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ABSTRACT 1	
  

 2	
  

Background: SLC22A23 is an orphan gene in the SLC22 family of organic membrane 3	
  

transporters, and its single nucleotide polymorphism rs17309827-T was recently nominally 4	
  

associated with intestinal inflammation in a genome wide association study.  Other 5	
  

polymorphisms in the SLC22A23 gene have been associated to diseases with an inflammatory 6	
  

component, and polymorphisms in related genes in the SLC22 family have been repeatedly 7	
  

associated to inflammatory bowel disease (IBD). Objective: In a candidate gene study utilizing a 8	
  

well phenotyped, highly monitored Manitoban Caucasian cohort we investigate whether 9	
  

variations in SLC22A23 are associated with intestinal inflammation. Design: Selected genetic 10	
  

variations were genotyped by TaqMan or PCR-RFLP analysis in 160 individuals with Crohn’s 11	
  

disease (CD), 149 individuals with Ulcerative Colitis (UC), and 142 healthy controls to 12	
  

determine genetic associations. Results: Homozygocity for SNPs rs4959235-TT and rs950318-13	
  

GG was associated to IBD, where 6% (18 of 311 cases) of the patients carried these genotypes, 14	
  

while they were not seen in healthy controls.  Conclusion: The here reported associations add to 15	
  

the emerging evidence that SLC22A23 variants could modify IBD risk. However, the biology of 16	
  

the gene and the impact of the variations on the genes functions need to be tested to validate a 17	
  

causative role.   18	
  

 19	
  

 20	
  

 21	
  



4	
  
	
  

INTRODUCTION 22	
  

Inflammatory Bowel Disease (IBD) is characterized by chronic inflammation of the 23	
  

gastrointestinal tract, with the principal forms Crohn´s disease (CD) and ulcerative colitis (UC). 24	
  

Mostly unknown environmental and genetic factors contribute to the immune dysregulation, 25	
  

which determine the development, maintenance and severity of the disease (1, 2). 26	
  

 27	
  

Recent advances in genome wide association studies (GWAS) have contributed to the 28	
  

understanding of the genetic factors in intestinal inflammation. Although most genetic variations 29	
  

associated to IBD are in immunoregulatory pathways (3, 4), polymorphisms in two genes 30	
  

encoding organic cation transporters, SLC22A4 and SLC22A5, have been repeatedly associated to 31	
  

IBD (5-18). Organic cation transporter proteins are involved in the absorption, distribution and 32	
  

excretion of therapeutic drugs, xenobiotics, and food compounds (19). Functional variations in 33	
  

organic cation transporter genes could impact the cellular uptake, pharmacokinetics and therefore 34	
  

the bioactivity of unknown organic ions, which might modulate susceptibility and severity of 35	
  

IBD or other related common and complex diseases. Hence, we hypothesize that organic ion 36	
  

imbalance as a consequence of polymorphisms in transporter genes contributes to IBD etiology.  37	
  

 38	
  

Recently, the single nucleotide polymorphism (SNP) rs17309827-T, located in a gene in the 39	
  

SLC22 transporter family, SLC22A23, has been associated to IBD in a GWAS (3, 20), 40	
  

strengthening the hypothesis that imbalances of organic ions might modulate IBD risk.  In 41	
  

addition to IBD, polymorphisms in the SLC22A23 gene have been associated with other complex 42	
  

diseases which have an inflammatory component, such as endometriosis-related infertility (21), 43	
  

and the clearance of antipsychotic drugs (22). SLC22A23 SNP rs17136561 was nominally 44	
  

associated with developing asthma in individuals with impaired allergic status, although the 45	
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results did not reach overall genome wide significance (OR = 1.64; 95% CI: 1.33, 2.02; p =46	
  

2.3×10−6) (23).  SLC22A23 was also one of six genes in which expression levels could be used to 47	
  

predict the recurrence of triple negative breast cancer in a cohort of Taiwanese woman (24).  48	
  

 49	
  

Based on the emerging evidence associating genetic variations in SLC22A23 with IBD and other 50	
  

diseases having an inflammatory component, and the fact that the gene is related to SLC22A4 and 51	
  

