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ABSTRACT OF THESIS 

 

CLASSIFICATION AND EFFECT OF CORRECTORS ON SITOSTEROLEMIA-

ASSOCIATED CYTOSOLIC MUTANTS IN ABCG8  

 

Objective: To classify mutants of ABCG8 identified in subjects with clinically confirmed 

Sitosterolemia, a rare form of Familial Hypercholesterolemia distinguished by the 

accumulation of phytosterols in plasma and tissues and determine the effects of correctors 

and/or regulators of proteostasis on maturation of the ABCG5/ABCG8 sterol 

transporter.   

Methods: Disease-causing missense mutants within the cytosolic domain of ABCG8 were 

generated through site-directed mutagenesis. Normal and mutant proteins were expressed 

in human hepatocytes. Cellular proteins were prepared, and maturation was assessed by 

SDS-PAGE and immunoblotting. Formation of the higher molecular weight, mature form 

of glycoproteins was used as a bioassay for trafficking the G5G8 complex beyond the 

Endoplasmic Reticulum. The impact of correctors and regulators of proteostasis on Class 

II mutant maturation was also determined.   

Results: Approximately 44% of cytosolic, Sitosterolemia-associated mutants in ABCG8 

are maturation incompetent. Of those which matured beyond the ER, 60% were not able 

to traffic to the cell membrane. Of the mutants that did not mature, none were able to be 

rescued by small molecular chaperones (correctors).   

Conclusion: HuH-7 cells are an efficiently transfected cell line that provides a system to 

manipulate ABCG5 and ABCG8 to make conclusions about protein maturation and 

trafficking to the cell surface. These experiments gave insight into the complexity of 

diseases caused by genetic mutations and the underlying mechanism of loss-of-function 

mutations. Further experimentation would be required to determine the fate of the CFTR 

correctors and/or regulators of proteostasis in the application in cases of Sitosterolemia.   
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CHAPTER 1. INTRODUCTION 

1.1 Background 

Sitosterolemia is a rare form of familial hypercholesterolemia (FH) caused by two 

mutations in either the ATP-Binding Cassette protein (ABC) G5 or G8 gene, which is in 

close proximity of 375 bp between the initiation codons and share a common promotor 

that function in a head-to-head orientation 1,2,3. Sitosterolemia results from a lack of 

function for ABCG5 or G8 in the absence of their respective binding partner, which is 

distinguished from other forms of FH. Sitosterolemia is an autosomal recessive inherited 

disease that affects about 1 in 200,000 individuals; however, it is unclear how often this 

disease is misdiagnosed. Clinical laboratory assays fail to distinguish cholesterol from 

phytosterols.  Consequently, plasma from a patient with Sitosterolemia would present 

with what appears to be elevated total plasma cholesterol in clinical lab testing. Gas or 

liquid chromatography is required to distinguish phytosterols from cholesterol, a 

technique and instrumentation often unavailable in clinical laboratories.   

Individuals diagnosed with FH and Sitosterolemia similarly present with 

xanthomas and premature coronary artery disease. The two diseases are distinguished by 

dominant vs. recessive genetics, clinical presentation, and sterol composition in the 

plasma. FH patients present with elevated LDL cholesterol, while Sitosterolemia patients 

present with increased plasma phytosterol, decreased excretion of phytosterols and 

cholesterol, and hemolytic and blood disorders 4,5. The underlying genetic causes of FH 

and Sitosterolemia differ. In cases of FH, the mutations affect either LDL-R, its ligand 

Apolipoprotein B (ApoB100), or the machinery required for LDL/LDL-R internalization, 
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LDL Receptor Related Protein-Associated Protein 1 (LRPAP1) or proprotein convertase 

subtilisin/kexin type 9 (PCKS9) while Sitosterolemia results from genetic mutations in 

ABCG5 and/or ABCG8.   

Many ABC transporters are associated with diseases such as; Cystic Fibrosis 

(ABCC7), Progressive familial intrahepatic cholestasis type 3 (ABCB4), among others 

(Table 1.1)6. Investigation and FDA-approved drugs (Roscovitine; CFTR modulators) 

partially restore function to ABCC7 and ABCB4 mutants based on their underlying 

molecular defect. The rationale behind testing these modulators on cytosolic mutants of 

ABCG8 is that if these correctors and regulators of proteostasis are effective in multiple 

ABC transporters, then due to the evolutionarily conserved nature of the ABC 

transporters (Fig. 1.2-1), these may also be effective for mutants of ABCG87. 
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Table 1.1 ABC Transporters and their associated disease46. 
 
 

ABC Transporter  Associated Disease  

ABCA1  Tangier’s Disease/Familial Hypoapoproteinemia   

ABCA4  Stargardt’s Disease  

ABCB2/3  Immune Deficiency   

ABCB4  PFIC3   

ABCB7  Anemia  

ABCB11  PFIC2  

ABCC2  Dubin-Johnson Syndrome  

ABCC6  Pseudoxanthoma Elasticum  

ABCC7  Cystic Fibrosis  

ABCD1  X-linked Adrenoleukodystrophy (ALD)  

Table 1.1  shows different ABC transporters and their associated diseases, demonstrating a wide range of diseases caused due to 
mutations in ABC transporters. 

 

We hypothesize that small molecule correctors will enhance the 

maturation of native G5/G8 complex and Class II, maturation deficient mutants of 

ABCG8.   
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1.2 Cholesterol vs. Phytosterols 

Sterols are an essential cellular component of eukaryotic membranes, with 

cholesterol in animal cells and phytosterols in plant cells. Cholesterol creates rigidity and 

curvature to the plasma membrane of animal cells. Cholesterol is acquired through diet or 

is generated by de novo synthesis. Cholesterol biosynthesis is a tightly regulated process 

that demonstrates negative feedback inhibition. When cholesterol is in excess, it can be 

toxic to the cell, while cells depleted of cholesterol cannot undergo normal physiological 

responses, for example, receptor signaling8. The transcription factor sterol regulatory 

element-binding protein 2 (SREBP2) regulates gene expression of the enzymes responsible 

for cholesterol biosynthesis and uptake to maintain homeostasis9. While endogenous 

cholesterol synthesis is tightly regulated, dietary cholesterol ranges due to dietary 

preferences and may be a pro-atherogenic factor10.    

Phytosterols are not endogenously synthesized de novo and are strictly enter from 

the diet. Phytosterols are structurally similar to cholesterol, but differ from cholesterol by 

the side chain on the D ring of the sterol backbone (Fig. 1). For this reason, chromatography 

and/or mass spectrophotometry is required to distinguish phytosterols from cholesterol in 

the plasma. Phytosterols have an observed toxicity in the body, as a study of 

ABCG5/ABCG8 KO mice fed a high-phytosterol showed signs of premature death, cardiac 

lesions, liver damage, and hepatosplenomegaly11. With a functional ABCG5/8 transporter 

effectively opposing absorption and excreting of phytosterols into the feces, mice and 

humans are not affected by high-phytosterol containing diets11. In a typical lipid panel used 

to measure cholesterol, cholesterol oxidase attacks the 3ß-hydroxyl group on the A ring of 

cholesterol. This structural feature is shared among sterols (animal/phytosterols) (Fig. 1)12.  
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GC-Mass Spectrometry would be required to separate phytosterols from cholesterol in a 

plasma sample.   

It has been proposed that phytosterols help reduce LDL cholesterol by competing 

with cholesterol for intestinal absorption resulting in a modest reduction (30-50%) of 

cholesterol absorption and a 10% decrease in total plasma cholesterol13. The mechanism 

by which phytosterols compete with cholesterol for intestinal absorption is by reducing the 

solubilization into the mixed micelle. However, other studies suggest phytosterols promote 

cholesterol secretion13,14,15.   

Figure 1.2-1 Cholesterol and Phytosterol structure.  

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1.2-1  Chemical structure of cholesterol and 4 of the most common phytosterols showing the differences in side chains as well 

as the common 3ß-Hydroxyl group. The red circle indicates common 3ß-Hydroxyl amongst sterols and ring structures are labelled in 
cholesterol. 

1.3 Sterol Absorption and Excretion 

As previously mentioned, cholesterol can enter the body in one of two ways. 

Cholesterol-esters and phytosterols that enter the body exogenously are metabolized by 

enzymes (pancreatic lipases) and emulsified with bile salts and phospholipids that enter 
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the intestinal lumen via the gallbladder, ABCB11, and ABCB4, respectively, along with 

dietary cholesterol to form mixed micelles. Mixed micelles act as the "cholesterol 

acceptor" for dietary sterols16. Free cholesterol and phytosterols are absorbed from the 

mixed micelle into the small intestine (duodenum/jejunum) by NPC1L117,18.  NPC1L1 

(Niemann-Pick C1 Like 1) functions at the apical surface of enterocytes and mediates the 

internalization of cholesterol and phytosterol to promote absorption19. In the enterocyte, 

cholesterol is esterified by the enzyme ACAT-2 (Acyl-CoA: Cholesterol 

Acyltransferase), which preferentially esterifies cholesterol relative to phytosterols20. 

Cholesterol is incorporated into chylomicrons, secreted into the lymphatic system, and 

enters the plasma compartment via the left subclavian vein. Cholesterol and plant sterols 

that are not esterified by ACAT are exported by ABCG5/G8 back to the intestinal lumen. 

