breast cancer, with the expression of estrogen receptors and IGF being positively 

correlated. The increased activation of the estrogen receptors may increase the 

stimulation of mammary carcinogenesis by enhancing proliferative activity in mammary 

epithelial cells. Abdominal obesity in women is also associated with increased 

concentrations of free IGF-1 and free estradiol, leading to further increased activation of 

estrogen receptors (Stoll, 2002). 

This multiprong approach holds promise not only for advancing our 

understanding of T2DM pathogenesis but also for delineating novel therapeutic avenues 

with far-reaching implications for the broader spectrum of diseases associated with INSR 

variants. Through rigorous experimental validation and computational analyses, we 

endeavor to catalyze transformative advancements in the field of molecular medicine and 

personalized medicine, ultimately improving clinical outcomes for patients affected by 

T2DM and related disorders. This opens the door for potential targeted therapies for this 

INSR variant, specifically gene therapy or small molecule drugs that target the specific 

variant and mechanism. 
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Table 1 

 

Nondiabetic, prediabetic, and diabetic levels as defined by the ADA 

 

 
Nondiabetic Prediabetic Diabetic 

A1C < 5.7% 5.7% to 6.4% ≥ 6.5% 

FPG < 100mg/dL 100 to 125mg/dL ≥ 126mg/dL 
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Table 2 

 

Genetic location of VUS within INSR orthologs of H. sapiens and C. elegans 

 

Species Gene Ortholog Variant Location 

Humans (H. sapiens) INSR c.1628C>T (p.Thr543Met) 

Nematode (C. elegans) daf-2 c.2084C>T (p.Thr698Met) 
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Table 3 

 

Evolutionary Conservation of INSR VUS loci across multiple species 
 

 

Human Disease Variant 

AAT GTG ATG GAG TTC 

 

Asn Val Met Glu Phe 

 

Human (H. sapiens) 

AAT GTG ACG  GAG TTC 

 

Asn Val Thr Glu Phe 

 

Nematode (C. elegans) 

AAC ATG ACG ATC GAA 

 

Asn Met Thr Ile Glu 
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Table 4 

DNA primer design for targeting the INSR VUS locus within daf-2 

 

 Primer Set 1 Primer Set 2 

Forward 

Primer 

5' 

ACGACGGATTTGACGCTTGATCGT 

3' 

5' 

TCGACTTGCGCTAGTGCCAACG 

3' 

Reverse 

Primer 

5' CAGGATTCGGGAATGGCGTCCG 

3' 

5' 

GCGTCCGAATCGACTTGCGCTA 

3' 

Expected 

PCR 

Product 

Size 

 

575 base pairs 

 

791 base pairs 
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Table 5 

 

CRISPR RNA guide design for daf-2 targeting 
 

Cut Position 

(DNA bp) 

DNA strand CRISPR RNA Guide Sequence PAM 

16316 Bottom TCATGTTCTCATCGATTCGT GGG 

16339 Top TGAGAACATGACGATCGAAG AGG 
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Figure 1 

 

Overview of T2DM, the insulin receptor in the insulin signaling pathway in humans, C. 

elegans, and the insulin-like growth factor 1 receptor in the insulin-like signaling 

pathway in C. elegans 

 

Panel I: A) Insulin intake into the cell allows for appropriate usage of glucose from the 

bloodstream. B) The ineffectiveness of the insulin receptor causes cells to not take in and 

utilize glucose, leading to increased blood glucose levels and T2DM. Panel II: Simplified 

schematic of the insulin signaling pathway. Panel III: A) Comparison of the insulin 
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signaling pathway to the ortholog insulin-like signaling pathway in C. elegans. B) Image 

of N2 C. elegans viewed using a dissecting microscope and taken with a Motic camera. 
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Figure 2 

 

Results of the PolyPhen-2 analysis predicting the potential impact of the INSR VUS 

p.Thr543Met substitution on the human INSR protein 

 

 

HumDiv and HumVar scores are reported from the analysis. 
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Figure 3 

 

Predicted 3D structure of the human wildtype INSR protein and the mutant VUS protein 

 

Protein structure generated with the INSR amino acid sequence for wildtype and the 

identified variant INSR VUS. A) Both the wildtype and the variant models were aligned 

atom for atom and superimposed (wildtype= green, variant= teal). The pink represents the 

targeted VUS region. B) Structure of threonine (a polar amino acid) in the targeted region 

of the wildtype INSR protein. C) Structure of methionine (a nonpolar amino acid) in the 

targeted region of the INSR variant protein. D) Superimposed structures of threonine and 

methionine in the targeted region (wildtype= green, variant= teal). 
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Figure 4 

 

 

Initial PCR results of the two designed DNA primer sets amplifying the INSR VUS locus in 

daf-2 through gel electrophoresis 

 

 

Initial PCR amplification for both primer sets annealed at 55°C and ran on a 6% 

polyacrylamide gel stained with GelRed. N2 C. elegans wildtype DNA was used across 

six reactions, three for each primer set. Lane 1 consisted of a 100bp ladder. Lanes 2-4 

consisted of reactions for primer set 1 (1-1, 1-2, 1-3). Lane 5 consisted of a no template 

(water) control for primer set 1. Lanes 7-9 consisted of reactions for primer set 2 (2-1, 2-2, 

2-3). Lane 10 consisted of a no template (water) control for primer set 2. 
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Figure 5 

 

PCR results and annealing temperature optimization of primer set 1 amplification of the 

INSR VUS locus in daf-2 through gel electrophoresis 

 

 

Image of GelRed stained PCR amplification of primer set 1 ran on 6% polyacrylamide gel 

across a thermal gradient from 60°C-70°C. N2 C. elegans DNA was used as a wildtype 

template across eight reactions, with the corresponding annealing temperatures labeled in 

each lane (1A= 70°C, 1B= 69.3°C, 1C= 68.1°C, 1D= 66.3°C, 1E= 64°C, 1F= 62.3°C, 

1G= 61°C, 1H= 60°C). 1W was a no template (water) control ran at 70°C. 
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Figure 6 

 

PCR results and annealing temperature optimization of primer set 2 amplification of the 

INSR VUS locus in daf-2 through gel electrophoresis 
 

 

 

 

Image of GelRed stained PCR amplification of primer set 2 ran on 6% polyacrylamide 

gel across a thermal gradient from 60°C-70°C. N2 C. elegans DNA was used as a 

wildtype template across eight reactions, with the corresponding annealing temperatures 

labeled in each lane (2A= 60°C, 2B= 59.3°C, 2C= 58.1°C, 2D= 56.3°C, 2E=54°C, 2F= 

52.3°C, 2G= 50.9°C, 2H= 50°C). 2W was a no template (water) control ran at 60°C. 
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Figure 7 

 

CRISPR-Cas9 targeting in the daf-2 gene for generation of the daf-2 VUS C. elegans 

model 
 

 

 

Schematic showing the VUS locus of the daf-2 mutation. The amino acid substitution 

occurs at amino acid 698. The RNA guide has an on-target score of 72 and an off-target 

score of 90. 
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