SLC22A5, which have repeatedly been associated with IBD, further study of the gene and its 52	
  

polymorphisms is warranted.  Here we report the results of a candidate gene study we conducted 53	
  

on a well phenotyped Manitoban Caucasian IBD cohort, which show polymorphisms of the 54	
  

SLC22A23 gene associated to UC, CD and IBD overall.  55	
  



6	
  
	
  

SUBJECTS AND METHODS 56	
  

Study Population 57	
  

The study population included IBD patients from the Canadian Manitoba Inflammatory Bowel 58	
  

Disease Cohort initiated in 2002 and described previously (25). A total of 311 age and gender 59	
  

matched Caucasian IBD patients (162 CD, 149 UC) and 142 healthy controls drawn from the 60	
  

general population who did not have personal or first degree relatives with any chronic immune 61	
  

disease were included in the study. CD and UC status was determined based on radiologic, 62	
  

endoscopic and histologic data and phenotype was assigned according to the Montreal 63	
  

classification (26), and are shown in Table 1.  64	
  

 65	
  

Genotyping 66	
  

Genomic DNA was isolated from blood as described previously (27). Polymorphism rs17309827 67	
  

was genotyped by PCR-RFLP analysis, and rs9503518, rs6923667 and rs4959235 were 68	
  

genotyped by TaqMan® SNP genotyping assays (Applied Biosystems®, Foster City, CA).  69	
  

 70	
  

To determine rs17309827 genotypes, 219 nucleotides (nt) were amplified between the sense 71	
  

primer GGAACGTACAATTCTGCA and the antisense primer GCATGTGAGCGTTTGATG 72	
  

using Taq Polymerase (New England BioLabs, Ipswich, MA) following the manufacturer’s 73	
  

protocol and the following cycling conditions: initial denaturation at 95ºC for 30s, followed by 35 74	
  

cycles of denaturation at 95ºC for 15s, annealing at 50ºC for 15s, extension at 68ºC for 2 min and 75	
  

final extension at 68ºC for 5 min. Amplicons were digested with NlaIII (New England BioLabs) 76	
  

using the manufacturer’s recommendations, where the enzyme cuts the G variant in fragments of 77	
  

171 nt and 48 nt, while the T variant does not possess a NlaIII restriction site. The restriction 78	
  

patterns of individual samples were determined after gel electrophoresis at a 2% UltraPure 79	
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agarose gel (Invitrogen, Burlington, ON) via ethidium bromide staining under UV light and 80	
  

imaged in a Gel Doc (BIO-RAD, Hercules, CA). The efficiency of the amplification and 81	
  

restriction digest was determined by incorporating positive and negative controls amplified from 82	
  

previously subcloned amplicon of known genotype in each set of RFLP analysis.  83	
  

 84	
  

In addition, rs9503518, rs6923667, rs4959235 were genotyped by TaqMan® SNP genotyping 85	
  

assays catalogue number 4351379, 4351379, 4351379, respectively. (Applied Biosystems, Foster 86	
  

City, CA), using the TaqMan GTXpress Master Mix and the assays as recommended by the 87	
  

manufacturer.   88	
  

 89	
  

Statistical analyses 90	
  

Polymorphisms were tested for Hardy-Weinberg equilibrium (HWE). The case-control 91	
  

association of genotypes for each SNP with CD, UC, and overall IBD risk was tested, using 92	
  

logistic regression. Odds ratios (ORs) and 95% confidence interval (CIs) of ORs were determined 93	
  

for two of the three genotypes (carrier of the minor alleles) relative to the third genotype 94	
  

(homozygote for major allele) as a reference genotype. The analysis was carried out using SAS 95	
  

9.2. The linkage disequilibrium (LD) and haplotype blocks was performed with Haploview 4.2 96	
  

(28) using the default method (29).  97	
  

 98	
  

Predicted functional impact of the SNPs and population distributions 99	
  

The predicted functional impact of individual SNPs were assessed via the SNP Function 100	
  