In the plasma compartment, chylomicrons and triglycerides are metabolized by 

Lipoprotein lipases (LPL), generating a smaller, cholesterol-rich chylomicron remnant, 

which can enter the liver via LDL-R or other related receptors. This pathway delivers 

dietary cholesterol and re-absorbed biliary cholesterol to the liver.   

Another mechanism by which cholesterol can enter the liver is reverse cholesterol 

transport (RCT). RCT is a pathway in which cholesterol accumulated in peripheral tissue 

is transported through the plasma to the liver for excretion as neutral sterols or bile acids 

in the feces21. Peripheral tissues, such as macrophages, export excess cholesterol by 

ABCA1 to a pre-HDL particle composed of a lipidated Apo-A1. This process is 

dependent on the Lecithin Cholesterol Acyltransferase (LCAT) enzyme. LCAT esterifies 

cholesterol to fatty acids to generate cholesterol esters that get deposited in the core of 

HDL particles22. As opposed to ACAT, LCAT is thought to freely esterify phytosterols to 
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generate mature, spherical HDL. ABCG1, SR-B1, CD36, and other possible sterol 

transporting enzymes can deliver esterified sterols in the form of HDL to the liver 

through Scavenger Receptor Class B I (SR-BI)23. 

Once cholesterol enters the hepatocyte, it can be excreted in one of two ways. The 

first pathway is metabolism by cytochrome P450 enzymes (ex. CYP7A1/CYP27A1) into 

bile salts. Bile salts are secreted at the canalicular membrane of hepatocytes by the 

transporter BSEP (Bile salt export protein, ABCB11)23. The other mechanism by which 

cholesterol can be excreted from the liver is as free cholesterol via ABCG5/8, which also 

functions at the hepatocyte canalicular membrane. However, 95% of bile acids and 80% 

of cholesterol secreted will be re-absorbed in the intestine by apical sodium bile acid 

transporter (ASBT) and Niemann-Pick C1-Like 1 (NPC1L1)25,26 . Alternatively, sterols 

can return to the plasma in the form of VLDL particles along with Apo-B100, 

triglycerides, and LDL particles are secreted from the liver a shared mechanism with 

chylomicrons and ultimately give rise to the LDL particle. Both chylomicron remnants 

and LDL are pro-atherogenic particles.   

The Transintestinal Cholesterol Excretion (TICE) pathway is an alternative 

pathway to hepatobiliary excretion of cholesterol from the body. TICE is the process of 

cholesterol transport from the bloodstream, across the enterocyte, and directly into the 

intestinal lumen27. Cholesterol is taken up by LDL-R on the basolateral membrane of 

enterocytes (with possibilities for another pathway)28. Cholesterol is then translocated 

across the enterocyte and secreted via ABCG5/8 at the apical membrane for excretion in 

the feces or possible reabsorption by NPC1L128. This alternate pathway is thought to 

account for 30-50% of RCT29. 
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1.4 Sitosterolemia 

In 1974, two sisters presented with tuberous xanthomas and plasma plant sterols 

that accounted for roughly 30% of their total plasma sterols. In a typical human subject, 

plant sterols are typically only detected in trace amounts due to poor absorption, only 

about 5%4. Both parents of the sisters that unaffected, leading to the conclusion that this 

rare lipid disease was inherited in an autosomal recessive manner4. It wasn’t until 2000 

that ABCG5 and ABCG8 were discovered to be the two genes mutated in clinically 

confirmed patients with Sitosterolemia30. In 2003, it was confirmed that ABCG5 and 

ABCG8 function as obligate heterodimers, with both proteins being required to reach the 

cell surface and transport sterols across the membrane31. In addition to the previously 

reported phenotypes of Sitosterolemic patients, subjects with clinically confirmed 

Sitosterolemia could also present with hematological abnormalities, including 

macrothrombocytopenia, hemolytic anemia, and splenomegaly5. 

Currently, the primary treatment(s) for Sitosterolemic patients are dietary 

modifications (low sterol diet), Ezetimibe, bile acid-binding resins, ileal bypass surgery, 

or LDL apheresis. However, these treatments decrease plasma phytosterols and improve 

symptoms but fail to return plasma sterols to the range of a normal human subject32. 

Ezetimibe is an NPC1L1 inhibitor, reduces cholesterol, and phytosterol absorption by 

~50%, and is currently the primary pharmacotherapy used to treat cases of 

Sitosterolemia33. While Ezetimibe has shown efficacy in reducing phytosterol 

accumulation, the drug does not target ABCG5/G8. This is important because ABCG5/8 

promotes sterol, primarily phytosterol, efflux at the enterocyte and hepatocyte apical 

surface, whereas NPC1L1 primarily functions in sterol absorption in the enterocyte. 
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NPC1L1 is highly expressed in both the liver and intestine and oppose biliary sterol 

secretion in humans, while there is low expression in mice liver19. Even if phytosterol 

uptake into absorption is opposed, there is still a lack of hepatic secretion and an inability 

to eliminate phytosterols from plasma and tissues once accumulated (Fig. 1.4-1). 

Figure 1.4-1 Diagram demonstrating the absorption, excretion, and secretion pathway of 

phytosterols and current therapeutics for Sitosterolemia. 

 

Figure 1.4-1 Pathway for excretion and secretion of phytosterols in the liver and intestine. Diagram also exhibits the mechanism of 

action for ezetimibe, the most common current treatment management of Sitosterolemia. 

 

  In a 10-year follow-up study of two sisters who had a homozygous nonsense 

mutation (R446X in ABCG5), treatment with Ezetimibe only moderately decreased 

phytosterol levels while diet changes had little to no change on phytosterol levels34. 

Starting phytosterol (sitosterol and campesterol) levels were greater than 300 µmol/L and 

decreased to ~100 µmol/L, however, the normal range for a healthy individual is 10-20 

µmol/L34. While Ezetimibe is a form of Sitosterolemia management, these patients still 

have far higher cholesterol and phytosterol absorption, which can increase the risk of 
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cardiovascular events later in life. This demonstrates a need for a more specific 

pharmacologic agent that targets the underlying molecular defect of ABCG5 and ABCG8 

disease-causing mutants as opposed to disease management through Ezetimibe.   

1.5 ABCG5/G8 Physiology 

ABCG5 and ABCG8 (ABCG5/8) are two ABC-half transporters that function as a 

heterodimer at the apical membrane of hepatocytes (liver) and enterocytes (small 

intestine)30. ABCG5 and ABCG8 at the transcriptional level have been shown to be 

regulated by two nuclear receptors, Liver X Receptors (LXR) and Farnesoid X Receptors 

(FXR). LXRα and β belong to the family of nuclear receptors that are master regulators 

of genes involved in cholesterol elimination pathways and form heterodimers with 

Retinoid X Receptors (RXR)35. These transcriptional factors are activated by cholesterol 

metabolites, oxysterols36. It was determined that gene expression of ABCG5 and ABCG8 

was increased when mice were fed a high cholesterol diet in wildtype mice but in LXR-/-, 

indicating the two genes are also regulated by the LXR/RXR transcription factor37. 

ABCG5 and ABCG8 can also be upregulated by the FXR pathway, a nuclear receptor 

activated in the presence of bile acids37. ABCG5 and ABCG8 are also positively regulated 

by the transcription factors hepatocyte nuclear factor 4 (HNF4α), Forkhead box protein 

O1 (FOXO1), and Liver receptor homolog 1 (LRH1), but the relationships to sterol 

homeostasis are not as clear38,39.   

Beyond the nucleus, ABCG5 and ABCG8 are independently translated in the 

rough ER. It is unclear how ABCG5 and ABCG8 emerge from the ribosome and find 

their respective binding partner. Within the ER, ABCG5 and ABCG8 are recognized by 
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molecular chaperones, such as calnexin, that facilitate folding of the ABCG5/ABCG8 

complex in an N-linked glycan-dependent mechanism. Chaperones recognize the 

terminal glucose on the N-linked glycan, a tag that sorts proteins for their destination. 

Proteins that are unfolded are recognized by a glucosyltransferase in the ER and the 

protein is either is re-glucosylated or exits the chaperone folding “cycle." If in fact 

ABCG5/8 have dimerized, they are sorted to the apical membrane through the cell's 

secretory pathways to function as a heterodimer40.   

In summary, ABCG5/G8 function as an obligate heterodimer at the apical surface 

of hepatocytes and enterocytes. In the liver, ABCG5/8 promotes secretion of phytosterols 

and cholesterol into bile31. In the intestine, ABCG5/G8 opposes phytosterol absorption by 

NPC1L1. In mice, expression in one organ, either liver or intestine, is sufficient to protect 

the animal from Sitosterolemia and the downstream effects of phytosterol accumulation41. 

However, it is unclear whether this remains true regarding RCT.  

1.6 ABC Transporters 

ABC transporters are a family of integral proteins that function to translocate 

substrates across membranes, a mechanism powered by ATP hydrolysis7. The ABC 

transporter superfamily consists of 48 proteins and can be further divided into 

subfamilies, A-G42.  The key characteristics of ABC transporters are two nucleotide-

binding domains (NBD), two transmembrane domains (TMD) that have 12 membrane-

spanning alpha-helices, and two ATP-Binding Cassette’s (ABC), however, there are 

exceptions among the ABC transporters (Fig. 2)42,43. Among the 48 transporters in 

humans, there are half transporters (ABCG5/8) and full transporters (for example, 
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ABCB1).  The NBD of ABC transporters is a domain that is highly conserved and 

includes the Walker A motif, Walker B motif, Walker C motif (signature motif), Q-loop, 

and H-loop (switch motif)6,7. 

