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ABSTRACT 

 

It had long been known that individuals with inflammatory bowel disease (IBD), comprising 

Crohn’s disease (CD) and ulcerative colitis (UC), have locally reduced vitamin C levels in the 

intestinal mucosa, which equates to an overall loss of the antioxidant capacity and increase risk 

of oxidative tissue damage. The aim of the present work was to expand on this concept, through 

investigating the role of genetic variations in intestinal vitamin C transporters in vulnerability to 

IBD and further characterizing their functions. The studies focused on a known intestinal 

transporter for ascorbic acid, SLC23A1, and a novel intestinal transporter of dehydroascorbic 

acid, SLC2A14 (GLUT14). To investigate any association between the SLC23A1 and SLC2A14 

with IBD, genomic DNA of 311 Caucasian individuals with IBD, participated in the Manitoba 

IBD Cohort Study, and 142 healthy controls were genotyped for tagging single nucleotide 

polymorphism (SNP) of each gene, using TaqMan Assays. New splice variants of SLC23A1 and 

SLC2A14 were determined by In silico analyses, followed by sub-cloning of the splice variants 

to verify their subcellular locations. Substrates and functions were determined, using the 

Xenopus laevis oocyte system for each transporter. The presence of the SLC23A1 variant 

rs10063949 G allele elevated the risk for CD by 150% (Odds ratios (OR) = 2.54, 95% CI 1.83-

3.53). An allele dosage effect was confirmed; compared to rs10063949-AA homozygotes the 

10063949-AG heterozygotes have a 150% elevated risk and the 10063949-GG homozygotes 

have a 370% elevated CD risk (OR=2.54, 95% CI 1.38-4.66; OR=4.72, 95% CI 2.53-8.81, 

p<0.001; respectively). No relation was observed between genetic variants in SLC23A1 and UC. 

Through database search, a novel 5’exon was discovered for SLC23A1 locus which is located 

1078 nucleotides upstream of the canonical first exon. The two first exons are not mutually 



 

iii 

 

exclusive since they splice together to create a novel SLC23A1 protein isoform, we named it 

isoform 1A, with a N-terminus that is elongated by 36 amino acid. The novel SLC23A1 isoform 

located at the plasma membrane, but mediates only 7% of the ascorbic acid transport exhibited 

by the shorter isoform. The presence of the SLC2A14 SNP rs2889504 A allele elevated the risk 

for UC by 260% and CD by 468% (OR: 3.60, 95% CI: 1.95-6.64; OR: 4.68, 95% CI: 2.78-8.50, 

respectively). The rs10846086-G allele elevated the risk of UC and CD approximately 3-fold 

(OR: 2.91, 95% CI: 1.49-5.68; OR: 3.00, 95% CI: 1.55-5.78, respectively). The variant 

rs12815313-T increased the risk for CD by 112% (OR: 2.12, 95% CI: 1.33-3.36). All the genetic 

variations in SLC2A14 gene, associated with IBD, were independent from each other, 

strengthening the evidence that functional SNPs in the SLC2A14 locus contribute to IBD. It was 

identified that the two major GLUT14 isoforms locate to the plasmalemma membrane and 

mediate cellular uptake of dehydroascorbic acid. Significant expression in extra-testicular tissues 

was confirmed for SLC2A14, notably in intestinal segments, explaining the association with IBD. 

Re-analysis of genomic showed a dramatically expanded locus of SLC2A14, containing twenty 

exons which covered 103,477 nucleotides from the first Transcriptional Start Site (TSS) to the 

termination of the longest transcript. All together, the presented evidence indicate that functional 

SNPs in the SLC2A14 gene and SLC23A1 could contribute to vitamin C imbalance in mucosal 

cells which contributes to an elevated risks of IBD. Furthermore, novel information about 

genetic and functional characteristics of SLC23A1 and GLUT14 transporters was identified.  
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CHAPTER 1 

OVERALL INTRODUCTION 

 

1.1 INTRODUCTION 

 

Inflammatory bowel diseases (IBD) are chronic immune pathologies of the gastrointestinal tract 

commonly thought to depend on the interaction of environmental, genetic and immunological 

factors (1). Yet, an integrated concept explaining the etiology of IBD in relation to the 

pathophysiological changes has not emerged (2). It does seem certain that IBD is amplified and 

propagated by an uncontrolled host immune response, resulting in an extensive inflammatory 

infiltrate in the lamina propria, including polymorphonuclear neutrophils, eosinophils and plasma 

cells (3). Furthermore, oxidative stress through an excessive release of reactive oxygen 

metabolites is responsible for leading such an extreme and enduring mucosal immune activation 

to the excessive cellular and tissue damage, destruction of normal tissue and chronic 

inflammation that is observed in IBD (3-5). In individuals with IBD, a decrease in vitamin C 

concentrations in the intestinal mucosa (6) and in the plasma (7) has been reported, contributing 

to the overall loss of its antioxidant capacity. Daily supplementation of vitamin C resulted in 

significant decrease in oxidative stress (8) in individuals with IBD. 

 

Vitamin C is an essential micronutrient and a critical cofactor for several intracellular enzymatic 

reactions. Ascorbic acid (ASC, reduced form) and dehydroascorbic acid (DHA, oxidized vitamin 

C) are the two dietary sources of vitamin C in humans. Both forms of vitamin C are absorbed 

from the intestinal lumen and renal tubules through enterocytes and renal epithelial cells, 

respectively (9, 10). Ingestion of ASC or DHA raises the plasma concentration of ASC (the 

predominant form of vitamin C at physiological pH) which then enters and accumulates in 
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almost all the body cells to function as an enzyme cofactor and antioxidant (11, 12). More 

important are specific mechanisms of transport system, associated with cells’ plasma 

membranes, which determine the distribution of ASC between extracellular and intracellular 

fluids. Active transport of ASC and facilitated diffusion of DHA are the known transport 

mechanisms mediated by sodium dependent ascorbic acid transporters and facilitative glucose 

transporters family (GLUTs), respectively, which contribute to the membrane transport of 

vitamin C. Human enterocytes contain reductases that convert DHA to ASC (6, 13). This 

conversion mechanism boosts intracellular ASC dramatically and augments resistance to 

oxidative stress while maintaining the intracellular level of DHA low resulting in a concentration 

gradient which favors uptake of more DHA across the enterocytes’ plasma membrane (14). 

Intestinal DHA absorption may be especially important during inflammation in IBD patients 

where chronic inflammation and excessive oxidative stress may accelerate oxidation of ASC to 

DHA resulting in reduced ASC concentration in inflamed mucosa of individuals with IBD (6). 

 

The active transport of ASC across cell membrane is mediated by two sodium-dependent 

ascorbate transporters, SLC23A1 and SLC23A2, transporting ASC against a concentration 

gradients into cells (15, 16).  SLC23A1 is the main intestinal ascorbic acid transporter on the 

apical side of the enterocyte, and some of the genetic variants of the SLC23A1 gene have been 

associated with decreased ASC transport and lowered systemic levels (17-20). DHA, on the 

other hand, is transport through some member of GLUT family including GLUT 3 (21). Orphan 

GLUT14, encoded by SLC2A14 gene, is the most recent known member of the GLUTs. GLUT 

14 is human specific and has a very similar gene structure to GLUT 3 (95.5%) (22). Beside basic 

information on gene structure, basic biology and the substrate of GLUT 14 need to be 
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determined, however, based on the homology to GLUT 3, it looks reasonable to hypothesize that 

GLUT 14 is also a DHA transporter.  

 

In this research project, we speculated that variation in vitamin C transporter genes would alter 

the transporter activity and result in localized intestinal antioxidants imbalance which will then 

contribute to the etiology of IBD.  

 

 

1.2 RATIONALE 

 

Nonetheless, the role of variants in vitamin C transporter genes on the mucosal antioxidant 

cascade respond to oxidative stress in individuals with IBD is a neglected area of research. This 

particular aspect of intestinal inflammatory conditions therefore merits additional study, in order 

to grant a sound, scientific basis for the design of vitamin C directed nutritional intervention 

strategies for individuals with IBD. To support the hypothesis that variations in vitamin C 

transporters may downregulate each transporter activity, results in redox imbalance, and thus 

increased susceptibility to IBD, we investigated the association between variations in two 

different vitamin C transporter (sodium dependent ASC transporter SLC23A1 gene, and 

facilitative diffusion DHA transporter SLC2A14 gene) with IBD risk, through genotyping the 

participants in a Caucasian cohort study. Also, to validate any possible association, a complete 

annotation of the each gene locus and function was performed. 
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1.3 OBJECTIVES  

 

The present research has 4 specific objectives: 

1. Validate alternative splice variants of SLC23A1 gene. 

2. Investigate the association of SLC23A1 gene with susceptibility to IBD.  

3. Examine the basic biology, function, and substrate of orphan GLUT14 transporter. 

4. Determine the association of variants in the SLC2A14 gene with IBD.  

 

 

1.4 HYPOTHESES  

 

The hypotheses to be tested include: 

1. There are undetermined alternative splice variants for SLC23A1 transcript which may 

have different transport activity and thus would impact intracellular vitamin C levels. 

2. Genetic variations in the ascorbate transporter SLC23A1 modulate transport activity 

and thus are associated with IBD risk.  

3.  SLC2A14, encoding GLUT14, has a defined gene locus and is expressed in tissues 

other than testis.  

4. GLUT14 is a membrane protein mediating dehydroascorbate uptake. 

5. Genetic variations in the dehydroascorbate transporter SLC2A14 alter transport 

activity and are associated with IBD.  
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CHAPTER 2 

LITERATURE REVIEW 

 

2.1 INFLAMATORY BOWEL DISEASE: PREVALENCE, MECHANISMS OF DISEASE 

Inflammatory bowel disease (IBD), comprising Crohn’s disease (CD) and ulcerative colitis 

(UC), are chronic, relapsing, immune-mediated intestinal inflammation (1). The etiology of IBD 

is not fully understood, however, it has been extensively studied in the past few decades. The 

epidemiology of IBD has a wide range of variation around the world, with rising rates in many 

regions, associated with industrialization of nations (2). As such, Europe and North America 

have the highest incidence rates of both UC (24.3 per 100,000 person-years and 19.2 per 100,000 

person-years, respectively) and CD (12.7 per 100,000 person-years and 20.2 per 100,000 person-

years, respectively) (2). In Canada, IBD has a great burden on the Health Care System with 

economic cost ($2.8 billion in 2012) as well as total direct medical cost ($1.2 billion in 2012) (3). 

 

Crohn’s disease and ulcerative colitis have similar final common pathways; however, they are 

considered heterogeneous diseases because of various genetic, phenotypic, bacteriologic, 

immunologic, and therapeutic characterizations (1). In each IBD subtype, the chronic intestinal 

inflammation can be triggered by environmental factors that transiently rupture the mucosal 

barrier and aggravate immune responses to a subset of commensal enteric bacteria. Various 

genetic irregularities can lead to similar disease phenotypes, through causing defects in mucosal 

barrier function, immunoregulation or bacterial clearance (1). 
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2.2 INFLAMMATORY BOWEL DISEASES AND OXIDATIVE STRESS  

It is now proposed that oxidative stress is a major pathogenic factor of IBD which drive 

fundamental cellular/tissue destructive mechanisms through an excessive release of reactive 

oxygen species (ROS) (4, 5). Several reports (6-9), assessing ROS levels in colonic biopsy 

specimens of individuals with IBD, consistently show that compared with normal mucosa from 

healthy controls, ROS production is considerably increased in the IBD  group and that excessive 

production of ROS is responsible for oxidative damage in the gut of  individuals with IBD (10-

12).  In individuals with IBD disrupted intestinal barrier and abnormal immunological events 

initiate an inflammatory cascade which begins with massive infiltration of leukocytes into the 

intestinal wall and release of ROS (13).  The released ROS induce tissue damage and result in 

further recruitment of inflammatory cells, thus sustaining the inflammatory cascade and 

compromising cell integrity and function (13, 14).  ROS also enhances intestinal inflammation 

through its profound effect on the expression of a variety of immune molecules, promoting 

neutrophil adherence, and increasing mucosal and vascular permeability (5, 15, 16).  Obviously, 

it is an absolute necessity for cells and tissues to carefully regulate ROS levels via their elaborate 

antioxidant defense, particularly under inflammatory conditions such as IBD.  

 

 

2.3 VITAMIN C AND INFLAMATION 

Vitamin C is an essential dietary antioxidants with a significant role in regulation of ROS, and 

therefore, in initiation and perturbation of IBD (17). Ascorbate (ASC) is the functional form of 

vitamin C serves as a one-electron donor to produce ASC free radical which within cells is 

reduced back to ASC by nicotinamide adenine dinucleotide (NADH-) and nicotinamide adenine 
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dinucleotide phosphate (NADPH-) dependent reductases enzymes (18, 19). In inflammatory 

conditions such as IBD, when the production of ASC free radical exceeds the capacity of the 

enzymes, two molecules of ASC free radical react and form one molecule of ASC and one 

molecule of dehydrascorbic acid (DHA) which is the two-electron-oxidized form of ASC (19).  

DHA can’t be detected in human blood because it is very unstable with a half-life about 2-6 

minutes (20). Within cells, DHA is immediately recycled back to ASC by different mechanisms 

including direct reduction by glutathione (GSH) and enzymatic reduction by NADPH-dependent 

reductases (21).  

 

During inflammatory conditions in the extracellular space, ASC oxidized to DHA which is 

absorbed into surrounding cells and immediately reduced back to ASC (22), the continuous 

mechanism within the cellular cytoplasm which maintains adequate levels of ASC to quench free 

radicals (23-25). Intracellular reduction of DHA to ASC results in efflux of ASC to extracellular 

fluids, as reported for endothelial cells, erythrocytes, and hepatocyte-like HepG cells (26, 27).  

Efflux of ASC to the blood from enterocytes and renal tubular cells is the fundamental 

mechanism for intestinal absorption and renal reabsorption of vitamin C, however, the 

responsible transporter and the mechanism for efflux of ASC is not known yet. 

 

 

2.4 VITAMIN C: REGULATION, TRANSPORT 

 Most mammals synthesize vitamin C from glucose; however, humans, guinea pigs, and bats rely 

completely on dietary supply because of the lack of the Gulo gene, encoding L-gulono-lactone 

oxidase enzyme which is required for catalyzing the final step in vitamin C biosynthesis (28, 29).  
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In humans, plasma concentration following oral dosage of vitamin C is reflected in a saturation 

curve which is tightly regulated with a peak around 200 μmol/L and reaching a steady-state of 

70–85 μmol/L, defining plasma saturation even after ingestion of an excessive amounts of 

vitamin C (3 g) (30, 31). At dosage above plasma saturation, oral bioavailability decreased and 

urinary excretion is increased which result in maintaining steady-state equilibrium (30). A steep 

decline in vitamin C bioavailability following ingestion of augmented oral doses suggests that 

intestinal transport is a key factor in sustaining whole body vitamin C homeostasis (32).  

 

The tight regulation of vitamin C homeostasis is mainly controlled by different mechanisms, 

including active transport, facilitated diffusion transport and recycling (33). More important are 

particular mechanisms of transport and metabolism that deliberate vitamin C intracellularly to 

enhance its function as an antioxidant and an enzyme cofactor (33). ASC, the ionized form of 

vitamin C, is actively transported trough sodium dependent transporters; however, transport of 

DHA, the oxidized form of vitamin C, occurs via some members of facilitative glucose 

transporters. The facilitated diffusion of DHA along a concentration gradient, is sustained by 

immediate reduction of DHA to ASC after crossing the cell membrane (22, 34, 35), keeping the 

intracellular concentration of DHA sufficiently low.  

 

Various vitamin C transporters and their encoding genes have been exclusively reviewed in 

following chapter (Chapter 3, Manuscript 1).  
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2.5 ALTERNATIVE SPLICING IN VITAMIN C TRANSPORTER GENES 

The first step in description of a transporter is to visit the structure of its responsible gene and to 

identify its splice variants. The concurrent and regulated molecular mechanisms of intron and 

exon characterization are commonly responsible for the splicing configuration in a certain 

transcript variant (36). Alternative splicing occurs through the regulated selection of different 

combinations of exons for inclusion into the mRNA to produce multiple mRNA and protein 

isoforms (37). Alternative splicing is involved in numerous human diseases and the process 

depends upon the tissue, developmental stage and disease versus normal conditions of the cell 

(38, 39). The majority of human genes (60–75%) are alternatively spliced (40, 41).  Function of 

the gene is an important indicator for the number of alternative splicing, meaning that genes that 

are involved in cell communication, transcription regulation, and enzyme regulation are more 

commonly subject to alternative splicing (40, 42). As such, vitamin C transporters may consider 

potent candidate genes for alternative splicing. 

 

 

2.5.1 ALTERNATIVE SPLICING AND ITS REGULATION 

 Alternative splicing is a fundamental process regulating eukaryotic gene through which different 

combinations of exons from the RNA precursor are spliced to be included in the mature mRNA 

(39, 43). It is usually postulated as the main mechanism to produce diverse proteins with 

different and even sometimes antagonistic functional and structural properties from a somehow 

limited set of protein coding genes (38, 44).   
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The phenomenon of alternative splicing was discovered first in the late 1970s, however, the 

sequencing of the human genome was the revolutionary time to capture the attention to the 

extent and importance of alternative splicing of pre-mRNA as a RNA regulatory mechanism for 

modulating the gene and protein content in the cell (37).  

 

 

2.5.2 ALTERNATIVE SPLICING EVENTS VOCABULARY 

The concurrent and regulated molecular mechanisms of intron and exon characterization are 

commonly responsible for the splicing configuration in a certain transcript variant (36). The 

formalization of the alternative splicing are classically described in 5 kinds of splicing events: 

exon skipped (ES), mutually exclusive exons (MA) (also called cryptic exons), intron retention 

(IR) (also called intron inclusion), alternative acceptor splice site (AA), and alternative donor 

splice site (AD) (38, 42). ES are exons that are included in reference form, but not included to 

the variants(42). On the other hand, MA are exons that are not included in the reference form, 

but are included in transcripts upon specific regulatory events or sequence mutations (42). 

Moreover, a plethora of variations in alternative splicing has been proposed which include 

various combinations that involve multiple instances of these classical events (38). 

 

 

2.5.3 IDENTIFICATION OF ALTERNATIVE SPLICE VARIANTS 

Most studies aim to identify splice variants of a certain gene, use the genome sequence of the 

gene as a reference onto which a variety of other types of information are projected including 

protein domain models, transcript sequences (full-length cDNA and expressed sequence tags 
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(ESTs)), the genome sequences of other species, and expression information from exon–exon 

junction microarrays (42). 

 

Transcript sequences with full-length cDNA sequences are probably the most reliable method for 

identifying splice variations (42, 45). In this method, full length cDNA is mapped to its 

respective genomic DNA and alternative splicing events are determined based on analyzing 

clusters of overlapping transcripts (42). The advantage of using the complete transcript of cDNA 

is more accurate identification of the transcription start site, the splice sites, and the 

polyadenylation signal which were used to create the mature mRNA(42). However, this method 

has the disadvantage of the limited number of available full-length cDNAs, especially compared 

with EST data (42). 
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3.1 ABSTRACT 

Adequate plasma, cellular, and tissue vitamin C concentrations are required for maintaining 

optimal health, through suppression of oxidative stress and optimizing function of certain 

enzymes which require vitamin C as a co-factor. Polymorphisms in the vitamin C transporter 

genes, compromising genes encoding sodium-dependent ascorbate (ASC) transport proteins and 

also genes encoding facilitative transporters of dehydroascorbic acid (DHA), are associated with 

plasma and tissue cellular ascorbate status and hence cellular redox balance. This review 

summarizes our current knowledge of the links between variations in vitamin C transporter genes 

and common chronic diseases. We conclude that emerging genetic knowledge has a good 

likelihood of defining future personalized dietary recommendations and interventions; however, 

further validations through biological studies as well as controlled dietary trials are required to 

identify predictive and actionable genetic biomarkers. We further advocate the need to consider 

genetic variation of vitamin C transporters in future clinical and epidemiological studies on 

common complex disease. 

 

 

3.2 INTRODUCTION 

Vitamin C is an essential nutrient and the most important plasma water-soluble antioxidant  

which plays critical roles in biosynthesis of neurotransmitters and collagen, absorption of 

nonheme iron, detoxification of exogenous compounds and cytochrome P-450 activity, and 

regulation of hypoxia-inducible factor 1α (HIF-1α) (1, 2). In addition, it plays a major role as an 

antioxidant and free radical scavenger and protects against lipid peroxidation (3). Vitamin C has 

also been shown to function in sparing or reconstituting vitamin E for protection of lipid 
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membranes (4, 5). Therefore, maintaining adequate plasma and tissue cellular vitamin C 

concentrations is crucial for normal metabolic function of the body and preventing many 

common complex diseases (6-14).  

 

Epidemiological studies show that individuals with reduced plasma vitamin C concentrations 

display an elevated risk of different chronic diseases (6). A review (15) of data from more than 

90 epidemiologic studies which related the dietary intake of vitamin C to various types of cancer 

(breast, oral, gastric, esophageal, pancreatic, lung, cervical, and rectal) revealed a negative 

correlation in three-fourths of the studies. Besides, each 20 μM increase in plasma vitamin C 

concentrations is associated with a 20% reduced risk of all-cause mortality (16) and a 9% 

relative decline in risk of heart failure (17). 

 

A marginal vitamin C deficit (11 µM < plasma concentration < 24 µM) was estimated to affect 

up to 10% of adults in industrialized countries (13, 18, 19).  Although vitamin C status is mainly 

determined by the dietary intake, it should be noted that a complex interplay of intrinsic 

metabolic factors, such as oxidative stress, inflammation, recycling, and transmembrane 

transport contribute to the metabolic turnover and therefore vitamin C status (20). The metabolic 

turnover can be impacted by genetic variations and thus vitamin C status could be impaired even 

at dietary intake concentrations which are currently regarded as adequate for the general 

population, if an individual carries a rare allele.  