Prediction tool FuncPred (30), which includes assessment of functional implications of non-101	
  

synonymous SNPs, splicing regulation, stop codon changes, PolyPhen, SNPs3D, transcription 102	
  

factor binding sites, microRNA binding sites, regulatory potential, and conservation.   103	
  



8	
  
	
  

The Hapmap (31) data were assessed via the Ensembl Genome browser (32) and processed using 104	
  

Microsoft Excel. All databases analysis was conducted between July 10th and 22nd 2013. 105	
  

106	
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RESULTS 107	
  

Genotypes distributions conform to the Hardy-Weinberg equilibrium for all groups, and 108	
  

frequencies are listed in Tables 2 and 3. All frequencies are in the range reported for Caucasian 109	
  

populations in the HapMap (31) and SNP500 (33).  110	
  

 111	
  

Homozygote individuals for genotypes rs4959235-TT and rs9503518-GG were exclusively found 112	
  

in UC and CD patients and significantly associated to the respective phenotypes (Table 2). Due 113	
  

to an overrepresentation in UC patients, the rs9503518-G allele is also associates to this 114	
  

phenotype (Table 2).  115	
  

 116	
  

Moreover, rs4959235-TT and rs9503518-GG homozygosity is associated with IBD overall, due 117	
  

to the fact that both genotypes are exclusive to the patients and not healthy controls (Table 3). 118	
  

The Odds Ratios (OR) for the disease associated genotypes as calculated by logistic regression 119	
  

were called infinite (∞), decisively establishing significance despite the fact that p-values could 120	
  

not be called for the observed genotype distribution, since comparison with a group equaling zero 121	
  

is not permissive. Therefore we extrapolate significance through the following rationale: when 122	
  

the genotype distribution between IBD and Control populations is considered the overall 123	
  

probability of IBD is 311/ (311+142) = 0.69. Nine distinct disease individuals but no healthy 124	
  

controls carry the genotypes rs4959235-TT and rs9503518-GG, and the likelihood for such a 125	
  

distribution is 0.69 9 =0.0354. From this very low likelihood we make the conjecture that the 126	
  

homozygotes for both SNPs have a significantly higher rate of affliction. 127	
  

 128	
  

In addition, rs6923667-CT heterozygosity was significantly associated with CD, not UC, 129	
  

compared to controls (Table 2).  130	
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None of the SNPs were associated with any phenotypic subtype of CD or UC.   131	
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DISCUSSION 132	
  

Genotypes rs4959235-TT and rs950318-GG in the SLC22A23 gene were associated with UC, 133	
  

CD, and IBD overall in our Manitoban Caucasian cohort. Both genotypes were exclusively 134	
  

present in IBD patients but not in healthy controls. Previously, another SLC22A23 allele, 135	
  

rs17309827-T, was nominally associated to IBD in a GWAS meta-analysis (3) and independently 136	
  

to the risk of stricturing phenotypes in CD (34). Thus, our data add to the emerging evidence for 137	
  

associations of SLC22A23 genotypes with IBD.   138	
  

While, the results of our study are in agreement with results of the aforementioned GWAS meta-139	
  

analysis (3), it is in contrast with reports from Swedish Caucasian cohort (35-37) and a British 140	
  

UC cohort (38). The discrepancy between the results may be explained by differences in the 141	
  

nature of the cohorts, as well as inter-study discrepancies producing different confounders, such 142	
  

as the selection of tag-SNPs, different ethnical backgrounds, phenotyping methodology or 143	
  

underpowered datasets. While our cohort is moderately sized, the validity of our results is 144	
  

supported by the closely monitored, well phenotyped nature of the cohort and further 145	
  

demonstrated by the high number of studies this cohort has produced replicating GWAS findings 146	
  

of IBD associations (39).   147	
  

 148	
  

Significantly, our studies are distinguished from others investigating associations to IBD by the 149	
  

decisive results we report that homozygotes for the novel SNPs rs4959235-TT and rs950318-GG 150	
  

are exclusively present in the Manitoban Caucasian IBD patients but not at all in the healthy 151	
  

controls (Tables 2, 3). Our studies further indicate that both SNPs affect IBD risk independently 152	
  

since they are in distinct linkage blocks (Figure 1) and show distinct pattern of inheritance. 153	
  