While structurally similar across ABC transporters, the TMD sequence differs 

significantly across and within families, likely a reflection of different substrate binding 

pockets6. The NBD binds and hydrolyzes ATP to power the pump6. ATP binds to both of 

the NBDs which forms a tight dimer and two ATPase active sites44. A helix in the TMD 

fits into a groove on the NBD, resulting in the opening and closing of the NBD 

simultaneously to transmembrane helices movement44. 
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Figure 1.6-1 Structure of ABC transporter families45.   

 

 

Figure 1.6-1 Structure of the ABC transporter families showing the Transmembrane domain and Nucleotide Binding domain, as well 

as the structural differences between each of the families, most notably differences in whether the NBD resides at the N or C-terminus. 

 

ABC Transporters import (prokaryotes) or export (eukaryotes) substrates via ATP 

hydrolysis cycling7.  Substrate translocation begins with the substrate binding to the 

TMD and initiating a conformational change from an open to closed conformation. After 

the substrate is bound to the TMD, ATP can bind to the NBD, which induces the ATP 

"power stroke” and promotes the closed formation of the TMD. ATP is then hydrolyzed 

into ADP and inorganic phosphate (Pi), effectively translocating the substrate. The 

release of ADP and Pi indicates the end of the ATP hydrolysis cycle. The protein is 

restored to its original open conformation and is ready to transport another substrate 

across the membrane6. 
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The G family of ABC transporters all function as dimers and transport sterols47. 

Sterols, and a number of other lipids, are amphipathic and insoluble in water. Sterols 

require carriers and transporters to move through the body and plasma membrane. 

ABCG1, 2, and 4 are functionally active as homodimers while ABCG5/G8 is functionally 

active as an obligate heterodimer. ABCG1/4 have been proposed as candidates for 

heterodimerization due to their sequence similarity, although the evidence is lacking48. 

ABCG5/8 specifically functions to secrete sterols from hepatocytes into bile and from 

enterocytes back to the intestinal lumen for excretion. Both hepatocytes and enterocytes 

are polarized cell types each expressing an apical and basolateral membrane that serve 

different functions for the cell in addition to different transporter makeup. NBS2 is 

thought to be the driver of conformational change with respect to ATP hydrolysis and 

sterol transport while NBS1 binds ATP but does not hydrolyze it49. NBS1 and NBS2 are 

located within ABCG5 and ABCG849.  

Many ABC transporters that are disease-causing, such as ABCC7/Cystic Fibrosis 

or ABCB4/PFIC3, have systems to classify mutations50,51.  Shown in Table 1.2 is the 

proposed classification system for Sitosterolemia-associated G5/G8 mutations based on 

the systems mentioned above already in place52. Class I mutants are 

nonsense/frameshift/deletion mutations, whereas classes II-V are missense mutations. 

Class II mutants are defective in maturing beyond the Endoplasmic Reticulum, class III 

mutants are ones in which the protein is properly folded but lack functional activity, class 

IV mutants are unstable, and class V mutants are proposed to be defective in trafficking 

at the apical surface.   
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Table 1.2. Proposed Sitosterolemia Classification System52 

 

CLASS DESCRIPTION ABCG5 MUTANTS ABCG8 MUTANTS 

I Nonsense, 

Frameshift, Deletion 

57 known or 

predicted 

58 known or predicted 

II Maturation R389H, R419P, 

N437K 

R189H, P231T, R236Q 

III Activity     

IV Stability     

V Trafficking     

Unclassified Inconclusive Results E146Q R543S 

 

Table 1.2. Table of proposed Sitosterolemia classification system in addition to previously published classifications of ABCG5 and 

G8 mutants. 

  

1.7 Proteostasis Regulation and Roscovitine 

Proteostasis (protein homeostasis) refers to the process of maintaining a protein's 

quaternary structure and location, typically through transcriptional/translational 

modifications53. Proteostasis influences protein synthesis, folding, trafficking, 

disaggregation, and degradation53. The ER is responsible for the synthesis, folding, 

maturation, and trafficking of transmembrane proteins as well as secretory proteins. In 

disease states where proteins are misfolded, proteostasis pathways detect and rapidly 

degrade the misfolded proteins via the Endoplasmic Reticulum-Associated Degradation 

(ERAD) pathway. Disruptions in protein folding trigger of ER Stress and activate the 

Unfolded Protein Response (UPR). Conditions that disrupt protein homeostasis and 

activate UPR are changes in temperature, calcium concentration disturbance, mutations, 

redox disruptions, and changes in cellular pH54. 
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The unfolded protein response (UPR) is activated when the cell’s protein folding 

machinery becomes overwhelmed and misfolded proteins accumulate in the ER55. 

Disruption of protein homeostasis occurs in conditions as previously mentioned, 

including mutant proteins, alterations in gene expression, or permanently when there are 

mutations that affect protein maturation56.  The ERAD (ER-Associated Degradation) 

pathway is an essential step in newly synthesized protein quality control57.  Chaperones 

recognize proteins such as calnexin/calreticulin and heat-shock proteins, which facilitate 

folding. Transmembrane proteins are glycosylated with an N-linked glycan and the 

terminal glucose acts a tag that the protein is unfolded and thus recognized by 

calnexin/calreticulin. Proteins that are unfolded are recognized by a glucosyltransferase 

in the ER and the protein is either re-glucosylated or exits the chaperon folding "cycle." 

When prolonged, the misfolded protein is targeted by the retro-translocon and/or E3 

ligases58. The misfolded protein is then retrotranslocated to the cytoplasm, ubiquitinated 

by E3 ligases, recognized by the 19S cap of the 26S proteasome, and degraded58.   

Roscovitine is a small molecule pharmacologic that arrests cell cycle progression 

by inhibiting cyclin-dependent kinases (CDK) 1, 2, 5, 7, and 959. Roscovitine was first 

studied in ABC transporters in its rescue of an ABCC7 (CFTR) mutant, F508del60. The 

group suggested that the mechanism of action of Roscovitine F508del correction was 

likely independent of inhibition of CDK's and, more generally in inhibition of kinases as 

well as directly inhibiting activity of the proteasome60. This led to the proposal of 

Roscovtine's rescue of F508del through modulation of proteostasis, specifically the 

ERQC (ER quality control) and ERAD system independently60. The research done by 

this group influenced another group (Falguières) to test Roscovitine on three ABCB4 
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mutants in an attempt to achieve similar outcomes61. The three mutants tested were class 

II (maturation deficient) mutations61. Because ATP transporters are well conserved across 

ABC transporter families, there are potential compounds successfully used in other ABC 

transporter families that could be repurposed to treat Sitosterolemia-associated ABCG8 

mutations.   

Mutations in class II that get retained in the ER would make a compound like 

Roscovitine a viable target for "rescuing" defective ABCG5/G8 transporters, as it has 

shown the ability to modulate proteostasis60. It has been well established that ABCG5/G8 

are poor folding proteins, as only about 40-50% of the protein matures beyond the ER, 

which strengthens the argument for potential stabilization31.  Roscovitine has significant 

cellular toxicity. Therefore, 11 analogs were synthesized in an attempt to lower CDK 

inhibition and cytotoxic activity (Table 1.3)61. Some of these analogs partially rescue 

mutants of ABCB4, which strengthens the hypothesis that Roscovitine rescue works 

independently of CDK inhibition in ABCC7 and ABCB4. The efficacy of Roscovitine 

across multiple ABC transporters (ABCB4/ABCC7) and their structural similarities to 

ABCG5/G8 is the scientific premise of this project.  
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Table 1.3. Roscovitine and Analogs Structure. 

 

Table 1.3. Table of Roscovitine and 11 analogs synthesized by ManRos Therapeutics61. 
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1.8 Ivacaftor and ABCC7 Potentiation  

Cystic Fibrosis (CF) is a disease in which the Cystic Fibrosis Transmembrane 

Regulator (CFTR), ABCC7, fails to flux chloride ions leading to an accumulation of 

chloride ions in the epithelial cells and in turn a change in mucus viscosity in the 

lungs62,63. Ivacaftor is an FDA-approved Cystic Fibrosis treatment that potentiates 

(increased channel open probability) CFTR and partially restores chloride ion transport. 

ABCC7 differs from most ABC transporters as it is an ion channel that utilizes ATP 

hydrolysis, whereas ABCG5/8 is a protein transporter that uses energy from ATP to 

efflux sterols64. Ivacaftor potentiator function in CFTR has therapeutic benefits in 

patients with CFTR gating (class III) defective mutations50,65. The mechanism of action 

of Ivacaftor is binding to the PKA-phosphorylated ABCC7 in an ATP-independent 

fashion66. Ivacaftor functions mainly for mutations that disrupt gating due to disruption to 

the ATP-dependent binding site66. It has not been reported that regulation of ABCG5 and 

ABCG8 is PKA-dependent and ABCG5/G8 does not operate as an ion channel. 

Therefore, there is not a strong foundation for why Ivacaftor would be able to stabilize 

mutants of ABCG8.   

However, in maturation, defective mutants of CFTR are “rescued” by small 

molecule correctors of the Ivacaftor-family (Table 1.4), which may facilitate folding of 

ABCG5/G8. Elexacaftor, Tezacaftor, and Lumacaftor are compounds that were 

formulated after Ivacaftor for CF mutants that were not gating defective. They are small 

molecular "correctors" as they correct the misfolding of proteins that fail to exit the ER. 

