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Abstract 

Phenotypic Rescue of a Nonsense Mutation in TRAPPC11 using Translational Read-through 

Inducing Drugs  

Kaylyn Chase, MSc 

 

The TRAPP family of complexes are multisubunit tethering complexes that function in 

membrane trafficking. There are two TRAPP complexes that have been identified in humans: 

TRAPP II and TRAPP III. TrappC11 is a protein found in the TRAPP III complex and has been 

demonstrated to play a role in membrane trafficking, autophagy, glycosylation, and Golgi 

morphology. Individuals with mutations in this gene display phenotypes including 

developmental delay, epilepsy, cerebral atrophy, muscular dystrophy, skeletal abnormalities, and 

hepatomegaly. Drug induced read-through of nonsense codons could be a method of treating 

individuals with nonsense mutations in TRAPPC11 that result in a nonsense codon. Translational 

read-through inducing drugs (TRIDs) are small molecule drugs, such as Ataluren and 

Amlexanox, that function to suppress nonsense codons. This project aims to study the potential 

read-through efficacy of Ataluren and Amlexanox on fibroblasts derived from an individual with 

a compound heterozygous mutation where one allele has a nonsense mutation. The other 

TRAPPC11 patient presented in this paper is used as a comparison, as this patient does not have 

a nonsense mutation and therefore should not benefit from treatment with TRIDs. Results show 

treatment with Ataluren or Amlexanox improves various cellular functions in the patient with a 

nonsense mutation. It is noteworthy that Ataluren is approved for use in the UK and Amlexanox 

was used in the past in the USA for other human conditions. Further work aims to build upon the 

preliminary results observed thus far. 
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1. Introduction 

 
1.1 Membrane Trafficking 

Membrane trafficking is an essential cellular process that ensures proteins of the endomembrane 

system are properly sorted and sent to the correct location within a cell (Palade, 1975). Two 

intracellular compartments that have major roles in this process include the endoplasmic 

reticulum (ER) and the Golgi apparatus. Trafficking within the endomembrane system begins at 

the ER, continues through the Golgi apparatus, and ends at either a different organelle (e.g. 

lysosome), the plasma membrane or the protein is secreted (Howell et al., 2006). Retrograde 

transport balances the forward (anterograde) movement of the pathway by working to shuttle 

proteins in the opposite direction. The two opposing pathways work together to maintain cellular 

homeostasis (Antonescu et al., 2014). 

 
The highly complex process of membrane trafficking can be reduced to four main steps: 1) 

vesicle budding from a donor membrane, 2) vesicle transport, 3) vesicle tethering and 4) vesicle 

fusion to an acceptor membrane (Bonifacino & Glick, 2004). Each of these steps are carefully 

regulated to ensure proper protein sorting and transport. To begin, vesicle budding from the 

donor membrane involves the deformation of the flat membrane surface (Bi et al., 2002). The 

deformation of this surface is aided by coat proteins that interact with cargo protein components 

that were selected for trafficking (Bröcker et al., 2010), thus forming a spherical vesicle that 

pinches off from the donor membrane (Bonifacino & Lippincott-Schwartz, 2003).  

 

Three coat protein complexes that are crucial for vesicle budding are clathrin, COP-I and COP-

II. Clathrin proteins facilitate budding and transport between the trans-Golgi Network (TGN) 
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and either the plasma membrane or endosomes (Pearse, 1976). ER-to-Golgi trafficking involves 

COP-I and COP-II protein complexes. COP-II proteins facilitate vesicle budding and transport in 

the early part of the anterograde pathway from the ER to the Golgi (Barlowe, 1994). COP-I 

proteins function complementary to COP-II proteins, by mediating budding from the Golgi and 

transport to the ER (Letourneur et al., 1994; Stephens et al., 2000).  

 

After budding from the donor membrane, the protein coated vesicle is targeted to a specific 

membrane. The movement of the vesicle between the ER and Golgi is mediated by a cytoskeletal 

network of microtubules (Klann et al., 2012). Once the vesicle nears its destination, tethering and 

the initiation of fusion occur. Tethering to and fusion with the acceptor membrane are mediated 

by the interaction between tethering proteins and SNARE (soluble N-ethylmaleimide sensitive 

attachment protein receptor) proteins. Tethering proteins can be divided into two groups: coiled-

coil proteins and multimeric complexes (Cai et al., 2008). Multisubunit tethering complexes that 

are well characterized in yeast and humans are the Transport Protein Particle (TRAPP) family of 

complexes (Kim et al., 2016). SNARE proteins are thought to provide the energy in the process 

of fusion (Nichols et al., 1997). These proteins form a complex and pull the vesicle and the target 

membrane together, facilitating fusion (Fasshauer et al., 1998; Sutton et al., 1998). The tightly 

regulated steps of budding, transport, tethering and fusion are key to ensure proper membrane 

trafficking events.  

 
 

1.2 TRAPP Complexes 

The TRAPP family of complexes were first identified in yeast, and have since been identified in 

metazoans (Rossi et al., 1995; Sacher, 1998; Sacher et al., 2000). In yeast, there were initially 
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three TRAPP complexes reported: TRAPP I, TRAPP II and TRAPP III. However, more recently 

the TRAPP I complex was suggested to be an artifact and not seen in vivo (Brunet et al., 2012; 

Thomas et al., 2018). Accordingly, in humans only TRAPP II and TRAPP III have been 

identified (Bassik et al., 2013; Zhao et al., 2017). The two different TRAPP complexes are each 

composed of a common core of 7 distinct proteins: TRAPPC1, TRAPPC2, TRAPPC2L, two 

copies of TRAPPC3, TRAPPC4, TRAPPC5 and TRAPPC6. Along with the core of proteins, 

TRAPP II contains TRAPPC9 and TRAPPC10, while TRAPP III contains TRAPPC8, 

TRAPPC11, TRAPPC12 and TRAPPC13. 

 

Figure 1.1. A schematic representation of TRAPP II and TRAPP III mammalian 
complexes. The common core of 7 distinct proteins is indicated in green. TRAPP II has two 
additional subunits, indicated in blue. TRAPP III has four additional subunits, indicated in gray. 
Reproduced from Sacher et al., 2019. 
 
 

Both the yeast and human TRAPP III complex has been implicated in various cellular processes 

including ER-to-Golgi trafficking (Joiner et al., 2021; Scrivens et al., 2011; Zhao et al., 2017) 

and autophagy (Behrends et al., 2010; Brunet et al., 2013). A cryogenic electron microscopy 
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(cryo-EM) structure of the TRAPP III complex has been elucidated for the Drosophila complex, 

which suggests how the core and subunit-specific proteins arrange to form TRAPP III (Galindo 

et al., 2021). In the TRAPP III complex, the structure suggests that TRAPPC8 and TRAPPC11 

hold the complex together like a clasp, which is an interesting finding considering that these two 

subunits are known to be essential for cell viability (Blomen et al., 2015; Hart et al., 2015; Wang 

et al., 2015). The essentiality of the TRAPPC11 protein in mammals presses for a more thorough 

investigation of the function of the protein and characterization of genetic mutations.  

 
 
1.3 TRAPPC11 Mutations in Human Diseases 

TRAPPC11 is an essential protein that is increasingly being discovered to be associated with 

human diseases. The protein is 1133 amino acids long and has two highly conserved regions 

(Bögershausen et al., 2013; Scrivens et al., 2011).  The first region of 258 amino acids is referred 

to as the foie gras domain (Bögershausen et al., 2013; Scrivens et al., 2011) and the second is a 

carboxy-terminal region of 59 amino acids referred to as the gryzun domain (Milev et al., 2019). 

The foie gras domain appears to be of critical importance as a mutation within this region leads 

to a loss of detectable amounts of the protein (Bögershausen et al., 2013). Notably, many 

mutations fall around the gryzun region, suggesting the carboxy terminus is also of importance 

(Figure 1.2) (Milev et al., 2019). 

 

The TRAPPC11 protein has been implicated to function in Golgi apparatus morphology 

(Scrivens et al., 2011), ER-to-Golgi membrane trafficking (Scrivens et al., 2011; Zhao et al., 

2017) COP II recruitment to the ER (Zhao et al., 2017), N-linked protein glycosylation (DeRossi 

et al., 2016), and autophagy (Stanga et al., 2019).  
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Figure 1.2. A schematic of the TRAPPC11 protein and known mutations.  

There are two highly conserved regions: the foie gras region of 258 amino acids, represented in 
blue, and the gryzun region of 59 amino acids, represented in red. Indicated are the different 
mutations that have been reported to date. Mutation A372_S425del is present in both TRAPPC11 
patients reported in this paper, B18 and B19. Reproduced from Sacher et al., 2019. 
 