Homozygotes for SNP rs4959235-TT have elevated disease risk (Table 2), indicative of 154	
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recessive inheritance. In contrast, both rs9503518-GG homozygosity as well as the presence of 155	
  

the G-allele elevates the disease risk relative to the allelic presence (Table 2).  156	
  

 157	
  

Due to indication of recessive inheritance, we further investigated if SNP rs4959235-TT 158	
  

homozygosity could play a role in disease risk across ethnicities, using existing HapMap data. 159	
  

The IBD risk allele rs4959235-T is not found in Asian and sub-Saharan populations, where IBD 160	
  

incidence rates are lowest (Table 4) (40). The rs4959235-T allele reaches allelic frequencies of 161	
  

up to 19% in European cohorts (Table 4), which are known to have a higher IBD burden (41). 162	
  

Significantly, homozygotes for rs4959235-TT are not documented in healthy individuals of four 163	
  

out of five European subpopulations, despite the presence of the T-allele in 15%-19% of the 164	
  

individuals (Table 4). This is in concordance with the data in our cohort of Manitoban 165	
  

Caucasians, where we did not observe rs4959235-TT homozygotes in the healthy individuals. In 166	
  

contrast, rs4959235-TT homozygotes are reported in cohorts of American ancestry, where C/T-167	
  

heterozygocity is similar to Europeans (Table 4). The presence of healthy TT-homozygotes in 168	
  

American ancestry might indicate a less severe disease phenotype due to the distinct genetic 169	
  

background, which could explain the retention of both alleles throughout human evolution.  170	
  

 171	
  

While current prediction tools do not indicate functional impact for either SNP rs4959235 (which 172	
  

is non-coding in intron four) or SNP rs9503518 (which is synonymous in exon 10) (30), further 173	
  

study is warranted to determine whether these SNPs tag causative variations.  Recent next 174	
  

generation sequencing data confirm this possibility, as eight rare non-synonymous variations and 175	
  

one frame-shift mutation predicted to be detrimental have been identified within the linkage 176	
  

region of these SNPs (Table 5) (42). These should be considered in future genetic and functional 177	
  

investigations.   178	
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 179	
  

SLC22A23 is an orphan gene in the SLC22 family of organic cation and anion transporters.  Its 180	
  

genomic organization and variations have not been comprehensively described, and its substrate 181	
  

is unknown (43) (http://www.ncbi.nlm.nih.gov/gene/63027). Our results, however, imply that 182	
  

SLC22A23’s unknown substrate could be an intracellular antioxidant. As noted, variations in two 183	
  

related genes, SLC22A4 and SLC22A5, encode for membrane transporters of ergothioneine (44-184	
  

46) and carnitine (47-50) have consistently been associated with IBD (5, 7, 10, 14-16, 18).  Since 185	
  

both carnitine and ergothioneine are intracellular antioxidants (51-53), we hypothesize that 186	
  

altered transport kinetics could lead to disturbed intracellular redox state and thus elevated IBD 187	
  

susceptibility. Our novel hypothesis that intracellular redox status could be compromised through 188	
  

altered membrane transport of antioxidants is further supported by the recent association of SNPs 189	
  

in the ascorbic acid transporter SLC23A1 with CD (54).  190	
  

 191	
  

In conclusion, we present evidence that genetic variations in the SLC22A23 locus contribute to 192	
  

the susceptibility to IBD in a small fraction of Caucasian patients. Considering existing 193	
  

association and biological studies we theorize that genetic variations in membrane transporters 194	
  

contribute to disturbed intracellular redox status through altered antioxidants uptake. If future 195	
  

biological studies validate the proposed mechanism(s) of redox disturbance, specific dietary 196	
  

intervention can be developed for individuals carrying the risk genotypes. A genotype specific 197	
  

nutritional intervention could offer a cost-effective alternative to existing immunomodulation 198	
  

therapy with significantly reduced adverse effects. However, it needs to be cautioned that current 199	
  

knowledge suggests that applicability might be very specific and likely limited. Of the 163 200	
  

independent IBD risk loci identified to date (55), the effect sizes of individual SNPs explain at 201	
  

best 14% of the disease phenotype (56). At present, SLC22A23 variations, or variations in other 202	
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membrane transporters, account for significantly less effect size.  Nevertheless, future 203	
  

investigations could reveal transporter variations having greater impact. Given that, individuals 204	
  

with risk genotypes can be identified cost effectively, and with IBD incidences rising worldwide, 205	
  

growing numbers could benefit from novel nutritional interventions in the future.    206	
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Table 1. Phenotypic characteristics of the Caucasian IBD cohort population 