The correctors' mechanism of action is directly binding to CFTR, but how they function 

as a protein folding chaperone to escape degradation remains unclear. Rescued CFTR 
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mutants localize to the cell surface67. This suggests that escaping ERAD is sufficient for 

activity. In more recent studies, looking at the cryo-EM structure of CFTR in complex 

with Lumacaftor or Tezacaftor demonstrates that the drugs bind to CFTR in the 

hydrophobic pocket of TMD-1, which ultimately stabilized the domain and prevented 

degradation68. Lumacaftor and Tezacaftor bind within the hydrophobic pocket at a Lysine 

and Arginine residue before the start of the TMD-168. ABCG5 is structurally similar in 

that it too has a Lysine and Arginine residue prior to the start of the first TM domain49. 

One could hypothesize that because of this structural similarity there is potential for 

Lumacaftor or Tezacaftor binding to ABCG5 at the apical membrane.   

There is a much larger family of CFTR modulators (including correctors) that are 

being investigated in vitro that have demonstrated stabilization in mutants of multiple 

ABC transporter systems. Most notably, correction of ABCG2 mutants involved in Gout 

by Cor-4a and due to sequence homology may too be effective in stabilizing 

Sitosterolemia-associated mutants69. Stabilization with these and other compounds could 

give reason to believe that these compounds could be used in Class II mutants across a 

wide range of ABC transporter-related diseases.   
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Table 1.4. Ivacaftor and Correctors Structure 

 

Compound Name Compound Structure 

Ivacaftor 

 

Lumacaftor 

 

Elexacaftor 

 

Tezacaftor 

 

Table 1.4: Chemical structures of Ivacaftor and CFTR correctors. Compounds were purchased from Medchemexpress or Selleckchem.  
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1.9 Statement of Hypothesis  

This thesis aims to characterize Sitosterolemia-associated cytosolic 

mutants in ABCG8 based on their underlying molecular defects. The impact of correctors 

on maturation deficient mutants (class II) were tested for efficacy in correcting protein 

maturation in other ABC transporter families. For maturation competent mutants, we 

analyzed via immunofluorescence microscopy the degree to which mutants traffic to the 

plasma membrane. Maturation of ABCG8 Sitosterolemia-associated mutants and the 

effect of correctors will be studied in vitro, in a human hepatocyte carcinoma cell line.  

We hypothesize that when transiently expressed in human hepatocytes, some 

ABCG8 missense mutations compromise protein folding, transporter complex formation, 

and trafficking beyond the Golgi. The addition of a compound with proteostatic regulator 

or CFTR corrector activity used to treat diseases caused by other ABC transporters may 

correct folding defects in ABCG8 caused by class II missense mutations.   
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CHAPTER 2. MATERIALS AND METHODS 

2.1 Materials and Methods 

2.1.1 Reagents  

Roscovitine and its 11 analogs were generously sent to us by Laurent Meijer 

(ManRos Therapeutics). The CFTR modulators were ordered through Medchemexpress 

or SelleckChem (Elexacaftor). Dr. Mahmood Hussian (NYU Langone), provided the 

HuH-7 cells to test in our experiments. Antibodies used in our Western blotting and 

Immunofluorescent protocol include 1B10A5 Mouse anti-ABCG8 (Novus), in-house 

mouse anti-human ABCG8 hybridoma notated as KWE5, Rabbit anti-c-Myc (Upstate 

cell Signaling Solutions 06-549), Mouse anti-βactin (Sigma A5441-100UL), Rabbit anti-

Calnexin (Enzo Lifesciences ADI-SPA-860-F), and E-Cadherin (Cell Signaling). For the 

LDH Assay, the Cytoscan LDH Cytotoxicity assay kit (G-Biosciences 786-324) was 

utilized to measure cytotoxicity.   

2.1.2 Cell Culture 

HepG2 and HuH-7 cells were grown and cultured in Dulbecco’s Modified Eagle 

Medium (DMEM)-High Glucose supplemented with 10% FBS, 1% Pen-Strep, and 1% 

GlutaMax. HEK293 cells were grown and cultured in DMEM- High Glucose 

(Dulbecco’s Modified Eagle Medium) supplemented with 5% FBS, 1% Pen-Strep, and 

1% GlutaMax. All cell lines were incubated at 37°C and 5% CO2.  
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2.1.3 GFP Assay 

GFP Lysates were made by washing the cells with 2x PBS and incubating the cells 

in GFP Lysis Buffer (25 mM Tris (pH=7.8), 2mM trans-1,2-diaminocyclohexane-

N’N’N’N’-tetraacetic acid, 1% Triton X-100, 10% Glycerol) for 30 minutes at 37°C and 

then 30 minutes at room temperature. The lysates were then imaged on a plate reader for 

fluorescence (excitation 485 nm/emission 515 nm) and absorbance of (280 nm) and 

expressed as fluorescence 515/280 (arbitrary units).   

2.1.4 Western Botting Analysis 

Cell lysates were analyzed for protein concentration with a Bicinchoninic 

acid (BCA) assay incubated at 37°C for 30 minutes and measured at an absorbance of 562 

nm. Protein concentration was determined by a bovine serum albumin (BSA) standard 

curve in each assay. Samples were prepared in 5X Laemelli Buffer (Tris Base (250 mM, 

pH 6.8), SDS (2.5%), glycerol (50%), and bromophenol blue (0.125%)) and equal protein 

(15-25 ug) were loaded onto a 4-8% bis-acryl and ran at 100 V for approximately 2-3 hours 

to ensure the differences in immature/mature protein glycosylation were present. The gels 

were then transferred to a nitrocellulose membrane at 100 V at 4°C for 1 hour or using 

BioRad’s semi-dry Turboblot system.  
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2.1.5 In-vitro Bioassay 

Monitoring the shift in electrophoretic mobility on an SDS-PAGE gel is indicative 

of modifications to the N-linked glycan residue(s) attached in the third extracellular loop 

of either ABCG5 or 8. We used this change in apparent molecular weight in 

immunoblotting for ABCG5 or G8 as a marker for maturation. We quantified these 

measures by densitometric analysis and expressed the data as a percent (mature signal over 

total signal), an index (mature signal over immature signal), or total mature signal to 

loading control.   

2.1.6 Densitometric Analysis 

Gel files were analyzed for densitometry using Adobe Photoshop. Once the gel 

image was cropped, aligned, and at desired contrast, the gel image was uploaded into 

Photoshop and a duplicate image was created. The duplicate image was inverted and using 

the measurement tool, captured the integrated density for each band in the blot (mature 

band, immature band, and loading control) along with a background measurement. For 

each signal, the measurement size kept constant. The background was subtracted from each 

value and expressed as described for each experiment.   
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2.1.7 Immunofluorescence Microscopy  

HuH-7 cells were seeded in a 10 cm dish with 6 UV-sterilized coverslips at ~1x106 

cells. On day one, coverslips were transferred to a 6 well dish, and transfected with 

wildtype hG5-myc and either wildtype hG8 or mutant hG8. On day two, cells were fixed 

with Methanol by an adaptation of Ann Hubbards “Cassio” protocol. Cells were incubated 

with a primary antibody and a secondary conjugated fluorophore with either a 488 or 568 

Alexa-Fluor tag. Coverslips were mounted with Molecular Probes ProLong Gold Antifade 

Mountant with DAPI mounting medium from ThermoFisher. This assay was done with or 

without treatment with 50 ug/ml cycloheximide to deplete the ER of new protein 

translation.  

Cells were imaged with the Zeiss Axiovert 200M at the 100X objective as either 

still images or using confocal imaging using the Apotome camera. Each image was taken 

with about 10-12 slices, each at .3 um thick. The images were then processed using 

Axiovision as a 3D rendered image or z-stack slices.   

2.1.8 Statistical Analysis  

All cell culture experiments were analyzed by a one-way ANOVA with either a 

Tukey or Dunnett's post-hoc test (indicated within each experiment). Experiments with 

statistical analysis were repeated in triplicate giving an n=3, for most experiments. 

Statistical significance was expressed as follows; * p<.05, ** p<.01, *** p<.001, 

****p<.0001.   
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2.2 Experiment I- Generation of Sitosterolemia Associated ABCG8 Cytosolic Mutants 

Purpose: To generate ABCG8 Cytosolic Sitosterolemia-associated mutations to 

characterize each mutation based on its molecular defect.  Mutation Database: A mutation 

database was generated to determine which mutations were "clinically" associated with 

Sitosterolemia. The database consisted of mutations that were clinically published from 

human subjects, predicted through the global minor allele frequency (GMAF), or 

likelihood of pathogenicity on the America College of Medical Genetics and Genomics 

(ACMG) scale. Two criteria were taken into consideration when determining which 

mutants would be analyzed. One, they had to be Sitosterolemia-Associated, either a 

published mutation in a clinically confirmed Sitosterolemia patient or high on the ACMG 

scale. Two, we only analyzed missense mutations. While several nonsense and frameshift 

mutations are associated with Sitosterolemia, we limited our studies to missense mutations. 

Truncated proteins, while have been described to be inactive proteins, were not in our 

analysis because one, they are already characterized as a class I mutant and two, there is 

little to no chance to “rescue” or stabilize a truncated protein with the modulators.  