 

Mutations within TRAPPC11 not only exhibit defects in these cellular processes, but also exhibit 

clinical phenotypic variations such as muscular dystrophy, as well as liver, ocular and brain 

pathologies (Bögershausen et al., 2013; Fee et al., 2017; Koehler et al., 2017; Larson et al., 2018; 

Liang et al., 2015; Matalonga et al., 2017; Milev et al., 2019; Munot et al., 2022) 

 

The work herein will focus on two individuals with biallelic TRAPPC11 mutations. The first, 

referred to as B18, has a compound heterozygous mutation c.[1287+5G>A];[2407C>T] 

p.[(Ala372_Ser429del)];[(Gln803*)]. While the former variant was previously described 

(Bögershausen et al., 2013), the latter is novel. The second will be referred to as B19 and has a 

compound heterozygous mutation c.[371_374delTCAG];[1287+5G>A] 

p.[(Val124Glyfs*15)];[Ala372_Ser429del]. Both contain the 1287+5G>A mutation, which 

results in a splice variant, leading to an in-frame deletion of 58 amino acids within the foie gras 

domain (Bögershausen et al., 2013). The primary difference between the B18 and B19 variants is 
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that B18 has an allele with a nonsense mutation and B19 has a frameshift. This provides the 

opportunity to study the potential read-through of a nonsense mutation by having cells that 

should show some degree of improvement (B18) compared to the allele with the frameshift 

(B19).  

 
1.4 Autophagy 

As stated above, TRAPPC11 is implicated in autophagy, a cellular process that utilizes the 

efficiency of membrane trafficking to maintain cellular homeostasis (Boya et al., 2013). It is a 

pathway that ultimately eliminates unwanted or harmful cytoplasmic components and is 

upregulated during cell differentiation, times of protection against disease or infection, and times 

of stress, such as starvation (Søreng et al., 2018). The autophagic pathway begins with the 

nucleation of the isolation membrane into a double membrane structure (Rubinsztein et al., 

2012).The closing of the isolation membrane results in an autophagosome, a structure that fuses 

with a lysosome to form an autolysosome that enables degradation of cytoplasmic components 

(Eskelinen, 2005). 

 
Important proteins that help regulate the process of autophagy in eukaryotes are LC3-I and LC3-

II. LC3 is modified endogenously by a ubiquitylation-like system (Tanida et al., 2005). During 

the onset of the autophagic pathway, the carboxy-terminus of LC3 is cleaved, creating a more 

soluble form of the protein, referred to as LC3-I (Kabeya, 2000; Sagiv, 2000; Tanida et al., 

2003). The LC3-I form of the protein is then lipidated to form LC3-II, which binds to 

autophagosomes and autolysosomes. Hence, LC3-II is an accepted indicator of autophagy 

(Kabeya, 2000).   
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Another protein that is important in the autophagic pathway is ATG2. This protein is required for 

isolation membrane expansion and it interacts with a phosphatidylinositol-3-phosphate (PI3P) 

effector, WIPI4 (Velikkakath et al., 2012; Zheng et al., 2017). The mechanism of closure of an 

isolation membrane into an autophagosome is not fully understood. However, LC3 and ATG 

proteins are implicated in this process (Kishi-Itakura et al., 2014).  

 
As mentioned previously, the TRAPP III complex, including TRAPPC11, has been implicated in 

the process of autophagy. The different complex-specific proteins within the TRAPP III complex 

function in different steps of the autophagic pathway. Specifically, TRAPPC8 affects the 

formation of the isolation membrane, TRAPPC11 is required for the closure of the isolation 

membrane, and TRAPPC12 is required after TRAPPC11, but its exact function is not yet fully 

understood (Stanga et al., 2019). In TRAPPC11 deficient cells, there is an increase in LC3-

positive membranes that cannot be cleared due to the inability to close the isolation membrane. 

In addition, TRAPPC11 was found to interact with ATG2B (an ATG homolog) and WIPI4, thus 

reinforcing its function in isolation membrane growth and closure (Stanga et al., 2019). Known 

TRAPPC11 deficient individuals are ideal candidates for further investigation of the role of 

TRAPP III in autophagy.  
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Figure 1.3. A representation of the TRAPP III proteins in autophagy.  

The TRAPP III complex is known to function in autophagy and three of the complex-specific 
proteins depicted have implicated functions in different stages of the pathway. TRAPPC11 was 
shown to function upstream of autophagosome formation while TRAPPC8 functions much 
earlier in the pathway. The function of TRAPPC12 is not fully understood, but is shown to 
function after autophagosome formation. LC3-I protein is a cytosolic protein which, when 
lipidated with phosphatidylethanolamine (PE), forms LC3-II and associates with the isolation 
membrane. LC3-II can be identified once isolation membrane elongation begins. This figure was 
adapted from Stanga et al., 2019.  
 
 

1.5 Nonsense mutations 

As mentioned above, the B18 primary cells contain a nonsense mutation as one of the 

TRAPPC11 alleles. A nonsense mutation is a nucleotide change that can alter a codon, resulting 

in a nonsense codon, or a premature stop codon . This type of mutation often leads to premature 

termination of protein translation, which can result in a shorter, less-functional or completely 

non-functional protein product (Michorowska, 2021). Normal protein translation begins by a 

ribosome reading mRNA from the 5’ end to the 3’ end (Nagel-Wolfrum et al., 2016). In essence, 

a ribosome begins by reading mRNA from the 5’ end to the 3’ end. During this process, transfer 
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RNA (tRNA) rests at the P site of the ribosome and the next codon to be read rests at the A site 

of the ribosome (Figure 1.3). Normal protein translation ends when the naturally occurring stop 

codon is reached at the 3’ end of the coding sequence. The end of protein translation requires two 

termination factors: eukaryotic release factors 1 and 3 (eRF1 and eRF3) (Nagel-Wolfrom et al., 

2016). eRF1 functions to recognize the stop codon and eRF3 is a GTPase that functions to assist 

the termination process (Peltz et al., 2013). A nonsense codon that arises during the process of 

protein translation often results in premature termination of protein translation.  

 
Figure 1.4. A representation of normal protein translation in comparison to translation that 
is hindered due to a nonsense mutation. The ribosome is indicated in a light green color. There 
are two sites of the ribosome: A and P. The P site of the ribosome is where the growing 
polypeptide chain lies. The A site of the ribosome is where the next codon to be read resides. 
Translational read-through inducing drugs (TRIDs) will bind to the A site of the ribosome to 
either introduce a near-cognate tRNA, or hinder the eRF1 and eRF3 complex from terminating 
translation. The light green octagon is representative of where an aminoglycoside antibiotic 
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would bind to the ribosome. The dark green octagon is representative of where Ataluren would 
bind to the ribosome. It is currently unclear how Amlexanox interacts with the ribosome. 
Reproduced from Nagel-Wolfrum et al., 2016.  
 
 

Oftentimes, a nonsense mutation leads to a process referred to as nonsense mediated mRNA 

decay (NMD). This is a cellular control mechanism that rapidly degrades mRNA transcripts that 

harbor a nonsense codon (Maquat, 2004). NMD is capable of recognizing the stalled or colliding 

ribosomes near the premature stop codon to ensure the decay of only nonsense codon-bearing 

mRNA (Lejeune, 2017). To date, there are about 7,000 human genetic diseases that have been 

characterized, and nearly 12% of the diseases can be attributed to nonsense mutations (Ng et al., 

2021).  

 
 
1.6 Translational Read-through Inducing Drugs (TRIDs) 

Given the abundance of human disease caused by nonsense mutations, the ability to read through 

such mutations to the normal stop codon could prove beneficial from a therapeutic standpoint. 

There are a variety of translational read-through inducing drugs (TRIDs) that are being 

investigated to understand their read-through capabilities and effectiveness. Aminoglycoside 

antibiotics have been used the longest and therefore have the most research supporting their read-

through abilities. Aminoglycoside antibiotics are polar compounds that are known to be highly 

effective in their read-through capabilities. However, they can pose severe toxic effects such as 

retinal toxicity and nephrotoxicity most likely due to their read-through of normal stop codons 

(Vössing et al., 2020). Aminoglycoside antibiotics have been shown to function in read-through 

by binding to the A site of the ribosome, introducing a near-cognate tRNA, and promoting 

elongation of the growing polypeptide (Ng et al., 2021). In order to find a safe way to 
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therapeutically read through nonsense mutations, there was a need for new, less toxic, 

compounds. Two such TRIDs are Ataluren and Amlexanox. Both drugs have read-through 

properties comparable to aminoglycoside antibiotics but have proven to be less toxic.  

 

Ataluren falls under the class of oxadiazoles and is a hydrophobic small molecule that has been 

shown to stimulate nonsense codon read-through (Ng et al., 2021). Ataluren (also known as 

Translarna or PTC124) has been approved for use by the European Medicines Agency and is 

currently being used to treat individuals with nonsense mutation-mediated Duchenne muscular 

dystrophy (Michorowska, 2021). Ataluren has been suggested to function by completely 

inhibiting the eRF1/eRF3-dependent peptidyl-tRNA hydrolysis, thus preventing the release of 

the ribosome and growing peptide and stimulating the read-through of a nonsense codon (Ng et 

al., 2021).  

