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employing Bonferroni’s correction for five haplotype-comparisons remained statistically significant at 

0.0065 and 0.0035, respectively. 
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DISCUSSION 

Kidney stone is found to be endemic, causing a major health problem and economic burden, in the NE 

Thai population.  A recent study by our group has emphasized that the relative risk of having the 

disease is higher among members of affected families compared to that of the normal control 

population, indicating a contribution of genetic factor, although its actual etiology is still unidentified.37  

Interestingly, hypercalciuria, hyperoxaluria, and hyperuricosuria which are common in the Western and 

other ethnic groups were not demonstrated in most of these patients36 but hypocitraturia and 

abnormality of some stone-forming inhibitor proteins, nephrocalcin and trefoil factor 1, had been 

reported.32,34,19,38  These indicate a unique characteristic of the disease in this population and possibly 

cause from different etiology as ever reported elsewhere. 

A number of proteins present either in urine or stone matrix have been implicated in the stone 

formation due to their ability to inhibit crystallization processes.20,21  The important urinary stone-

inhibitor proteins include Tamm-Horsfall protein (THP), osteopontin, urinary prothrombin fragment 1 

(UPTF1), bikunin, calgranulin, and trefoil factor 1. Owing to potent inhibition of these proteins in stone 

formation, they have been proposed to be involved in pathogenesis of kidney stone.  Since kidney stone 

is a complex disease and genetic predispositions have been suggested to be involved in its 

pathogenesis, these encourage us to investigate the association between kidney stone and SNPs in 

genes encoding for known stone-forming inhibitor proteins in the NE Thai population.  The candidate 

genes in this study are TFF1, S100A8, S100A9, S100A12, AMBP, SPP1, UMOD, and F2 which encode 

eight urinary stone-inhibitor proteins: trefoil factor 1, calgranulin (A, B, and C), bikunin, osteopontin, 

Tamm-Horsfall protein, and urinary prothrombin fragment 1, respectively.19,39-40 

Our case-control candidate-gene association study, examined SNPs distributed within and 

flanking these eight candidate genes in 112 cases and 112 controls, discovered the association of 

polymorphisms of one candidate - F2 gene and kidney stone (Table 2, Table 3, and Figure 1).  The 

results revealed significant differences between control and case groups in allele frequencies of seven 
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SNPs (P = 0.006-0.033) and in genotype frequencies of eight SNPs (P = 0.0036-0.016) of the F2 gene.  

When haplotypes were constructed from ten SNPs studied, one haplotype each associated with either 

increased or reduced risk of kidney stone, TGCCGCCGCG and CGTTCCGCTA, respectively, were 

detected (P = 0.0468 and 0.0045).  This association was then confirmed when more sample of both 

case and control groups were added for the SNPs genotyping in the F2 gene.  The haplotypic 

association analysis obtained from the genotyping data of 164 cases and 216 controls revealed that the 

haplotype associated with increased risk (TGCCGCCGCG) was more represented in case group while 

the haplotype associated with reduced risk (CGTTCCGCTA) was more represented in control group (P 

= 0.0013 and 0.0007, respectively) (Table 3).  The P-values remained significant at 0.0065 and 0.0035, 

respectively, after correction for multiple testing.  These indicate that F2 may influence genetic 

susceptibility to kidney stone in the patients studied and therefore it is worthwhile pursuing further 

studies on the functional roles of these genetic variations due to their involvement in the pathogenesis 

of kidney stone. 

Urinary prothrombin fragment 1 (UPTF1) is a product of F2 gene (Genbank NM_000506, 

NP_000497) which is located on 11p11-q12.  F2 gene encompasses approximately 20.3 kb containing 

14 exons and its mRNA is 1,997 nt long encoding the protein with 622 amino acids.  UPTF1 was found 

to be the major protein occluded within CaOx crystals generated from human urine in vitro.28  This 

glycoprotein, with a molecular mass of approximately 31 kDa, was initially described as crystal matrix 

protein (CMP) and its N-terminal amino acid sequence was subsequently demonstrated identical with 

human prothrombin.41  It was shown conclusively that the protein is F1 activation peptide of 

prothrombin by the later study.42  UPTF1 was found in thick ascending limb of the loop of Henle and a 

distal convoluted tubule.43  Amino acid analysis revealed that this protein contains ten �-

carboxyglutamic acid (Gla) residues located near its N-terminus, which are responsible for the calcium-

binding activity of the protein.  It has been shown to be a potent inhibitor of CaOx crystal growth and 
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aggregation in undiluted human urine28 and under inorganic conditions.30  Furthermore, a crude 

precursor to the purified protein has been shown to inhibit the crystallization process potently.44 