 Experimental Design: ABCG8 mutants were generated via Site-Directed 

Mutagenesis. The workflow of each mutant is as follows: primer design, PCR reaction, 

DpnI Digest, Bacterial Transformation, SalI Digest, Gel Electrophoresis, and DNA 

Sequencing. In the primer design, oligos were designed using IDT and GeneArt software’s 

to generate an oligo that was approximately 35-39 nucleotides long. The forward and 

reverse primers were designed as direct complements of each other, with the point mutation 

of interest directly in the middle of the oligo.  The oligos were then reconstituted in TE 

Buffer at 100 µM.   
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The PCR reaction was designed according to the Pfu polymerase manufacturer's 

protocol and the annealing step temperature was based on the oligo melting temperature 

(Annealing temp= Tm - 5°C). DpnI is a restriction enzyme that cleaves methylated DNA 

produced by host cell machinery. Therefore, prior to the PCR reaction, the parent 

ABCG8 plasmid was methylated to ensure DpnI digest provided the proper negative 

control. Control reactions contained no Pfu polymerase and primers from one mutant. 

Changes to the Pfu manufacture protocol were: 18 total cycles and a 10minute extension 

time. Following PCR, the DNA was cleaned up using Qiagen Spin Miniprep 2.0 kit to 

remove buffers or salts. The DNA then underwent DpnI digest based on NewEngland 

Biolabs protocol and another round of DNA clean-up. After the second DNA clean-up, 

the DNA was transformed into DH5 competent cells and grown on Agar + 50 ug/ml 

Ampicillin plates. Bacterial colonies were then grown in LB Broth with 50 µg/ml of 

Ampicillin overnight at 37°C and 200 rpm. The colonies were prepped using the Qiagen 

Mini Prep kit and quantified using a Nanodrop spectrophotometer. If the colonies had a 

positive yield above 160 ng/µl, they were SalI digested based on NewEngland Biolabs 

protocol and ran on a 1% agarose gel, then fluorescently imaged using SYBR-Safe.   

After confirmation that SalI cut the mutant plasmids at the equivalent cut sites to 

the parent ABCG8 plasmid, the plasmid was subjected to Sanger sequencing (Eurofins, 

Chicago, IL). The DNA sequence was then analyzed in SnapGene 4.3.11 to confirm 

desired base pair change. Once the desired base change was confirmed, the construct was 

sent for full plasmid sequencing of the coding region to check for any additional 

undesired mutations.   
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Figure 2.2-1 Example of Site-directed Mutagensis Restriction Enzyme Digest and 

sequence verification (Generated using Snapgene software version 4.3.11).  

 

 

 

 
 

Fig. 2.2-1. A. Native ABCG8 and ABCG8 mutants were digested with the SalI restriction enzyme. The samples were then ran on a 

1% Agarose gel and fluorescently imaged via SYBRsafe. B. Samples were Sanger sequenced (by Eurofins) and the output was 

importing to Snapgene 4.3.11. Parent hG8 native DNA compared to mutant DNA, showing a single base pair change resulting in a 
mutation of Leucine to Proline at amino acid position 228. 

 

Table 2.5. Sitosterolemia-Associated Mutants generated by Site-Directed Mutagenesis in 

the Cytosolic Domain  of ABCG8 

 

Mutant Mutant 

R184H T400K 

L195Q N409I 

L228P N409D 

P231T P415H 

R263Q  

Table 2.5: Table of the nine cytosolic mutants in ABCG8 generated via site-directed mutagenesis 

 

A) B) 
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2.3 Experiment II- Optimization of Transient Transfection of Human Cell Lines 

Purpose: ABCG5/8 are located on the apical membrane of hepatocytes and 

enterocytes, both showing difficulties in transient transfection of human genes. Different 

cell lines were optimized to find the optimal ratio of DNA to transfection agent to express 

our protein of interest (ABCG5 and ABCG8). In addition to difficulties with transfection, 

optimization was needed to find an antibody that detected the human ABCG5/8 protein via 

Western Blotting.  

Experimental Design: Each cell line was seeded on day zero, at varying sub-

confluent densities in a 6 or 12-well dish. On day one, cells were transiently transfected 

using the ThermoFisher Scientific Lipofectamine 3000 kit according to their protocol. 

Transfections were performed initially at various ratios of DNA to Lipofectamine and then 

performed at a standard 1.5 µg DNA:2 µl Lipofectamine, 2 µg DNA: 2 µl Lipofectamine, 

and 3 µg DNA: 2 µl Lipofectamine. The Lipofectamine complexes were combined 

according to the manufacturer's protocol and incubated for 30 minutes at room temperature. 

Prior to adding the complexes to the cells, 200-300 µl of serum-free media was added to 

the cells. The complexes were added dropwise to the cells and incubated at 37°C for 1-3 

hours before adding 1 ml of complete media. On day two, GFP lysates were prepared and 

analyzed as previously described.   

After standardizing the concentration of DNA and Lipofectamine that would be 

utilized in subsequent experiments, each cell line was transfected at 2 µg DNA: 2 µl 

Lipofectamine on day one in the following conditions: GFP, GFP+G5, GFP+G8, G5+G8. 

On day two, the media was replaced and 1% Triton Lysates were made on day three. 
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Lysates were quantified by a BCA assay and Immunoblotted for protein detection of 

human ABCG8.  

2.4 Experiment III- Mutant Maturation Assay 

Purpose: Clinically confirmed ABCG8 mutations have different molecular 

mechanisms that cause a lack of function of ABCG5/8 to efflux sterols. In the mutant 

maturation assay, we are referring to the maturation of the protein from the synthesis in 

the ER to beyond the Golgi. This experiment was performed to see to what extent 

ABCG8 mutants matured beyond the ER (Fig. 2.4-1). 
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Figure 2.4-1 Graphical Representation of in vitro maturation assay. 
 

 

 
 
Figure 2.4-1. Graphical representation of in vitro assay to monitor ABCG8 maturation beyond the ER. Observing the change in 
electrophoretic mobility of ABCG8 or ABCG5 can be used as a marker for maturation, indicative of maturation competent or 

incompetent mutations (Class II). 

 

Experimental Design: After mutants were generated and sequence verified, all 

mutants were prepped with the Qiagen Midi Prep Plus kit. Two independent cell culture 

experiments were conducted. In all experiments, HuH-7 cells were seeded at a sub-

confluent density in a 6 or 12-well dish on day zero. In the first experiment, cells were 

transfected on day one with V, V+myc tagged-G5, V+G8, myc tagged-G5+G8, and native 

myc tagged-G5+mutant G8. Using a C-terminal myc tagged ABCG5 construct was to be 

able to monitor both G5 and G8 maturation, as during experimentation, we did not have a 

validated human ABCG5 antibody. In the second experiment, cells were transfected on 

day one with V, V+G8, myc tagged-G5+G8, and V+mutant G8 alongside a GFP loading 

control to monitor ABCG8 mutant stability in the absence of ABCG5. For all experiments, 

culture media was replaced the day following transfections, and 48 hours post-transfection, 
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Triton (1%) lysates were prepared. Lysates were analyzed through a BCA assay and 

analyzed as previously described.  

 

Subsequent experiments include SalI digest (as previously described) and RNA 

extraction. The RNA extraction in vitro assay resembled the V+mutant hG8 stability assay, 

the only difference being that rather than lysing the cells with 1% triton, they were lysed 

with TRIzol (Life Technologies) and proceeded to be processed using the RNeasy kit from 

Qiagen. The RNA was transcribed into cDNA using the iScript Reverse Transcriptase kit. 

The cDNA was then amplified with forward and reverse primers utilized in the site-directed 

mutagenesis PCR reactions and ran on a 2% agarose gel containing .01% SYBRsafe.   

2.5 Experiment IV- Native ABCG5/G8 Complex Compound Screening  

Purpose: Based on previous experiments done in ABCC7 and ABCB4 transporters, 

Roscovitine along with its 11 analogs were tested to see if there was potential in increasing 

the maturation of the native ABCG5/8 complex.   

Experimental Design: HuH-7 cells were seeded in two 12-well dishes at a sub-

confluent density on day zero. On day one, cells were transfected with control V, V/G5, 

V/G8, G5/G8, and the remaining wells with G5/G8. On day two, cells were supplemented 

with low serum media (DMEM + .2% BSA) and either 100 uM of Roscovitine and analogs 

or .1% DMSO vehicle (Vauthier, 2019). On day three, 1% triton lysates were prepared and 

analyzed with a BCA assay. Lysates were Immunoblotted as previously described for 

ABCG8 and Calnexin.    
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2.6 Experiment V- Roscovitine Toxicity  

Purpose: Based on previously published data on Roscovitine and its known 

toxicity, we wanted to observe further both the toxicity and impact on protein 

concentration when HuH-7 cells were treated with Roscovitine in a dose-dependent 

manner.   

Experimental Design: On day zero, Huh-7 cells were seeded at a sub-confluent 

density in 6-well dishes. The cells received treatment media on day two. Treatment media 

composed of 0.2% BSA with added 1% Pen-Strep and 1% GlutaMAX. The five treatment 

conditions were: .1% DMSO, 100 uM Roscovitine, 20 uM Roscovitine, 5 uM Roscovitine, 

and 1 uM Roscovitine. On day 3, media was collected and centrifuged to remove cellular 

debris and triton lysates were prepared. An LDH Assay was performed on the media to 

measure toxicity and a BCA Assay was performed on the lysates to measure protein 

concentration.   