 
 
Amlexanox falls under the NMD inhibitor class of read-through inducing drugs. Presently, 

Amlexanox is not being used to treat nonsense mutation-mediated diseases, but this drug was 

used in the past to treat other pathologies such as mouth ulcers and asthma (Atanasova et al., 

2017; Eintracht et al., 2021; Gonzalez-Hilarion et al., 2012). Using NMD inhibitors to treat 

nonsense mutation-mediated diseases was sought after due to the limited efficiency of 

therapeutic read-through seen by aminoglycosides and Ataluren (Bidou et al., 2004; Welch et al., 

2007). The ability of Amlexanox to inhibit NMD was discovered using a luciferase-based screen, 

where it showed an ability to stabilize nonsense mutation-bearing mRNA in addition to its ability 

to stimulate read-through of the nonsense codon (Eintracht et al., 2021; Gonzalez-Hilarion et al., 

2012). The mechanism of action is not yet understood.  
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1.7 Objective 

The TRAPP family of complexes is beginning to gain recognition for its role in a variety of 

neurodevelopmental disorders. Not only is it crucial to study genes that are implicated in life-

altering diseases, but finding a way to treat them is equally as important. Nonsense mutation-

mediated diseases are ideal candidates for drug developmental research due to their ability to be 

treated with TRIDs.  

 

Two lines of patient-derived fibroblasts will be studied here; B18 and B19. Both individuals 

have compound heterozygous mutations in the TRAPPC11 gene and therefore are impacted by 

the detriment of neurodevelopmental disorders. I will assess the ability of Ataluren and 

Amlexanox to rescue any cellular defects detected. To this end, I will first characterize the 

cellular defects for each line of fibroblasts. I will then assess the ability of these defects to be 

rescued by either Ataluren or Amlexanox treatment.   
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2. MATERIALS AND METHODS 

2.1 Cell Culture 

HeLa cells and primary fibroblasts were cultured in Dulbecco's modified eagle medium 

(DMEM) (Wisent, St. Bruno, Quebec, Canada) supplemented with 10% (vol/vol) fetal bovine 

serum (FBS; Thermo Fisher Scientific, Waltham, Massachusetts) at 37°C in a humidified 

incubator with 5% CO2. Cells were treated with TRIDs when they reached 80% confluency. 

Cells were harvested 48h after TRID treatment. 

 

2.2 Starvation Treatments  

Primary fibroblasts were seeded in 6-cm diameter dishes, washed twice with phosphate buffered 

saline (PBS) and incubated with Earl’s balanced salt solution (EBSS) (Wisent, St. Bruno, 

Quebec, Canada) for 0h, 1h and 2h. The cells were lysed by harvesting in lysis buffer (150 mM 

NaCl, 50 mM Tris pH 7.2, 1 mM DTT, 1% Triton X-100, 0.5 mM EDTA, Complete protease 

inhibitors (Roche, Basel, Switzerland)) and analyzed by western blotting. 

  

2.3 Translational Read-Through Drugs (TRIDs) 

Ataluren (PTC124) from Selleckchem was dissolved in dimethyl sulfoxide (DMSO). Cells were 

treated with Ataluren at a concentration of 5 Pg/mL for 48h. Amlexanox was purchased from 

Toronto Research Chemicals Inc. and dissolved in DMSO. Cells that were treated with 

Amlexanox were treated with a concentration of 250 PM for 48h. 
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2.4 Antibodies and Dyes 

The antibodies used were rabbit anti-LC3 (1:2500) (Abcam, Cambridge, MA), mouse anti-

tubulin (1:10000) (Sigma-Aldrich, St. Louis, MO), rabbit anti-mannosidase II (1:500) (gift from 

Dr. Kelly Moreman, University of Georgia), and mouse anti-HA.11 (1:1000) (Covance, 

Princeton, NJ). DNA was visualized by staining with Hoechst 33342 (1:2000) (Invitrogen, 

Waltham, MA). Anti-LC3, anti-tubulin, and anti-HA.11 were used for western blotting. Anti-

mannosidase II and Hoechst were used for immunofluorescence microscopy.  

 

2.5 Immunofluorescence microscopy 

The fibroblasts were gently washed twice with PBS, fixed with 4% paraformaldehyde (PFA) for 

15 minutes at room temperature, quenched with 0.1M glycine for 10 minutes and permeabilized 

with 0.1% Triton X-100 for 7 minutes. The cells were blocked in 5% normal goat serum in PBS 

for 45 minutes at room temperature. Primary antibodies were diluted in 5% normal goat serum 

and were added to coverslips and incubated overnight at 4°C. Cells were then washed twice for 

10 minutes each time with PBS. Secondary antibodies were diluted in 5% normal goat serum in 

PBS and applied for 45 minutes at room temperature. The coverslips were washed once with 

Hoescht (1:2000) in PBS for 2 minutes, then twice for 10 minutes each with PBS. The coverslips 

were then mounted with Prolong Gold AntiFade (Life Technologies, Carlsbad, CA). Images 

were recorded on a Nikon confocal laser scanning microscope C2 TIRF fitted with a 40X 

objective lens (numerical aperture (NA) 1.49). The Golgi fragmentation images were acquired 

with 0.20 µm increment size. ImageJ was used to delineate 257 cells. The N values for control, 

control + Ataluren, and control + Amlexanox are 33, 30 and 30, respectively. The N values for 

B18, B18 + Ataluren, and B18 + Amlexanox are 29, 32, and 24, respectively. The N values for 
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B19, B19 + Ataluren, and B19 + Amlexanox are 23, 25, and 31, respectively. Images were then 

converted to IMS files and imported to Imaris. Imaris was set to identify Golgi structures as 

spherical structures no smaller than 0.550 Pm in size. The number of fragments that fit this 

description within the cell were then identified and listed, along with their area, but only the 

number of fragments per cell was used for this experiment.  

 

2.6 Western blotting 

Samples (20 μg total protein for all proteins) were fractionated on 8 or 15% SDS-polyacrylamide 

gels for 1 hour and 30 minutes at 110V. The proteins were transferred to nitrocellulose 

membranes (BioRad, Hercules, California) for 1 hour at 100 V in transfer buffer (composition: 

25mM Tris, 192mM Glycine, and 20% methanol [vol/vol]). Membranes were blocked with 5% 

skim milk powder in PBS-T (PBS with 0.1% Tween 20 [vol/vol]) for 1 hour. Primary antibodies 

were incubated in PBS-T overnight at 4°C and secondary antibodies were incubated for 1 hour at 

room temperature. Primary antibody dilutions were as follows: anti-LC3 was diluted 1:2500; 

anti-HA.11 was diluted (1:2000). Membranes were then incubated with ECL reagent (Thermo 

Fisher, Waltham, MA) for one minute and detected using an Amersham Imager 600. 

 

2.7 Retention using selective hooks (RUSH) assay  

Fibroblasts were maintained in DMEM supplemented with 10% fetal bovine serum (FBS). In 

order to examine ER-to-Golgi trafficking, the RUSH assay was performed as previously 

described (Boncompain et al., 2012) and quantified with ImageJ. Briefly, this assay involves a 

reversible interaction with a stably anchored hook protein that is fused to streptavidin and a 

reporter protein that is fused to a streptavidin-binding peptide. The addition of biotin initiates the 
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release of the reporter protein from the hook protein at the donor compartment and subsequent 

transport to the acceptor compartment. Here, fibroblasts were transfected via electroporation 

with a fluorescent cargo protein (Sialys transferase (ST)-eGFP) that is retained in the ER until 

the cells are exposed to biotin. The fluorescent cargo protein was observed as it exits the ER and 

arrives at the Golgi. Individual cells were quantified with ImageJ. In ImageJ, the Golgi was 

identified in the cell to be quantified. The Golgi was manually outlined, and the fluorescence 

intensity was measured for each time point in the movie (images were captured every two 

minutes). An arbitrary spot was chosen as “background” using the same Golgi outlining. The 

fluorescence intensity from the Golgi at each time point was subtracted from the “background” 

value. Next, the entire cell was outlined, and the fluorescence intensity was measured for each 

time point. A “background” measurement was taken here, as well, with the same cell outlining. 

The background-corrected Golgi fluorescence intensity was then divided by the background-

corrected total cell fluorescence intensity that corresponds to each time point. The remaining 

values (the ratio of Golgi fluorescence intensity / total cell fluorescence intensity) are the values 

that are plotted on the graph.  

 

2.8 DNA constructs 

A human TRAPPC11 cDNA was used for the generation of an N-terminal HA tagged, C-

terminal Myc tagged reporter construct (forward  

primer: 5’-ACT TAA GCT TGG TAC CGA GCT CGG ATC CAC CAT GTA CCC ATA CGA 

TGT TCC AGA TTA CGC TAT GAG CCC CAC ACA GTG GGA CTT-3’, reverse primer: 5’-

CGC CAC TGT GCT GGA TAT CTG CAG AAT TCT CAC AGA TCC TCT TCT GAG ATG 

AGT TTT TGT TCT TCA CTA GCA CTC TCT CCA GTC TG-3’). The wild-type construct 
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was inserted into the BamHI/NotI restriction sites of the pcDNA3.1+ vector (Invitrogen, 

Waltham, MA). The nonsense mutation 2407C>T for TRAPPC11 was generated by site-directed 

mutagenesis using Pfu TURBO DNA polymerase (Agilent, Santa Clara, CA). Primers for site-

directed mutagenesis were: forward 5’-GGA TGC CAA TTT AAC TTA GAA GAC TCA CGT 

GAC-3’ and reverse 5’-GTC ACG TGA GTC TTC TAA GTT AAA TTG GCA TCC-3’.  
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3. RESULTS 

3.1 Clinical summary of TRAPPC11 individuals B18 and B19 

There are two individuals harboring TRAPPC11 mutations studied within this thesis. A brief 

background of their clinical phenotypes is presented below.  