 

Transporters of the different forms of vitamin C directly regulate vitamin C intracellular 

bioavailability (Figure 3.1A). The elimination of selected ascorbic acid transporters in the mouse 
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results in severely impacted pharmacokinetics and reduced offspring viability (31) or even total 

offspring lethality (32). Therefore, variations in genes of the human vitamin C transporter 

pathways may impact on disease development and outcomes (Figure 3.1B). This review 

summarizes existing knowledge the variations in vitamin C transporter genes and disease 

associations. Two vitamin C transmembrane pathways are distinct by their substrates, where 

SLC23A1 and SLC23A2 mediate ascorbic acid transport, while dehydroascorbic acid is shuttled 

by the four members of the facilitative glucose transporter family GLUT1 (SLC2A1), GLUT2 

(SLC2A2), GLUT3 (SLC2A3), GLUT4 (SLC2A4) which will all be reviewed.   
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Figure 3.1     

A)  General schematic for cellular uptake of vitamin C, The concentration of ascorbic acid in the intracellular environment is 

tightly controlled through regulation of the transporters. Ascorbic acid (ASC) is the functional form of vitamin C which transported 

into the cell trough sodium dependent ascorbic acid transporter family (SLCs).  SLCs are comprised of SLC23A1 and SLC23A2 

which have specific cell expression and precise sub-cellular localization. The SLC23A1 protein is responsible for active transport of 

ASC from the epical luminal surface of the intestinal tract and kidney (21, 22). The SLC23A2 protein is expressed in most human 

tissues, except lung and skeletal muscle (22, 23), is thought to regulate intracellular concentrations of ASC for subsequent protection 

of the cell from oxidative stress as well as promotion the maturation of type I collagen. Dehydroascorbic acid (DHA), the oxidized 

form of ASC, is transported into the cell by some members of facilitative glucose transporter family (GLUTs) including GLUT1 

(SLC2A1), GLUT2 (SLC2A2), GLUT3 (SLC2A3) (24-27) which have specific cell expression and transport activity. Within cells, 

DHA is immediately recycled back to ASC and this process sustain the intracellular ASC and therefore redox balance (28-30).  

B) Proposed mechanism for association between variations in vitamin C transporters and common complex disease, genetic 

variation in each ascorbic acid transporters (SLCs) or dehydroascorbic acid transporters (GLUTs) could modulate transport of ASC or 

DHA thereby resulting in reduced intracellular Vitamin C, redox imbalance, and thus increased risk of common complex disease. 
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3.3 CURRENT STATUS OF KNOWLEDGE 

3.3.1 SODIUM-DEPENDENT VITAMIN C TRANSPORTERS 

The active transport of ASC across cell membrane is generated by two sodium-dependent 

ascorbate transporters which were first cloned in 1999 (33). The two transporters, SLC23A1 and 

SLC23A2 , mediate sodium and energy dependent ASC transport against a concentration 

gradients into cells, resulting in intracellular concentrations which can be 50 fold higher than the 

extracellular fluids (33, 34).  SLC23A1 and SLC23A2 co-transport Na
+
 and ASC with a 2:1 

stoichiometry, utilizing the electrochemical Na
+
 gradient (35, 36).  

 

The SLC23A1 and SLC23A2 are responsible for the maintenance of vitamin C concentrations in 

nearly all cells (except erythrocytes), tissues, and extracellular fluids (20). Genetic pattern of 

both SLC23A1 and SLC23A2 share common intron/exon borders and have related coding 

sequence, however the genes differ 10-fold in size (16 kb vs. 160 kb, respectively) and in linkage 

disequilibrium (37). The encoded proteins of the two transporters are comparable in amino acid 

sequence and structure, however, they have different tissue distributions (33, 37).  

 

SLC23A1 expression is confined to epithelia, such as intestinal, renal and hepatic tissues (33, 38) 

and it has the major role in whole body ascorbate homeostasis, through its function as sole apical 

ascorbic acid transporter in the proximal renal epithelial cell (31). SLC23A1 has low affinity 

[Michaelis constant (Km)
4
 of 65–252 μM)] (21) and high capacity (Vmax of approximately 15 

pmol/min/cell) (39), establishing the ability of this transporter to maintain the whole-body 

homeostasis (21, 22). 
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The SLC23A1 locus on human chromosome 5q31.2 contains 16 exons (37, 40), spanning about 

17.3 kilobases. A total of 1440 variations are listed in the Single Nucleotide Polymorphism 

Database (dbSNP), of which 294 locate to the coding region (187 missense, 91 synonymous, 11 

frameshift, 4 insertions). Many of the variations in SLC23A1 have not been verified in different 

populations, such as the HapMap cohorts (41) and the majority of the variations are neither 

reported in the literature nor functionally characterized. Genetic linkage throughout the locus is 

high with some evidence of linkage blocks in the 5’ and 3’ of the gene (37). Variations in 

SLC23A1 seem to affect the vitamin C status, but current evidence remain inconclusive (42).   

 

SLC23A2 is distributed in cells of most tissues (33) and contributes to delivering vitamin C into 

cells for some metal ion-dependent enzymatic reactions as well as protecting cells from oxidative 

stress (33, 43, 44). SLC23A2 has low capacity (approximately 1 pmol/min/cell) (21, 39) and 

high affinity (Km-values of 8–69 μM) (21, 35, 45) for ASC transport, mediating uptake of ASC 

by cells of peripheral organs from the extracellular fluid (22, 23). A difference in membrane 

epithelial cells distribution of SLC23A1 and SLC23A2 suggests non-redundant functions for 

these two transporters (46, 47). 

 

The SLC23A2 locus on human chromosome 20p13 contains 17 exons (37), spanning about 160 

kilobases, and is roughly ten times bigger than SLC23A1. A total of 8165 variations are listed in 

dbSNP, of which 262 locate to the coding region (138 missense, 120 synonymous, 4 frameshift). 

Many of the variations in SLC23A2 have not been verified in different populations, such as the 

HapMap cohorts (41) and the majority of these variations are neither reported in the literature 

nor functionally characterized. Genetic linkage throughout the locus is moderate (37), however, 
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linkage blocks are not defined (37). Variations in SLC23A2 are jet to be reported to affect the 

vitamin C status.   

 

When the patterns of SNPs in SLC23A1 and SLC23A2 were compared, a significant number of 

the SNPs in SLC23A1 were population-specific in either Caucasians or African Americans, 

including four nonsynonymous SNPs; however, nearly all SNPs in SLC23A2 are shared between 

the two population, African Americans and Caucasians (48). It was deduced that the SLC23A1 

gene does tolerate variations better than SLC23A2, indicating a higher physiological importance 

for the latter.   

 

 

3.3.2 POLYMORPHISMS IN SODIUM-DEPENDENT VITAMIN C TRANSPORTERS   

AND PATHOLOGICAL RELEVANCE 

The risk association of several SNPs in SLC23A1 and SLC23A2 genes with a variety of common 

chronic diseases including various cancer (49-55), inflammatory bowel disease (56), preterm 

delivery (57), coronary heart disease (58), and optic neuropathy (59, 60) have been evaluated 

(TABLE3.1).  
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Table 3.1: Phenotype-genotype association of single-nucleotide polymorphisms (SNPs) in the human sodium dependent ascorbate 

transporter genes with chronic diseases 

 

Gene SNP Allele 

(Major/

minor)  

Location Disease Population Sample size 

(Case/control) 

Findings 

 

Reference 

SLC23A1 

rs11950646 

 

A/G 

 

chr5: 

139378785 

Follicular 

lymphoma  
USA 1292/1375  

↑risk 

GG genotype 

Skibola et al., 2008 

(49)
 

Small 

lymphocytic 

lymphoma/ 

Chronic 

lymphocytic 

leukemia 

Germany 494/494 
↑risk 

GG genotype 

Skibola et al., 2008 

(49) 

rs6596473 G/C 
chr5: 

139374887 

Follicular 

lymphoma  
USA 1292/1375 

↑risk 

CC genotype 

Skibola et al., 2008 

(49) 

Chronic 

lymphocytic 

leukemia 

Diffuse large B-

cell lymphoma 

Germany 494/494 

↑Chronic 

lymphocytic 

leukemia risk 

↓Diffuse large 

B-cell 

lymphoma 

risk 

CC genotype 

Skibola et al., 2008 

(49) 

Lower 

concentration of 

ocular ascorbate 

India 60/- 
↑risk 

C-carrier 

Senthilkumari et al., 

2014 (60) 

 

 
rs10063949 A/G 

chr5: 

139383837 

Inflammatory 

bowel disease 
Canada 311/142 

↑ Crohn’s 

disease risk 

G-carrier 

Amir Shaghaghi et al., 

2014 (56) 

 

SLC23A2 rs6133175 A/G 
chr20: 

4911113 

Non-Hodgkin 

lymphoma-

Diffuse large B-

USA 1292/1375 
↑risk 

GG genotype 

Skibola et al., 2008 

(49) 
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cell lymphoma- 

Small 

lymphocytic 

lymphoma 

rs1715364 T/C 
chr20: 

4918250 

Small 

lymphocytic 

lymphoma-

Diffuse large B-

cell lymphoma 

USA 1292/1375 
↑risk 

CC genotype 

Skibola et al., 2008 

(49) 

Small 

lymphocytic 

lymphoma-

Diffuse large B-

cell lymphoma 

Germany 494/494 
↑risk 

CC genotype 

Skibola et al., 2008 

(49) 

rs1715385 G/A 
chr20: 

4907024 

Non-Hodgkin 

lymphoma- 

Diffuse large B-

cell lymphoma 

USA 1292/1375 
↑risk 

AA genotype 

Skibola et al., 2008 

(49) 

rs1776948 G/A 
chr20: 

4950467 

Non-Hodgkin 

lymphoma-

follicular 

lymphoma- 

small 

lymphocytic 

lymphoma 

USA 1292/1375 
↑risk 

AA genotype 

Skibola et al., 2008 

(49)  

Non-Hodgkin 

lymphoma-

follicular 

lymphoma  

Germany 494/494 
↑risk 

AA genotype 

Skibola et al., 2008 

(49)  

rs6139587 T/A 
chr20: 

4961828 

Non-Hodgkin 

lymphoma -

Small 

lymphocytic 

USA 1292/1375 
↑risk 

AA genotype 

Skibola et al., 2008 

(49) 
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lymphoma 

rs4987219 

 
G/C 

chr20:  

4884300 

Colorectal 

adenoma 
USA 656/665 

↓risk 

C-carrier 

Erichsen et al., 2008 

(50) 

Human 

papilloma virus-

Head and neck 

squamous cell 

carcinomas 

association 

USA 319/495 
↑risk 

G-carrier 
Chen et al., 2009 (51) 

Esophageal 

squamous cell 

carcinoma 

Japan 49/- 

↑risk 

leukopenia 

C-carrier 

Minegaki et al., 2014 

(52) 

rs1110277 

 

T/C 

chr20:  

4874036 

Colorectal 

adenoma 
USA 656/665 

↓risk 

C-carrier 

Erichsen et al., 2008 

(50) 

C/T 

Esophageal 

squamous cell 

carcinoma 

Japan 49/- 

↑risk 

stomatitis 

T-carrier 

Minegaki et al., 2014 

(52) 

rs12479919 C/T 

chr20: 

5000094 

Gastric cancer Poland 279/414 
↓risk  

TT genotype 

Wright et al., 2009 

(53) 

Bladder cancer USA 832/1191 

↑risk 

CT genotype 

 

Andrew et al., 2009 

(55) 

Lower 

concentration of 

ocular ascorbate 

India 60/- 
↑risk 

TT genotype 

Senthilkumari et al., 

2014 (60) 

 

rs6116569 C/T 

chr20:  

4884071 
Gastric Cancer European 365/1284 

↑risk 

T- carrier 
Duell et al. 2013 (54) 

rs2681116  G/A 
chr20: 

4970685 

Preterm 

delivery 
USA 271/572 

↑risk 

GA genotypes 

Erichsen et al., 2006 

(57) 
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rs6139591 

 
C/T 

chr20: 

4970713 

Preterm 

delivery 
USA 271/572 

↑risk 

T-carrier 

Erichsen et al., 2006 

(57) 

Acute coronary 

syndrome 
Denmark 936/1580 

↑risk  

TT genotype 

 

Dalgard et al., 2013 

(58) 

rs1776964 C/T 
chr20: 

4880308 

Preterm 

delilvery 
USA 271/572 

↓risk  

TT genotype 

Erichsen et al., 2006 

(57) 

Acute coronary 

syndrome 
Denmark  936/1580 

↑risk  

TT genotype 

Dalgard et al., 2013 

(58) 

rs1279383 

 
A/G 

chr20: 

5002446 

Primary open 

glaucoma 
Mediterranean 150/150 

↑risk GG 

genotype 

 

Zanon-Moreno et al., 

2011 (59) 



 

30 

 

3.3.2.1 Cancer 

Vitamin C plasma and tissue concentrations have been postulated to affect relative cancer risk. 

The antioxidant effect of vitamin C may prevent cancers by inducing apoptosis and suppressing 

tumor cell growth (61-63) while counterbalancing DNA damage through scavenging of reactive 

oxygen species (64). Vitamin C also protects mucosal tissues from oxidative damage (65, 66) 

and plays an anti-tumorigenic role via sustaining proper collagen formation and matrix 

stabilization (67). As such, the risk association of vitamin C transporter genes with various 

intestinal cancers has been the key interest for several studies. In a study (50) with 656 patients 

with colorectal adenoma and 665 healthy controls, participants were genotyped for four SNPs in 

SLC23A1 gene and 11 different SNPs in SLC23A2 gene. No association between common SNPs 

in SLC23A1 and colorectal cancer was revealed. For SLC23A2, there was no association with 

SNPs, but the haplotype G-C (rs4987219 and rs1110277) was associated with a reduction in the 

risk of colorectal adenoma (50). In a study on gastric cancer (53), association between 13 genetic 

variants of the SLC23A1 and SLC23A2 genes with the disease was examined. Among the 13 

SNPs examined, gastric cancer was inversely associated with one SNP (rs12479919) in 

SLC23A2 gene, while no association with variants in SLC23A1 gene was determined. Compared 

to rs12479919-G/G genotypes, homozygotes for the minor allele A/A had a lower risk of gastric 

cancer (53). In the aforementioned study, a haplotype in SLC23A2 gene, containing the common 

allele of the rs6139591, rs2681116, and rs14147458 SNPs, was inversely associated with gastric 

cancer (53). Likewise, in another study with 365 patients with gastric cancer and 1,284 controls 

(54), the genotype rs6116569-C/T and the two haplotypes, CGTC (rs6052937, rs3787456, 

rs6116569, rs17339746) and ATC (rs6139587, rs6053005, rs2326576), in the in the SLC23A2 
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gene were associated with gastric cancer risk while no association was found with variants in 

SLC23A1.  

 

Variants in vitamin C transporter genes have also been associated with other type of cancers. In a 

population based study with 832 patients with bladder cancer and 1,191 healthy controls (55), 

variant rs12479919-CT in SLC23A2 has been identified as a high risk genotype for gene-gene 

effect on bladder cancer. Indeed, the interaction of SLC23A2 (rs12479919) and SCARB1- 

rs4765621 (the gene scavenger receptor class B) showed the strongest effect on the higher risk of 

bladder cancer (55). In another study with 1,292 patients and 1,375 healthy controls (49), several 

SNPs in SLC23A1 and SLC23A2 have been associated with increased risk of Non-Hodgkin 

lymphoma. In this study, individuals with the SLC23A1 genotypes rs6596473-C/C and 

rs11950646-G/G showed an 80% elevated risk of lymphoma. Moreover, several SNPs in 

SLC23A2 (Table 1) as well as two haplotypes (AA: rs1776948, rs6139587 and AAC: rs1715385, 

rs6133175, rs1715364) in the gene were found to be associated with increased risk of the disease 

(49). Authors conclude that both vitamin C uptake and storage are involved in the pathogenesis 

of lymphoma (49).  

 

Variation in the SLC23A2 gene also affected the initiation or sustention of head and neck cancer 

in patients with human papillomavirus type 16 infection (HPV16) (51). In a study with 319 

patients with head and neck cancer and 495 frequency-matched controls (51), the risk of the 

cancer associated with HPV16 was decreased among rs4987219-C/C homozygotes in the 

SLC23A2 gene, compared to those with a wild-type allele. The authors suggest that the SNP 

modifies the risk of head and neck cancer associated with HPV16 infection through the role of 
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ASC in the maintenance of the epidermal barrier, maturation of type I procollagen, intracellular 

antioxidant, or its immunostimulatory effect (51). 

 

Vitamin C transporter genes have not only been associated with increased risk of different types 

of cancer but also have been suggested as predictive biomarkers for therapies. In a study with 49 

patients with Esophageal Squamous Cell Carcinoma (52), rs4987219 and rs1110277 in the 

SLC23A2 gene showed correlation with severe toxicities (acute stomatitis and leucopenia) 

(TABEL 3.1), after treatment with a Definitive 5-Fluorouracil/Cisplatin-Based 

Chemoradiotherapy (52). 

 

 

3.3.2.2 Inflammatory bowel disease 

In addition to associations with various intestinal cancers, a variation in ASC transporters is 

associated with inflammatory bowel disease (IBD), where oxidative damage plays a key role in 

initiation and progression of the disease (68). In a study with 311 people with IBD and 142 

controls (56), the SNP rs10063949-G allele in the SLC23A1 gene was associated with increased 

risk of Crohn’s disease. Specifically, rs10063949-A/G heterozygotes had a 2.5-fold elevated risk 

of Crohn’s disease while rs10063949-G/G homozygotes had a 4.7-fold elevated risk, compared 

to wild type homozygotes (56).  
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3.3.2.3 Pregnancy complications 

Vitamin C deficiency (measured by dietary intake or ascorbic acid concentrations in serum, 

leukocytes, or cord blood) has been found in several epidemiologic investigations (14, 69-73) to 

be associated with premature rupture of membranes and preterm delivery (<37 weeks’ gestation), 

a leading cause of neonatal mortality and morbidity (57). In view of the necessity of vitamin C 

for preservation of collagen and potency of membrane tensile (57, 69), genetic variants in 

SLC23A1 and SLC23A2 have also been associated to the risk of preterm delivery. Associations 

have been found between haplotypes in SLC23A1 gene with spontaneous preterm delivery (57). 

Moreover, carrier of one or two minor alleles of variant rs6139591-T of the SLC23A2 gene 

showed a 1.7-fold and a 2.7-fold higher risk for spontaneous preterm birth, respectively (57). 

Likewise, heterozygous individuals for rs2681116-G/A in SLC23A2 showed 1.9 fold increased 

risk of preterm birth, however, analysis of the homozygous carrying minor alleles (rs2681116-

A/A) showed no effects. The authors’ speculate that the failure to detect significant association 

between rs2681116-A/A homozygous individuals with the risk of preterm delivery was related to 

small numbers of study population (57).  

 

 

3.3.2.4 Coronary heart disease 

Variations in SLC23A2 have also been associated with acute coronary syndrome (58) where 

vitamin C is suggested to have cardioprotective influences, due to its anti-oxidative effects, and 

its beneficial effects on endothelial function and the collagen content of the atherosclerotic 

plaques (58, 74). A 5.4-fold elevated risk of acute coronary syndrome was observed (58) in 

women with the rs6139591-T/T genotype who had low intake of dietary vitamin C. Moreover, 
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women with the rs1776964-T/T genotype with high intake of vitamin C had a 3.4 fold increased 

risk of acute coronary syndrome, compared with C/C-homozygotes with low intake. 

Accordingly, the authors conclude that the effects of genotype may not be completely 

compensated by high dietary intake of vitamin C (58). 

 

 

3.3.2.5 Optic neuropathy 

Lack of vitamin C antioxidant capacity is also associated with glaucomatous optic neuropathy, 

where oxidative stress is related to the neuronal death (75, 76). Indeed, significant lower 

concentrations of vitamin C have been observed in plasma (59), normal-tension (77), and in the 

secondary aqueous humor (78) of glaucomatous patients. In a study among 150 patients with 

open-angle glaucoma and 150 controls (59), genotype rs1279386-G/G in SLC23A2 was 

associated with higher risk of the disease (1.7 fold) as well as lower plasma vitamin C 

concentration (9.0±1.4 μg/ml versus 10.5±1.6 μg/ml, in patients and 10.9±1.6 μg/ml versus 

12.1±1.8 μg/ml, in controls). In this study no association was found between polymorphisms in 

the SLC23A1 gene with open-angle glaucoma (59). In a more recent study (60), polymorphisms 

in SLC23A1 and SLC23A2 genes were found to influence ASC concentration in aqueous humor 

and lens nucleus, in 60 patients undergoing small incision cataract surgery. SNPs rs6596473 in 

SLC23A1gene and rs12479919 in SLC23A2 gene showed association with decreased ocular 

ascorbate concentration in carriers of the variant allele compared to the common homozygotes. 

For rs6596473 the per variant allele-C difference in aqueous humor ASC was -217 μmol/L, 

while for rs12479919 per variant allele-T difference in lens nucleus ASC was 0.085 μmol/G 

(60), compared to homozygotes common allele (G/G and C/C, respectively).  
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All the studies mentioned above, confirmed numerous minor frequency genotypes and 

haplotypes of the SLC23A1 and SLC23A2 genes, associated with various chronic diseases. Most 

findings were reported on an individual basis in cohorts of limited sizes. Therefore it is 

warranted to validate these findings in larger cohorts in order to utilize it as actionable biomarker 

of the respective common complex diseases.  

 

 

3.3.3 FACILITATED DIFFUSION VITAMIN C TRANSPORTERS  

DHA is one dietary source of vitamin C, beside ASC, which can be absorbed across the brush 

border membrane. Upon entry into the enterocyte, DHA is reduced either enzymatically or 

chemically back to ASC and thus maintains a concentration gradient, favoring DHA uptake (23, 

27). Local DHA absorption may be especially important during intestinal inflammatory 

conditions, where the immune cells oxidative burst increases extracellular oxidation of ASC to 

DHA (23, 79). The produced DHA is transported into enterocytes or other bystander cells 

followed by immediate reduction to ASC and thus boosts intracellular concentrations of the free 

radical scavenger (28-30). In regard of whole body homeostasis, this might also prevent patients 

with chronic intestinal inflammation from becoming scorbutic (23, 27). Likewise, in any 

inflammatory condition throughout the body, where ASC gets oxidized to DHA in extracellular 

fluid, the produced DHA is taken up by specific facilitative diffusion transporters for various 

cells/tissues to elevate intracellular ASC (80-86). 
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SLC2A1 (GLUT1), SLC2A2 (GLUT 2), SLC2A3 (GLUT3), SLC2A4 (GLUT4), SLC2A8 

(GLUT8) are the five facilitated DHA transporters identified (24-27).  They are members of the 

SLC2A solute carriers’ gene family, encoding for the GLUT proteins of facilitated sugar 

transporters. It is postulated that Vitamin C accumulation in cells occurs in part through transport 

of DHA by the carriers of the SLC2A family. It should be noted that DHA diffusion to some 

specific cell types is competitively inhibited by excessive glucose in plasma (24, 26). However, 

this inhibition might not be relevant in tubular cells of the kidney and on the luminal surface of 

absorptive intestinal epithelia (26, 45, 87, 88). Moreover, DHA diffusion into cells might be 

impeded during high glucose status through the lack of location of SLC2A transporters to the 

plasmalemma membrane.  