2.7 Experiment VI- Corrector Testing of Class II Mutants 

Purpose: After establishing a classification system for clinically found 

Sitosterolemia-associated cytosolic mutants in ABCG8, FDA-approved correctors 

(Luma-, Teza-, Elexacaftor) used in the treatment of Cystic Fibrosis were tested in vitro 

to observe if heterodimerization and trafficking beyond the ER could be restored in Class 

II mutants.   
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Experimental Design: Huh-7 cells were seeded in a 6-well dishes at sub-confluent 

density on day zero. On day one cells were transfected with control GFP, GFP/G5-

GFP/G8- G5/G8 and the remaining wells with wildtype G5/mutant G8. On day two, cells 

were supplemented with low serum media (DMEM + .2% BSA) and six combinations of 

corrector treatments (Vehicle, Luma-, Teza-, Elexa-, Luma + Elexa, and Teza + Elexa) in 

previously used concentrations68. On day three, 1% triton lysates were prepared and 

analyzed for maturation.   

2.8 Experiment VII- Immunofluorescence of Maturation Competent Mutants 

Purpose: Mutants that are maturation competent or demonstrate a decrease in 

maturation were analyzed via immunofluorescent microscopy to observe if they are 

capable of trafficking to the cell surface in the presence of cycloheximide, a known protein 

synthesis inhibitor.   

Experimental Design: Cells were seeded on coverslips, co-transfected with ABCG5-

myc and either mutant and wildtype ABCG8. Cells were fixed and treated cells with the 

KWE5 (mouse anti-human ABCG8) and then a conjugated secondary fluorophore (goat 

anti-mouse 488 or goat anti-rabbit 568). Coverslips were mounted with a mounting 

medium that contained DAPI to label the nuclei and imaged under blue, red, and green 

fluorescence.    
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CHAPTER 3. RESULTS 

We investigated cytosolic, missense mutations in ABCG8 to determine if ABCG5/G8 

dimerization and trafficking beyond the ER were compromised. After understanding the 

molecular defects of the mutants, we observed the effects of proteostasis regulators on the 

native ABCG5/G8 complex to observe whether or not the transporter dimerization could 

be enhanced. Further, we observed the effects of FDA-approved correctors (Luma-, Teza-

, and Elexacaftor) in class II mutants of ABCG8. The results for each of the following are 

listed below.   

3.1 Experiment I- Generation of Sitosterolemia-Associated ABCG8 Cytosolic Mutants 

We generated 9 cytosolic, Sitosterolemia-associated mutants in ABCG8 via site-

directed mutagenesis (Fig. 3.1-1). The mutations we generated were clinically found in 

patients with a biochemical diagnosis of Sitosterolemia. The purpose of generating these 

missense mutations was to observe the effects of the mutations in vitro in human 

hepatocytes, as seen in Experiment III. Using site-directed mutagenesis allowed us to 

make a single base pair change to introduce our desired mutation without altering the 

remainder of the protein.   

The native ABCG8 construct was used as a negative control throughout the site-

directed mutagenesis to ensure that the only bacterial growth post-transformation was 

PCR product and not the original plasmid (DpnI digest). The native ABCG8 construct 

was also used as a positive control in the SalI restriction enzyme digest to confirm that 

our mutant constructs did not have significant structural changes in the DNA. This 

process was described in the methods section.  
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Figure 3.1-1 ABCG8 Mutation Diagram 

 

 

Fig. 3.1-1 Diagram of the ABCG8 transporter and Sitosterolemia mutations placed in the corresponding location on the transporter. 

Amino acid 619 represents the glycosylation site for ABCG8.  

 

Additionally, Bioinformatic analysis of these nine mutations are shown in Figure 

3.1-2 and 3.1-3. The protein analysis shown is both comparisons of ABCG8 across 

species and between the ABCG Family of transporters.  
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Figure 3.1-2. ABCG8 Sequence conservation among species.  

 

 

 

 

 

 

 

 

 

 

Fig. 3.1-2. Sequence alignment using FASTA files from NCBI (Source) and Snapgene 4.3.11. Species aligned in order top to bottom 

are human, Rhesus monkey, Dog, Mouse, Zebrafish. Mutants in the analysis are in bold, yellow highlighted residues are conserved 

while green are not conserved. 

 

Figure 3.1-3. ABCG8 Sequence conservation among ABCG family members. 

 

 
Fig. 3.3-1. Sequence alignment using FASTA files from NCBI (Source) and Snapgene 4.3.11. ABCG8 Family members include 1, 2, 

4, 5, and 8.  Mutants in the analysis are in bold, yellow highlighted residues are conserved while green are not conserved.  
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3.2 Experiment II- Optimization of Transient Transfection of Human Cell Lines 

For transient transfection in vitro, there are different transfection reagents 

commercially available, both liposome and non-liposome. In a series of transfection 

optimization experiments, we observed differences in transfection efficiency between 

three different reagents; Lipofectamine 3000, FuGene6, and Endofectin Max in our HuH-

7 system. HuH-7 cells are a human hepatocarcinoma cell line that have been reported to 

have optimal transfection efficiency as well as potential applications with polarization. 

Ratios were determined by previously published studies done in HuH-7 cells for 

FuGene6 and Endofectin70. GFP signal was quantified by fluorescence reading of 485 nm 

excitation and 515 nm emission and normalized to the A280 (arb. units). The densitometric 

analysis was done in Adobe Photoshop and quantified by a ratio of Mature to Immature 

signal and expressed as GFP signal vs. Maturation Index for the ABCG5 blot.  
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Figure 3.2-1 Comparison of different transfection reagents in the HuH-7 cell line. 

 

 

Fig. 3.2-1. A. Huh-7 cells transfected with ~2 ug of DNA (1 ug hG5-myc, 1 ug hG8, 100 ng GFP) and 4 ul of transfection reagent 

(Lipofectamine 3000, FuGene6, and Endofectin Max) in triplicates. Samples were analyzed by GFP fluorescent detection expressed as 

515/A280 and a same day control lysate was background subtracted. Data was analyzed by a One-way ANOVA and significant 

differences were determined by Tukey Post-Hoc, * p<.05, ** p<.01, *** p<.001, ****p<.0001. B. Western blot of lysates prepped to 

confirm transfection efficiency was synonymous with signal intensity, with C) regression analysis on the % Maturation, Maturation 
Index, and Normalization to Loading Control.  

 

 

From initial transfection optimization experiments, it was determined that at the 

concentrations of DNA and volume of transfection reagents we tested, the HepG2 cells 

had the lowest transfection efficiency while Huh-7 and HEK293 cells had comparable 

transfection efficiencies. Because our desired experimental cell line are hepatocytes and 

due to HEK293’s poor adherence and inability to tolerate compounds, these findings led 

us to continue the remainder of our in vitro experiments in the Huh-7 system, with 

transfection optimization shown below (Fig. 3.2-2). No statistical differences were 

detected across various volumes of Lipofectamine or plasmid DNA. Previous 

optimizations in other cell lines determined 2 ug plasmid DNA to 2 ul Lipofectamine was 

the optimal ratio and therefore we selected a 1:1 ratio to stay consistent with conditions 

used in other cell lines in the lab.   
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Figure 3.2-2 Transfection Optimization in HuH-7 cells. 

 

 

 

 

 

 

Fig. 3.2-2 Transfection efficiency in the Huh-7 Cells transfected with the same concentration of DNA (2 ug of GFP) and varying 

volumes of Lipofectamine. Samples were ran in triplicate on a 12 well dish. Data was analyzed with a One-way ANOVA and a 

Tukey’s post-hoc test. 

 

3.3 Experiment III- Mutant Maturation Assay 

   

The findings from the mutant trafficking assay determined that 

approximately 44% of ABCG8 were maturation incompetent. We determined this by 

monitoring the upper molecular weight form of ABCG8, which indicates that the protein 

has been glycosylated and matured beyond the ER. Transmembrane proteins become 

glycosylated during trafficking from the ER to the Golgi and are further modified as the 

protein transits the Golgi. The bulky moiety causes a shift in molecular weight, an 

indicator of protein maturation. We monitored ABCG8 mutant maturation in 3 ways: 

tracking ABCG8 maturation, tracking ABCG5 maturation, and the stability of the 

ABCG8 mutants in the absence of their partner. The densitometric analysis was 

completed by using the measurement feature in Adobe Photoshop and using the 

integrated density as a measurement for signal intensity. In this particular assay, we 

expressed the signals as a percent (mature signal/total signal) and as an index (immature 
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signal/mature signal) using the ABCG5 blots. Due to the appearance of a high upper 

molecular weight band (*), the ABCG8 blot was not included in the densiometric 

analysis.  

Figure 3.3-1.  Protein maturation bioassay demonstrating ABCG8 cytosolic mutants co-

transfected with ABCG5-myc.  

                                                
Figure 3.3-1. Huh-7 cells transfected with Controls and native hG5-myc/mutant hG8. A) Western blot depicts in vitro trafficking 
assay, with B) Densiometric analysis for % maturation (Mature Signal/Total Signal) and Maturation index (Mature Signal/Immature 

Signal). The % maturation was internally normalized to GFP. Data (n=3) was analyzed by a One-way ANOVA with a Dunnett’s Post-

hoc test. (*) p<.05, (**) p< .01, p<.001 (***), p<.0001 (****).   C) Normalization to loading control of the one experiment shown 

(n=1).                                                           
 

From this maturation assay, it was apparent that in the mutants with a statistically 

significant reduction in maturation in the ABCG5 blots, a signal was not detected in the 

ABCG8 blot. Additionally, we investigated the stability of mutants in ABCG8 by 

expressing the mutants in HuH-7 cells in the absence of ABCG5. The blots (shown 

below) demonstrated the same pattern of apparent Class II mutants lacking the ABCG8 

immature signal.  
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Figure 3.3-2. Protein stability Western blots of mutants in ABCG8.  