 

B18: This individual was 25 months of age at the time of the exam. The initial concern for him 

was his failure to thrive at 5 months. Subsequently, low muscle tone and motor delay was 

observed. At 8 months, the individual had febrile status epilepticus with subsequent regression 

and visual impairment. Dysphagia required a G tube placement for feeding. This individual also 

exhibited axial hypotonia and appendicular hypertonia. The best motor development observed 

was at 8 months, he almost sat without a support, held a bottle, rolled over, fixed and followed, 

and babbled.  

 

B19: Pregnancy for this individual was uncomplicated, with the only issue being neonatal 

jaundice which was treated with phototherapy. Prior to 6 months of age, she met her milestones. 

The first concerns at 6 months presented as an unprovoked seizure, stiffening and cyanosis. An 

EEG showed epileptiform activity. A CT and subsequent brain MRIs were completed at 8 

months then 3 years which revealed significant progressive atrophy due to loss of grey and white 

matter, the latter being more prominent which is consistent with leukodystrophy. She developed 

progressive spasticity and worsening axial hypotonia after 6 months of age and her stridor was 

treated with laryngoplasty at 8 months. The individual suffered from dysphagia and her failure to 

thrive required a G tube placement at 4 years of age. Over time, she stopped fixing and following 

with nystagmus and roving eye movements. The individual suffered from sleep apnea and used a 
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nocturnal CPAP. Progressive thoracic scoliosis was present at the time of her exam and leg 

length discrepancy was observed, likely from hip dysplasia/dislocation. This individual was non-

verbal, did not reach, fix or follow. She did make eye contact and tracked prior to the onset of 

seizures at 6 months. The best motor development observed was her ability to sit with support, 

hold her head up for a few seconds, and could take a few steps when significantly supported.   

 

This individual had a brother with the same TRAPPC11 mutations that passed away in his sleep 

at 3 years of age. The brother exhibited abnormal development that was noticed at his 6 months 

visit. There was a history of abnormal EEG but no clinical seizures. His brain MRI showed white 

and grey matter atrophy. Progressive spasticity and dysphagia required G-tube placement. A 

summary of the clinical features is presented in Table 3.1. Whole exome trio sequencing 

revealed biallelic compound heterozygous mutations in both TRAPPC11 patients with each 

parent carrying one allele: B18 c.[1287+5G>A];[2407C>T] p.[(Ala372_Ser429del)];[(Gln803*)] 

and B19 c.[371_374delTCAG];[1287+5G>A] p.[(Val124Glyfs*15)];[Ala372_Ser429del]. 

 

The fibroblasts from these two individuals will be used throughout the rest of this thesis.  
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Table 3.1. Summary of clinical phenotypes in three TRAPPC11 patients 

Abbreviations: EEG, Electroencephalogram; CMD, congenital muscular dystrophy; LGMD, 
limb-girdle muscular dystrophy; CK, creatine kinase; NOS, not otherwise specified; GERD, 
gastroesophageal reflux disease 
 

 

3.2 Cryo-EM structure of TRAPPC11 and location of mutations 

The structure of TRAPPC11 was elucidated via cryo-EM by Galindo et al., 2021.The N-terminus 

of the TRAPPC11 protein was described, but the C-terminus was unable to be fully resolved. As 

shown in Figure 3.1, the foie gras domain resides at the amino terminal end of the TRAPPC11 

protein.   

 

Both individuals described here (B18 and B19) have the c.[1287+5G>A] mutation, which results 

in a splice variant, leading to an in-frame deletion of 58 amino acids within the foie gras domain. 

This area is indicated by the red arrow in Figure 3.1. B19 has a second mutation 

c.[371_374delTCAG] which is a frameshift also found within the amino terminal region of the 

protein. The amino terminus of TRAPPC11 is shown to interact with TRAPPC2L and 

TRAPPC3. B18 has a nonsense mutation c.[2407C>T] that is found near the carboxy terminal 

region of the protein, indicated by a black arrow in Figure 3.1. The carboxy terminal region 

interacts with TRAPPC12 and TRAPPC13. Both B18 and B19 have mutations near the amino 

terminus, but only B18 has a mutation near the carboxy terminus.  
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Figure 3.1 Cryo-EM structure of TRAPP III. Shown is an electron density map for the TRAPP 
III complex with the electron densities in gray. Superimposed is resolved 3D structures of the 
proteins listed below. The N-terminus of TRAPPC11 is indicated by the red arrow (C11 N term). 
The C-terminus of C11 is indicated by the black arrow (C11 C term). The undefined region of 
TRAPPC12 and TRAPPC13 is indicated by the blue arrow (C12/C13). The C-terminus of 
TRAPPC8 is indicated by the green arrow (TRAPPC8 C term). The proteins (other than 
TRAPPC12 and TRAPPC13) are indicated by a color. From left to right: TRAPPC11 is 
indicated in cyan, TRAPPC2L is orange, TRAPPC6 is light blue, TRAPPC3 is green, TRAPPC4 
is yellow, TRAPPC1 is pink, TRAPPC4 is yellow, TRAPPC3 is purple, TRAPPC5 is gray, 
TRAPPC2 is light pink and lastly TRAPPC8 is green. The C-terminus of TRAPPC8 extends to 
TRAPPC12 and TRAPPC13 and the N-terminus is in green.   
 
 

3.3 Autophagy protein LC3-II is elevated in TRAPPC11 individual B18, but not in B19 

It was previously reported that TRAPPC11 functions in autophagy, specifically in the sealing of 

the autophagosome isolation membrane (Stanga et al., 2019). Both TRAPPC11 cells B18 and 

B19 had not yet undergone any experimental studies to characterize their cellular defects, 

including autophagy. I first characterized the cells for an autophagic defect by using a well-
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established starvation assay. The assay deprives the fibroblasts of nutrients and serum, which 

allows for the observation of endogenous LC3-II via western blotting. Without the use of 

nutrient deprivation, LC3-I and -II protein levels are unpredictable and hard to interpret 

(Klionsky et al., 2021).  

 

To begin, control, B18 and B19 fibroblasts were starved for up to two hours in EBSS starvation 

medium to trigger autophagy. The cell lysates were then collected at three different time points - 

0h, 1h and 2h. As seen in Figure 3.2A and quantified in Figure 3.2B, in the control cells there is 

an increase of LC3-II protein over the 2 hour period. In contrast, B18 exhibited a statistically 

significant increase in the level of LC3-II protein at each time point compared to the control. In 

the B18 cells, the LC3-II protein began at a much higher level and remained relatively steady at 

this higher level throughout the starvation period. In addition, the level of LC3-II protein in B18 

fibroblasts was significantly higher than the level in B19 fibroblasts. The B19 fibroblasts did not 

show significant differences in the level of LC3-II protein over 2 hours compared to the control. 

It is worth noting that there could be alternative defects in autophagy in the B19 cells, but for this 

experiment, the cells do not exhibit a significant difference in autophagic flux compared to the 

control.   
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Figure 3.2. An autophagy defect in cells from individual B18 can be rescued by TRIDs. B18 
and B19 fibroblasts were cultured in DMEM growth medium and either treated with 5Pg/mL of 
Ataluren or 250PM of Amlexanox for 48h prior to the starvation assay. Lysates were prepared 
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and probed for LC3B and tubulin.  A) Representative western blots  for each condition.  The 
LC3-I and LC3-II band labelling is located to the right. LC3-I is found at ~17 kDa and LC3-II is 
found at ~15 kDa. B) B) Quantification of the western blots with the LC3-II signal normalized to 
the tubulin loading control (shown under each LC3 blot in A). Quantification was done with 
ImageJ. There is strong statistical significance (pd0.0001) between B18 and B18 +ata, +aml. 
There is no statistical significance between B19 and B19 +ata, and weak significance (pd0.05) 
between B19 and B19 +aml. Statistical significance was assessed using two-way ANOVA with 
posthoc Tukey HSD analysis. The error bars indicate SEM. Ata represents Ataluren and Aml 
represents Amlexanox.  
 

 

3.4 TRID treatment rescues the autophagic defect in TRAPPC11 B18 cells, but not in B19 

cells 

The clear autophagic abnormalities seen in the B18 cells as well as the nonsense mutation allele 

provide an optimal setting to study the effectiveness of TRID treatments. Ataluren has been used 

in various studies, with positive results. The drug is also being studied in a phase 3 clinical trial 

in the USA for the treatment of Duchenne Muscular Dystrophy 

(https://clinicaltrials.gov/ct2/show/study/NCT01826487). In addition, Amlexanox has recently 

been used in terms of read-through treatment.  

 

The fibroblasts were subject to a starvation assay as stated above. In this case, the cells were 

treated with Ataluren (5Pg/mL) or Amlexanox (250 PM) for 48h prior to the starvation assay and 

lysate collection. As expected, the control cells had no alterations in the level of LC3-II protein 

after 48h of TRID treatment (Figure 3.2A,B). B19 fibroblasts also showed no statistically 

significant alterations after treatment with Ataluren, but showed a slight increase in the level of 

LC3-II protein after being treated with Amlexanox. The increase is less significant than the 

changes seen in B18, and there is no significant difference between B19 and the control. 