Parameters Crohn´s Disease  
(n=162) 

Ulcerative Colitis  
(n= 149) 

Gender   
Female 97 (59.9%) 87 (58.4%) 
Male 65 (40.1%) 62 (41.6%) 
Age at diagnosis   
A1(<17 years) 17 (10.5%) 12 (8.1%) 
A2 (17-40 years) 101 (62.3%) 78 (52.3%) 
A3 (>40 years) 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 (UP limited to 
rectum) 

- 11 (7.4%) 

E2 (Left sided, distal) - 68 (45.6%) 
E3 (extensive, 
pancolitis) 

- 70 (47.0%) 

Behaviour   
B1(Inflammatory)  69 (42.6%) - 
B2 (Stricturing) 54 (33.3%) - 
B3 
(Penetrating/fistulizing) 

39 (24.1%) - 

 

Note: Disease cohorts were matched for sex and age to a total of 142 non related healthy controls 

(80 females, 62 males). No significant difference was found between the baseline characteristics 

of the study populations.  
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Table 2. Association of SLC22A23 SNPs with Ulcerative Colitis and Crohn’s disease 

SNP Crohn´s disease  
n= 162 

Ulcerative Colitis 
n= 149 

Controls 
n=142 

rs4959235    
CC 141    (87%) 125 (83.9%) 119 (83.8%) 
CT   18 (11.1%)   18 (12.1%)   23 (16.2%) 
TT     3   (1.9%)*     6   (4.0%)*     0      (0%)* 
T-carrier    21 (12.9%)   24 (16.0%)   23 (16.2%) 
    
rs6923667    
CC   51 (31.5%)   62 (41.6%)   57 (40.1%) 
CT   92 (56.8%)*   66 (44.3%)   61 (43%) 
TT   19 (11.7%)   21 (14.1%)   24 (16.9%) 
T-carrier 111 (68.5%)   87 (58.4%)   85 (59.8%) 
    
rs9503518    
AA 139 (85.8%) 113 (75.8%) 118 (83.1%) 
AG   22 (13.6%)   28 (18.8%)   24 (16.9%) 
GG     1   (0.6%)*     8   (5.4%)*     0      (0%)* 
G-carrier   23 (14.2%)   36 (24.2%)*   24 (16.9%) 
    
rs17309827    
GG   21 (13.1%)   23 (15.4%)   20 (14.1%) 
GT   81 (50.6%)   60 (40.3%)   70 (49.3%) 
TT   58 (36.3%)   66 (44.3%)   52 (36.6%) 
T-carrier 139 (85.8%) 126 (84.6%) 122 (85.9%) 
    
Associations determined by logistic regression and indicated through a star * (p < 0.05)  
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Table 3.  Association of SLC22A23 SNPs with IBD overall 

SNP IBD 
n=311 

Controls 
n=142 

OR (%95) 

rs4959235    
CC 266 (85.5%) 119 (83.8%) Ref 
CT   36 (11.6%)   23 (16.2%) 0.70 (0.39-1.23) 
TT     9   (2.9%)*     0      (0%)* ∞* 
T-carrier   54   (8.7%)   23   (8.1%) 1.21 (0.86, 1.70) 
    
rs6923667    
CC 113 (36.3%)   57 (40.1%) Ref 
CT 158 (50.8%)   61    (43%) 1.31 (0.85, 1.52) 
TT   40 (12.9%)   24 (16.9%) 0.84 (0.46, 1.53) 
T-carrier 238 (38.3%) 109 (38.3%) 1.08 (0.85, 1.38) 
    