 

Fig. 3.3-2 Huh-7 cells transfected with vector and mutant hG8 in the absence of hG5. Western blot depicts in vitro stability of the 

monomer compared to native hG8 and native ABCG5/G8. 

 
 

We then asked two questions; did our DNA plasmid preps contain DNA at the 

concentration the spectrophotometer was giving out? Furthermore, was the DNA being 

transcribed into RNA? We knew the protein was not expressed due to the lack of signal 

in the ABCG8 blots. The first experiment to test these was a restriction enzyme digest 

using SalI to confirm we had DNA and to verify there were no significant structural 

changes compared to wildtype ABCG8.   
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Figure 3.3-3. Restriction enzyme digest on Class II mutants. 

 

 

 

 

 

 

Figure 3.3-3. Restriction enzyme digest of wildtype ABCG8 and mutant ABCG8. Samples were digested using SalI on a thermocycler 
block and analyzed on a 1% agarose gel and fluorescently imaged via SYBRsafe. 

 

 After the restriction enzyme digest and gel electrophoresis, we concluded 

that while signal intensity did vary mutant to mutant, there was in fact, DNA in our 

plasmid prep. We seeded HuH-7 cells at a sub-confluent density on day zero, day one 

transfected cells with vector and either hG8 or Class II mutant hG8, and treated cells with 

Trizol on day two. We extracted RNA using the Qiagen RNA extraction kit. After RNA 

extraction, cDNA was generated using reverse transcriptase and the amplicons were 

analyzed on a 2% agarose gel (Fig. 3.3-4). 
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Figure 3.3-4.  Gel electrophoresis of cDNA from HuH-7 lysates 

 

 

 

 

 

 

Figure 3.3-4. cDNA of wildtype ABCG8 and mutant ABCG8 amplified and analyzed on a 2% agarose gel and fluorescently imaged 
via SYBRsafe. Samples were lysed from HuH-7 cells, extracted RNA, transcribed cDNA, and amplified using SYBRgreen.  

3.4 Experiment IV-Corrector Testing of Class II Mutants  

 

In testing the CFTR correctors on the Class II maturation deficient mutants, we 

determined in the conditions we tested, that the CFTR modulators were unable to 

"correct" maturation deficient mutants in the cytosolic domain of ABCG8. Figure 15 is 

an example of the full screen for each mutant (R263Q) and the two dual therapies 

(Lumacaftor and Elexacaftor or Tezacaftor and Elexacaftor) on all maturation 

incompetent or maturation comprised mutants.   
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Figure 3.4-1 Protein maturation bioassay with treatment with published concentrations of 

CFTR correctors68. 
 

  

 

 

 

 

 

 

 

 

 

 

 
Fig. 3.4-1. Huh-7 cells transfected with native hG5-myc/mutant hG8 with treatment of CFTR correctors at published concentrations. 
A) Western blot depicts in vitro trafficking assay in HuH-7 cells, with B) Densiometric analysis for % maturation (Mature 

Signal/Total Signal), C) Maturation index (Immature/Mature Signal), and D) Normalization to loading control (Mature Siganl/B-

actin). 

3.5 Experiment V- Testing Regulators of Proteostasis on Native ABCG58  

Roscovitine and the 11 analogs synthesized were tested on both HuH-7 (Fig. 16) 

and HepG2 cells (Fig. 17). The densitometric analysis demonstrates in both cell lines 

these 12 treatments at 100 uM, specifically on the MRT2-237-245 compounds, an 

increase in maturation compared to the native complex. Throughout testing these 

compounds at a 100 uM concentration, patterns of low protein yield in cell lysates as well 

as acidification of the media (yellow) media, suggesting cell lysis. We proceeded to run 

A) B) 

C) D) 
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an LDH activity assay to determine a concentration where Roscovitine, the most 

observed toxic compound, had a reduced level of LDH activity (see results in Experiment 

VI).   

The results of experiment VI led to reducing the regulator of proteostasis screen 

from 100 uM to 20 uM in an attempt to retain the cell morphology during culturing. The 

results of the 20 uM experiments are ongoing.  

Figure 3.5-1. Roscovitine Screening on native ABCG5/G8 complex in HuH-7 cells at 100 

uM. 

  

  

 

 

 

 

 

 

 

 

 

Fig. 3-5.1. HuH-7 cells transfected with native hG5-myc/hG8 with treatment of Roscovitine and 11 analogs at 100 uM. A) Western 

blot depicts in vitro trafficking assay in HuH-7 cells, with B) Densiometric analysis for % maturation (Mature Signal/Total Signal), C) 

Maturation Index (Mature Signal/Immature Signal), and D) Normalization to the loading control (Mature Signal/Calnexin). The 
following blot does not have an internal GFP standardization or statistical analysis (n=1). 

 

B)

cvc

v 

A) 

C) D) 

V
eh

ic
le

R
osc

ovi
tin

e
M

3

A
ft
in

 4

M
R
T2-

16
3

M
R
T2-

16
4

M
R
T2-

23
5

M
R
T2-

23
7

M
R
T2-

23
9

M
R
T2-

24
1

M
R
T2-

24
3

M
R
T2-

24
5

M
R
T2-

24
9

0

1

2

3

4

Normalization of Mature Signal/Loading Control

Treatment Group

M
a
tu

re
 S

ig
n

a
l/
L

o
a
d

in
g

 C
o

n
tr

o
l

 (
a

rb
.)

Veh
ic

le

R
osc

ovi
tin

e
M

3

A
ft
in

 4

M
R
T2-

16
3

M
R
T2-

16
4

M
R
T2-

23
5

M
R
T2-

23
7

M
R
T2-

23
9

M
R
T2-

24
1

M
R
T2-

24
3

M
R
T2-

24
5

M
R
T2-

24
9

0

1

2

3

4

5
100

120

140

Maturation Index of ABCG5/G8 in HuH-7

Treatment Group

M
a
tu

ra
ti

o
n

 I
n

d
e
x

(M
a
tu

re
 S

ig
n

a
l/
Im

m
a
tu

re
 S

ig
n

a
l)

* 



 48 

Figure 3.5-2. Roscovitine Screening on native ABCG5/G8 complex in HepG2 cells at 

100 uM.  

 

 

  

 

 

 

 

 

 

 

 

 

   

 

 
Fig. 3.5-2 A. Western blot depicts in vitro trafficking assay in HepG2 cells when treated with 100 uM Roscovitine and analogs. B. 

Densiometric analysis for % maturation (Mature Signal/Total Signal) and C. normalization to the loading control (Mature 
Signal/Calnexin). n=1. 

3.6 Experiment IV- Roscovitine Dose-Response 

From previously published experiments and based on difficulties retaining a high 

protein concentration in lysates from Roscovitine, we wanted to observe the toxicity of 

Roscovitine both in LDH activity as well as its impact on protein concentrations. Using a 

LDH activity assay, we measured both LDH activity and toxicity of Roscovitine at four 

doses. (Fig. 18). Based on these experiments, we elected to proceed with a concentration 

of 20 uM in the HuH-7 system due to the reduced toxicity and LDH activity as well as 

increased protein concentration.  

 

A) 
B) 

C) 
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Figure 3.6-1 Dose-Response data on Roscovitine in HuH-7 cells. 

 

 

Fig. 3.6-1 A. HuH-7 cells were treated in a dose-dependent manner with Roscovitine, a compound that has shown toxicity in multiple 
cell lines in our hands as well as published by other research groups. The data was expressed as LDH Activity (A480-A690) vs. 

concentration of compound. B. Toxicity of Roscovitine calculated with max LDH activity and negative control of vehicle treated cells. 

LDH Activity was analyzed by a One Way ANOVA and with a Dunnett’s Post-hoc test (n=3). 

3.7 Experiment VI- Immunofluorescence Trafficking Assay  

As described in the methods section, HuH-7 cells were processed for 

immunofluorescence microscopy. Initially, we tested the native ABCG5/G8 complex in a 

cycloheximide time course experiment. We treated cells with 50 ug/ml cycloheximide for 

1 hour, 2 hours, 4 hours, 8 hours, and overnight as well as a non-treated well (Fig. 3.7-1).  
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Figure 3.7-1.  Immunofluorescence and images from the cycloheximide time course 

experiment.  

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.7-1 HuH-7 cells were transfected with native G5G8. Cells were then treated at different time points with 50 ug/ml 

cycloheximide. The two images shown are representative images of our negative control, without cycloheximide treatment, and the 

time point we continued experimentation with, 8 hours. Cells were stained for ABCG8 (KWE5 lot-1), AlexaFluor-488. Images are 

slices taken at 100X with Zeiss Axiovert 200M using the Apotome camera for confocal microscopy.  

 

 Additionally, we did a time-course using 50 ug/ml and 100 ug/ml of 

cycloheximide to monitor ER depletion and analyzed with SDS-PAGE and 

Immunoblotting as previously described (Fig. 3.7-2).  
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Figure 3.7-2. Time-course with 50 and 100 ug/ml CHX.  

 

Fig. 3.7-2. HuH-7 cells were transfected with native G5G8. Cells were then treated at different time points with 50 ug/ml OR 100 

ug/ml cycloheximide. Cell lysates were analyzed by SDS-PAGE and immunoblotted for ABCG5 with a c-myc antibody and calnexin 
loading control.  