Interestingly, B18 fibroblasts showed a noticeable decrease in the LC3-II protein at all time 

https://clinicaltrials/
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points after treatment with Ataluren and Amlexanox (Figure 3.2A). The quantification of these 

results indicated a statistically significant decrease in LC3-II levels in B18 after treatment with 

either Ataluren or Amlexanox, with a pattern more similar to control cells (Figure 3.2B). There 

was no significant change in the level of LC3-II protein in B19. The results suggest that Ataluren 

and Amlexanox recovered some wild-type functionality of autophagy based on the LC3-II 

protein assay. Based on the results of the starvation assays, I conclude that Ataluren and 

Amlexanox both rescued wild-type function of the TRAPPC11 nonsense mutation c.2407C>T 

allele in the B18 patient fibroblasts.  

 

3.5 Number of Golgi fragments per cell in B18 cells decreased with TRID treatment  

Not only is TRAPPC11 known to have a role in autophagy, but its absence is associated with 

changes in Golgi morphology. Individuals with a mutation in TRAPPC11 or in cells where the 

protein has been knocked down by RNA interference display highly fragmented Golgi to varying 

degrees (Bögershausen et al., 2013; DeRossi et al., 2016; Milev et al., 2019; Scrivens et al., 

2011). With this in mind, the degree of Golgi fragmentation in B18 and B19 cells was compared 

to that of the control. The Golgi was visualized using antibodies that recognize mannosidase-II 

(man-II) and p115, both Golgi-resident proteins.  

 

Both B18 and B19 exhibited significantly more fragmented Golgi compared to the control 

(Figure 3.3A). On average, a control cell had 13 ± 1.5 Golgi fragments, a B18 cell had 52 ± 5.4 

fragments, and a B19 cell had 33 ± 6.1 fragments. Compared to the control cells, there was a 

statistically significant increase in the number of Golgi fragments per cell in both B18 and B19 

fibroblasts compared to control (Figure 3.3B).   
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Figure 3.3. Golgi fragmentation decreases in cells from patient B18 following TRID 
treatment. A) Fibroblasts from control, B18 and B19 were either untreated, treated with 
Ataluren for 48h or treated with Amlexanox for 48h. Then the fibroblasts were fixed and stained 
for Man-II and Hoechst. B) Golgi fragments per cell were quantified using Imaris. Statistical 
significance was assessed using one-way ANOVA with posthoc Tukey HSD analysis. The error 
bars indicate SEM. The N values for control, control + ata, and control + aml are 33, 30, and 30, 
respectively. The N values for B18, B18 + ata and B18 + aml are 29, 32, and 24, respectively. 
The N values for B19, B19 + ata, and B19 + aml are 23, 25 and 31, respectively.  
 
 

I then examined the effects of Ataluren and Amlexanox treatment on the Golgi fragmentation. 

As above, the fibroblasts were treated with Ataluren and Amlexanox for 48h prior to fixation and 

staining. While the control and B19 cells did not show any significant changes in Golgi 

fragmentation per cell after treatment, B18 cells showed a significant decrease in the number of 

Golgi fragments per cell after treatment with either Ataluren or Amlexanox. The average number 

of Golgi fragments per cell in the control after treatment with Ataluren and Amlexanox were 12 

± 1.8 and 8 ± 0.9, respectively. The average number of Golgi fragments per cell in B19 after 

treatment with Ataluren and Amlexanox were 34 ± 5.1 and 24 ± 2.3, respectively. Lastly, the 

average number of Golgi fragments per cell in B18 after treatment with Ataluren and Amlexanox 

were 15 ± 1.5 and 17 ± 2.4, respectively. The B18 cells improved from an average of 52 Golgi 

fragments per cell to about 15-17 after treatment. The results obtained from the Golgi 

fragmentation analysis suggests Ataluren and Amlexanox both rescue the Golgi morphological 

defect in B18 cells. 

 

3.6 Ataluren rescues membrane trafficking defect in B18 fibroblasts 

Mutations in TRAPPC11 and knockdown of the protein by RNA interference were shown to 

have membrane trafficking defects (Milev et al., 2019; Scrivens et al., 2011). I therefore 

investigated the B18 fibroblasts for defects in membrane trafficking. Here, I used the RUSH 
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assay (Boncompain et al., 2012) to study the fibroblasts. In the RUSH assay, a fluorescent cargo 

protein (Sialys transferase (ST)-eGFP) is retained in the ER until the cells are exposed to biotin. 

The fluorescent cargo protein is observed as it exits the ER and arrives at the Golgi (Boncompain 

et al., 2012; Milev et al., 2019). During the assay, there should be an increase in the fluorescence 

intensity over time as the marker protein arrives at the Golgi. This was seen for control 

fibroblasts following biotin administration (Figure 3.4A,B). In contrast, the level of fluorescence 

intensity in the Golgi was significantly less in B18 than in the control. After treatment with 

Ataluren, the Golgi fluorescence intensity was rescued to levels of intensity approaching that of 

control. From this finding, I conclude that Ataluren can rescue the ER-to-Golgi trafficking defect 

in B18 cells.  
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Figure 3.4. Trafficking from ER to the Golgi is defective in B18 fibroblasts and rescued 
after treatment with Ataluren. The RUSH assay was performed on control and B18 fibroblasts 
using ST-eGFP. The cells were imaged every 2 minutes over a period of 60 minutes after the 
addition of biotin, which induced the release of cargo from the ER. Fluorescence in the Golgi 
was quantified using ImageJ as described in Koehler et al., 2017. Representative images for the 
time points indicated for each condition are shown above the graph.   
 
 

3.7 TRIDs do not induce observable read-through in transfected HeLa cells  

TRAPPC11 is a difficult protein to analyze in fibroblasts because there is not an efficient 

antibody to properly study endogenous TRAPPC11 via western blotting. Therefore, different 

approaches needed to be taken in order to determine if read-through of the nonsense mutation in 

B18 cells is taking place.  

 

An alternative method was devised using a DNA construct. I created a TRAPPC11 reporter 

construct containing the entire TRAPPC11 protein to analyze the read-through efficiency of 

Ataluren and Amlexanox on the nonsense mutation 2407C>T. The nonsense mutation was 

introduced into the TRAPPC11 reporter construct via site directed mutagenesis. The reporter 

construct was flanked with an HA-tag at the amino-terminus and a myc-tag at the carboxy-

terminus. This should allow for easy visualization of read-through occurring by probing for anti-

HA and/or anti-myc via western blotting. A wild-type TRAPPC11 band should appear at 130kDa 

and the mutant TRAPPC11 band should appear at 88kDa. I evaluated the translational read-

through of the 2407C>T nonsense mutation by Ataluren and Amlexanox in transfected HeLa 

cells by western blotting. First, the HeLa cells were transfected with the reporter constructs. The 

cells transfected with the mutant construct were either left untreated or treated with Ataluren or 

Amlexanox 5h after transfection and left for 48h.  Western blotting showed a band at 130kDa in 

the cells transfected with the wild-type construct which indicated full-length TRAPPC11 protein 
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was produced. In the cells transfected with the mutant construct that were left untreated, there is 

a polypeptide near 88kDa, which is the expected size of the truncated TRAPPC11 protein. There 

does not appear to be any obvious read-through after treatment with Ataluren or Amlexanox. I 

expected there to be two bands in these two lanes: one band at 88kDa and one band at 130kDa. 

Therefore, there is no indication that Ataluren or Amlexanox are initiating read-through of the 

nonsense mutation in reporter construct-transfected HeLa cells.  

 
 
Figure 3.5. HeLa cells transfected with TRAPPC11 reporter construct do not appear to 
show TRID-induced read-through of the nonsense codon. HeLa cells were either 
untransfected (control), transfected with the wild-type TRAPPC11 construct (WT), or transfected 
with TRAPPC11 harboring the c.2407C>T mutation (Mut). The latter transfected cells were left 
untreated (Mut) or treated with either Ataluren (Mut + Ata) or Amlexanox (Mut + Aml). Lysates 
were then analyzed by western analysis using anti-HA antibody 
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4. DISCUSSION 

Here, I characterized cellular defects in two different individuals with TRAPPC11 mutations and 

studied the efficacy of TRIDs on a nonsense mutation near the gryzun domain of the TRAPPC11 

protein. I showed that B18 had cellular defects in autophagy, Golgi morphology and membrane 

trafficking. In contrast, B19 did not appear to have a defect in autophagy. Instead, the fibroblasts 

exhibited a similar pattern to the control. However, B19 did show alterations in Golgi 

morphology. Additionally, I showed that two TRIDs, Ataluren and Amlexanox, rescued the 

observed cellular defects in B18. These findings suggest that Ataluren and Amlexanox have 

nonsense mutation read-through properties and can have therapeutic benefits for this allele.  