 

The DHA-GLUT transporters show tissue and cell specific expression as well as various 

affinities and efficiencies in DHA transport (24, 26, 89, 90).  SLC2A1 is expressed in a extensive 

variety of cells throughout the body with a particularly high expression in endothelial and 

epithelial-like barriers of the brain, peripheral nerve, eye, placenta and lactating mammary gland 

(24, 91, 92)  and exhibits DHA transport activity defined by a Km of 1.1 mM and a Vmax of 108 

pmol/min/oocyte (24). SLC2A2 is mainly expressed in brain, spleen, kidney, pancreas, liver, and 

the basolateral membranes of intestinal epithelial cells (90, 91, 93) and  transports DHA with a 

Km of 2.33 mM and a Vmax of 25.9 pmol/min/oocyte (27). SLC2A3 is expressed particularly in 

the brain, neurons, and intestinal epithelial cells (24, 91) and has DHA transport activity defined 

by a Km of 1.7 mM and a Vmax of 241 pmol/min/oocyte (24). SLC2A4 is mainly found in 

adipose tissues as well as skeletal and cardiac muscle cells (26, 91) with a DHA transport 

activity showing a Km of 0.98 mM and a Vmax of 66 pmol/min/oocyte) (26). GLUT8 is 
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expressed in testis, blastocyst, brain, muscle and adipose tissues with DHA a transport activity 

defined by a Km of 3.23 mM and a Vmax of 10.1pmol/min/oocyte (27). 

 

 

3.3.4 POLYMORPHISMS IN FACILITATIVE DIFFUSION VITAMIN C   

TRANSPORTERS AND PATHOLOGICAL RELEVANCE 

Genetic variation in the DHA-GLUT transporter genes are associated with various common 

complex diseases, which could not only be attributed to disturbed disaccharide transport, but also 

to disturbed transport of alternative substrates, such as DHA. The linked between the diabetes 

related traits and impaired glucose metabolism are not the main focus of this section of the 

review. Our focus is to review the association studies with respect to DHA-GLUT variation and 

common complex disease, other than directly to diabetes related traits, e.g. fasting blood glucose. 

The number of these studies is relatively limited (TABLE 3.2).  

 

 

3.3.4.1 Diabetes complications 

A variety of studies have found associations between variations in DHA-GLUT genes and 

diabetes related traits (99, 100, 102) as well as diabetes complications such as albuminuria (94), 

retinopathy (95, 107), and nephropathy (108), in which etiology might involve modulations to 

DHA transport. In regard to Vitamin C metabolism, excess of glucose during conditions of 

uncontrolled diabetes may competitively blocks uptake of DHA through facilitative GLUTs and 

thus impairs the transport of DHA by cells and impacts on the intracellular redox imbalance (23). 

As such, considering diabetes as a well established risk factors for CVD, in a study with 2383 

incidence cases of CVD (fatal and nonfatal) (103), the contribution of 46 type 2 diabetes related 
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SNPs to CVD incidence was examined. Out of the 46 genetic variants examined, the variant 

rs11920090 in SLC2A2 was significantly associated with incident CVD, independent of baseline 

diabetes status (103).   
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Table 3.2: Phenotype-genotype association of single-nucleotide polymorphisms (SNPs) in the human dehydroascorbic acid 

transporter genes with chronic diseases 

 

Gene SNP Allele 

(Major

/minor)  

Location Disease Population Sample size 

(Case/control) 

Findings 

 

Reference 

SLC2A1 
rs841847 

 
C/T 

chr1: 

42937037 

Diabetic 

albuminuria and 

macroalbuminuria 

n1=African 

American    

n2=European 

American 

n1=2156/- 

n2=8122/ 9453 

          

risk  

TT genotype  

(n2) 

Hsu et al., 2010 

(94)
 

rs841846 A/G 
chr 1: 

42938000 

Severe diabetic 

retinopathy 

African 

American  
473 

risk  

(not specified) 

                         

Roy et al (95) 

rs3754218 G/T 
chr1: 

42933897 

Renal cell 

carcinoma 

England 

 
92/99 

 risk  

GT genotype  

Page et al., 2005 

(96)
 

rs3820589 A/T 
chr 1: 

42960373 

Renal cell 

carcinoma 

England 

 
92/99 

 risk          

T-carrier 

Page et al.,2005 

(96)
 

rs4658 C/G 
chr 1: 

42926579 

Nonalcoholic Fatty 

Liver Disease 
Spain 520/521 risk  

GG genotype 

Vazquez-

Chantada et al., 

2013 (97) 

rs841856 G/T 
chr 1: 

42934442 

Nonalcoholic Fatty 

Liver Disease 
Spain 520/521 risk  

TT genotype 

Vazquez-

Chantada et al., 

2013 (97) 

rs2229682 G/A 
chr 1: 

42929964 

Spina bifida 

meningomyelocele 

Hispanic and 

Caucasian, 

American 

507/184 risk  

A-carrier 

Davidson et al., 

2008 (98)
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SLC2A2 
rs5393 C/A 

chr 3: 

171027131 

Impaired glucose 

tolerance 

Finland 

 
259/248 risk  

AA genotype 

Laukkanen et al., 

2005 (99) 

rs5394 C/T 
chr 3: 

171027104 

Impaired glucose 

tolerance 

Finland 

 
259/248 

risk of type 2 

diabetes 

T-carrier 

Laukkanen et al., 

2005 (99) 

rs5404 G/A 
chr 3: 

171007166 

Impaired glucose 

tolerance 

Finland 

 
259/248 

risk of type 2 

diabetes  

A-carrier 

Laukkanen et al., 

2005 (99) 

rs5400 
 

A/G 

 

chr 3: 

171014511 

Impaired glucose 

tolerance 

Finland 

 
259/248 risk     

A-carrier 

Laukkanen et al., 

2005 (99) 

Type 2 diabetes 
Finland 

 
1170/ 983 

risk 

GG genotype 

 

Willer et al., 2007 

(100) 

Prostate cancer 
American  

6642 

↓ risk  

G- carrier   

 

Meyer et al., 2010 

(101)
 

rs11920090 T/A 

 

chr3: 

170999732 

Healthy 

individuals  
European  

76558/- 

 

risk 

higher fasting 

glucode level 

and type 2 

diabetes   

A-carrier 

Dupuis et al., 

2010 (102) 



 

41 

 

History of CVD Denmark 
6049/- 

(Inter study) 
risk  

A-carrier 

Borglykke et al., 

2012 (103)  

History of CVD Denmark 

9572/- 

(pooled 

analyses) 

risk 

A-carrier 

Borglykke et al., 

2012 (103)  

History of CVD 
Denmark 

 

3523/- 

(Monica study) 
risk  

A-carrier 

Borglykke et al., 

2012 (103)
 
 

rs5398 T/C 
chr3:  

17099804  
Negative 

mood delusions 

n1=German 

n2= European 

American 

n1=927/2168 

n2=1247/1434 
↑risk             

C-carrier 

Meier et al., 2012 

(104) 

rs1499821 A/G 
chr 3: 

172207423 

Negative 

mood delusions 

n1=German 

n2= European 

American  

 

n1=927/2168 

n2=1247/1434 

↑risk 

G-carrier 

Meier et al., 2012 

(104) 

rs11924032 A/G 
chr 3: 

172217793 

Negative 

mood delusions 

n1=German 

n2= European 

American  

n1=927/2168 

n2=1247/1434 

↑risk 

G-carrier 

Meier et al., 2012 

(104) 

rs9875793 A/G 
chr 3: 

170686573 

Negative mood 

delusions, Bipolar 

disorder 

n1=German 

n2= European 

American  

n1=927/2168 

n2=1247/1434 

↑risk 

G-carrier 

Meier et al., 2012 

(104) 

rs8192675 G/A 
chr 3: 

171007094 

Negative 

mood delusions 

n1=German 

n2= European 

American  

 

n1=927/2168 

n2=1247/1434 

↑risk 

A-carrier 

Meier et al., 2012 

(104) 

Hypertension 

n1=African 

Americans 

n2= European 

n1=167 

n2=237 

↓ High density 

lipoprotein  

A-carrier 

Le et al.,  

2013 (105) 
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Americans (n2) 

SLC2A4 
 

rs5417 

 

C/A 

chr 17: 

7281743 

  

Obstructive sleep 

apnea syndrome 
China 412/156 

risk  

A-carrier 

Yin et al., 2014 

(106) 

SLC2A5 rs5438 G/A 
chr 1: 

9069561 
Hypertension 

n1=African 

Americans 

n2 =European 

Americans 

n1=167 

n2=237 

↑serum uric 

acid  

GA genotype 

(n2) 

Le et al., 2013 

(105)
 

 



 

43 

 

3.3.4.2 Cancer 

Variants in DHA-GLUT genes have been proposed to have diverse effects on relative risk for 

renal and prostate cancers; however, the overall studies are limited (96, 101) with no observed 

association in one study (109). In a study with 92 patients with renal cell carcinoma and 99 

healthy controls (96), carriers of the minor allele rs3820589-T as well as heterozygotes for 

rs3754218-G/T in SLC2A1 showed higher incidences of renal cancer. On the other hand, in the 

Atherosclerosis Risk in Communities Study (ARIC) study with 6642 patients with prostate 

cancer (101), SNP rs5400-G in SLC2A2 was associated with 24% lower cancer risk in 

Caucasians but not in African Americans. The authors suggest that, despite uncertainly about the 

mechanism involved in the observed association, SLC2A2 may be involved in prostate cancer 

progression due to several reports linking several large scale duplications on chromosome 3q, the 

region containing SLC2A2, with prostate cancer.  

 

 

3.3.4.3 Psychological disorders 

Variants in the SLC2A2 gene were found to be associated with bipolar disorder which is a severe 

psychiatric condition with fundamental and distinctive alteration in emotion regulation and 

perception (104). In a study with 2174 patients with bipolar disorder and 3601 healthy controls 

(104), the minor alleles for several variants in SLC2A2 (rs5398-C, rs1499821-G, rs8192675-A, 

rs11924032-G, rs9875793-G) were found to be associated with higher susceptibility to the 

disease or its complications. The functions of ASC in the central nervous system and the brain 

have been extensively reviewed (110). Neurons have high concentrations of oxidative 

metabolism, 10-fold higher rates than supporting glia, which make them particularly vulnerable 
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to ASC deficiency (111, 112). The neuronal sensitivity to low supply of ASC is most apparent in 

neurodegenerative disease conditions in which there is excess oxidant stress and high oxidation 

rate of ASC to DHA (110). Radiotracer experiments have confirmed that DHA enters the brain 

and is converted to ASC (113). Therefore, in neurodegenerative disease such as bipolar disorder, 

DHA-GLUT transporters including SLC2A2, which is highly expressed in the brain, may play a 

key role to uptake the DHA and thus increase cerebral ASC concentrations to counter the 

oxidative stress resulting from the disease.  

 

 

3.3.4.4 Liver disease 

Genetic variants in SLC2A1 are observed to actively contribute to nonalcoholic fatty liver disease 

(NAFLD), independent from diabetes or obesity (97). In a study on 520 patients with NAFLD 

and 521 healthy controls as well as 4,414 individuals with type 2 diabetes and 4,567 matched 

controls (97), genotypes rs4658-G/G and rs841856-T/T of SLC2A1 showed association with 

increased risk of NAFLD, but not with diabetes. In this study gene-expression analysis 

demonstrated a considerable down-regulation of SLC2A1 in liver of NAFLD patients. Moreover, 

in vitro silencing of SLC2A1 resulted in increased oxidative stress and a higher lipid 

accumulation (97). SLC2A1 is involved in the DHA transport into mitochondria, resulting in 

mitochondrial vitamin C recycling and elevating protection against reactive oxygen species (97, 

114). The mitochondrion has a key role in progression of nonalcoholic fatty liver disease 

(NAFLD) through impairing fatty liver homeostasis as well as inducing overproduction of 

reactive oxygen species and thus lipid peroxidation  (97, 115). Variation in SLC2A1 results in 
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mitochondrial redox imbalance hence could increase reactive oxygen species and regulate pro-

inflammatory environment at early stages of the disease (97). 

 

 

3.4. CONCLUSIONS AND FUTURE DIRECTIONS 

Previously, observational studies have demonstrated that low vitamin C status increases the risk 

of many common chronic diseases. Today, genetic association studies on transporters of both 

Vitamin C transport pathways support and expand on these observational findings. This review 

stresses the importance to consider and investigate genetic variations impacting overall status, 

but also local tissue, and cell concentrations of vitamin C to sustain health and prevent common 

complex disease. As research progresses, it will be determined if human genetic variation on 

vitamin C transporters impact local or systemic pharmacokinetics. If pharmacokinetics is 

affected, recommendations will need to be adjusted for individuals or population subgroups of 

certain genotypes. This is apparent through the differential distributions of functional SNPs 

between African American and Caucasian individuals. Studies on variation in the genes coding 

different forms of vitamin C transporters are progressing and the evidence could be incorporated 

into future dietary guidelines. However, the emerging evidence, as previously proposed by others 

(6, 42, 116), needs further replications, biological proof, and dietary interventions studies in 

targeted individuals carrying the specific variants, in order to stand as valid diagnostic 

biomarkers. Moreover, the emerging fields of epigenetics and microbial analyses will contribute 

to the understanding of systematic interactions, and future studies will have to find a way to 

integrate genetics, epigenetics and metagenomics data.  
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TRANSITION STATEMENT 1 

 

As one of the main objective of this thesis being to investigate the genetic structure and disease 

association of intestinal vitamin C transporter SLC23A1, we decided to revisit the structure of its 

responsible gene in order to identify its splice variants and to further investigate the functional 

properties of each splice variant. 

 

Previous animal studies showed that Slc23a1 is a key gene/protein for intestinal absorption, 

hepatic handling and renal re-absorption of ascorbic acid. However, the human SLC23A1 is 

somewhat understudied, and the function of SLC23A1 as a transporter, makes the gene a 

candidate for alternative splicing. Through in silico analysis, we found promising evidence 

supporting the existence of an alternative splice variant utilizing an alternative first exon. 

Alternative splicing results in diverse proteins with different or even antagonistic functional and 

structural properties, from the same protein coding gene. As such, to validate any possible 

disease association of a gene a complete annotation of the gene locus and function is required. 

 

In the following manuscript, we verified the In silco evidence experimentally, and report the 

identification, and functional characterizations of a novel alternative first exon. This is the first 

report of an alternative exon in the human SLC23A1 gene since the initial description in 

1999/2000. 
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4.1 ABSTRACT 

Since the initial description of the human SLC23A1 transcript, encoding a sodium-dependent 

ascorbic acid transporter, no alternative splice variant had been described. In this report we 

describe a novel human specific alternative first exon which is located 1078 nucleotides 5’ of the 

canonical first exon. The two first exons are not mutually exclusive since they splice together to 

create a novel SLC23A1 protein isoform, we name it isoform 1A, with a N-terminus that is 

elongated by 36 amino acid. The novel SLC23A1 isoform locates to the plasma membrane, but 

mediates only 7% of the ascorbic acid transport exhibited by the shorter isoform when expressed 

in Xenopus laevis oocytes. 

 

 

4.2 INTRODUCTION 

The SLC23A1 locus on human chromosome 5q31.2 (138702885-138719039 compl.; 

NC_000005.9) encodes for the sodium-dependent ascorbic acid transporter 1. Ascorbic acid, the 

bioactive form of Vitamin C is essential for human survival and the prevention of common 

complex diseases (1, 2). Main sites of SLC23A1 expression are the small intestine, liver and 

kidney, where it functions as an apical ascorbic acid uptake carrier (3-9). SLC23A1 transports 

ascorbic acid with moderate affinity (Km ~ 100-200 µM) and high capacity, reflecting its role in 

intestinal absorption and renal re-absorption (3, 4, 10). Two alternative splice variants have been 

described in the literature and are listed in the NCBI database as reference RNAs NM005847.4 

and NM152685.3. The protein isoform represented by the splice variant NM152685.3 mediates 

cellular ascorbic acid uptake (5, 11, 12), while the isoform encoded by NM005847.4, which 
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contains additional 12 nucleotides between exon 5 and 6 adding 4 amino acids, shows no ASC 

transport (5).  

 

The SLC23A1 exon intron structure has been described as containing 15 exons, stretching over 

16 kilobases (13, 14), and is similar to the mouse ortholog (15). SLC23A1 is the key protein in 

renal re-absorption and hepatic maintenance of ascorbic acid (16), making it a major determinant 

of systemic ascorbic acid levels. Genetic variation in SLC23A1 has a high potential to impact on 

systemic ascorbic acid levels, and the potential detrimental health impact is demonstrated by the 

fact that the slc23a1
-/-

 mouse has low plasma and tissue concentrations and ~50% perinatal 

mortality (16).    

 

Most genes in the human genome have more than two splice variants(17, 18); therefore we 

evaluated the existence of additional SLC23A1 transcripts in silico.  In this report we 

characterize a novel alternative first exon encoding a SLC23A1 isoform which is elongated by 

36 additional N-terminal amino acids on a genomic and functional level.  

 

 

4.3 MATERIAL AND METHODS 

4.3.1 EXPRESSED SEQUENCE TAGS (EST) SEARCH AND ALIGNMENTS 

All mRNA and EST sequences in the human SLC23A1 5’ region were identified by BLASTing 

the known SLC23A1 Exon (1B) and intron 1, as well as the 5000 nucleotides in the proximal 

promoter region (NCBI Human Genome Build 37.3) against the human Non-RefSeq RNA and 

EST databases (http://blast.ncbi.nlm.nih.gov/Blast.cgi). Data were downloaded, assembled and 
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visually analyzed (curated) using Sequencher 4.9, changing alignment parameter as needed. Data 

were curated and validated visually and compared to data available from the NCBI and Ensembl 

databases for verification. Evidence for expression in non humanoid life forms was evaluated 

through BLAST searches in databases for all available species 

(http://blast.ncbi.nlm.nih.gov/Blast.cgi). 

 

 

4.3.2 COMPARATIVE CONSERVATION ANALYSIS USING VISTA TOOLS 

 Using the human genome (NCBI Human Genome Build 37.3) as the base genome, candidate 

orthologous regions were identified using gVISTA (http://genome.lbl.gov/cgi-

bin/GenomeVista). The sequence of the novel SLC23A1 Exon1A was blasted in gVISTA 

(http://genome.lbl.gov/cgi-bin/GenomeVista) to pinpoint its precise genomic location. 

Conservation in the latest pre-computed genomic assemblies were compared in the VISTA 

browser (http://pipeline.lbl.gov/cgi-bin/gateway2?selector=vistapoint).   

 

 

4.3.3 REAL TIME PCR 

Real Time PCR was performed on a StepOnePlus Real-Time PCR System (Applied Biosystems, 

Carlsbad, CA, USA) following manufactures recommendations. StepOnePlus operation was 

controlled by the StepOne software vs. 2.2.2, which also used for data processing and analysis. 

Final analysis was confirmed using Microsoft Excel, which was also used to design graphics.   

 

http://genome.lbl.gov/cgi-bin/GenomeVista
http://genome.lbl.gov/cgi-bin/GenomeVista
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PrimeTime
®

 TaqMan based qPCR assay IDT47803527 (Integrated DNA Technologies, 

Coralville, IA, USA) was used to determine levels of the canonical consensus SLC23A1 

transcript represented by NM005847.4 and NM152685.3. PrimeTime
®
 TaqMan based qPCR 

assay IDT52386812 (Integrated DNA Technologies, Coralville, IA, USA) was used to determine 

levels of the transcript containing the novel SLC23A1 exon 1A. Assays were performed in 

TaqMan Fast Advanced Master Mix (Applied Biosystems, Carlsbad, CA, USA) following the 

manufacturers protocols. Clontech human liver, small intestine and kidney Marathon ready 

cDNA (Clontech, Mountain View, CA, USA), which had been standardized based on β–actin 

levels by the manufacturer, was used in the qPCR.  Plasmids representing the SLC23A1 

consensus as well as exon 1A transcript were used in serial dilutions to determine a standard 

curve, where plasmids copy numbers were calculated based on the formula: m=(n)x1.096e-21g 

(m=mass, n=plasmid size in nucleotides).  

 

 

4.3.4 CLONING OF THE SLC23A1 EXON1A CDNA 

For all PCR based subcloning steps Phusion High-Fidelity DNA Polymerase (New England 

BioLabs, Whitby, ON, Canada) was used according to the manufacturers recommendations. The 

identity of PCR amplicons and the final inserts in the DONR and expression plasmids had been 

confirmed by sequencing (The Centre for Applied Genomics, Toronto, ON, Canada) and 

sequence data were analyzed by Sequencher 5.0 (GeneCodes, Ann Arbor, MI, USA). A two step 

PCR methodology was applied to create the fluorescently tagged protein, where first two 

separate PCR products for the SLC23A1 exon 1A ORF (template RNA was obtained from CaCo-

2 cells) and turbo Green Fluorescent Protein (tGFP) (template GIPZ Lentiviral shRNAmir 
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vector, Open Biosystems) were produced (Table of primers in Supplement). These amplicons 

were designed to have overlapping sequences and in a second round of PCR these were used to 

obtain one amplicon, which was tagged with the Gateway
TM

 (Invitrogen, Burlington, ON, 

Canada) recombination tags. This amplicons was integrated into pDONR22.1 and transferred 

into pcDNA/V5-DEST using the manufacturer’s protocol. The ORF representing the shorter 

SLC23A1 splice variant (NM005847.4) was contained in the m-cherry red fluorescent protein 

vector mCherry-SLC23A1 pReceiver-M55 (GeneCopoeia, Rockville, MD, USA).  

 

 

4.3.5 CELL CULTURE AND TRANSFECTION 

HEK293 cells (ATCC) were cultured at 37°C in DMEM/F-12 HyClone media (Thermo Fisher 

Scientific, Burlington, ON, Canada), 10% fetal bovine serum (FBS) on 75mm flasks (Thermo 

Fisher Scientific, Corning, Burlington, ON, Canada)) or 24-well tissue culture plates (Thermo 

Fisher Scientific, BioLite, Burlington, ON, Canada)). At appropriate densities the cells were 

transfected with mCherry-SLC23A1 pReceiver-M55 or tGFP-SLC23A1 Exon1A pcDNA/V5-

DEST using the Effectene Transfection Reagent (Qiagen, Toronto, ON, Canada) following the 

manufacturer’s protocols. 24 to 48h post transfection the cells were visualized by fluorescent 

microscopy (Axiovert 200, Zeiss, North York, ON, Canada).  
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4.3.6 FLUORESCENT MICROSCOPY 

24 to 48h post transfection the fluorescence in the transfected cells was visualized using an 

Axiovert 200M inverted wide-field epifluorescence microscopy (Carl Zeiss, North York, ON, 

Canada). Images were collected with the Axiovision software package AxioVS40 v 4.5.      

 

 

4.3.7 PROTEIN PREDICTION ANALYSIS 

ProtParam (http://web.expasy.org/cgi-bin/protparam/protparam) was used for computation of 

various physical and chemical parameters, including the molecular weight, theoretical pI, amino 

acid composition, atomic composition, extinction coefficient, estimated half-life, instability 

index, aliphatic index and grand average of hydropathicity (GRAVY). 