rs9503518    
AA 252  (81.0%) 118 (83.1%) Ref. 
AG   50 (16.1 %)   24 (16.9%) 0.97 (0.57, 1.66) 
GG     9    (2.9%)*     0      (0%)* ∞* 
G-carrier    68 (10.9%)   24   (8.4%) 1.32 (0.95, 1.85) 
    
rs17309827    
GG   44 (14.2%)   20 (14.1%) Ref. 
GT 141 (45.6%)   70 (49.3%) 0.91 (0.50, 1.67) 
TT 124 (40.2%)   52 (36.6%) 1.08 (0.58, 2.01) 
T-carrier 389 (62.9%) 174    (61%) 1.14 (0.89, 1.45) 
    
Note: Associations determined by logistic regression and significant associations were 

determined as followed: The Odds Ratios (OR) calculated by logistic regression were called 

infinite (∞) for the disease associated genotypes, decisively establishing significance despite the 

fact that p-values could not be called for the observed genotype distribution, since comparison 

with a group equaling zero is not permissive. Significance is established through the following 

rationale: when the genotype distribution between IBD and Control populations is considered the 

overall probability of IBD is 311/ (311+142) = 0.69. Nine distinct disease individuals but no 

healthy controls carry the genotypes rs4959235-TT and rs9503518-GG, and the likelihood for 

such a distribution is 0.69 9 =0.0354. From this very low likelihood we make the conjecture that 
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the homozygotes for both SNPs have a significantly higher rate of affliction. The nine cases of 

rs4959235-TT and rs9503518-GG homozygocity are found in distinct individuals.  

Significant associations are marked with a star *.  
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Table 4.  rs4959235 allele and genotype frequencies in selected HapMap cohorts 

Ancestry Population Allele Genotype 
   C  T  C|C  C|T  T|T 
 CEU 0.912 0.088 0.824 0.176  
 FIN 0.898 0.102 0.806 0.183 0.011 
European  GBR 0.927 0.073 0.854 0.146  
 IBS 0.929 0.071 0.857 0.143  
 TSI 0.98 0.02 0.959 0.041  
       
 CLM 0.867 0.133 0.75 0.233 0.017 
American  MXL 0.856 0.144 0.758 0.197 0.045 
 PUR 0.918 0.082 0.836 0.164  
       
Sub Saharan  LWK 1  1   
 YRI 1  1   
       
African in the US ASW 0.951 0.049 0.918 0.066 0.016 
       
 JPT 1  1   
Asian CHS 1  1   
 CHB 1  1   

 

aASW: Americans of African ancestry in SW USA; CEU: Utah residents with Northern and 

Western European ancestry; CHB: Han Chinese in Beijing, China; CHS: Southern Han, Chinese; 

CLM: Colombian from Medellin; FIN: Finnish in Finland; GBR: British in England and 

Scotland; IBS: Iberian population in Spain; JPT: Japanese in Tokyo, Japan; LWK: Luhya in 

Webuye, Kenya; MXL: Mexican ancestry from Los Angeles USA; PUR: Puerto Ricans from 

Puerto Rico; TSI: Toscani in Italy; YRI: Yoruba in Ibadan, Nigeria. 



25	
  
	
  

Table 5. Non-synonymous and frameshift polymorphisms in the linkage block tagged by 

rs9503518 

dbSNP rs No. dbSNP allele Protein residue Amino acid 
 position 

rs200011775 A > G Thr > Ala 579 
rs148262614 T > C Ser > Pro 587 
rs201540017 G > A Asp > Asn 632 
rs199592727 T > C Cys > Arg 638 
rs141223516 C > A Pro > His 644 
rs201396552 A > G Asn > Asp 666 
rs150444727 A > G Thr > Ala 670 
rs112065429 A > G Ser > Gly 671 
rs34106449 Frameshift - 634 
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Figure 1. Linkage of the four SNPs in the SLC22A23 gene presented as D´ indicating the 

coefficient of the linkage disequilibrium for (panel A) 162 Crohn´s disease and (panel B) 149 

ulcerative colitis patients. 

 

 