 

Autophagy was studied here by using a starvation assay to look at the level of LC3-II protein. As 

seen in figure 3.2, untreated B18 and B19 fibroblasts exhibit clear differences in the levels of 

LC3-II protein over the course of starvation. B18 fibroblasts showed a very clear defect in 

autophagy, whereas B19 fibroblasts did not. It has been suggested that the carboxy terminus of 

the TRAPPC11 protein is critical for proper autophagic function (Milev et al., 2019), How might 

this explain the differences seen in Figure 3?  Recall that both B18 and B19 have the same foie 

gras deletion variant. In addition to this allele, B18 has a nonsense mutation near the C-terminus, 

but B19 has a frameshift well beforethe foie gras domain. It is possible that in B19, the severely-

truncated TRAPPC11 protein encoded by this second allele is degraded. This would mean that in 

this patient, the only functioning TRAPPC11 protein is from the allele with the foie gras 

mutation which contains the C-terminus.required for autophagy. In comparison, the second B18 

allele results in a much larger protein that could possibly incorporate into TRAPP III. In such a 

scenario, a missing C-terminus would be expected to affect autophagy. The difference in 
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autophagic function seen in individuals with different mutations was also discussed in Milev et 

al. 2019. There, the authors also found that two subjects with mutations near the C-terminus of 

the protein had autophagic defects, whereas subjects without C-terminal mutations did not show 

any autophagic defects.  

 

While starvation experiments are an effective way to observe if there is a rescue in autophagic 

defect after treatment with TRIDs, there are other methods that can be used to study autophagy 

that are more specific to TRAPPC11. Within the context of this study, the primary area of focus 

was the ability for TRIDs to suppress a nonsense mutation and therefore rescue a cellular defect. 

To take this further and observe the degree of rescued TRAPPC11 protein function, a more 

specific assay for TRAPPC11 should take place. For example, Stanga et al., 2019, implemented 

a protease protection assay to study the function of TRAPPC11 in the sealing of isolation 

membranes. This type of assay would be more effective to show that an specific function of 

TRAPPC11 (sealing of isolation membranes) is restored after treatment with TRIDs. This would 

help in proving wild-type protein function is rescued after treatment and augment the argument 

that Ataluren and Amlexanox can be therapeutically beneficial to individuals with nonsense 

mutations, especially within TRAPPC11.  

 

After identifying a defect and rescue within the autophagic pathway, alterations in Golgi 

morphology were investigated. Treatment with TRIDs significantly decreased the number of 

Golgi fragments observed in each B18 cell, suggesting read-through of a nonsense mutation. 

Here, the term Golgi “fragmentation” was used to describe the alterations seen in Golgi 

morphology. However, it has been suggested that this term should be used less loosely, and that 
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more depth should be attained to study changes in Golgi morphology (Makhoul et al., 2019). 

These investigators state that the structural differences in Golgi morphology can be attributed to 

the cellular pathway that is disrupted, and it is important to understand the exact type of Golgi 

fragmentation taking place. Four different types of Golgi fragmentation were proposed: 1) 

conversion of Golgi ribbon to Golgi stacks, 2) loss of both Golgi ribbon and integrity of Golgi 

stacks, 3) dispersal of one Golgi compartment, and 4) conversion of the Golgi ribbon to 

tubulovesicular elements (Figure 4.1). In the fibroblasts studied here, we used Man-II to stain the 

cis-Golgi ribbon. With the results obtained here, and the four types of Golgi fragmentation 

proposed, it is possible that the TRAPPC11-induced Golgi fragmentation would be better 

described as conversion of the Golgi ribbon to tubulovesicular elements (Figure 4.1). To further 

study the Golgi fragmentation observed, alternate protein antibodies should be used, or different 

methods of observation should be employed, such as high-resolution optical microscopy or 

electron microscopy.  

 

Despite the discrepancies in Golgi fragmentation terminology, here we observed an apparent 

rescue in Golgi morphology. It would be beneficial to utilize different microscopy techniques to 

observe the rescued Golgi morphology. Regardless of the type of Golgi fragmentation observed 

in the B18 and B19 cells, I observed that Ataluren and Amlexanox rescued Golgi morphology in 

patient fibroblasts.  
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Figure 4.1. Four models of Golgi fragmentation. A) A cartoon of an intact Golgi ribbon 
structure. B) Four types of fragmentation were proposed by Makhoul et al, 2019. 1. Golgi mini 
stacks are dispersed throughout the cytoplasm. These ministacks are composed of all three (cis, 
medial, trans) Golgi subcompartments. 2. Golgi ribbon integrity is compromised with shortened 
cisternae. 3. Dispersal of one Golgi subcompartment with the other subcompartments remaining 
intact. 4. Loss of Golgi ribbon and stacks with all subcompartments dispersed as tubules and 
vesicles. Reproduced from Makhoul et al., 2019. 
 
 

In addition to autophagy and Golgi morphology, membrane trafficking was investigated. Here, 

the untreated B18 fibroblasts showed weaker Golgi florescence intensity over time compared to 

the control. In this case, it appears that the trafficking process is delayed and there are less 

vesicles transporting cargo. This seems apparent due to the fact that at the end of the 60 minute 

movie, the maximum intensity that the Golgi achieves is significantly less than the control. In 

this case, further study into TRAPPC11 and its role in vesicle trafficking needs to be done. The 
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results found with B18 and Ataluren are preliminary, as Amlexanox has not been tested yet and 

the RUSH assay for B19 was inconclusive. It was unclear in the case of B19 if the membrane 

trafficking defect is a complete blockage of protein movement from the ER to the Golgi, or if 

there was an error in the assay. The RUSH assay needs to be repeated with Amlexanox and for 

B19. Regardless, the capability of Ataluren to suppress the c.2407C>T nonsense mutation was 

observed.  

 

Having visual confirmation that read-through is taking place would more conclusively 

demonstrate that the drugs were indeed acting via read-through of the nonsense codon. Here, 

transfected HeLa cells were used to determine if read-through occurs since our TRAPPC11 

antibody is not ideal to visualize TRAPPC11.  This experiment was performed in HeLa cells 

because they can be transfected easily, have fast cell growth, and are stable enough to tolerate 

transfection and subsequent drug treatment. HeLa cells should also express the HA and/or myc 

tags clearly. However, I was unable to successfully detect read-through of the construct. It is 

possible that within HeLa cells, the mechanism of read-through is different from fibroblasts. This 

assay completed here was modeled after the reporter construct assay conducted in Samanta et al., 

2019, and in their study, they used HEK293T transfected cells and were able to detect read-

through. Ideally, this assay should be conducted in fibroblasts to provide consistency throughout 

all experiments. In the future, this assay could be redone by transfecting fibroblasts with the 

reporter construct and observing read-through via western blotting.  

 

It is peculiar that there is no read-through observed in the transfected HeLa cells, but the rescue 

of various cellular processes was observed in fibroblasts. It has been suggested that less than 1% 
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of read-through can, in some cases, be therapeutically beneficial (Gunn et al., 2014; Schilff et al., 

2021). This might account for the rescue seen in defective autophagy, Golgi morphology and 

membrane trafficking pathways. It is important to note that the level of read-through necessary to 

restore cellular function various greatly between diseases, so what is considered therapeutic in 

one disease might not be the case for another (Schilff et al., 2021). 

 

Throughout this work, I treated cells with either Ataluren or Amlexanox, but never both. It has 

been suggested that treating cells with an NMD inhibitor along with a read-through inducing 

drug there could be more efficient read-through (Eintracht et al., 2021; Gonzalez-Hilarion et al., 

2012). In theory, inhibiting NMD would prevent the cell from degrading mutant mRNA 

transcripts, thus providing more stable transcripts for a read-through inducing drug to act upon. 

Additionally, one study showed that using a small molecule compound that does not stimulate 

read-through on its own, in addition to a TRID, the read-through of a nonsense mutation might 

be enhanced (Hosseini-Farahabadi et al., 2021). Future work could include using two drugs, or a 

small molecule enhancer (such as y-320, seen in (Hosseini-Farahabadi et al., 2021)), in addition 

to a TRID and observing whether there is even more improvement in the already seen rescue of 

cellular defects.      