 

The TMHMM Server 2.0 (http://www.cbs.dtu.dk/services/TMHMM/) was used to predict the 

transmembrane architecture of the proteins. PredictProtein (https://www.predictprotein.org) was 

used to predict secondary structure, solvent accessibility, transmembrane helices, globular 

regions, coiled-coil regions, structural switch regions, B-values, disorder regions, intra-residue 

contacts, protein-protein and protein-DNA binding sites, sub-cellular localization, domain 

boundaries, beta-barrels, cysteine bonds, metal binding sites and disulphide bridges of the two 

proteins. 

 

 

4.3.8 XENOPUS LAEVIS OOCYTES TRANSPORT ASSAY 

Complementary RNAs (cRNA) for both human SLC23A1 splice variants were prepared by in 

http://web.expasy.org/cgi-bin/protparam/protparam
http://www.cbs.dtu.dk/services/TMHMM/
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vitro transcription using the SP6 mMessage mMachine Kit (Ambion, Burlington, ON, Canada). 

The cRNAs were injected into Xenopus laevis oocytes and the transporter experiments were 

performed exactly as described (16).  

 

 

4.4 RESULTS 

4.4.1 A NOVEL ALTERNATIVE FIRST SLC23A1 EXON EXCLUSIVE TO HUMANS IS 

EXPRESSED IN THE SMALL INTESTINE 

The existence of an alternative first SLC23A1 exon is supported by five Expressed Sequence 

Tags (ESTs: DA420756, DB480870, DA870503, EG327910, EG328033) aligning 1078 

nucleotides 5’ of the currently known SLC23A1 exon 1 (Figure 4.1A). These five ESTs define a 

novel first exon for the human SLC23A1 gene, which we name SLC23A1 exon 1A (Figure 

4.1A). The novel SLC23A1 exon1A consists of 196 nucleotides, with the transcript splicing into 

the following exon sixty-two nucleotides from its 3’ end (Figure 4.1B). The full length of the 

exon was confirmed by PCR amplification using RNA from the intestinal carcinoma cell line 

CaCo-2 as template and subsequent sequence analysis.  

http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucest&id=116005552
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Figure 4.1: Exon usage in the 5’ region of the SLC23A1 gene.  A) Two alternative first exons 

are utilized. Exon 1A is the novel exon described in this report. Both first exons have 

independent promoter regions, but are not mutually exclusive, since exon 1A splices into exon 

1B, which is the exon described before (13, 14) and defined by the reference RNAs NM005847.4 

and NM152685.3.   B) The Transcriptional Start Point (TSP) of SLC23A1 exon 1B is not 

represented by the reference RNAs, instead it extends 61 nucleotides 5’, which brings the size of 

exon 1B to 144 nucleotides.  

 

 

 

The novel SLC23A1 exon1A is not reflected through any reference RNA in GeneBank. The 

reference RNAs NM005847.4 and NM152685.3 define the currently documented first exon (13, 

14), which by virtue of chromosomal order is defined as SLC23A1 Exon 1B (Figure 4.1B).  

 

The expression of the novel SLC23A1 exon 1A is limited to humans, no transcript with a 

sequence homology of 70% or higher could be identified in any RNA or EST database. An 

analysis of the genomic region surrounding SLC23A1 Exon 1A shows conservation in primates, 

moderate conservation between human and equine (horse), canine (dog), and bovine (cow), and 

very low conservation between primates and rodents (mouse and rat) (Figure 4.2). The low 
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evolutionary conservation, specifically in the proximal promoter region, supports the evidence 

that this splice variant appears to be unique to humans or primates. 

 

 
 

Figure 4.2: Comparative VISTA Analysis of the evolutionary conservation of the 

orthologous regions containing the novel SLC23A1 Exon 1A and the previously 

characterized SLC23A1 Exon 1B. SLC23A1 is located on the complement strand of 

chromosome 5. The first lane shows the exact location of the novel SLC23A1 Exon 1A, as 

determined in a gVISTA blast search. The threshold for high conservation was set to be 70%.   

SLC23A1 Exon 1A is not conserved in rodents, and moderately conserved in dog and cow, while 

SLC23A1 Exon 1B is highly conserved across all species. 

 

 

Real time PCR analysis shows abundant expression of the full length SLC23A1 transcript in the 

kidney, liver and small intestine (Figure 4.3A), as previously observed (5, 11, 12, 16, 19). In 

contrast, transcripts containing SLC23A1 exon 1A are only detectable in trace amounts in liver 

and kidney (Figure 4.3B), but constitute 18% of the SLC23A1 transcripts in the small intestine 

(Figure 4.3C).  
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Figure 4.3: Expression of differentially spliced human SLC23A1 transcripts in liver, small 

intestine, and kidney. A) The consensus transcript is highly abundant in all tissues confirming 

prior observations (5, 11, 12, 16, 19).  B) Exon 1A is only detectable in trace amounts in liver 

and kidney, but moderately expressed in the small intestine. C) 18.3% of transcripts in the small 

intestine contain exon 1A, while less than 0.3% of transcripts in liver and kidney contain exon 

1A. 
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The expression pattern strongly indicates a tissue specific utilization of exon 1A, with significant 

abundance in the small intestine. The novel SLC23A1 exon 1A transcript has a total length of 

2473 nucleotides (sequence in the appendix I, chapter IV). 

 

 

4.4.2 THE NOVEL SLC23A1 PROTEIN ISOFORM ADDS 36 N-TERMINAL AMINO 

ACIDS BUT DOES NOT ALTER TRANSMEMBRANE TOPOLOGY OR 

INTRACELLULAR LOCATION 

The novel SLC23A1 Exon 1A contains a translation initiation codon (ATG) (Figure 4.1A), 

defining the start of a 1905 nucleotide Open Reading Frame (ORF) (Sequence in the 

supplement). The resulting novel 634 amino acids containing protein, we name it SLC23A1 

isoform A, is in frame with the previously described 598 amino acid containing SLC23A1 

protein (NP689898 (5, 11)), adding 36 additional N-terminal amino acids (Supplement Figure 1, 

and protein sequences).  

 

The novel SLC23A1 isoform 1A containing 634 amino acids has a predicted molecular weight of 

68.9 kDa. The additional 36 N-terminal amino acid are predicted to change the ratio of 

negatively charged to positively charged amino acids from 41/37 to 41/44, respectively, 

changing the charge of the protein from -4 to +3. The theoretical pI is changed from 6.16 for the 

short isoform B (NP689898) to 8.09 for the novel longer isoform A. Both proteins are predicted 

to be stable and aliphatic index and grand average of hydropathicity are similar. Furthermore, no 

changes in membrane topology are predicted, with the N- and the C-termini predicted to be 

cytosolic (Figure 4.4).  
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Figure 4.4: Predicted membrane topology for the SLC23A1 protein isoforms.  

A) The reference protein NP689898 represents the shorter SLC23A1 isoform 1B, and 10 

transmembrane domains are predicted. B) The additional 36 nucleotides in the novel SLC23A1 

isoform 1A are not predicted to change the membrane topology, but add to the length of the N-

terminal region.  

 

 

Three novel protein-protein binding sites are predicted in the novel N-terminus of SLC23A1 

protein isoform 1A (Appendix I, chapter IV Figure 2), and two additional protein kinase C 

phosphorylation sites are predicted, indicating an altered activation pattern for this isoform 

(Appendix I, chapter IV Figure 2). No signal peptide sequences are identified in both isoform, 

indicating similar sub-cellular location.  
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4.4.3 THE NOVEL SLC23A1 PROTEIN ISOFORM 1A LOCATES TO THE PLASMA 

MEMBRANE 

When transiently expressed in human embryonic kidney cells (HEK 293), the shorter SLC23A1 

isoform B locates on the outer plasma membrane (Figure 4.5A), as has been described before (9, 

20). The longer SLC23A1 isoform A shows the same membrane localization (Figure 4.5B). 

Both isoforms exhibit strong expression when they are solely expressed in the HEK293 cells.  

 
 

Figure 4.5: Localization of the two isoforms. A) mCherry (red) tagged SLC23A1 isoform 1B 

locates to the plasma membrane in HEK 293 cells. B) tGFP (green) tagged SLC23A1 isoform 

1A also locates to the plasma membrane in HEK 293 cells. 
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4.4.4 THE NOVEL SLC23A1 PROTEIN ISOFORM 1A MEDIATES VERY LOW 

ASCORBIC ACID TRANSPORT IN XENOPUS LAEVIS OOCYTES 

 When expressed in Xenopus laevis oocytes the novel SLC23A1 isoform 1A mediated about 7% 

of the transport capacity of isoform B (Figure 4.6). 

 

 

Figure 4.6: Transport activity of the two isoforms. The novel SLC23A1 isoform 1A mediates 

ascorbic acid uptake in Xenopus laevis oocytes. [
14

C]ascorbic acid uptake into Xenopus laevis 

oocytes injected with cRNA encoding SLC23A1 isoform 1A (Δ) is elevated compared to sham 

injected oocytes (◊), however, it is only about 7% compared to SLC23A1 isoform 1B (□), when 

incubated with 300 μM [
14

C] ascorbic acid.  

 

 

4.4.5 DEFINITION OF THE TRANSCRIPTIONAL START POINT OF SLC23A1 EXON 

1B 

EST alignments in the 5’ region of SLC23A1 exon 1B shows multiple transcripts extending 

beyond the previously described transcriptional start point defined by reference RNAs 

NM005847.4 and NM152685.3 (Figure 4.1B) (13, 14). PCR amplification of RNA from human 
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intestinal tissue confirm a 144 nucleotides spanning exon 1B, including a 108 nucleotides 5’ 

untranslated region (5’UTR) (Figure 4.1B). The total size of the transcript of the shorter 

SLC23A1 splice variant 1B is therefore 2355 nucleotides from TSP to poly-A signal (sequence in 

the appendix I chapter IV). 

 

 

4.5 DISCUSSION 

This report describes a previously uncharacterized alternative first exon of the SLC23A1 gene, 

called SLC23A1 exon 1A, which is located 1078 nucleotides 5’ of the currently known SLC23A1 

exon 1B and is preferably expressed in the small intestine. It encodes a protein isoform that 

contains additional 36 N-terminal amino acids, locates to the outer cell membrane, but mediates 

only about 7% of the ascorbic acid transport of the shorter isoform. The reason for this lack of 

transport activity is currently not apparent, since both isoforms are predicted to have the same 

membrane architecture and the molecular imaging confirmed that both locate to the outer cell 

membrane in mammalian cells. However, the lack of transport activity might be explained by 

two mechanisms. First, the net charges of the two proteins are reversed, from -4 to +3 and the pI 

is significantly altered from 6.16 to 8.09 between isoform 1B and isoform 1A, respectively. 

Therefore simple structural alteration might cause the decreased function. Secondly, protein 

activation could be modified by two additional protein kinase C (PKC) phosphorylation sites and 

three novel protein-protein binding sites in the additional N-terminus. PKC phosphorylation had 

been shown to inhibit membrane proteins activity through decreased structural flexibility as well 

as modifying the effects of other protein kinases such as protein kinase G and protein kinase A 
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(21). In addition, PKC activity had been shown to downregulate SLC23A1 via derecruitment 

from the plasma membrane (22,23).  

 

The existence of the less functional SLC23A1 isoform A might indicate redundancy, specifically 

since the locus is not evolutionary conserved and the transcript for SLC23A1 variant A is only 

found in humans. The simple lack of strong evolutionary pressures to decrease the size of the 

human transcriptome might explain the existence of a less functional membrane transporter 

isoform (24). However, this theory might not apply to a human intestinal ascorbic acid 

transporter, since primates lost the ability to synthesize ascorbic acid and solely rely on intestinal 

absorption. Therefore the recently developed concept that transporter efficiency is fine-tuned to 

specific ranges of substrate concentration offers an explanation for the existence of SLC23A1 

isoform 1A (24). Since ascorbic acid concentrations in the small intestine vary greatly, the amino 

acid composition of the different isoforms might be adapted to provide optimal 

substrate/transporter interactions. Substrate concentrations in the small intestine can exceed 300 

µM, which was tested in the presented experiments, and isoform A might have better efficiency 

in higher substrate concentrations, where isoform B reaches maximal saturation (5, 11, 12, 25). 

This would also explain the lack of SLC23A1 isoform A in the kidney and liver, where maximal 

ascorbic acid concentrations do not exceed 100 µM, matching the affinity and capacity of 

SLC23A1 isoform 1B (11), rendering an additional isoform obsolete. This would be consistent 

with the general theory that alternative splicing multiplies the encoding volume of any given 

genome of eukaryotes and the differential regulation of alternative splice variants is considered 

to play a substantial role in defining the phenotype of a given cell type, or cell state (18).  
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To conclude, this is the first report of an alternative splice variant since the initial description of 

the SLC23A1 transcript (11, 12, 26) or the characterization of the gene locus (13, 14). The novel 

alternative protein isoform A exhibits low ascorbic acid transport activity at a substrate 

concentration of 300 µM, however, its specific roles and possible synergism with the more 

functional SLC23A1 isoform 1B remains to be determined. Moreover, the human SLC23A1 

locus extends about 1kb further 5’ than previously described (13, 14).  
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TRANSITION STATEMENT 2 

 

Localized vitamin C deficiency has generally been reported in the patients with IBD. Ascorbic 

acid disparity may play a major role in intestinal inflammation and tissue damage in IBD 

patients. Deregulation in vitamin C transporters may result in redox imbalance and thus could 

modulate the susceptibility to IBD and/or severity of its complications. As such, the association 

of vitamin C transporters with IBD needs to be determined.  

 

In the following manuscript we investigated the association between variations in the SLC23A1 

locus (encoding the intestinal ascorbic acid transporter protein) with IBD risk. Through 

genotyping tagging SNPs, in our existing Manitoban IBD cohort, we observed convincing 

association between SNPs in SLC23A1 gene and Crohn’s disease.  

 

This is the first study to investigate association between vitamin C transporters with IBD and the 

first report to show the contribution of variation in SLC23A1gene to risk of IBD.  
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5.1 ABSTRACT 

 

Crohn’s disease (CD) and ulcerative colitis (UC) are two common inflammatory bowel diseases 

(IBD) associated with intestinal inflammation and tissue damage. Oxidative stress is suggested to 

play a major role in the initiation and progression of IBD. Supplementation of Vitamin C 

(ascorbate, ascorbic acid) has reduced oxidative stress in persons with IBD. The role of ascorbate 

transporters in IBD remains to be determined. SLC23A1 is a major ascorbate transporter in the 

intestinal tract and some of its genetic variants have been associated with severely decreased 

ascorbate transport and lowered systemic levels. This study aimed to determine if common 

genetic variants in vitamin C transporter SLC23A1 are associated with risk of IBD. Genomic 

DNA samples from patients with CD (n=162) and UC (n=149) from the Manitoba IBD Cohort 

Study and ethnically matched controls (n=142) were genotyped for three SLC23A1 

polymorphisms (rs6596473, rs33972313, rs10063949) using TaqMan Assays. Variation at 

rs10063949 (G allele for heterozygote and homozygote) was associated with increased 

susceptibility to CD (OR=2.54, 95% CI 1.38, 4.66; OR=4.72, 95% CI 2.53, 8.81, p<0.0001; 

respectively). A strong linkage disequilibrium (LD) was observed across the SLC23A1region 

(variation rs6596473 with rs10063949) for CD and UC (D´=0.94, D´=0.96; respectively). The 

risk alleles confirmed a haplotype (CGG) which is carried more in CD patients (65.3%, 

p<0.0001) compared to controls (43.5%). A genetic variant (rs10063949-G) in the SLC23A1 

ascorbate transporter locus was identified which is associated with an increased risk of CD in a 

Caucasian Canadian IBD cohort. The presented evidence that SLC23A1 variations can modulate 

the risk of CD has implications for understanding ascorbate transport in CD patients and 

provides a novel opportunity toward individualized nutritional therapy for the patients carrying 

the disease associated genotype. 
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5.2 INTRODUCTION 

Inflammatory bowel disease (IBD) includes Crohn’s disease (CD) and ulcerative colitis (UC), 

and results from the interface of environmental factors with an aberrant immune response in 

genetically susceptible individuals. IBD is accompanied by excessive production of reactive 

oxygen species which plays an important role in the pathogenesis of the disease through 

oxidative tissue damage (1). The antioxidant defense system of the intestinal mucosa is impaired 

in IBD patients which results in increased oxidative injury and eventually delayed recovery of 

the inflamed mucosa (2, 3). Intestinal biopsies from IBD patients have shown deficiencies and 

imbalances in the levels of different antioxidants, including Vitamin C (ascorbate) in inflamed 

mucosa compared with normal mucosa (2, 4).   

 

Ascorbate is the primary essential water-soluble antioxidant from the diet which acts as direct 

scavenger of reactive oxygen species and contributes to prevention of oxidative damage. 

Ascorbate is also a redox cofactor for enzymes required for the synthesis of collagen, carnitine, 

and neurotransmitters (5-7). The antioxidant property of ascorbate is thought to prevent chronic 

diseases involving inflammatory events,  including atherosclerosis (8-10), cancer (11), and type 

2 diabetes (12, 13). In IBD patients, a loss of 35-73% total and reduced ascorbate has been 

observed in inflamed mucosa which contributes to the overall loss of its antioxidant capacity (4). 

Plasma deficiencies of ascorbate have also been observed in IBD patients (14-16) and has been 

attributed to extensive depletion of ascorbate as an antioxidant or to inadequate dietary uptake 

(17). Whether reduction in ascorbate levels in inflammatory tissue in IBD is more cause or effect 

is unknown. 
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The sodium-dependent ascorbate transporter 1 (SLC23A1) is the major ascorbate transporter in 

the intestinal epithelium (18, 19) and is also found in cells involved in the immune defense (20, 

21). Cellular ascorbic acid uptake is enhanced when SLC23A1 is present (19, 22, 23). Global 

elimination of slc23a1 in the mouse results in a dramatic decrease of ascorbic acid levels in cells 

and organs expressing slc23a1 in the wild type (24). A non-synonymous genetic variation has 

been shown to reduce the transporters capacity by approximately 90% in vitro (24). We 

hypothesized that variation in the human SLC23A1 gene down regulates transporter activity and 

reduces intracellular antioxidant capacity resulting in impeding the enterocytes barrier function 

and/or modulating some intestinal immune cells capability to respond to oxidative stress. 

Therefore, the objective of this study was to examine if genetic variation in SLC23A1 gene could 

modulate the susceptibility to IBD or severity of its complications.   

 

 

5.3 SUBJECTS AND METHODS 

5.3.1 STUDY DESIGN AND POPULATION 

The study design has previously been described (25). Briefly, clinical data were collected from 

case records of participants in the Manitoba IBD Cohort Study, initiated in 2002. At enrollment 

in the Cohort Study, participants were at least 18 yr of age (18-80 yr) and diagnosed within the 

previous 7 yr (median 4.3 years). Controls included healthy individuals with no chronic immune 

diseases or first degree relatives with chronic immune diseases. A total of 311 persons with IBD 

(CD n=162, UC n=149) and 142 healthy controls were studied. All the study population (cases 

and controls) were Caucasian. The diagnosis and extent of IBD was determined based on 

surgical, endoscopic, radiologic, and histologic data. Phenotype was assigned according to the 
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Montreal Classification (26). Every subject signed an informed consent, and this study was 

approved by Biomedical Research Ethics Board at University of Manitoba. 

 

 

5.3.2 SNP SELECTION AND GENOTYPING METHODS 

 Extensive sequencing analysis of the pattern of common genetic variation of SLC23A1 gene has 

previously been performed defining haplotype tagging SNPs for the gene (27). Subsequently, a 

haplotype-based approach was implemented and three SNPs in the SLC23A1 gene were 

identified (rs6596473C>G, rs33972313 A>G, and rs10063949 G>A). Variants were selected 

because they are located in the 5’, middle and 3’ region of SLC23A1 and based on potential 

functional affect (e.g. rs33972313 is non-synonymous and had been shown to influence plasma 

ascorbic acid levels).  

 

Genomic DNA was isolated from peripheral white blood cells as previously described (29). 

Genotyping was performed for all subjects for three SNPs in SLC23A1 using TaqMan Real-Time 

PCR Assays (Applied Biosystems, Foster City, CA, USA), the assay condition for each 

optimized assay are shown in Table 5.1. Approximately 8% blinded quality control samples (36 

individuals) were assayed 4 times, which showed 100% concordance.  

 

 

5.3.3 STATISTICAL ANALYSIS  

Statistical analyses were performed using Statistical Analysis Systems software (SAS), version 

9.3 (SAS Inc., Cary, NC, USA). All tests were two-sided and significant p values was set at 
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P<0.05. Each of the three SNPs was analyzed individually using allele frequencies and carriage 

rates for association with CD and UC. Binary logistic regression was used to estimate odds ratios 

(ORs) and 95% confidence interval (CIs) for association between genotypes and CD and UC 

risk, adjusted for age and gender. Allelic frequencies and genotype frequencies were determined 

in UC, CD and controls. The homozygous common genotype was considered as reference group. 

In alternative analyses, a dominant model of inheritance was used to compare risk in the 

combined group of homozygous rare and heterozygotes genotypes to risk among the common 

homozygous genotype. Based on phenotype, comparisons of genetic frequencies and allelic 

frequencies were determined between UC, CD and controls by means of a 2x2 contingency table 

and chi-squared test. Haplotypes were calculated using Haploview 4.2 (Broad Institute, 

Cambridge, MA, USA). Multinomial logistic regression was used for association between 

genotypes and phenotype for CD and UC patients. 
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Table 5.1: Primers used to examine the three single nucleotide polymorphism in SLC23A1 gene involved in this study
1 

 

dbSNP 
CGF 

assay ID 
Position Alleles TaqMan primers TaqMan probes 

rs6596473 A-007155 138738475bp C/G 
F: CATTGAGGCTGCCACTTGAC 

R: TGCCCATTTAGAGGATGCTAGACT 

FAM: CCTATGGGCCTGAGACA 

VIC:   CCTATGGGCGTGAGACA 

rs33972313 001-1224 138743401bp A/G 
F: AGACCTCCAGTGCCTTCAGT 

R: GCAGCACGTCTGTCAAGGT 

FAM: TCATGACCGTGTGGCT 

VIC: CATCATGACCATGTGGCT 

rs10063949 A-006670 138747425bp G/A 
F: TTTGACCCAAGCCATGCAGATA 

R: GGCAGCTCAGACCAACCT 

FAM: TTCTGCAAACTTGC 

VIC: TCTGCGAACTTGC 

 
1
Adopted from reference (28); CGF, Core genotyping facility; F, forward primer; R, reverse primer 
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5.4 RESULTS 

One hundred sixty two patients with CD, 149 patients with UC, and 142 ethnically matched 

healthy controls were genotyped for three SLC23A1 polymorphisms. Baseline characteristics of 

the study population are shown in Table 5.2.  