 

After these cycloheximide time-course experiments, we concluded that 50 ug/ml 

of cycloheximide at 8 hours was the optimal dose and time at the conditions that we 

tested.  We then transfected HuH-7 cells with the maturation competent ABCG8 mutants 

to investigate whether they were capable of localizing to the plasma membrane or not.   
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Figure 3.7-3 Immunofluorescence images of ABCG8 mutants. 

 

 

Fig. 3.7-3. HuH-7 cells were transfected with G8 control, native G5G8, or mutant G8 co-transfected with wildtype G5. Cells were 

then treated 50 ug/ml cycloheximide for 8 hours. Cells were stained for ABCG8 (KWE5 lot-1) and AlexaFluor-488, E-cadherin and 

AlexaFluor-568, and DAPI. Images are slices taken at 100X with Zeiss Axiovert 200M using the Apotome camera for confocal 

microscopy.  

 

 The results from the analysis of the Immunofluorescence microscopy was mutants 

R184H and T400K exhibited a trafficking pattern that resembled the wildtype complex 

while N409D, N409I, and P415H appeared to localize to some subcellular compartment 
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that was distinct from the wildtype. Representative images are shown in Figure 3.7-3 of 

one mutant that had apparent trafficking or trafficking to another subcellular 

compartment.  
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CHAPTER 4. DISCUSSION 

 

Our protein of interest is endogenously expressed at high levels in the liver 

(hepatocytes) and small intestine (enterocytes). Both of these cell types have known 

difficulties for in vitro assays, particularly that they are not easily transfected. Because of 

the nature of the project, we needed to find a cell line that could be efficiently transfected 

and had a translational relationship. Initially, we began our analysis in HepG2 cells. 

These are another human hepatocyte cell line, and while they can be polarized, their 

ability to transfect our gene of interest was sub-optimal. We then moved into a well-

established cell line successful in transient transfections, HEK293 cells. While these cells 

were not our desired model system, they could express our proteins in high abundance 

and were easily detected via immunoblotting. However, because HEK293 cells are a 

loosely adherent cell type, they could not withstand compound testing when treated at 

100 uM of the Roscovitine screening. This finally led us to our working system of HuH-7 

cells. HuH-7 cells are a human hepatocarcinoma cell line that has been described as a 

viable substitute to primary hepatocytes. Their transfection efficiency exceeds HepG2, 

comparable to the HEK293 cells, and could tolerate compound testing. The cons to the 

HuH-7 system was that in our hands, did not appear to polarize.   

ABCG5 and ABCG8 are known to be the two genes to cause Sitosterolemia30. In 

these experiments, we have begun a characterization of clinically published 

Sitosterolemia-associated mutants in the cytosolic domain of ABCG8. Additionally, we 

investigated potential therapies that could not only treat Sitosterolemia patients but also 
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open a door for several other ABC transporter-caused diseases. Experiments in this thesis 

led to the classification of 9 cytosolic mutants in ABCG8. In our in vitro experiments, we 

were able to classify the mutants into three classes; Class II, Class V, or unclassified. In 

vivo or in vitro (polarized cells) experimentation would be required to classify any 

unclassified mutants further. After the mutants were classified, Class II mutants were 

further investigated for the effects after treatment with CFTR correctors to observe if 

these mutants could be stabilized and traffic beyond the ER and thus "corrected."   

Regulators of proteostasis were tested on the native ABCG5/8 complex to observe 

if there could be enhancement to an already poor-folding protein complex. In our hands, 

the Roscovitine analogs demonstrated modest increases in maturation, but the interesting 

story is the increased mature signal compared to the native complex. While one could 

argue that this could be due to changes in transfection efficiency, our GFP signal was 

utilized as an internal measure for differences in transfection across the wells. Because 

the mechanism of action of these analogs are thought to be inhibition of the proteasome, 

specifically with the Class II mutants that appear to be rapidly degraded, we can 

hypothesize that these compounds could provide some benefit to both native ABCG5/G8 

as well as Class II maturation deficient mutants of ABCG8.    

During our western blotting antibody troubleshooting, which will be further 

discussed in the limitations, we were monitoring G8 maturation through the c-myc tag on 

ABCG5. We probed the blots for ABCG8 with a KWE5 subclone of IB10A5 and noticed 

an ABCG8-specific banding pattern. A consistent pattern of a high molecular weight 

band (>100 kDa) appeared in the G8 only lane and for the majority resolved in the co-

transfected lane but at a reduced signal. This phenomenon became apparent to us when 
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using the HuH-7 cells, as previously in the HepG2 or HEK293 cells we were having 

either low transfection efficiency or lower protein concentrations loaded on our SDS-

PAGE gels (respectively). Additionally, this higher molecular weight banding pattern 

skewed the densitometric analysis due to the appearance of unresolved protein. The 

ABCG5 blots did not exhibit this high molecular band as seen in the ABCG8 blots. This 

is particularly interesting to study further as it could reveal a regulation of ABCG8 

independent of ABCG5.   

Approximately 44% of the mutants tested are maturation incompetent (Class II); 

L195Q, L228P, P231T, and R263Q. In addition to these four mutants, two exhibited a 

reduced level of maturation compared to the parent, R184H and N409I. None of the 

mutants that did not mature beyond the ER could be rescued with the CFTR modulators 

at this time. Of the remaining cytosolic mutants, we could not determine if any could 

localize to the plasma membrane with the tools we utilized. However, three of the 

maturation competent mutants, N409D, N409I, and P415H, appeared to localize to a 

subcellular vesicular compartment.  The identity of this compartment will require further 

studies.  
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Table 4.6. Updated Sitosterolemia Classification system for mutants52. 

 

CLASS DESCRIPTION ABCG8 MUTANTS 

I Nonsense, Frameshift, Deletion 58 known or predicted 

II Maturation L195Q, L228P, P231T, 

R263Q 

III Activity  

IV Stability  

V Trafficking N409D, N409I, P415H  

Unclassified Inconclusive Results R184H, T400K 

 
Table 4.6. Updated Sitosterolemia classification system for mutants analyzed in this thesis. 

 

4.1 Limitations  

In our experimentation, there were a few limitations to our research. The first 

major limitation was that there are no commercial antibodies that recognize human 

ABCG5 and virtually only one antibody that is available commercially to recognize 

human ABCG8. For this reason, most of the blots were done with co-transfected human 

ABCG8 with a C-terminus myc-tagged human ABCG5 construct and immunoblotted 

with a c-myc antibody. However, because the myc tag is on the C-terminus and the 

glycosylation sites sit on the third extracellular loop of G5, we have no reason to believe 

this tag had any influence on our maturation bioassay. Towards the end of the thesis 

project, the lab had successfully grown and cultured the 1B10A5 hybridoma, which was 

producing a suitable amount of antibody to conclude the remainder of the 

immunoblotting and immunofluorescence experiments.   
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Another limitation we had for these experiments was in the generation of the 

cytosolic mutants in ABCG8. Because these are clinically published mutations, we had 

no control over the surrounding DNA when designing our oligos for the PCR reaction. 

The only components that were in our control were the annealing temperature, the size of 

the oligo, and the placement of the oligos with respect to where the point mutation 

occurred. For this reason, some mutants were more difficult than others based on the 

flanking DNA sequence.   

4.2 Future Directions  

In the HuH-7 system, we hypothesize that the likely source of this high molecular 

banding pattern observed in ABCG8 could result from a post-transcriptional 

modification, such as Ubiquitination, SUMOylation, or even rapid lysosomal 

degradation. Ongoing experiments to explore this upper molecular band include cell 

treatment with Chloroquine, a known lysosomal inhibitor. Ubiquitination and 

SUMOylation will be explored by Immunoprecipitation experiments to see if either Ub or 

SUMO will be pulled down alongside ABCG8.   

Currently, the two Sitosterolemia treatment approaches still have experimentation 

to be completed to determine whether or not they could restore ABCG5 and ABCG8 

function. At this time we do not have a positive control for CFTR and the CFTR delF508 

mutant system or the ABCB4 mutants in hand to use as a positive control for Roscovitine 

and the analogs which is a current ongoing experiment. While Roscovitine was first 

tested in the F508del mutant, the analogs were tested in mutants of ABCB4. Having that 

as a positive control to continue to test the Class II ABCG8 mutants with these 
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compounds would be necessary as the previously published data was in HepG2 and 

HEK293 cells. Testing a handful of the analogs that show promise in enhancing the 

native ABCG5/8 complex on the Class II mutants would be the next direction in finding a 

treatment option for Sitosterolemia.   

Additionally, the proteostatic regulator impact on the native ABCG5/G8 complex 

is intriguing, independent of Sitosterolemia. We can hypothesize that the enhancement 

seen in the screen of Roscovitine and analogs would lead to an increase in protein in the 

tissue in vivo. Additional experiments that would follow these results would include 

dose-response and time course experiments in vitro, in vivo administration of the 

compounds, and pharmacokinetic/pharmacodynamics experiments.    

The future directions for these mutants are to further classify them beyond 

maturation and trafficking to the cell surface. First, we want to take a more quantitative 

approach to distinguish whether mutants can traffic to the plasma membrane in vitro. One 

planned assay is to biotinylate G8 to calculate the percentage of G8 on the cell surface. 

The following steps would be for in vivo experimentation to observe the activity of these 

mutants and in vitro polarization experiments would be required to study if these 

mutants’ traffic to the apical membrane.
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