 

Treatment of nonsense mutation-mediated diseases deserves more recognition and aggressive 

study. As mentioned, nearly 12% of all human genetic diseases are attributed to nonsense 

mutations (Ng et al., 2021). On one hand, this work could be applied to treat nonsense mutations 

in different TRAPP proteins. After observing the rescue of cellular defects in the TRAPPC11 

patients presented here, a member of the Sacher lab is currently examining the effect of Ataluren 
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on a nonsense mutation in a TRAPPC6B mutant individual. Positive results have been observed 

thus far, proving promising potential for the read-through of other TRAPP-related mutations. On 

the other hand, this work can be used to enhance the argument behind the therapeutic potential of 

Ataluren and Amlexanox, as both drugs have shown their capabilities of rescuing cellular defects 

here. Amlexanox needs to be studied more thoroughly and needs to be used to treat other 

nonsense mutations, such as the TRAPPC6B mutation mentioned earlier. Ataluren needs to be 

fine-tuned and possibly used with the addition of a small molecule compound to enhance its 

read-through properties. In all, treating nonsense mutations can aid in the treatment of various 

diseases, potentially alleviate detrimental side effects, and ultimately change the lives of 

thousands of individuals.  
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	Phenotypic Rescue of a Nonsense Mutation in TRAPPC11 using Translational Read-through Inducing Drugs
	Kaylyn Chase, MSc
	The TRAPP family of complexes are multisubunit tethering complexes that function in membrane trafficking. There are two TRAPP complexes that have been identified in humans: TRAPP II and TRAPP III. TrappC11 is a protein found in the TRAPP III complex a...
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	1. Introduction
	1.1 Membrane Trafficking
	Membrane trafficking is an essential cellular process that ensures proteins of the endomembrane system are properly sorted and sent to the correct location within a cell (Palade, 1975). Two intracellular compartments that have major roles in this proc...
	The highly complex process of membrane trafficking can be reduced to four main steps: 1) vesicle budding from a donor membrane, 2) vesicle transport, 3) vesicle tethering and 4) vesicle fusion to an acceptor membrane (Bonifacino & Glick, 2004). Each o...
	Three coat protein complexes that are crucial for vesicle budding are clathrin, COP-I and COP-II. Clathrin proteins facilitate budding and transport between the trans-Golgi Network (TGN) and either the plasma membrane or endosomes (Pearse, 1976). ER-t...
	After budding from the donor membrane, the protein coated vesicle is targeted to a specific membrane. The movement of the vesicle between the ER and Golgi is mediated by a cytoskeletal network of microtubules (Klann et al., 2012). Once the vesicle nea...

	1.2 TRAPP Complexes
	The TRAPP family of complexes were first identified in yeast, and have since been identified in metazoans (Rossi et al., 1995; Sacher, 1998; Sacher et al., 2000). In yeast, there were initially three TRAPP complexes reported: TRAPP I, TRAPP II and TRA...
	Figure 1.1. A schematic representation of TRAPP II and TRAPP III mammalian complexes. The common core of 7 distinct proteins is indicated in green. TRAPP II has two additional subunits, indicated in blue. TRAPP III has four additional subunits, indica...
	Both the yeast and human TRAPP III complex has been implicated in various cellular processes including ER-to-Golgi trafficking (Joiner et al., 2021; Scrivens et al., 2011; Zhao et al., 2017) and autophagy (Behrends et al., 2010; Brunet et al., 2013). ...

	1.3 TRAPPC11 Mutations in Human Diseases
	TRAPPC11 is an essential protein that is increasingly being discovered to be associated with human diseases. The protein is 1133 amino acids long and has two highly conserved regions (Bögershausen et al., 2013; Scrivens et al., 2011).  The first regio...
	The TRAPPC11 protein has been implicated to function in Golgi apparatus morphology (Scrivens et al., 2011), ER-to-Golgi membrane trafficking (Scrivens et al., 2011; Zhao et al., 2017) COP II recruitment to the ER (Zhao et al., 2017), N-linked protein ...
	Figure 1.2. A schematic of the TRAPPC11 protein and known mutations.
	There are two highly conserved regions: the foie gras region of 258 amino acids, represented in blue, and the gryzun region of 59 amino acids, represented in red. Indicated are the different mutations that have been reported to date. Mutation A372_S42...
	Mutations within TRAPPC11 not only exhibit defects in these cellular processes, but also exhibit clinical phenotypic variations such as muscular dystrophy, as well as liver, ocular and brain pathologies (Bögershausen et al., 2013; Fee et al., 2017; Ko...
	The work herein will focus on two individuals with biallelic TRAPPC11 mutations. The first, referred to as B18, has a compound heterozygous mutation c.[1287+5G>A];[2407C>T]
	p.[(Ala372_Ser429del)];[(Gln803*)]. While the former variant was previously described (Bögershausen et al., 2013), the latter is novel. The second will be referred to as B19 and has a compound heterozygous mutation c.[371_374delTCAG];[1287+5G>A] p.[(V...

	1.4 Autophagy
	As stated above, TRAPPC11 is implicated in autophagy, a cellular process that utilizes the efficiency of membrane trafficking to maintain cellular homeostasis (Boya et al., 2013). It is a pathway that ultimately eliminates unwanted or harmful cytoplas...
	Important proteins that help regulate the process of autophagy in eukaryotes are LC3-I and LC3-II. LC3 is modified endogenously by a ubiquitylation-like system (Tanida et al., 2005). During the onset of the autophagic pathway, the carboxy-terminus of ...
	Another protein that is important in the autophagic pathway is ATG2. This protein is required for isolation membrane expansion and it interacts with a phosphatidylinositol-3-phosphate (PI3P) effector, WIPI4 (Velikkakath et al., 2012; Zheng et al., 201...
	As mentioned previously, the TRAPP III complex, including TRAPPC11, has been implicated in the process of autophagy. The different complex-specific proteins within the TRAPP III complex function in different steps of the autophagic pathway. Specifical...
	Figure 1.3. A representation of the TRAPP III proteins in autophagy.
	The TRAPP III complex is known to function in autophagy and three of the complex-specific proteins depicted have implicated functions in different stages of the pathway. TRAPPC11 was shown to function upstream of autophagosome formation while TRAPPC8 ...

	1.5 Nonsense mutations
	As mentioned above, the B18 primary cells contain a nonsense mutation as one of the TRAPPC11 alleles. A nonsense mutation is a nucleotide change that can alter a codon, resulting in a nonsense codon, or a premature stop codon . This type of mutation o...
	Figure 1.4. A representation of normal protein translation in comparison to translation that is hindered due to a nonsense mutation. The ribosome is indicated in a light green color. There are two sites of the ribosome: A and P. The P site of the ribo...
	Oftentimes, a nonsense mutation leads to a process referred to as nonsense mediated mRNA decay (NMD). This is a cellular control mechanism that rapidly degrades mRNA transcripts that harbor a nonsense codon (Maquat, 2004). NMD is capable of recognizin...

	1.6 Translational Read-through Inducing Drugs (TRIDs)
	Given the abundance of human disease caused by nonsense mutations, the ability to read through such mutations to the normal stop codon could prove beneficial from a therapeutic standpoint. There are a variety of translational read-through inducing dru...
	Ataluren falls under the class of oxadiazoles and is a hydrophobic small molecule that has been shown to stimulate nonsense codon read-through (Ng et al., 2021). Ataluren (also known as Translarna or PTC124) has been approved for use by the European M...
	Amlexanox falls under the NMD inhibitor class of read-through inducing drugs. Presently, Amlexanox is not being used to treat nonsense mutation-mediated diseases, but this drug was used in the past to treat other pathologies such as mouth ulcers and a...

	1.7 Objective
	The TRAPP family of complexes is beginning to gain recognition for its role in a variety of neurodevelopmental disorders. Not only is it crucial to study genes that are implicated in life-altering diseases, but finding a way to treat them is equally a...
	Two lines of patient-derived fibroblasts will be studied here; B18 and B19. Both individuals have compound heterozygous mutations in the TRAPPC11 gene and therefore are impacted by the detriment of neurodevelopmental disorders. I will assess the abili...


	2. MATERIALS AND METHODS
	2.1 Cell Culture
	HeLa cells and primary fibroblasts were cultured in Dulbecco's modified eagle medium (DMEM) (Wisent, St. Bruno, Quebec, Canada) supplemented with 10% (vol/vol) fetal bovine serum (FBS; Thermo Fisher Scientific, Waltham, Massachusetts) at 37 C in a hum...

	2.2 Starvation Treatments
	Primary fibroblasts were seeded in 6-cm diameter dishes, washed twice with phosphate buffered saline (PBS) and incubated with Earl’s balanced salt solution (EBSS) (Wisent, St. Bruno, Quebec, Canada) for 0h, 1h and 2h. The cells were lysed by harvestin...

	2.3 Translational Read-Through Drugs (TRIDs)
	Ataluren (PTC124) from Selleckchem was dissolved in dimethyl sulfoxide (DMSO). Cells were treated with Ataluren at a concentration of 5 (g/mL for 48h. Amlexanox was purchased from Toronto Research Chemicals Inc. and dissolved in DMSO. Cells that were ...

	2.4 Antibodies and Dyes
	The  antibodies used were rabbit anti-LC3 (1:2500) (Abcam, Cambridge, MA), mouse anti-tubulin (1:10000) (Sigma-Aldrich, St. Louis, MO), rabbit anti-mannosidase II (1:500) (gift from Dr. Kelly Moreman, University of Georgia), and mouse anti-HA.11 (1:10...

	2.5 Immunofluorescence microscopy
	The fibroblasts were gently washed twice with PBS, fixed with 4% paraformaldehyde (PFA) for 15 minutes at room temperature, quenched with 0.1M glycine for 10 minutes and permeabilized with 0.1% Triton X-100 for 7 minutes. The cells were blocked in 5% ...

	2.6 Western blotting
	Samples (20 μg total protein for all proteins) were fractionated on 8 or 15% SDS-polyacrylamide gels for 1 hour and 30 minutes at 110V. The proteins were transferred to nitrocellulose membranes (BioRad, Hercules, California) for 1 hour at 100 V in tra...

	2.7 Retention using selective hooks (RUSH) assay
	Fibroblasts were maintained in DMEM supplemented with 10% fetal bovine serum (FBS). In order to examine ER-to-Golgi trafficking, the RUSH assay was performed as previously described (Boncompain et al., 2012) and quantified with ImageJ. Briefly, this a...