 

Table 5.2: General characteristics of the study subjects 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Note: No significance difference was found between the base line characteristic for study 

populations.  

 

 

Genotype frequencies are summarized in Table 5.3 (CD) and Table 5.4 (UC). Genotype 

frequencies for all of the polymorphisms were in Hardy-Weinberg equilibrium within CD and 

UC groups.  

Parameters Crohn´s Disease  

(n=162 ) 

Ulcerative Colitis 

 (n= 149) 

Controls  

(n=142) 

Gender    

Female 97 (59.9%) 87 (58.4%) 80 (56.3%) 

Male 65 (40.1%) 62 (41.6%) 62 (43.7%) 

Age at diagnosis    

A1(<17 yr) 17 (10.5%) 12 (8.1%) - 

A2 (17-40 yr) 101 (62.3%) 78 (52.3%) - 

A3 (>40 yr) 44 (27.2%) 59 (39.6%) - 

Location    

L1 (Ileal) 69 (42.6%) - - 

L2 (Colonic) 37 (22.8%) - - 

L3 (Ileocolonic) 51 (31.5%) - - 

L4 (isolated upper 

disease) 

5 (3.1%) - - 

E1(Denotes proctitis) - 11 (7.4%) - 

E2 (Left-sided) - 68 (45.6%) - 

E3 (Extensive colitis) - 70 (47.0%) - 

Behaviour    

B1(Inflammatory)  69 (42.6%) - - 

B2 (Stricturing) 54 (33.3%) - - 

B3 

(Penetrating/fistulizing) 

39 (24.1%) - - 
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Among the 3 variants in SLC23A1 examined, the rs10063949-G allele is associated with 

increased CD risk (Table 5.3). Carriage of one (heterozygote) or two (homozygote) copies of the 

minor rs10063949 allele (G) was associated with increased risk of CD [OR=2.54, 95% CI 1.38, 

4.66; OR=4.72, 95% CI 2.53, 8.81, p<0.001; respectively). None of the SNPs were associated 

with UC risk. 

 

Table 5.3: Genotype, allele, and haplotype frequencies of SLC23A1 gene variants in Crohn’s 

disease patients and control subjects 

 

Odds ratios are adjusted for age and gender  

Per allele effects are derived from binary logistic regression 

ND = not determined  

The haplotypes were formed by the SNPs rs6596473, rs33972313, and rs10063949 

 

 

 Crohn´s disease 

n=162 

Controls 

n=142 

OR (95% CI) P 

     

rs6596473     

GG 77 (47.5%) 67 (47.2%) REF  

CG 65 (40.1%) 64 (45.1%)  0.88 (0.55, 1.42) 0.61 

CC 20 (12.3%) 11 (7.7%) 1.58 (0.71, 3.54) 0.26 

C-carrier 105 (32.4%) 87 (30.6%) 1.09 (0.77, 1.53) 0.64 

     

rs33972313     

GG 156 (96.3%) 138 (97.2%) REF  

GA 6 (3.7%) 4 (2.8%) 1.33 (0.37, 4.08) 0.67 

AA 0 0 ND ND 

A-carrier 6 (1.9%) 4 (1.4%) 1.32 (0.37, 4.73) 0.66 

     

rs10063949     

AA 24 (14.8%) 53 (37.3%) REF  

GA 61 (37.7%) 53 (37.3%) 2.54 (1.38, 4.66) 0.001 

GG 77 (47.5%) 36 (25.4%) 4.72 (2.53, 8.81) 0.001 

G-carrier 216 (66.7%) 125 (44%) 2.54 (1.83, 3.53) 0.001 

     

Haplotype     

CGG  106 (65.3%)  62 (43.5%) 2.44 (1.54, 3.88) 0.0001 
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A strong linkage was observed across the SLC23A1 gene (D’ = 0.94 between rs6596473 and 

rs10063949) in persons with CD (Figure 5.1A) and the haplotype CGG which is carried in 

persons with CD (OR=2.40, 95% CI: 1.54, 3.88, P<0.0001) (Table 5.3). Strong linkage (D’= 

0.96) in the SLC23A1 locus was also observed in UC patients for the two SNPs (rs6596473 and 

rs10063949) (Figure 5.1B) and a major haplotype (frequency ≥5%) was inferred for UC patients 

(CAG: 41%). 

 

   A                                                                                          B 

 

                                          
 

Figure 5.1: Linkage observed across the SLC23A1 gene locus in individuals with Crohn’s 

disease (A) and Ulcerative colitis (B). The degree of linkage disequilibrium (LD) is given in 

percentage, represented in the triangles. Red indicates a high degree of LD, while blue indicates 

uncertain results. 
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No association was found between SLC23A1 genotype and haplotype with UC risk (Table 5.4). 

No correlation was found between the presence of any genotype and specific phenotypes for CD 

and UC (data not shown).  

 

Table 5.4: Genotype, allele, and haplotype frequencies of SLC23A1 gene variants in ulcerative 

colitis patients and control subjects 

 

 

 

 

 

 

 

 

 

 

 

 

Odds ratios are adjusted for age and gender  

Per allele effects are derived from Binary logistic regression 

ND = not determined  

The haplotypes were formed by the SNPs rs6596473, rs33972313, and rs10063949 

 

 

 Ulcerative Colitis 

 n=149 

Controls 

n=142 

OR (95% CI) P 

     

rs6596473     

GG 66 (44.3%) 67 (47.2%) REF  

CG 68 (45.6%) 65 (45.8%) 1.05 (0.65, 1.69) 0.85 

CC 15 (10.1%) 11 (7.7%) 1.36 (0.58, 3.19) 0.47 

C-carrier 98 (32.9%) 87 (30.6%) 1.11 (0.78, 1.57) 0.56 

     

rs33972313     

GG 142 (95.3%) 138 (97.2%) REF  

GA 7 (4.7%) 4 (2.8%) 1.70 (0.49, 5.94) 0.40 

AA 0 0 ND ND 

A-carrier 7 (2.3%) 5 (1.8%) 1.34 (0.42, 4.27) 0.62 

     

rs10063949     

AA 58 (38.9%) 53 (37.3%) REF  

GA 52 (34.9%) 53 (37.3%) 0.90 (0.53, 1.53) 0.69 

GG 39 (26.2%) 36 (25.4%) 0.99 (0.55, 1.78) 0.97 

G-carrier 131 (43.9%) 125 (44%) 1.01 (0.72, 1.38) 0.98 

     

Haplotype     

CAG  63 (42.6%) 60 (42.5%) 1.00 (0.63, 1.59) 0.93 
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5.5 DISCUSSION 

Here, for the first time, we identified a variation in the sodium-dependent ascorbic acid 

transporter gene SLC23A1 that is associated with CD, but not with UC. This finding confirms 

our hypothesis that a disturbance in the antioxidant balance could contribute to the development 

and severity of IBD.  The rs10063949-G allele in SLC23A1 gene is associated with an increased 

CD risk. Of persons with CD, two thirds carried the G allele, corresponding to a CD risk which 

is elevated by 2.5 times compared to the rs10063949-A carriers. The rs10063949-GG genotype 

was significantly over transmitted in the CD patients (47.5%) compared to controls (25.4%). An 

allele dosage effect resembling haploinsufficiency is evident. Compared to rs10063949-AA 

homozygotes the 10063949-AG heterozygotes have a 2.5 fold elevated risk for CD and the 

10063949-GG homozygotes have a 4.7 fold elevated CD risk. No relation was observed between 

genetic variants in SLC23A1 and UC. 

 

The SNP rs10063949 is located within the promoter region of the SLC23A1 gene, which contains 

a variety of regulatory elements such as the hepatocyte nuclear factor 1 (HNF1), required for 

tissue specific transcription (30). Assuming that SNP rs10063949 contributes to intestinal 

inflammation, it would most likely act through differential regulation of SLC23A1 expression, 

which consequently would result in reduced cellular accumulation of ascorbate. In the current 

study, finding a genetic alteration in SLC23A1 transporter gene in CD suggests that the 

observation of low ascorbate levels in inflamed mucosa in the study by Head and colleagues (2) 

may be as much cause of inflammation as effect.  
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The implication of the association between SNP rs10063949 and CD but not UC is 

undetermined. We here suggest three possible cell-type specific mechanisms which could by 

themselves or in combination with each other cause the differential association. If one or all of 

them gets validated in future biological and clinical studies, SNP rs10063949 could be utilized as 

predictive biomarker for CD. Further it should be determined if it could also serve as a 

diagnostic biomarker for dietary intervention with ascorbate. Firstly, cell type specific 

transcription factors regulating SLC23A1 expression in immune regulatory cells involved in the 

development of CD but not UC might be affected by SNP rs10063949. SLC23A1 is expressed in 

lymphocytes, however, the specific expression during hematopoiesis and therefore in the 

different types of lymphocytes, and leukocytes in general, is not defined. Future genomic and 

functional studies should determine SLC23A1 expression patterns in all lymphocyte types 

(including natural killer cells), to define if indeed ascorbate accumulates differently in carriers of 

the SNP 10063949 genotypes. The levels of ascorbate will determine the antioxidative capacity 

(11) and as a consequence would contribute to the differential regulation of gene expression 

influencing CD but not UC risk.  

 

A second possible mechanism addresses a potential dysregulation of macrophage function 

through reduction in ascorbate uptake of macrophages in epithelioid granulomas. A granuloma is 

a collection of macrophages and other inflammatory cells. Epithelioid granulomas are among the 

most specific microscopic features of CD, distinguishing it from UC (31). Intracellular ascorbic 

acid has a regulatory role in the granulocyte macrophage-colony-stimulating (GM-CSF) 

signaling response (32), which is involved in proinflammatory processes, and therefore could 

determine the severity of CD.  
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A third possible explanation is related to the fact that the intestinal epithelium constitutes a 

physical barrier which contains immunogenic bacteria within the intestinal lumen and elevated 

oxidative stress can impede this barrier function (33, 34).  SLC23A1 is highly expressed in 

intestinal epithelial enterocytes, where its down-regulation may lead to decreased intracellular 

ascorbic acid levels to compromise the physical barrier function against immunogenic bacteria 

and/or the ability to withstand prolonged intrinsic macrophage challenges. This by itself may not 

explain the causality of a genetic variation associated to CD but not UC, however, it could 

enhance the severity of any immune dysregulations specific for CD. This might be even more 

potentiated by the fact that oxidative stress in epithelial cells and macrophages leads to the 

activation of the nuclear factor kappa B, an activator of pro-oxidative genes such as 

lipoxygenase, cycloxygenase-2, and inducible-nitric oxide synthase which leads to further 

elevated oxidative stress and reduced function of the intestinal barrier (35, 36).  

 

Previously, the three SNPs examined in this study were shown to be associated with circulating 

plasma ascorbic acid, however the results are inconsistent (5, 37, 38). The inconsistency and/or 

heterogeneity among the results from different studies may be largely accounted for sensitivity 

of analyses in measuring plasma ascorbate, different assay protocols, and many confounding 

factors that often make the interpretation of observational data difficult (37). Therefore, there is a 

need for additional studies to confirm a possible relationship between SLC23A1 genetic 

variations and circulating plasma ascorbic acid. In the current study, due to sampling collection 

methods, we were not able to include measurements of plasma ascorbic acid as a biomarker for 

ascorbate status. While this is a limitation of this study, we speculate that the association of the 
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genetic  variation to CD  may not influence plasma ascorbic acid levels, which are determined 

through the renal re-absorption rather than intestinal absorption (19).  

 

Compared to current genome wide association studies (GWAS) our Manitoban population-based 

case-control cohort could be considered suboptimal in terms of sample size (39).  However, a 

previous study of the Manitoba IBD Cohort (40) found significant associations for some of the 

previously described IBD-associated SNPs identified by GWAS in other large population based  

cohorts . Therefore, these results from a well phenotyped cohort of moderate size are 

noteworthy, but nonetheless should be reproduced in other cohorts.  

 

If, as we hypothesize, intracellular ascorbate levels of specific intestinal cell types will be 

decrease by the action of SNPs in SLC23A1, a supplementation with dehydroascorbate would be 

worthy of study as the therapy of choice to compensate for this shortfall. Dehydroascorbate, the 

oxidized form of Vitamin C, does not exist under physiologic conditions (41, 42). However, if 

supplemented externally, dehydroascorbate enters the cell through facilitated glucose transporter 

of the GLUT family, not SLC23A1 (23), and intracellular dehydroascorbate is immediately 

reduced to ascorbate, the active form of vitamin C (41-43). As currently dehydroascorbate is a 

minor component of some dietary supplements, the proposed gene specific personalized 

nutritional therapy would boost intracellular vitamin C levels and be considered safe.  

Confirmation of our findings in independent association studies is warranted before 

implementing any nutritional intervention.  
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TRANSITION STATEMENT 3 

 

 As one of the focal points of this research was to recognize new candidate transporter for 

vitamin C and further investigate on their contribution to IBD risk, we got interested to study 

GLUT 14, an orphan transporter.  

 

 SLC2A14 gene is located on human chromosome 12p13.31 and encodes GLUT 14, the recent 

identified member of the protein family of facilitative hexose transporters (GLUTs). GLUT 14 is 

specified only in human and described as a duplication of GLUT 3, however, the information 

about the gene structure is very limited. Based on the homology of GLUT 14 to GLUT 3, which 

is an active transporter for DHA (oxidized form of vitamin C); we speculate that GLUT 14 is 

also an enterocyte bound DHA transporter. We have, therefore, investigated the organization of 

the SLC2A14 gene in silico, delineating its promoter region and splice variants. 

 

Mapping the transcripts to the genome sequence, a significant expansion of the gene locus as 

well as tissue specific exon utilization was revealed. It further examined the sub-localization of 

the main protein isoforms and identified early evidence that GLUT 14 is a membrane transporter. 

 

The results of this report facilitate further studies to clarify the regulation of SLC2A14 expression 

and to assess whether mutations involving SLC2A14 contribute to IBD. 

 



 

 

101 

 

CHAPTER 6 

MANUSCRIPT 4 

 

This manuscript is under revision by the Biochemistry and Cell Biology 

 

 

SLC2A14 GENE: LOCUS, TISSUE EXPRESSION, SPLICE VARIANTS, AND 

SUBCELLULAR LOCALIZATION OF THE PROTEIN 

 

 

Mandana Amir Shaghaghi 
1
, Brent Murphy 

2
, Peter Eck 

1 

 

Afflications: 
1
Department of Human Nutritional Sciences, University of Manitoba, Winnipeg, 

Canada, R3T 2N2, 
2 

Department of Plant Science, University of Manitoba, Winnipeg, Canada. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

102 

 

6.1 ABSTRACT  

The SLC2A14 gene encodes for GLUT14, an orphan member of the facilitated membrane 

glucose transporter family, which was originally described to be exclusively expressed in human 

testis. However, genetic variations in SLC2A14 are associated to chronic diseases such as 

Alzheimer’s disease and inflammatory bowel disease, which cannot be explained by a strictly 

testicular expression. Therefore, we analyzed available information on the SLC2A14 gene to 

update the knowledge on the locus and its encoded products. This report represents an expanded 

SLC2A14 gene locus and a more diverse tissue expression, concurring with existing evidence of 

disease associations. The exon utilization is tissue specific, with major expression in testis. When 

the two major testicular protein isoforms were expressed in mammalian cells, they located to the 

plasmalemma membrane, providing early evidence that GLUT14 could have a function as a 

membrane transporter. 

 

 

6.2 INTRODUCTION 

The SLC2A14 gene encodes for GLUT14, which was described as a specific to human and an 

orphan member of the SLC2/GLUT family of facilitated membrane hexose transporter (1). In 

2002, Wu and Freeze described the SLC2A14 gene structure, showing high homology on the 

transcript level to SLC2A3 (GLUT3) (1). GLUT 3 has high affinity and high transport capacity 

for glucose and it also mediates cellular uptake of dehydroascorbic acid, the oxidized form of 

Vitamin C. Based on the high homology between GLUT14 with GLUT3, a function as facilitate 

glucose transporter is deduced for GLUT14 (2), however, this remains to be experimentally 

proven.  
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GLUT 14 was first described to be exclusively expressed in testis (1), however, further evidence 

indicates its expression in other tissues and cell lines, such as the ovarian cancer cell line A2780, 

where expression is downregulated in clonal cell lines resistant to the anticancer agents 

paclitaxel and cisplatin (3, 4). Abundance of the GLUT 14 transcript is also reported in the acute 

lymphoblastic leukemia cell lines NALM-6 and Jurkat (5), as well as in peripheral blood of 

Parkinson’s disease patients, where it was upregulated compared to healthy controls (6). Taken 

together, this indicates that GLUT14 is expressed in tissues other than testis and could play a role 

in the development of common disease such as leukemia and Parkinson’s disease.  

  

Variations in the SLC2A14 locus are implicated in common diseases of the central nervous 

system (7, 8), lymphatic cancer (5), rheumatoid arthritis (9), and intraocular pressure in primary 

open-angle glaucoma (10). Specifically, the single nucleotide polymorphism (SNP) rs10845990 

is found to be associated with Alzheimer’s disease in a Caucasian cohort (7), and carriers of the 

rs10845990-G allele showed a 41% higher risk for late-onset Alzheimer’s disease in a Chinese 

cohort (8). Moreover, a deletion of 129 kilobytes in the chromosome 12p13.31 region, which 

includes the SLC2A14 gene, confers a protective affect against rheumatoid arthritis across two 

Caucasian cohorts (9). A copy number variation in the 12p13.3 locus, overlapping the genes 

SLC2A14 and SLC2A3, associated with intraocular pressure in glaucoma (10).  

 

Despite emerging evidence that genetic variations in SLC2A14 are associated with common and 

complex diseases, major gaps in our knowledge of the genomic locus, its transcripts, and 

encoded protein isoforms exist. In this paper we revisit the SLC2A14 gene to present novel 
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information on the exon structure and utilization, alternative splicing, tissue expression, and 

intracellular localization of the two canonical protein isoforms.  

 

 

6.3 MATERIAL AND METHODS 

6.3.1 BIOINFORMATICS 

Sequences. The National Center for Biotechnology Information (NCBI) database was used to 

obtain the genomic sequence (GRCh37.p13 (GCF_000001405.25); NC_000012.11 

(7965110.8043792, complement) and the reference and non-reference RNAs for GLUT14. In 

addition, the Basic Local Alignment Search Tool (BLAST) was used to screen for additional 

human non-reference RNAs as well as expressed sequence tags (ESTs). Based on the reference 

RNA sequence, 17 usable non-reference RNAs and 318 usable ESTs sequences were identified. 

To increase the accuracy of the search, the reference RNA sequence was broken into shorter 

sequences (exons 1-5, 6-8, 9-11, and 12, as called in earlier publications(1)) and all search results 

with <90% identity were included in the analyses.  The DNA Sequence Analysis Software - 

Sequencher 4.8 (Gene Codes Corporation; Ann Arbor, USA) was used to align and hand curate 

the remaining sequences, allowing for large gaps, 20 minimum overlap, and minimum match of 

80%.  Finally, the resultants were compared to the consensus sequences and the variations 

analyzed. Exons were deduced from the alignments of all transcripts (RNAs and ESTs) in order 

of appearance on the RNA sense orientation in SLC2A14 locus.  
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6.3.2 TISSUE EXPRESSION  

Tissue expression was determined using mixed models of available bioinformatics information, 

quantitative PCR and regular PCR.  

 

The abundance of the human mRNA in specific tissues was deduced from RNA sequencing data, 

determined by the Reference Transcriptome Resource (http://nhprtr.org/) (11). The abundance of 

reads was assessed by the magic index against the intergenic background and expression values 

were normalized as significant Fragments Per Kilobase Of Exon Per Million Fragments Mapped 

(sFPKM) (11).  

 

Quantitative real time PCR was performed on marathon ready cDNA from human small 

intestine, testis, kidney, and liver (Clontech Laboratories Inc., Mountain View, CA; cat# 639326, 

cat#639314, cat#639305, cat#639307,respectively), on a StepOnePlus Real-Time PCR System 

(Life Technologies, Carlsbad, CA), using a custom made PrimeTime® Mini qPCR Assay 

(MiniPrb6-FAM/ZEN/IBFQ) (Integrated DNA Technologies, Coralville, Iowa, USA), with the 

following specifications: sense primer GAAGAGAAATTGGAGAGGGAGTC, antisense primer 

GTGTGCGGCTTCATTCTTG, probe CTGGAATTGGTGGGTTCTTGGTCTCA.  

 

PCR was performed on Marathon Ready cDNA (Clontech, Mountain View, CA, USA) from 

liver (cat#639307), small intestine(cat#639326), testis (cat#639314) and placenta(cat#639311) 

using the following primers: sense GAGATGGACAACAGACAG, antisense 

GACATTGGTGGTGGTCTCCTTA. Amplicons were separated by DNA-gel electrophoresis on 
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a 1.5% agarose gel in TAE buffer, containing ethidium bromide and imaged in a ChemiDoc gel 

imaging systems (Bio-Rad Laboratories, Mississauga, ON, Canada).  

 

 

6.3.3 SUBCLONING OF SLC2A14/GLUT 14 ISOFORMS 

Subcloning was performed using PCR techniques with Phusion
®
 High-Fidelity DNA Polymerase 

(New England Biolabs, Ipswitch, Massachusetts), following the manufacturers guidelines. The 

two major testis specific transcripts(12), which encode for two protein isoforms with very high 

homology to GLUT3, were subcloned.  

 

The shorter GLUT14 proteins isoforms open reading frame was amplified from cDNA clone 

5297510 (plasmid: Open Biosystems catalogue # MHS1010-9204259; GENEBANK: 

BC060766). This major testis specific transcript skips exon eleven, creating a start codon in exon 

ten and encodes for the shorter N-terminus (MDNRQN) (1), which is after these initiates six 

amino acids in frame with the longer isoform. The following primers were utilized: sense 

GAGATGGACAACAGACAG, antisense GACATTGGTGGTGGTCTCCTTA. This amplicon 

was C-terminally tagged with the red fluorescent protein mCherry (Clontech Laboratories) using 

a PCR based approach of overlapping primers: sense hybrid primer for GLUT14 and mCherry: 

TAAGGA-GACCACCACCAATGTC-ATGGCCAGCAAAGGAGAAGA. The mCherry was 

amplified from plasmid pcDNA™-DEST53 Vector (Life Technologies) using the following 

primers: sense ATGGCTAGCAAAGGAG-AAGA, antisense GACCACCACCAATGTCTAA. 

The GLUT 14 amplicon and the mCherry amplicon were ligated in a third round of PCR and 

tagged with the “Gateway attB1 and attB2” sequences to allow transfer of the amplicon into the 
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Gateway
® 

(Life Technologies) subcloning system. The final amplicon was subloned into 

pDONR™221 Vector and expression vector pcDNA3.2/V5-DEST (Life Technologies).  

 

The longer GLUT14 protein isoforms open reading frame was amplified from testis marathon 

ready cDNA (catalogue # 639314, Clontech Laboratories, Mountain View, California) using the 

following primers: sense ATGGAGTTTCACAATGGTGG, antisense GACATTGGTGGTG-

GTCTCCTTA.  The reference sequence RNA NM_153449.2, represents the longer version of 

the protein, utilizing a start codon in exon 11, encoding a protein in frame with the shorter 

isoform, but with a distinct N-terminus of 30 amino acids (1). This amplicon was C-terminally 

tagged with the green fluorescent protein GFP-Cycle 3using a PCR based approach of 

overlapping primers: sense hybrid primer for GLUT14 and GFP: 

TAAGGAGACCACCACCAATGTCATGGCCAGCAAAGGAGAAGA. GFP was amplified 

from plasmid pReceiver-M55(a,x,y) (GeneCopoeia, Rockville, MD, USA) using the following 

primers: sense ATGGTGAGCAAGGGCGAGGA, antisense TCACTTGT-

ACAGCTCGTCCAT. The GLUT 14 amplicon and the tGFP amplicon were ligated in a third 

round of PCR and tagged to transfer them into the Gateway
® 

(Life Technologies) subcloning 

system. The final amplicon was subloned into pDONR™221 Vector and expression vector 

pcDNA3.2/V5-DEST (Life Technologies). The identity of the inserts was confirmed by 

sequencing. The following two plasmids are derived of this process: A) tGFP-SLC2A14-Long-

pcDNA/V5-DEST; B) mCherry-SLC2A14-Short-pcDNA/V5-DEST. 
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6.3.4 MOLECULAR IMAGING 

Chinese Hamsters Ovary cells (CHO-K1) were purchased from American Type Culture 

Collection (ATTC, Manassas, Virginia, USA), and maintained on 24-well tissue culture plates 

(Thermo Fisher Scientific, BioLite) at 37°C in DMEM/F-12 HyClone media (Thermo Fisher 

Scientific) supplemented with 10% fetal bovine serum (FBS). At 60-80% confluency the 

GLUT14 expression plasmids (mCherry-SLC2A14-Short pcDNA/V5-DEST or tGFP-SLC2A14-

Long pcDNA/V5-DEST) were transfected into the cells using Effectene Transfection Reagent 

(Quiagen), following the manufacturer’s protocols. After 24 to 72 hours, transfected cells were 

imaged at an inverted Axiovert 200M Fluorescence/Live cell Imaging Microscope (Carl Zeiss 

GMBH, Jena, Germany) using standard green and red filter sets. Images were collected with the 

Axiovision software package AxioVS40 v 4.5, and were processed using Zen Software (Carl 

Zeiss GMBH).   

 

 

6.4 RESULTS 

6.4.1 GENOMIC LOCUS 

The revised genomic organization of the SLC2A14 gene shows a total of twenty exons covering 

103,477 nucleotides from the first Transcriptional Start Site (TSS) to the termination of the 

longest transcript. SLC2A14 is transcribed from the complement strand of chromosome 12p13.31 

(Figure 6.1). It is in tandem with the paralogue SLC2A3 gene, which is located 3232 nucleotides 

upstream but only has a size of one fourth of SLC2A14 gene (Figure 6.1). The locus overlaps the 

LOC100130582, ROS20P29, and NANOGP1 genes, which are transcribed from the opposite 
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strand (Figure 6.1). SLC2A14 orthologues are only found in primates, whereas SLC2A3 

orthologues are found throughout the animal kingdom (Appendix I, chapter VI, Figure 1).   

 

 

Figure 6.1: Chromosomal location, overlapping and neighboring genes, overall genomic 

organization and tissue specific exon utilization of the SLC2A14 gene. 

 

 

6.4.2 TISSUE EXPRESSION 

SLC2A14 is highly expressed in testis, but according to publicly available sources, significant 

levels of mRNA are also found in the colon, lung, ovaries and blood cells, brain, skeletal muscle, 

heart, kidney, and liver (Figure 6.2A). Real Time PCR concurs with these data, showing 
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strongest expression in testicular tissue, and lesser but significant expression in small intestine, 

liver and kidney (Figure 6.2B).  

 

 

Figure 6.2: Tissues expression of SLC2A14. Panel A demonstrates the tissues of significant 

RNA expression as determined from publicly available RNA-sequencing datasets and expressed 

in significant Fragments Per Kilobase Of Exon Per Million Fragments Mapped (sFPKM) (11) 

(see material and methods). Panel B establishes expression in testis, small intestine, liver and 

kidney through quantitative Real Time PCR.   
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Presence in placenta is demonstrated by the fact that GLUT14 could be subcloned out of 

placental, liver and small intestinal cDNA (Appendix I, chapter VI, Figure 2).  

 

 

6.4.3 EXON UTILIZATION AND ALTERNATIVE SPLICING 

Several differentially spliced transcripts show tissue specific exon utilization, specifically in the 

5’ portion of SLC2A14.  

 

The first four exons are exclusively utilized in brain hippocampal neuronal cells, where two 

distinct transcriptional start sites (TSS) in exon one and exon four exist (Figure 6.1). Exon five 

is an alternative transcriptional start site in testicular tissue (Figure 6.1) and is alternatively 

spliced at its 3’ end (Appendix I, chapter VI, Figure 3). Exons five to nine are utilized in 

testicular tissue, but not in neuronal (Figure 6.1).  

 

One third of the neuronal transcripts utilize exon ten, while all testis transcripts contain it. In 

addition, exon ten is a major alternative transcriptional start site for testicular transcripts. Exon 

eleven stands out in regard to splicing patterns, through showing tissue specific utilization as 

well as an intra-tissue splicing pattern. All neuronal transcripts skip exon eleven. All testis 

specific transcripts originating from the transcriptional start site in exon ten skip exon eleven, 

while it is contained in 47% of all transcripts originating from the earlier transcriptional start site 

in exon five (Appendix I, chapter VI, Figure 4).  

 



 

 

112 

 

Exons twelve through twenty are utilized in all tissues. Exon twelve also represents the last 

identifiable transcriptional start site (Figure 6.1), where neuronal as well as testicular transcripts 

originate. Exon 13 is skipped in about 3.5% of transcripts (Appendix II, chapter VI, Figure 5). 

The first 198 nucleotides of the last exon (exon 20) are skipped in 7% of the transcripts 

(Appendix I, chapter VI, Figure 6).  

 

 

6.4.4 TRANSCRIPTS TERMINATION SITES 

The last exon contains a maximum of 2014 nucleotides, where 3% of the transcripts support this 

longest extension. At least two earlier transcription termination sites are apparent, one resulting 

in a 1003 nucleotide exon and the other in a 733 nucleotide exon, the latter is equivalent to the 

termination site in the paralogue SLC2A3 gene. All of the alternative transcript termination sites 

do not impact on the open reading frame. 

 

 

6.4.5 TRANSCRIPTS 

Three major transcripts encoding for two protein isoforms exist in testicular tissue. The shortest 

transcript originates in exon ten and skips exon eleven, encoding for a shorter protein of 497 

amino acids, originally named by Wu and Freeze GLUT14S.  

 

Two major transcripts originate in exon five, skip exons six to nine, and utilize exon ten. 53% of 

these transcripts utilize the start codon in exon ten by skipping exon eleven, encoding the 

GLUT14S isoform. In contrast, 47% incorporate exon 11, which disrupts the GLUT14S open 
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reading frame. Instead, a translation start codon located at the immediate start of exon eleven 

creates a novel open reading frame encoding for a longer isoform of 520 amino acid, earlier 

named GLUT14L (1). The two protein isoform differ in their N-terminus; GLUT14L has twenty-

nine distinct amino acids, where GLUT14S has six, consistent with the isoforms described 

earlier (1).  

 

 

6.4.6 SUBCELLULAR LOCALIZATION 

Upon expression of both major fluorescently labeled GLUT14 isoforms in CHO-K1 cells a 

subcellular localization to the membrane can be observed. There is also a perinuclear 

intracellular localization, consistent with the sites of synthesis and processing on the 

Endoplasmic Reticulum and the Golgi Apparatus (Figure 6.3).   
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A

 

B 

 

Figure 6.3: The two major testicular GLUT14 isoforms are synthesized and processed on 

the Endoplasmic Reticulum/Golgi Apparatus and locate to the plasmalemma membrane in 

CHO-K1 cells. Upon expression, fluorescent signals for the GLUT14 long (green, panel A) and 

the GLUT14 short isoforms (red, panel B) can be detected perinuclear at the site of synthesis and 

processing (endoplasmic reticulum/Golgi Apparatus, blue arrows) as well as on the 

plasmalemma membrane (red arrows). The fluorescent images are matched with the 

correspondent light images to show the cells alignment in a tight monolayer.  
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6.5 DISCUSSION 

In expansion of prior work (1) we describe ten additional exons originating from the SLC2A14 

gene locus; therefore, according to the current analysis it contains twenty exons. We named the 

exon in the order of appearance, consistent with latest recommendations (hgsv.org, 

http://www.hgvs.org/mutnomen/refseq.html#exonnumber). Only one prior publication (1) 

numbered SLC2A14 exons; however, the locus was only partially described. Wu and Freezes (1) 

first exon (exon 1a in the Wu and Freeze publication) is represented by our tenth exon, where 

their exon 1b is our eleventh exon, and all following exons correspond to their description of 

their gene structure. Therefore Wu and Freeze (1) did not describe the first five exons for 

testicular transcripts which are located 5’ of exon ten. They also failed to determine the neuronal 

splice variants and therefore did not describe the neuron specifics exons one to four.  

 

In expansion of the earlier record of gene expression (1), we find evidence for SLC2A14 

expression beyond testis. The expression in neuronal cell types could explain why genetic 

variations in SLC2A14 are associated with Alzheimer’s disease (7, 8) and why expression 

patterns vary in Parkinson’s disease patients (6). The presented data therefore contribute to the 

understanding of future disease associations relating to SLC2A14 as a putative expression 

quantitative trait locus (eQTL).  

 

The current analysis revealed distinct tissue specific exon utilization, which could be determined 

for neuronal tissues and testis. The existence of five distinct transcriptional start sites with 

distinct promoter regions might be the hallmark of an ongoing evolution in the SLC2A14 gene, 

which was only recently duplicated during primate evolution. The specific functional differences 



 

 

116 

 

between the protein isoform encoded by these splice variants remain to be determined. However, 

the major testicular protein isoforms are likely to be solute carriers on the plasmalemma 

membrane, similar to the highly conserved paralogue GLUT3 (1).   

 

The existence of three transcriptional termination sites could also indicate an ongoing 

evolutionary process, which might distinguish GLUT14 from its paralogue GLUT3. Alternative 

termination in the 3’ untranslated region of genes affects the scaffolding of the proteins, resulting 

in differential intracellular targeting (13). Although we have proven plasmalemma localization of 

the protein, we had used plasmids carrying the open reading frame only. In future studies it needs 

to be investigated how the 3’ untranslated regions of the SLC2A14 transcript determine the 

intracellular location of the GLUT14 isoforms or how these distinguish it from GLUT3.  

 

In conclusion, we update the knowledge about the SLC2A14 genomic locus, identifying ten 

additional exons, expression beyond testicular tissue, and tissue specific exon utilization. The 

major protein isoforms locate to the plasmalemma membrane, indicating a function as solute 

carrier.  
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TRANSITION STATEMENT 4 

 

Focusing on SLC2A14 genomics, Chapter VI demonstrated expression of SLC2A14 (GLUT 14) 

in the intestinal tract. Moreover, Chapter V reported an association for the ASC transporter gene 

SLC23A1 with the IBD, strengthens our overall hypothesis that localized intestinal antioxidants 

imbalances contribute to the aetiology of IBD. During inflammation extracellular ASC is 

oxidized to DHA which then transport back, through GLUT transporters, into the cell. Upon 

entry into the cell DHA is immediately reduced back to ASC and this mechanism maintains 

intracellular redox balance. Besides, in many cell types including neutrophils, the rate of DHA 

transport through GLUTs exceeds the transport of ASC by SLC23s, leading to increase intra 

cellular ASC. Consequently, in the condition of inflammation or for specific cell types, the role 

of GLUTs transporters, including GLUT 14, may be even more important to sustain intra cellular 

ASC levels, compared to SLC23s transporters. Therefore we determined the genetic associations 

of SLC2A14 with IBD. 

 

In the following chapter, we characterized the GLUT 14 protein as a transporter for DHA and 

also determined strong associations between variations in the SLC2A14 (GLU14) gene and IBD. 

This is the first evidence for the GLUT14 function as well as its genetic associations with IBD.  
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7.1 ABSTRACT 

Oxidative stress is implicated in the initiation and progression of inflammatory bowel disease 

(IBD) which includes Crohn’s disease (CD) and ulcerative colitis (UC). Dehydroascorbic acid 

(DHA) is imported into cells via glucose transporters (GLUTs) and converted to the active 

antioxidant vitamin C. To determine whether orphan GLUT 14 has a DHA transporter function 

and to determine if its genetic variation is associated with IBD. The population based Manitoba 

IBD Cohort Study, initiated in 2002. Participants were at least 18 yr (18-80 yr) of age, diagnosed 

within the previous 7 yr. The identification and extent of IBD was determined based on surgical, 

endoscopic, radiologic, and histologic data. Caucasians with CD (n=162), UC (n=149), and 

ethnically matched controls (n=142). Controls were drawn from the general population, included 

individuals with no personal or first-degree relatives with chronic immune diseases. Genomic 

DNA samples from participants were genotyped for eight GLUT 14 polymorphisms. Logistic 

regression was used to determine the case-control association of genotypes for each 

polymorphism with CD or UC. Genotype-phenotype associations were tested by multinomial 

logistic regression. Radiolabeled DHA transport was determined in Xenopus laevis oocytes 

injected with cRNA of the two major GLUT14 isoforms. GLUT14 mediates DHA 

transmembrane transport. Variant rs2889504-A was associated with UC and CD (OR: 3.60, 95% 

CI: 1.95, 6.64; OR: 4.68, 95% CI: 2.78, 8.50, respectively). The rs10846086-G allele was 

associated with an approximated 3-fold increased risk of both UC and CD (OR: 2.91, 95% CI: 

1.49, 5.68; OR: 3.00, 95% CI: 1.55, 5.78, respectively). Variant rs12815313-T was associated 

with increased susceptibility to CD (OR: 2.12, 95% CI: 1.33, 3.36). These findings strengthen 

the evidence that a local mucosal imbalance in the major dietary water soluble antioxidant, 

vitamin C, is associated with IBD. This may have implications for nutritional treatments for 
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patients carrying the disease-associated genotypes. Further studies are needed to elucidate 

specific IBD prevention strategies. 

 

 

7.2 INTRODUCTION 

Cellular oxidative events continuously generate reactive oxygen species (ROS) which can harm 

biological macromolecules (1). ROS play a key role in the pathophysiology of tissue injury in 

inflammatory bowel disease (IBD), mainly through the initiation and continuation of the 

inflammatory cascade which begins with massive infiltration of leukocytes into the intestinal 

wall(2). ROS level in colonic biopsy specimens of IBD patients is higher than the normal 

mucosa(3-6) and these elevated ROS levels cause oxidative damage (7-9), further recruitment of 

inflammatory cells, and thus compromising tissue integrity and function (2, 10). ROS also 

enhance intestinal inflammation through the expression of a variety of immune molecules, 

promoting neutrophil adherence, and increasing mucosal and vascular permeability (11-13). 

 

Vitamin C is an essential dietary antioxidant known to terminate or retard the oxidative damage 

and protect tissues (14) through decreasing oxidative stress in IBD (15). Vitamin C directly 

scavenges intracellular ROS to protect from oxidative cell death(16-18), prevents DNA mutation 

(19), and inhibits FAS-induced apoptosis (20). Human cells transport ascorbate (ASC), the active 

form of vitamin C, through sodium dependent ascorbic acid transporters (21, 22); they also 

transport DHA, the oxidized form of vitamin C via facilitative diffusion through glucose 

transporters (GLUTs)(23-26).  
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During the inflammatory oxidative burst activated cells secrete ROS that oxidize extracellular 

ASC to DHA(27), which is transported into the cell and immediately reduced back to ASC(28, 

29). This phenomenon leads to increased accumulation of vitamin C by the activated cells(27) 

and by any cell present in the immediate vicinity, providing those cells with increased resistance 

to oxidative stress and cellular protection(28, 30). 

 

The orphan SLC2A14 gene (solute carrier family 2 member 14) is exclusively found in primates 

and encodes GLUT14, a putative facilitated glucose transporter, which has major expression in 

testis, but is also expressed in the intestinal tract (Amir Shaghaghi et al. 2015, reference to be 

created still). Based on high homology to GLUT 3(31), which is a known high capacity DHA 

transporter(32), we hypothesize that GLUT 14 is also a DHA transporter and genetic variation 

could deregulate its function and results in intracellular redox imbalance and thus increased risk 

of IBD. This notion is enforced by the fact that recently genetic variation of SLC23A1, encoding 

a major intestinal ascorbate transporter, was associated to Crohn’s disease(33).  

 

In this manuscript we characterized the DHA transport function of GLUT 14 and genetic 

associations with IBD.  

 

 

7.3 METHODS 

7.3.1 DESCRIPTION OF THE COHORT AND PARTICIPANTS 

The Manitoba IBD Cohort Study, initiated in 2002 included 388 persons drawn from a 

population based registry. Participants were required to be at least 18 yr (18-80 yr) of age and 
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diagnosed within the previous 7 yr. The diagnosis and extent of IBD was determined based on 

surgical, endoscopic, radiologic, and histologic data and participating individuals were 

phenotyped using the Montreal classification (34). Controls, drawn from the general population, 

included healthy individuals with no personal or first-degree relatives with chronic immune 

diseases. Of the 388 persons in the Cohort 311 IBD patients (162 CD and 149 UC patients) were 

Caucasian and 142 age- and sex-matched healthy Caucasian controls were included in the study. 

More details on the study design and creation of this study population are previously provided 

(35). The Manitoba IBD Cohort Study was approved by the Research Ethics Board of the 

University of Manitoba. 

 

  

7.3.2 TRANSPORT STUDIES 

As previously described elsewhere, the two major GLUT14 isoforms were subcloned (Amir 

Shaghaghi et al. 2015, reference to be created still). Radiolabelled [
14

C]DHA was prepared from 

crystalline [
14

C]Asc (6.6 mCi/mmol, PerkinElmer Life Sciences)(26). Total conversion of 

[
14

C]Asc to DHA was confirmed using HPLC with electro-coulometric detection(36). Previously 

described Xenopus laevis oocyte isolation and injection techniques(37), were used to express the 

GLUT14 isoforms.  

 

Transport of [
14

C]DHA was determined using groups of 10–20 oocytes in OR-2 buffer 

containing 250 µmol/l of [
14

C]DHA (0.6–5.5 μCi/ml) for 10, 30, and 60 min at 23°C. Individual 

oocytes were dissolved in 500 μl of 10% SDS, and internalized radioactivity was determined 

using scintillation spectrometry. DHA transport was analyzed and plotted using Microsoft Excel, 
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Student's t test was used to determined statistical differences. Data are expressed as the 

arithmetic mean ± S.D. of 10–20 oocytes analyzed at each data point. 

 

 

7.3.3 SINGLE NUCLEOTIDE POLYMORPHISM SELECTION, GENOTYPING 

METHODS, AND ASSOCIATION ANALYSES 

A haplotype-based tag-SNP approach was implemented(38) using the eight tagging SNPs: 

rs10846086, rs12815313, rs2889504, rs10845990, rs11612319, rs7132415, rs2376904, and 

rs73007730. These captured all the common variation (MLF >5%) in SLC2A14 (Appendix I, 

chapter VI, Table 1). 

 

Genomic DNA was isolated from peripheral white blood cells by absorption onto QIamp silics-

gel following QAIGEN protease digestion (QIAGEN, Mississauga, Canada). Subsequent to 

column elution, the purity and concentration of DNA was determined by UV spectroscopy 

(BioRad, Mississauga, Canada).  

 

Genotyping was performed for all subjects for the eight tag-SNPs using TaqMan Real-Time 

polymerase chain reaction assays (Applied Biosystems, Grand Island, New York, USA). The 

genotype concordance rate was 100% in duplicate samples. 

 

All data were analyzed using SAS version 9.2 (SAS Institute Inc, Cary, NC); P< .05 was 

considered statistically significant. The association of genotypes in each of the eight SNPs with 

CD or UC risks was examined by logistic regression to estimate ORs and 95% CIs, using a 
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genotypic model with three levels (two homozygotes and one heterozygote). Overdominance 

was tested only in those situations where the heterozygote was not intermediate in effect between 

the two homozygotes. The genotype-phenotype association for individuals with CD and UC was 

determined using Multinomial logistic regression. Linkage disequilibrium and haplotype blocks 

were performed using Haploview 4.2 software (Broad Institute)(39), the default method (40). 

 

 

7.4 RESULTS 

7.4.1 SLC2A14 SINGLE NUCLEOTIDE POLYMORPHISSM INDEPENDENTLY 

ASSOCIATE WITH INFLAMMATORY BOWEL DISEASE  

Baseline characteristics of participants are presented in the (Appendix I, chapter VI, Table 2).  

Genetic variations in SNPs rs10846086, rs2889504 associated with UC and CD, while 

rs12815313 associated with CD only (Table 7.1). No linkage was observed for the eight tag-

SNPs in the SLC2A14 gene (Figure 7.1), and the pattern of inheritance for the three SNPs 

associated to any disease phenotype differed significantly (Table 7.1). 

 

First, the susceptibility for CD was elevated in individuals carrying the SNP rs12815313-T allele 

(OR: 2.12, Table 7.1), where impact sizes are equal for homozygotes and CT-heterozygotes 

(OR: 2.04 for CT, and OR: 2.41 for TT, Table 7.1). However, no association was observed for 

UC (Table 7.1). 

 

Second, the rs10846086-G allele elevated risks for UC and CD (ORs: 2.91, 3.00, respectively, 

Table 7.1). An additive allele dosage effect was demonstrated, where highest susceptibility for 
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UC and CD was observed for rs10846086-GG homozygotes (ORs: 4.30, 4.20, respectively, 

Table 7.1), while the impact size was about halved for rs10846086-AG heterozygotes (ORs: 

2.14, 2.33, respectively, Table 7.1).  

 

Third, the presence of the SNP rs2889504-T allele increased susceptibility to UC and CD (ORs: 

3.60, 4.68, respectively, Table 7.1). Rs2889504-GT heterozygotes exhibited the highest risk for 

UC and CD (ORs: 5.36; 6.49, respectively, Table 7.1) compared to T-allele homozygotes (ORs: 

2.37, 3.41, respectively, Table 7.1). However, over-dominance could not be proven for the 

impact sizes observed for the rs2889504-GT genotypes.  