	2.8 DNA constructs
	A human TRAPPC11 cDNA was used for the generation of an N-terminal HA tagged, C-terminal Myc tagged reporter construct (forward
	primer: 5’-ACT TAA GCT TGG TAC CGA GCT CGG ATC CAC CAT GTA CCC ATA CGA TGT TCC AGA TTA CGC TAT GAG CCC CAC ACA GTG GGA CTT-3’, reverse primer: 5’-CGC CAC TGT GCT GGA TAT CTG CAG AAT TCT CAC AGA TCC TCT TCT GAG ATG AGT TTT TGT TCT TCA CTA GCA CTC TCT C...


	3. RESULTS
	3.1 Clinical summary of TRAPPC11 individuals B18 and B19
	There are two individuals harboring TRAPPC11 mutations studied within this thesis. A brief background of their clinical phenotypes is presented below.
	B18: This individual was 25 months of age at the time of the exam. The initial concern for him was his failure to thrive at 5 months. Subsequently, low muscle tone and motor delay was observed. At 8 months, the individual had febrile status epilepticu...
	B19: Pregnancy for this individual was uncomplicated, with the only issue being neonatal jaundice which was treated with phototherapy. Prior to 6 months of age, she met her milestones. The first concerns at 6 months presented as an unprovoked seizure,...
	This individual had a brother with the same TRAPPC11 mutations that passed away in his sleep at 3 years of age. The brother exhibited abnormal development that was noticed at his 6 months visit. There was a history of abnormal EEG but no clinical seiz...
	The fibroblasts from these two individuals will be used throughout the rest of this thesis.
	Table 3.1. Summary of clinical phenotypes in three TRAPPC11 patients
	Abbreviations: EEG, Electroencephalogram; CMD, congenital muscular dystrophy; LGMD, limb-girdle muscular dystrophy; CK, creatine kinase; NOS, not otherwise specified; GERD, gastroesophageal reflux disease

	3.2 Cryo-EM structure of TRAPPC11 and location of mutations
	The  structure of TRAPPC11 was elucidated via cryo-EM by Galindo et al., 2021.The N-terminus of the TRAPPC11 protein was described, but the C-terminus was unable to be fully resolved. As shown in Figure 3.1, the foie gras domain resides at the amino t...
	Both individuals described here (B18 and B19) have the c.[1287+5G>A] mutation, which results in a splice variant, leading to an in-frame deletion of 58 amino acids within the foie gras domain. This area is indicated by the red arrow in Figure 3.1. B19...
	Figure 3.1 Cryo-EM structure of TRAPP III. Shown is an electron density map for the TRAPP III complex with the electron densities in gray. Superimposed is resolved 3D structures of the proteins listed below. The N-terminus of TRAPPC11 is indicated by ...

	3.3 Autophagy protein LC3-II is elevated in TRAPPC11 individual B18, but not in B19
	It was previously reported that TRAPPC11 functions in autophagy, specifically in the sealing of the autophagosome isolation membrane (Stanga et al., 2019). Both TRAPPC11 cells B18 and B19 had not yet undergone any experimental studies to characterize ...
	To begin, control, B18 and B19 fibroblasts were starved for up to two hours in EBSS starvation medium to trigger autophagy. The cell lysates were then collected at three different time points - 0h, 1h and 2h. As seen in Figure 3.2A and quantified in F...
	Figure 3.2. An autophagy defect in cells from individual B18 can be rescued by TRIDs. B18 and B19 fibroblasts were cultured in DMEM growth medium and either treated with 5(g/mL of Ataluren or 250(M of Amlexanox for 48h prior to the starvation assay. L...

	3.4 TRID treatment rescues the autophagic defect in TRAPPC11 B18 cells, but not in B19 cells
	The clear autophagic abnormalities seen in the B18 cells as well as the nonsense mutation allele provide an optimal setting to study the effectiveness of TRID treatments. Ataluren has been used in various studies, with positive results. The drug is al...
	The fibroblasts were subject to a starvation assay as stated above. In this case, the cells were treated with Ataluren (5(g/mL) or Amlexanox (250 (M) for 48h prior to the starvation assay and lysate collection. As expected, the control cells had no al...

	3.5 Number of Golgi fragments per cell in B18 cells decreased with TRID treatment
	Not only is TRAPPC11 known to have a role in autophagy, but its absence is associated with changes in Golgi morphology. Individuals with a mutation in TRAPPC11 or in cells where the protein has been knocked down by RNA interference display highly frag...
	Both B18 and B19 exhibited significantly more fragmented Golgi compared to the control (Figure 3.3A). On average, a control cell had 13 ± 1.5 Golgi fragments, a B18 cell had 52 ± 5.4 fragments, and a B19 cell had 33 ± 6.1 fragments. Compared to the co...
	Figure  3.3. Golgi fragmentation decreases in cells from patient B18 following TRID treatment  . A) Fibroblasts from control, B18 and B19 were either untreated, treated with Ataluren for 48h or treated with Amlexanox for 48h. Then the fibroblasts were...
	I then examined the effects of Ataluren and Amlexanox treatment on the Golgi fragmentation. As above, the fibroblasts were treated with Ataluren and Amlexanox for 48h prior to fixation and staining. While the control and B19 cells did not show any sig...

	3.6 Ataluren rescues membrane trafficking defect in B18 fibroblasts
	Mutations in TRAPPC11 and knockdown of the protein by RNA interference were shown to have membrane trafficking defects (Milev et al., 2019; Scrivens et al., 2011). I therefore investigated the B18 fibroblasts for defects in membrane trafficking. Here,...
	Figure 3.4. Trafficking from ER to the Golgi is defective in B18 fibroblasts and rescued after treatment with Ataluren. The RUSH assay was performed on control and B18 fibroblasts using ST-eGFP. The cells were imaged every 2 minutes over a period of 6...

	3.7 TRIDs do not induce observable read-through in transfected HeLa cells
	TRAPPC11 is a difficult protein to analyze in fibroblasts because there is not an efficient antibody to properly study endogenous TRAPPC11 via western blotting. Therefore, different approaches needed to be taken in order to determine if read-through o...
	An alternative method was devised using a DNA construct. I created a TRAPPC11 reporter construct containing the entire TRAPPC11 protein to analyze the read-through efficiency of Ataluren and Amlexanox on the nonsense mutation 2407C>T. The nonsense mut...
	Figure 3.5. HeLa cells transfected with TRAPPC11 reporter construct do not appear to show TRID-induced read-through of the nonsense codon. HeLa cells were either untransfected (control), transfected with the wild-type TRAPPC11 construct (WT), or trans...


	Ratio: Golgi intensity / total cell intensity
	n = 15
	n = 14
	n = 13
	4. DISCUSSION
	Here, I characterized cellular defects in two different individuals with TRAPPC11 mutations and studied the efficacy of TRIDs on a nonsense mutation near the gryzun domain of the TRAPPC11 protein. I showed that B18 had cellular defects in autophagy, G...
	Autophagy was studied here by using a starvation assay to look at the level of LC3-II protein. As seen in figure 3.2, untreated B18 and B19 fibroblasts exhibit clear differences in the levels of LC3-II protein over the course of starvation. B18 fibrob...
	While starvation experiments are an effective way to observe if there is a rescue in autophagic defect after treatment with TRIDs, there are other methods that can be used to study autophagy that are more specific to TRAPPC11. Within the context of th...
	After identifying a defect and rescue within the autophagic pathway, alterations in Golgi morphology were investigated. Treatment with TRIDs significantly decreased the number of Golgi fragments observed in each B18 cell, suggesting read-through of a ...
	Despite the discrepancies in Golgi fragmentation terminology, here we observed an apparent rescue in Golgi morphology. It would be beneficial to utilize different microscopy techniques to observe the rescued Golgi morphology. Regardless of the type of...
	Figure 4.1. Four models of Golgi fragmentation. A) A cartoon of an intact Golgi ribbon structure. B) Four types of fragmentation were proposed by Makhoul et al, 2019. 1. Golgi mini stacks are dispersed throughout the cytoplasm. These ministacks are co...
	In addition to autophagy and Golgi morphology, membrane trafficking was investigated. Here, the untreated B18 fibroblasts showed weaker Golgi florescence intensity over time compared to the control. In this case, it appears that the trafficking proces...
	Having visual confirmation that read-through is taking place would more conclusively demonstrate that the drugs were indeed acting via read-through of the nonsense codon. Here, transfected HeLa cells were used to determine if read-through occurs since...
	It is peculiar that there is no read-through observed in the transfected HeLa cells, but the rescue of various cellular processes was observed in fibroblasts. It has been suggested that less than 1% of read-through can, in some cases, be therapeutical...
	Throughout this work, I treated cells with either Ataluren or Amlexanox, but never both. It has been suggested that treating cells with an NMD inhibitor along with a read-through inducing drug there could be more efficient read-through (Eintracht et a...
	Treatment of nonsense mutation-mediated diseases deserves more recognition and aggressive study. As mentioned, nearly 12% of all human genetic diseases are attributed to nonsense mutations (Ng et al., 2021). On one hand, this work could be applied to ...
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