 

For all SNPs associated to CD or UC, no significant correlations were found to specific sub-

phenotypes of CD and UC (data not shown). 
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Table 7.1: Genetic associations of SNP in the SLC2A14 gene to Ulcerative colitis and Crohn´s disease 
1   

 Controls 

n=142 

 Ulcerative colitis 

n=149 

OR (95% CI)
2 

UC vs. Control 

 Crohn´s disease 

n=162 

OR (95% CI)
2 

CD vs. Control 

 No. (%)  No. (%)   No. (%)  

rs12815313        

CC 73 (51.4)  59 (39.6) REF  54 (33.4) REF 

CT 55 (38.7)  71 (47.6) 1.59 (0.98-2.61)  83 (51.2) 2.04 (1.25-3.33) 

TT 14 (9.9)  19 (12.7) 1.68 (0.78-3.63)  25 (15.4) 2.41 (1.15-5.07) 

T-carrier 69 (48.59)  90 (60.4) 1.61 (1.01-2.57)  108 (66.7) 2.12 (1.33-3.36) 

Dominance    0.81 (0.48-1.37)   0.76 (0.46-1.26) 

rs10845990        

TT 34 (23.9)  29 (19.5) REF  32 (19.7) REF 

GT 68 (47.9)  64 (42.9) 1.10 (0.60-2.01)  76 (46.9) 1.19 (0.66-2.13) 

GG 40 (28.2)  56 (37.6) 1.64 (0.86-3.11)  54(33.4) 1.43 (0.76-2.70) 

G-carrier 108 (76.1)  120 (80.5) 1.30 (0.74-2.28)  130 (80.25) 1.28 (0.74-2.21) 

Dominance    1.16 (0.73-1.85)   1.01 (0.64-1.59) 

rs11612319        

GG 66 (46.5)  65(43.6) REF  79(48.8) REF 

GA 66 (46.5)  69 (46.3) 1.06 (0.66-1.72)  65 (40.1) 0.82 (0.51-1.32) 

AA 10 (7.0)  15(10.1) 1.52 (0.64-3.64)  18(11.1) 1.50 (0.65-3.48) 

A-carrier 79 (53.5)  84 (56.4) 1.12 (0.71-1.78)  83 (51.2) 0.91 (0.58-1.43) 

Dominance    1.16 (0.67-2.02)   1.49 (0.87-2.56) 

rs7132415        

GG 37 (26.1)  36(24.2) REF  31(19.1) REF 

GT 70 (49.3)  76 (51.0) 1.12 (0.64-1.96)  72 (44.5) 1.23 (0.69-2.19) 

TT 35 (24.6)  37(24.8) 1.09 (0.57-2.08)  59(36.4) 2.01 (1.07-3.79) 

T-carrier 105 (73.9)  113 (75.8) 1.11 (0.65-1.88)  131 (80.9) 1.49 (0.87-2.56) 

Dominance    0.93 (0.59-1.48)   1.15 (0.73-1.82) 

rs10846086        

AA 128 (90.1)  113 (75.8) REF  122 (75.4) REF 

AG 9 (6.3)  17(11.4) 2.14 (0.92-4.99)  20 (12.3) 2.33 (1.02-5.32) 
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Note: IBD, Inflammatory bowel disease; OR, Odd ratio 
1
Per-allele effects were derived from binary logistic regression.  

2
ORs were adjusted for age and sex. 

* marks significant differences in the ORs to the reference SNP 

 

GG 5 (3.5)  19 (12.8) 4.30 (1.56-11.90)  20 (12.3) 4.20 (1.53-11.53) 

G-carrier 14 (9.9)  36 (24.2) 2.91 (1.49-5.68)  40 (24.7) 3.00 (1.55-5.78) 

Dominance    0.97 (0.37-2.52)   0.88 (0.34-2.24) 

rs2376904        

GG 93 (65.5)  83 (55.7) REF  113 (69.8) REF 

GA 43 (30.3)  58 (38.9) 1.51 (0.92-2.47)  37 (22.8) 0.70 (0.42-1.19) 

AA 6 (4.2)  8 (5.4) 1.49 (0.50-4.48)  12 (7.4) 1.65 (0.59-4.55) 

A-carrier 49 (34.5)  66 (44.3) 1.51 (0.94-2.42)  49 (30.2) 0.82 (0.51-1.33) 

Dominance    0.81 (0.41-1.59)   1.81 (0.92-3.55) 

rs7300773        

TT 50 (35.2)  47 (31.5) REF  57 (35.2) REF 

CT 74 (52.1)  74 (49.7) 1.06 (0.64-1.78)  76 (46.9) 0.90 (0.54-1.48) 

CC 18 (12.7)  28 (18.8) 1.65 (0.81-3.37)  29 (17.9) 1.41 (0.70-2.85) 

CT+CC 92 (64.8)  102 (68.5) 1.18 (0.72-1.92)  105 (64.8) 1.00 (0.62-1.60) 

Dominance    1.21 (0.75-1.95)   1.31 (0.82-2.12) 

rs2889504        

GG 125(88.0)  100 (67.1) REF  99 (61.1) REF 

GT 7(4.9)  30 (20.1) 5.36 (2.26-12.71)  36 (22.2) 6.49 (2.77-15.21) 

TT 10 (7.1)  19 (12.8) 2.37 (1.06-5.34)  27 (16.7) 3.41 (1.57-7.38) 

T-carrier 17 (12.0)  49 (32.9) 3.60 (1.95-6.64)  63 (38.9) 4.68 (2.78-8.50) 

Dominance    0.29 (0.11-0.72)   0.28 (0.12-0.70) 
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Figure 7.1: SNP are not in Genetic Linkage across the SLC2A14 locus in individuals with 

Crohn’s disease (A) and ulcerative colitis (B). The degree of linkage (represented in the 

triangles) is given as a percentage, and the color red indicates a higher degree of linkage. SNPs 

with significant associations to any form of IBD are marked with blue rectangles. This 

specifically demonstrates that the SNPs associated to any form of IBD are not in genetic linkage.  

 

 

 

7.4.3 GLUT14 MEDIATES CELLULAR DEHYDROASCORBIC ACID UPTAKE 

Upon expression in Xenopus laevis oocytes the two major GLUT14 isoforms mediated uptake of 

radiolabeled dehydroascorbic acid in a time dependent manner (Figure 7.2).  
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Figure 7.2: Two GLUT 14 isoforms mediate dehydroascorbic acid (DHA) uptake. Xenopus 

laevis oocytes express the two major GLUT 14 isoforms, exhibiting uptake of radiolabeled 

dehydroascorbic acid. The graph depicts one out of three independent experiments, as described 

in material and methods, which all yielded similar results.  

 

 

7.5 COMMENTS 

The two major GLUT14 isoforms mediate the uptake of dehydroascorbate. Three SNPs in the 

SLC2A14 gene associate with the risk for CD and UC in a representative Caucasian cohort.  

 

These findings strengthen the evidence that a local mucosal imbalance in the major dietary water 

soluble antioxidant, vitamin C, is associated with IBD. Low mucosa tissue levels (35-73%) and 

also low plasma concentrations of vitamin C have been reported in individuals with IBD (41-44). 

Since genetic variations in two intestinal vitamin C transporters genes, SLC23A1(33) and 

SLC2A14, are associated with IBD, we speculate that a localized vitamin C deficiency due to a 

lack of adequate transmembrane transport might be contributing to these diseases. We further 



 

 

132 

 

speculate that the decreased vitamin C content in the inflamed mucosa is caused by decreased 

transmembrane transport, rather than increased consumption through ROS scavenging.  

 

While the presented data do not define underlying mechanisms, two scenarios appear logical. 

First, variations in GLUT14 could impact on the capacity to provide intracellular ASC into 

enterocytes via the bystander effect (28) in conditions of oxidative burst. As a consequence, the 

intestinal barrier function would be compromised, leading to increased bacterial invasion and 

more severe or sustained inflammation. Second, the functioning of the immune cells themselves 

could be disturbed due to disturbed DHA transport, enhancing the severity of the 

inflammation(27, 45, 46).  

 

We conducted our studies in a well phenotyped case-control cohort of moderate size, which had 

replicated major genetic associations with IBD identified by GWAS (47). Therefore, these 

results from this well phenotyped cohort of moderate size are noteworthy, but nonetheless should 

be reproduced in other cohorts. 

 

If the presented findings are validated in additional large cohorts and biological studies, targeted 

genotype specific IBD prevention strategies could be derived(33).  
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CHAPTER 8 

OVERALL CONCLUSION 

 

8.1 SUMMARY AND IMPLICATIONS 

The results of the present work have implications for developing genotype specific dietary 

interventions for patients with IBD. The entirety of the present research is the first to investigate 

the association of vitamin C transporters with IBD. More specifically, several variants in two 

different vitamin C transporter genes (SLC23A1 and SLC2A14) were determined which are 

associated with increased risk of Crohn’s disease and/or ulcerative colitis. In addition, the 

present research advances our understanding of the gene structure, splice variants and function of 

the encoded transcripts. These finding confirm our hypothesis that a disturbance in the 

intracellular vitamin C concentrations results in antioxidant imbalance and could contribute to 

the development of IBD. 

 

In the present research, detection of genetic alterations in two different vitamin C transporter 

genes (SLC23A1and SLC2A14) in individuals with CD and/or UC may suggest that the 

observation of low ASC levels in inflamed mucosa of individuals with IBD (1) may be as much 

cause of inflammation as effect. It has previously been shown that the antioxidants system in 

intestine of  individuals with IBD is impaired(1-3), and the elevated oxidative stress affects both 

the lamina propria cells and the function of the epithelial cells (2) and results in reduced barrier 

function of the gastrointestinal epithelium (4, 5). Low mucosa tissue levels (35-73%) and also 

low plasma concentrations of vitamin C have been reported in individuals with IBD (3, 6-8). 

Moreover, supplementation of antioxidant vitamins including vitamin C resulted in decrease in 
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indices of oxidative stress (9). In individuals with IBD, several mechanisms such as sustained 

production of ROS and subsequent increased in requirements, reduced oral intake, and 

malabsorption lead to the decreased in plasma and cellular tissue vitamin C levels. Current 

research showed that those individuals expressing particular variant in the two vitamin C 

transporter genes (SLC23A1, SLC2A14) may experiencing a decreased in vitamin C cellular 

uptake into the enterocyte or immune cells through the diminished transporter protein which 

results in reduced intracellular antioxidant capacity and impaired the barrier function of intestinal 

epithelium.   

 

Here, for the first time, we identified that rs10063949-G allele in SLC23A1 gene is associated 

with an increased CD risk. Two thirds of persons with CD carried the G allele which 

corresponded to 2.5 times increase in risk of CD. The genomic SLC23A1 locus had been defined 

(10). However, in the current research project we update and re-define the SLC23A1 genomic 

locus and its encoded transcripts. These findings expand the current knowledge on the SLC23A1 

transporter gene and its disease association and provide opportunity for more biological and 

clinical studies. 

 

The present study provides novel information about GLUT 14 transporter. The SLC2A14 gene, 

encodes for GLUT14, was previously described as an orphan member of the facilitated 

membrane glucose transporter family which is exclusively expressed in primate testis (11). Here 

we showed that GLUT14 is a plasma membrane transporter and is expressed in extra-testicular 

tissues, notably in intestinal segments. We also show that GLUT14 mediates the uptake of DHA. 

Furthermore, for the first time, we identified three SNPs (rs12815313, rs10846086, rs2889504) 
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in the SLC2A14 gene which are associated with the risk for CD and UC in a representative 

Caucasian cohort. The three identified SNPs are located in the intronic region of SLC2A14 gene, 

thus they don’t modify the encoded protein directly and thus may be a surrogate marker in LD 

with other variants in the same gene. The presented evidence indicate that functional SNPs in the 

SLC2A14 gene contribute to an vitamin C imbalance in mucosal cells which contributes to 

elevated risks of IBD.   

 

Taken together, we speculate that a deregulation of SLC23A1 or SLC2A14 in individuals carrying 

the risk genotypes lead to decreased ASC or DHA, respectively, uptake into the enterocyte or 

immune cells through the diminished transporter protein. Decreased intra-cellular ascorbic acid 

results in reduced antioxidant capacity which predisposes intestinal epithelial cells to be more 

vulnerable to oxidant injury in individuals with CD.  

 

 

8.2 LIMITATIONS  

A PhD project with the limited time and funding would not be able to provide answers to all the 

research questions, which was the case with the present body of research. The following areas 

would be considered as the main limitations of the present work:  

 

1) Due to the nature of this research, secondary analysis of an existing cohort, dietary 

vitamin C intake or plasma ascorbate levels were not assessed.   

2) Intestinal biopsy samples were not available to determined cell/tissue specific vitamin C 

levels. 
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3)  The sample size of this study was modest, compared to other GWAS study, however the 

advantages were that it was a well phenotyped population based cohort.   

 

 

8.3 FUTURE DIRECTIONS 

Based on the novelty outcomes of this work, while considering its limitations, it is worth a 

further sub-grouping of the study population(s), based on SNPs described in this research, to 

detect how these mutations might impact vulnerability to IBD. The future study(s) should 

consider assessment of dietary vitamin C intake as well as serial testing of circulating/cellular 

ASC levels, considering that gut inflammation may change over time and hence impact on 

intestinal vitamin C absorption. 

 

 

8.4 FINAL REMARKS 

Although, the current research cannot help us to directly explain the underlying mechanism of 

association between vitamin C transporters and risk of IBD, it suggests that oxidative tissue 

damage in IBD may occur in a part as a result of disturbance in intercellular vitamin C recycling. 

The fact that we have observed strong associations between two different vitamin C transporters 

strongly suggests that a large fraction of observed abridged vitamin C in inflamed mucosa of 

individuals with IBD may not be secondary to oxidative injury. Thus it is possible that variations 

in vitamin C transporters in patients with IBD disturb intracellular redox balance and make their 

mucosa susceptible to initiate an inflammatory cascade and further cause additional injurious 

factors that can increase tissue disruption. 
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Upon further validation through biological and clinical studies, disturbed vitamin C balance 

could be restored through either ASC or DHA supplementation and thus allow personalized 

dietary recommendation on the basis of genotyping. Thus far, immune suppressor drugs have 

been the key, non invasive, therapy employed for treatment of IBD. However, due to the side 

effects associated with prolong usage as well as their expensive health cost (12), a safer and 

cheaper dietary intervention therapy would be certainly appreciated. As such, although mutations 

of vitamin C transporter genes may impact a relatively small group of the individuals with IBD, 

future personalized vitamin C dietary recommendation will be precious to ameliorate IBD 

severity for those individuals carrying risk genotypes.  
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Appendix II 

 

ADDITIONAL INFORMATION, TABLES, AND RESULTS CORRESPONDING TO 

STUDIES DESCRIBED IN CHAPTERS IV, VI, AND VII 

 

CHAPTER IV SUPPLEMENT 

 

 

1      AAACTGGTCCAGCAACTTTGGAAATTGGGAGCAGTAGCCAAGAGGGAGAG 

50   GAGAGGACAGGCGGACAGAGGAACAGTGTGGACACCGGCAGGCGGGCGGA 

100 CTCAGTGCTGTGGCATGAAGCTGCTGCCCAGCTGGAGAGCGGTGCTGCCC 

           M K L L P S W R A V L P 

150 CTTGGCCCTTCAGGCAGGGCCTGGCCATGGGCACAGCGACCCAGAAGAAC 

 L G      P     S    G  R       A     W   P     W    A     Q     R     P     R     R      T 

200 TGCTCAAACCTGTGCCCCAAAGATGAGGGCCCAG………………… 

  A     Q     T     C     A     P     K     M     R      A    Q……………………… 

 

Supplement Figure 1:  The novel SLC23A1 Exon 1A splices into the previously described 

Exon 1B to encode a protein which has 36 additional N-terminal amino acids. SLC23A1 Exon 

1A nucleotides are depicted in blue, nucleotides of the 5’ terminus of Exon 1B in black, and the 

translated protein in brown. The novel and the previously known start codons are marked in 

bold.  

 

 

 

 

 

MKLLPSWRAVLPLGPSGRAWPWAQRPRRTAQTCAPKMRAQ 

P-----C---------C-P----P---------------- 

 

 

Supplement Figure 2: Three novel protein-protein binding sites are predicted in the novel N-

terminus of SLC23A1 protein isoform 1A (Predict Protein), indicated by the letter P in the 

second row. Two additional Protein kinase C phosphorylation sites are predicted, indicated by C 

in the second row (ProSite).  

 

 

 

SLC23A1 splice variant 1A transcript (2473 nucleotides):  

 

AAAACTGGTCCAGCAACTTTGGAAATTGGGAGCAGTAGCCAAGAGGGAGAGGAGA

GGACAGGCGGACAGAGGAACAGTGTGGACACCGGCAGGCGGGCGGACTCAGTGCT

GTGGCATGAAGCTGCTGCCCAGCTGGAGAGCGGTGCTGCCCCTTGGCCCTTCAGGCA

GGGCCTGGCCATGGGCACAGCGACCCAGAAGAACTGCTCAAACCTGTGCCCCAAAG
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ATGAGGGCCCAGGAGGACCTCGAGGGCCGGACACAGCATGAAACCACCAGGGACC

CCTCGACCCCGCTACCCACAGAGCCTAAGTTTGACATGTTGTACAAGATCGAGGACG

TGCCACCTTGGTACCTGTGCATCCTGCTGGGCTTCCAGCACTACCTGACATGCTTCA

GTGGTACCATCGCCGTGCCCTTCCTGCTGGCTGAGGCGCTGTGTGTGGGCCACGACC

AGCACATGGTTAGTCAGCTCATCGGCACCATCTTCACGTGCGTGGGCATCACCACTC

TCATCCAGACCACCGTGGGCATCCGGCTGCCGCTGTTCCAGGCCAGTGCCTTTGCAT

TTCTGGTTCCAGCCAAAGCCATACTGGCTCTGGAGAGATGGAAATGCCCCCCGGAA

GAGGAGATCTACGGTAACTGGAGTCTGCCCCTGAACACCTCTCATATTTGGCACCCA

CGGATACGGGAGGTCCAGGGTGCAATCATGGTGTCCAGCGTGGTGGAGGTGGTGAT

TGGCCTGCTGGGGCTGCCTGGGGCCCTGCTCAACTACATTGGGCCTCTCACAGTCAC

CCCCACTGTCTCCCTCATTGGCCTTTCTGTCTTCCAAGCTGCTGGCGACCGAGCTGGC

TCCCACTGGGGCATCTCAGCTTGCTCCATTCTCCTGATCATCCTCTTCTCCCAGTACC

TGCGCAACCTCACCTTCCTGCTGCCTGTCTACCGCTGGGGCAAGGGCCTCACTCTCC

TCCGCATCCAGATCTTCAAAATGTTTCCTATCATGCTGGCCATCATGACCGTGTGGCT

GCTCTGCTATGTCCTGACCTTGACAGACGTGCTGCCCACAGACCCAAAAGCCTATGG

CTTCCAGGCACGAACCGATGCCCGTGGTGACATCATGGCTATTGCACCCTGGATCCG

CATCCCCTACCCCTGTCAGTGGGGCCTGCCCACGGTGACTGCGGCTGCTGTCCTGGG

AATGTTCAGCGCCACTCTGGCAGGCATCATTGAGTCCATCGGAGATTACTACGCCTG

TGCCCGCCTGGCTGGTGCACCACCCCCTCCAGTACATGCTATCAACAGGGGCATCTT

CACCGAAGGCATTTGCTGCATCATCGCGGGGCTATTGGGCACGGGCAACGGGTCCA

CCTCGTCCAGTCCCAACATTGGCGTCCTGGGAATTACCAAGGTGGGCAGCCGGCGC

GTGGTGCAGTATGGTGCGGCTATCATGCTGGTCCTGGGCACCATCGGCAAGTTCACG

GCCCTCTTCGCCTCGCTCCCTGACCCCATCCTGGGGGGCATGTTCTGCACTCTCTTTG

GCATGATTACAGCTGTGGGGCTGTCCAACCTGCAATTTGTGGACATGAACTCCTCTC

GCAACCTCTTCGTGCTGGGATTTTCCATGTTCTTCGGGCTCACGCTGCCCAATTACCT

GGAGTCCAACCCTGGCGCCATCAATACAGGCATTCTTGAAGTGGATCAGATTCTGAT

TGTGCTGCTGACCACGGAGATGTTTGTGGGCGGGTGCCTTGCTTTCATACTTGACAA

CACAGTGCCAGGGAGCCCAGAGGAGCGTGGTCTGATACAGTGGAAAGCTGGGGCTC

ATGCCAACAGTGACATGTCTTCCAGCCTCAAGAGCTACGATTTCCCCATTGGGATGG

GCATAGTAAAAAGAATTACCTTTCTGAAATACATTCCTATCTGCCCAGTCTTCAAAG

GATTTTCTTCAAGTTCAAAAGATCAGATTGCAATTCCAGAAGACACTCCAGAAAATA

CAGAAACTGCATCTGTGTGCACCAAGGTCTGAAAAATGACTTCCAGGAAAGGAAGC

ATGGTATATAACAGGAAAAGAAAACTACATGGGGAACCAGAAGACCTAAGCCTGA

AATCCCAGCCCTGCCCCTAACTAACTTCTGTGTAAACTCAGATAAGTCACCTTTCTCT

GGGATTCAAATTTTTGCATCAGTTAAAAAAAAAGGGGTGGGGGGGAATGGGCCAAA

GTCTGAGTCTTAGAGACTTGTACCAATGTTATGCTATGTCTCTAAATCTTTACTCTCC

TAAGTAGACTTGTCAGCATCTAGGAAGAACAGCTAGAAATTTTCCTCTGTGATATTT

TAGACTGCAAGTTGAAAAAAATAAAAAGAAATGAGGGCAGGTTCCAGGGCCTGAA

ATGTAGGTATGCTGCAAGGCTTTTACATTGAATTTGACCCTACATCACTTCAAGACT

AATGCATAATATTAAACATCATGTTGAAGAAAT 

 

 

SLC23A1 splice variant 1A ORF (1905 nucleotides):  

 

ATGAAGCTGCTGCCCAGCTGRAGAGCGGTGCTGCCCCTTGGCCCTTCAGGCAGGGCC

TGGCCATGGGCACAGCGACCCAGAAGAACTGCTCAAACCTGTGCCCCAAAGATGAG
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GGCCCAGGAGGACCTCGAGGGCCGGACACAGCATGAAACCACCAGGGACCCCTCG

ACCCCGCTACCCACAGAGCCTAAGTTTGACATGTTGTACAAGATCGAGGACGTGCC

ACCTTGGTACCTGTGCATCCTGCTGGGCTTCCAGCACTACCTGACATGCTTCAGTGGT

ACCATCGCCGTGCCCTTCCTGCTGGCTGAGGCGCTGTGTGTGGGCCACGACCAGCAC

ATGGTTAGTCAGCTCATCGGCACCATCTTCACGTGCGTGGGCATCACCACTCTCATC

CAGACCACCGTGGGCATCCGGCTGCCGCTGTTCCAGGCCAGTGCCTTTGCATTTCTG

GTTCCAGCCAAAGCCATACTGGCTCTGGAGAGATGGAAATGCCCCCCGGAAGAGGA

GATCTACGGTAACTGGAGTCTGCCCCTGAACACCTCTCATATTTGGCACCCACGGAT

ACGGGAGGTCCAGGGTGCAATCATGGTGTCCAGCGTGGTGGAGGTGGTGATTGGCC

TGCTGGGGCTGCCTGGGGCCCTGCTCAACTACATTGGGCCTCTCACAGTCACCCCCA

CTGTCTCCCTCATTGGCCTTTCTGTCTTCCAAGCTGCTGGCGACCGAGCTGGCTCCCA

CTGGGGCATCTCAGCTTGCTCCATTCTCCTGATCATCCTCTTCTCCCAGTACCTGCGC

AACCTCACCTTCCTGCTGCCTGTCTACCGCTGGGGCAAGGGCCTCACTCTCCTCCGC

ATCCAGATCTTCAAAATGTTTCCTATCATGCTGGCCATCATGACCGTGTGGCTGCTCT

GCTATGTCCTGACCTTGACAGACGTGCTGCCCACAGACCCAAAAGCCTATGGCTTCC

AGGCACGAACCGATGCCCGTGGTGACATCATGGCTATTGCACCCTGGATCCGCATCC

CCTACCCCTGTCAGTGGGGCCTGCCCACGGTGACTGCGGCTGCTGTCCTGGGAATGT

TCAGCGCCACTCTGGCAGGCATCATTGAGTCCATCGGAGATTACTACGCCTGTGCCC

GCCTGGCTGGTGCACCACCCCCTCCAGTACATGCTATCAACAGGGGCATCTTCACCG

AAGGCATTTGCTGCATCATCGCGGGGCTATTGGGCACGGGCAACGGGTCCACCTCGT

CCAGTCCCAACATTGGCGTCCTGGGAATTACCAAGGTGGGCAGCCGGCGCGTGGTG

CAGTATGGTGCGGCTATCATGCTGGTCCTGGGCACCATCGGCAAGTTCACGGCCCTC

TTCGCCTCGCTCCCTGACCCCATCCTGGGGGGCATGTTCTGCACTCTCTTTGGCATGA

TTACAGCTGTGGGGCTGTCCAACCTGCAATTTGTGGACATGAACTCCTCTCGCAACC

TCTTCGTGCTGGGATTTTCCATGTTCTTCGGGCTCACGCTGCCCAATTACCTGGAGTC

CAACCCTGGCGCCATCAATACAGGCATTCTTGAAGTGGATCAGATTCTGATTGTGCT

GCTGACCACGGAGATGTTTGTGGGCGGGTGCCTTGCTTTCATACTTGACAACACAGT

GCCAGGGAGCCCAGAGGAGCGTGGTCTGATACAGTGGAAAGCTGGGGCTCATGCCA

ACAGTGACATGTCTTCCAGCCTCAAGAGCTACGATTTCCCCATTGGGATGGGCATAG

TAAAAAGAATTACCTTTCTGAAATACATTCCTATCTGCCCAGTCTTCAAAGGATTTTC

TTCAAGTTCAAAAGATCAGATTGCAATTCCAGAAGACACTCCAGAAAATACAGAAA

CTGCATCTGTGTGCACCAAGGTCTGA 

 

 

 

SLC23A1 splice variant 1B transcript (2355 nucleotides):  

 

AGATTTACTTCAAACAATGCCTGATATGTGGAGTAAAGTCCTCCTCCTTGGCCTTTGT

CAAGTCATCCCCTCTTCTCCTCAGGAACTGCTCAAACCTGTGCCCCAAAGATGAGGG

CCCAGGAGGACCTCGAGGGCCGGACACAGCATGAAACCACCAGGGACCCCTCGACC

CCGCTACCCACAGAGCCTAAGTTTGACATGTTGTACAAGATCGAGGACGTGCCACCT

TGGTACCTGTGCATCCTGCTGGGCTTCCAGCACTACCTGACATGCTTCAGTGGTACC

ATCGCCGTGCCCTTCCTGCTGGCTGAGGCGCTGTGTGTGGGCCACGACCAGCACATG

GTTAGTCAGCTCATCGGCACCATCTTCACGTGCGTGGGCATCACCACTCTCATCCAG

ACCACCGTGGGCATCCGGCTGCCGCTGTTCCAGGCCAGTGCCTTTGCATTTCTGGTT

CCAGCCAAAGCCATACTGGCTCTGGAGAGATGGAAATGCCCCCCGGAAGAGGAGAT
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CTACGGTAACTGGAGTCTGCCCCTGAACACCTCTCATATTTGGCACCCACGGATACG

GGAGGTCCAGGGTGCAATCATGGTGTCCAGCGTGGTGGAGGTGGTGATTGGCCTGC

TGGGGCTGCCTGGGGCCCTGCTCAACTACATTGGGCCTCTCACAGTCACCCCCACTG

TCTCCCTCATTGGCCTTTCTGTCTTCCAAGCTGCTGGCGACCGAGCTGGCTCCCACTG

GGGCATCTCAGCTTGCTCCATTCTCCTGATCATCCTCTTCTCCCAGTACCTGCGCAAC

CTCACCTTCCTGCTGCCTGTCTACCGCTGGGGCAAGGGCCTCACTCTCCTCCGCATCC

AGATCTTCAAAATGTTTCCTATCATGCTGGCCATCATGACCGTGTGGCTGCTCTGCTA

TGTCCTGACCTTGACAGACGTGCTGCCCACAGACCCAAAAGCCTATGGCTTCCAGGC

ACGAACCGATGCCCGTGGTGACATCATGGCTATTGCACCCTGGATCCGCATCCCCTA

CCCCTGTCAGTGGGGCCTGCCCACGGTGACTGCGGCTGCTGTCCTGGGAATGTTCAG

CGCCACTCTGGCAGGCATCATTGAGTCCATCGGAGATTACTACGCCTGTGCCCGCCT

GGCTGGTGCACCACCCCCTCCAGTACATGCTATCAACAGGGGCATCTTCACCGAAGG

CATTTGCTGCATCATCGCGGGGCTATTGGGCACGGGCAACGGGTCCACCTCGTCCAG

TCCCAACATTGGCGTCCTGGGAATTACCAAGGTGGGCAGCCGGCGCGTGGTGCAGT

ATGGTGCGGCTATCATGCTGGTCCTGGGCACCATCGGCAAGTTCACGGCCCTCTTCG

CCTCGCTCCCTGACCCCATCCTGGGGGGCATGTTCTGCACTCTCTTTGGCATGATTAC

AGCTGTGGGGCTGTCCAACCTGCAATTTGTGGACATGAACTCCTCTCGCAACCTCTT

CGTGCTGGGATTTTCCATGTTCTTCGGGCTCACGCTGCCCAATTACCTGGAGTCCAAC

CCTGGCGCCATCAATACAGGCATTCTTGAAGTGGATCAGATTCTGATTGTGCTGCTG

ACCACGGAGATGTTTGTGGGCGGGTGCCTTGCTTTCATACTTGACAACACAGTGCCA

GGGAGCCCAGAGGAGCGTGGTCTGATACAGTGGAAAGCTGGGGCTCATGCCAACAG

TGACATGTCTTCCAGCCTCAAGAGCTACGATTTCCCCATTGGGATGGGCATAGTAAA

AAGAATTACCTTTCTGAAATACATTCCTATCTGCCCAGTCTTCAAAGGATTTTCTTCA

AGTTCAAAAGATCAGATTGCAATTCCAGAAGACACTCCAGAAAATACAGAAACTGC

ATCTGTGTGCACCAAGGTCTGAAAAATGACTTCCAGGAAAGGAAGCATGGTATATA

ACAGGAAAAGAAAACTACATGGGGAACCAGAAGACCTAAGCCTGAAATCCCAGCC

CTGCCCCTAACTAACTTCTGTGTAAACTCAGATAAGTCACCTTTCTCTGGGATTCAAA

TTTTTGCATCAGTTAAAAAAAAAGGGGTGGGGGGGAATGGGCCAAAGTCTGAGTCT

TAGAGACTTGTACCAATGTTATGCTATGTCTCTAAATCTTTACTCTCCTAAGTAGACT

TGTCAGCATCTAGGAAGAACAGCTAGAAATTTTCCTCTGTGATATTTTAGACTGCAA

GTTGAAAAAAATAAAAAGAAATGAGGGCAGGTTCCAGGGCCTGAAATGTAGGTATG

CTGCAAGGCTTTTACATTGAATTTGACCCTACATCACTTCAAGACTAATGCATAATA

TTAAACATCATGTTGAAGA 

 

 

 

SLC23A1 splice variant 1B ORF:  

 

ATGAGGGCCCAGGAGGACCTCGAGGGCCGGACACAGCATGAAACCACCAGGGACC

CCTCGACCCCGCTACCCACAGAGCCTAAGTTTGACATGTTGTACAAGATCGAGGACG

TGCCACCTTGGTACCTGTGCATCCTGCTGGGCTTCCAGCACTACCTGACATGCTTCA

GTGGTACCATCGCCGTGCCCTTCCTGCTGGCTGAGGCGCTGTGTGTGGGCCACGACC

AGCACATGGTTAGTCAGCTCATCGGCACCATCTTCACGTGCGTGGGCATCACCACTC

TCATCCAGACCACCGTGGGCATCCGGCTGCCGCTGTTCCAGGCCAGTGCCTTTGCAT

TTCTGGTTCCAGCCAAAGCCATACTGGCTCTGGAGAGATGGAAATGCCCCCCGGAA

GAGGAGATCTACGGTAACTGGAGTCTGCCCCTGAACACCTCTCATATTTGGCACCCA
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CGGATACGGGAGGTCCAGGGTGCAATCATGGTGTCCAGCGTGGTGGAGGTGGTGAT

TGGCCTGCTGGGGCTGCCTGGGGCCCTGCTCAACTACATTGGGCCTCTCACAGTCAC

CCCCACTGTCTCCCTCATTGGCCTTTCTGTCTTCCAAGCTGCTGGCGACCGAGCTGGC

TCCCACTGGGGCATCTCAGCTTGCTCCATTCTCCTGATCATCCTCTTCTCCCAGTACC

TGCGCAACCTCACCTTCCTGCTGCCTGTCTACCGCTGGGGCAAGGGCCTCACTCTCC

TCCGCATCCAGATCTTCAAAATGTTTCCTATCATGCTGGCCATCATGACCGTGTGGCT

GCTCTGCTATGTCCTGACCTTGACAGACGTGCTGCCCACAGACCCAAAAGCCTATGG

CTTCCAGGCACGAACCGATGCCCGTGGTGACATCATGGCTATTGCACCCTGGATCCG

CATCCCCTACCCCTGTCAGTGGGGCCTGCCCACGGTGACTGCGGCTGCTGTCCTGGG

AATGTTCAGCGCCACTCTGGCAGGCATCATTGAGTCCATCGGAGATTACTACGCCTG

TGCCCGCCTGGCTGGTGCACCACCCCCTCCAGTACATGCTATCAACAGGGGCATCTT

CACCGAAGGCATTTGCTGCATCATCGCGGGGCTATTGGGCACGGGCAACGGGTCCA

CCTCGTCCAGTCCCAACATTGGCGTCCTGGGAATTACCAAGGTGGGCAGCCGGCGC

GTGGTGCAGTATGGTGCGGCTATCATGCTGGTCCTGGGCACCATCGGCAAGTTCACG

GCCCTCTTCGCCTCGCTCCCTGACCCCATCCTGGGGGGCATGTTCTGCACTCTCTTTG

GCATGATTACAGCTGTGGGGCTGTCCAACCTGCAATTTGTGGACATGAACTCCTCTC

GCAACCTCTTCGTGCTGGGATTTTCCATGTTCTTCGGGCTCACGCTGCCCAATTACCT

GGAGTCCAACCCTGGCGCCATCAATACAGGCATTCTTGAAGTGGATCAGATTCTGAT

TGTGCTGCTGACCACGGAGATGTTTGTGGGCGGGTGCCTTGCTTTCATACTTGACAA

CACAGTGCCAGGGAGCCCAGAGGAGCGTGGTCTGATACAGTGGAAAGCTGGGGCTC

ATGCCAACAGTGACATGTCTTCCAGCCTCAAGAGCTACGATTTCCCCATTGGGATGG

GCATAGTAAAAAGAATTACCTTTCTGAAATACATTCCTATCTGCCCAGTCTTCAAAG

GATTTTCTTCAAGTTCAAAAGATCAGATTGCAATTCCAGAAGACACTCCAGAAAATA

CAGAAACTGCATCTGTGTGCACCAAGGTCTGA 

 

 

 

 

SLC23A1 protein isoform B (shorter). Protein sequence of the SLC23A1 short isoform B 

representing the previously described protein NP689898  

MRAQEDLEGRTQHETTRDPSTPLPTEPKFDMLYKIEDVPPWYLCILLGFQHYLTCFSGTI

AVPFLLAEALCVGHDQHMVSQLIGTIFTCVGITTLIQTTVGIRLPLFQASAFAFLVPAKAIL

ALERWKCPPEEEIYGNWSLPLNTSHIWHPRIREVQGAIMVSSVVEVVIGLLGLPGALLNY

IGPLTVTPTVSLIGLSVFQAAGDRAGSHWGISACSILLIILFSQYLRNLTFLLPVYRWGKGL

TLLRIQIFKMFPIMLAIMTVWLLCYVLTLTDVLPTDPKAYGFQARTDARGDIMAIAPWIR

IPYPCQWGLPTVTAAAVLGMFSATLAGIIESIGDYYACARLAGAPPPPVHAINRGIFTEGI

CCIIAGLLGTGNGSTSSSPNIGVLGITKVGSRRVVQYGAAIMLVLGTIGKFTALFASLPDPI

LGGMFCTLFGMITAVGLSNLQFVDMNSSRNLFVLGFSMFFGLTLPNYLESNPGAINTGIL

EVDQILIVLLTTEMFVGGCLAFILDNTVPGSPEERGLIQWKAGAHANSDMSSSLKSYDFP

IGMGIVKRITFLKYIPICPVFKGFSSSSKDQIAIPEDTPENTETASVCTKV. 
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SLC23A1 protein isoform A (longer) 
  

MKLLPSWRAVLPLGPSGRAWPWAQRPRRTAQTCAPKMRAQEDLEGRTQHETTRDPST

PLPTEPKFDMLYKIEDVPPWYLCILLGFQHYLTCFSGTIAVPFLLAEALCVGHDQHMVSQ

LIGTIFTCVGITTLIQTTVGIRLPLFQASAFAFLVPAKAILALERWKCPPEEEIYGNWSLPL

NTSHIWHPRIREVQGAIMVSSVVEVVIGLLGLPGALLNYIGPLTVTPTVSLIGLSVFQAAG

DRAGSHWGISACSILLIILFSQYLRNLTFLLPVYRWGKGLTLLRIQIFKMFPIMLAIMTVW

LLCYVLTLTDVLPTDPKAYGFQARTDARGDIMAIAPWIRIPYPCQWGLPTVTAAAVLGM

FSATLAGIIESIGDYYACARLAGAPPPPVHAINRGIFTEGICCIIAGLLGTGNGSTSSSPNIG

VLGITKVGSRRVVQYGAAIMLVLGTIGKFTALFASLPDPILGGMFCTLFGMITAVGLSNL

QFVDMNSSRNLFVLGFSMFFGLTLPNYLESNPGAINTGILEVDQILIVLLTTEMFVGGCL

AFILDNTVPGSPEERGLIQWKAGAHANSDMSSSLKSYDFPIGMGIVKRITFLKYIPICPVF

KGFSSSSKDQIAIPEDTPENTETASVCTKV. 

 

 

 

 

Table 1:  comparison of Protein Parameters 

 (ProtParm [http://web.expasy.org/cgi-bin/protparam/protparam]) 

 

 SLC23A1 short isoform B SLC23A1 long isoform A 

Number of amino acids 598 634 

Molecular weight 64815.1 68882 

Theoretical pI 6.16 8.09 

Total number of negatively 

charged residues Asp + 

Glu)  

41 41 

Total number of positively 

charged residues (Arg + 

Lys) 

37 44 

Instability index 38.19, stable 39.2, stable 

Aliphatic index 109.26 106.77 

grand average of 

hydropathicity (GRAVY) 

0.497 0.436 

 

 

 

 

 

 

 

 

 

http://web.expasy.org/cgi-bin/protparam/protparam
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Table 2.  List of oligonucleotides (primers) used for the subcloning and fusion of and SLC23A1 

Exon 1A and turbo GFP 

 

Name  Sequence  

SLC23A1 

Exon1A forward 

GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGAAGCTGC

TGCCCAGCTGGAGAGC 

SLC23A1 

Exon1A reverse 

GGGGACCACTTTGTACAAGAAAGCTGGGTATCAGACCTTGG

TGCACACAGATG 

turbo GFP 

forward 

GCCACCATGGAGAGCGACGAGAGC 

turbo GFP 

reverse 

TCAGACCTTGGTGCACACAGATG 

SLC23A1- turbo 

GFP overlap 1 

GCAGATGCCGGTGAAGAAATGAAGCTGCTGCCCAGCTGG 

SLC23A1- turbo 

GFP overlap 2 

TCAGACCTTGGTGCACACAGATG 

SLC23A1 

Exon1A 

Gateway tagged 

GGGGACAAGTTTGTACAAAAAAGCAGGCTTC 

GCCACCATGGAGAGCGACGAGAGC 

turbo GFP 

Gateway tagged 

GGGGACCACTTTGTACAAGAAAGCTGGGTATCAGACCTTGG

TGCACACAGATG 
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CHAPTER VI SUPPLEMENT 

 

 

SLC2A14 orthologues are only found in selected primates, demonstrated by the fact that a 

standard blastn search (http://blast.ncbi.nlm.nih.gov.proxy1.lib.umanitoba.ca/Blast.cgi, 

performed on 06-04-2015) against all deposited nucleotides using the SLC2A14 a specific 

sequence (exon 1, see sequence below) revealed only hits for human, the common chimpanzee 

(Pan troglodytes), and the northern white-cheeked gibbon (Nomascus leucogenys) (Web 

Supplement Figure 1).  

 

Sequence blasted: 

ACCTCCCAATAGCCCGGCGGCCGCATGAGGCTGGGACTGGCGCACGGAGGCGGTGG

GGCGGCGGGGGGGGGGAAGGGGGAGGGGAAGGGGGGTGCTGAAGCGGGGGGGGC

GAGAAACTGGAGACCCTGCAAAAAGGCTGGGCCTGGGCTGCTCTGGTTACCCCGCG

AGTCCTCTTCACTGCGCAGGCGTGGGCAGCTGCAGAACCCTGTCATTCTATCTTAGT

TTGCTCATCATCACTAATATTCTTTGCTATGACCCAGGATATACCTGGAACCCAGCG

ACCTTGACCTGCCTTCCAATGCAG 

 

 

 
Figure 1: Screenshot of the blastn search described above.  

 

http://blast.ncbi.nlm.nih.gov.proxy1.lib.umanitoba.ca/Blast.cgi
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Figure 2: Expression of GLUT14 in liver, placenta and small intestine. A 1% Agarose gel 

stained with ethidium bromide and visualized in a Gel Doc™ imaging system (Bio-Rad 

Laboratories (Canada) Ltd., Mississauga, Ontario) shows amplicons for the GLUT14 Open 

Reading Frame. The identity of the amplicons was confirmed by sequencing.  
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Figure 3: SLC2A14 exon 5 is a transcriptional start site and alternatively spliced on its 3’ end. 

The alignment of existing ESTs (row two onwards) toward the genomic DNA (first row) shows 

the origin of numerous transcripts, which are all testis specific, as well as the utilization of an 

alternative splice donor site, eliminating 53 bases in the 3’.  

 

 
 

Figure 4: Example for the differential utilization of SLC2A14 exon 11 in transcripts of testicular 

origin.  
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Figure 5: Example for the differential utilization of SLC2A14 exon 13.  

 

 

 

 
 

 

Figure 6: Example for the differential utilization in the 5’ of SLC2A14 exon 20.  
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CHAPTER VII SUPPLEMENT 

 

 
TABLE 1: Summary of 8 tagging SNPs in GLUT 14 gene involved in this study 

 

SNP SNP Type Position 

(Chromosome 12) 

Alleles 

Major/minor 

*Catalog ID 

rs11612319 Intron 8016925 bp G/A ID: C___2875382_10 

 

rs7132415 Intron 7997547 bp G/T ID: C__29025049_10 

 

rs10846086 Intron 8025266 bp 

 

A/G 

 

ID: C__12095733_10 

rs2376904 Intron 8000995 bp G/A ID: C__26191692_10 

rs7300773 Intron 8023943 bp T/C ID: C__29292592_20 

rs2889504 Intron 8008132 bp G/T ID: C___2875393_10 

 

rs12815313 Intron 8023530 bp C/T ID: C__31787372_10 

rs10845990 Intron 7970721 bp T/G ID: C__30894136_10 

Note: SNP: single nucleotide polymorphisms; bp: base pair 

* TaqMan® SNP Genotyping Assay (life technologies)  
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TABLE 2: General characteristics of the study participants 

 

Parameters Ulcerative Colitis 

 (n= 149) 

Crohn´s Disease  

(n=162 ) 

Controls  

(n=142) 

Gender    

Female 87 (58.4%) 97 (59.9%) 80 (56.3%) 

Male 62 (41.6%) 65 (40.1%) 62 (43.7%) 

Age at Diagnosis    

A1(<17 yr) 12 (8.1%) 17 (10.5%) - 

A2 (17-40 yr) 78 (52.3%) 101 (62.3%) - 

A3 (>40 yr) 59 (39.6%) 44 (27.2%) - 

Disease Location    

Terminal ileum - 69 (42.6%) - 

Colon - 37 (22.8%) - 

Ileocolon - 51 (31.5%) - 

Proximal GI tract - 5 (3.1%) - 

Proctitis 11 (7.4%) - - 

Left-sided colitis 68 (45.6%) - - 

Pancolitis 70 (47.0%) - - 

Disease Type    

Inflammatory  - 69 (42.6%) - 

Fibrostenotic - 54 (33.3%) - 

Penetrating/Fistulizing - 39 (24.1%) - 
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APPENDIX III 

 

PUBLICATION OF THESIS RELEVANCE 
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APPENDIX IV 

 

INVITATION LETTER FROM “ADVANCES IN NUTRITION” 
 

 

 
 

 

 