Although UPTF1 processes several hallmarks expected of a regulatory protein in urolithiasis, its 

precise role remains unknown.  Grover et al.45 demonstrated that the renal prothrombin mRNA is 

significantly reduced in a hyperoxaluric rat model of nephrolithiasis and firstly reported a significant 

decreased in the renal expression of a urinary protein well documented to inhibit CaOx crystal growth 

and aggregation in undiluted human urine in vitro.  Protein function of the UPTF1 has been studied in 

many features.  Decreased inhibitory activity of prothrombin against CaOx crystallization by specific 

chemical modification of its Gla residues was reported, suggesting that the Gla composition might play 

an important role in inhibiting the formation of CaOx calculus.46  In addition to the Gla domain, the 

UPTF1’s carbohydrate moiety is considered to influence its functionality.  The glycans on UPTF1 have 

been reported to play a pivotal role in the protein’s ability to retard CaOx crystallization.47  However, 

further evaluation of the role of this protein in kidney stone formation is still required.  In the view of 

genetic, the finding of our association study demonstrated the contribution of F2 gene polymorphisms 

to susceptibility to kidney stone in NE Thai population emphasized that UPTF1 plays role in kidney 

stone disease. 

Although our result of single SNP analysis revealed significant differences between control and 

case groups of 3 SNPs (SNP7, SNP10, and SNP11) of the S100A9-12-8 genes cluster (Supplementary 

Table S1), however the difference of these SNPs frequencies in both groups did not reach a statistical 

level when increased sample sizes were analyzed.  This finding suggests that S100A9-12-8 genes 

polymorphisms may not contribute to susceptibility to kidney stone in NE Thai population. 

Only one of eight candidate genes proposed in this study, SPP1, has been previously studied for 

its association to kidney stone in other population which the result showed that a nonsynonymous SNP 

(rs4660), located in the exon 16, was highly associated with urinary calcium stone disease.48  Another 

report also demonstrated that two novel SNPs (novel 2 and novel 3) located in the promoter region 
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were significantly associated with kidney stone risk.  Two haplotypes, one associated with reduced risk 

and the other associated with increased risk of kidney stone, were detected, suggesting that the SPP1 

gene is dually associated with the risk of kidney stone and may have a different function in crystal 

formation during the development of the disease.49  However, genotyping result of 14 SNPs of SPP1 in 

our study, including those three SNPs (SNP4, SNP5, and SNP12) from those reports, did not show 

significant different between case and control groups.  All three SNPs were monomorphic, showing 

only one genotype in all cases and controls studied (Supplementary Table S1).  This finding suggests 

that SPP1 gene polymorphisms may not contribute to susceptibility to kidney stone in NE Thai 

population.  Though, a larger size of samples should be analyzed to increase the power of test. 

 In conclusion, to the best of our knowledge, this is the first association study of the genes 

encoding for stone-forming inhibitor proteins and kidney stone disease in Thailand.  The result of our 

study in NE Thai population has demonstrated that prothrombin (F2) haplotype is significantly 

associated with kidney stone disease.  Thus, F2 may influence genetic susceptibility to the kidney stone 

disease in the patients studied.  Further study on the functional role of the F2 variation associated with 

the kidney stone disease is in progress. 
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CONCISE METHODS 

Study groups 

This study was performed after the approval of Siriraj Insititutional Review Board (SIRB) and the 

Ethical Committee of the Ministry of Public Health, Thailand, and informed consents were obtained 

from all subjects.  The SIRB consideration was adhered to Declaration of Helsinki.  A group of patients 

with kidney stone (age range of 20-80 years) recruited from Khon Kean Regional Hospital, in the 

northeastern part of Thailand, during 2004-2006 were enrolled in the study.  The control group 

consisted of age-matched unrelated individuals with no history of kidney stone were recruited from the 

same area of patients. 

Diagnosis of kidney stone was determined by roentgenography of kidney-ureter-bladder 

(KUB), the scar of stone removal surgery, and in some suspicious cases by additional ultrasonography.  

The exclusion criteria of subjects were the presence of kidney stone secondary to all known causes 

(including renal tubular acidosis, primary hyperparathyroidism, inflammatory bowel disease, Cushing 

disease, hyperthyroidism, and drug-induced kidney stone) diagnosed by clinical history and symptoms, 

physical and laboratory examinations, acute acid loading test, and serum electrolytes.  Urine and blood 

samples were collected for electrolyte analyses.  Stones after removal from patients were analyzed by 

using NicoletTM 380 Fourier Transform Infrared (FTIR) Spectrometer.  Genomic DNA from patients 

and controls was extracted from peripheral blood using standard phenol-chloroform method. 

 

Selection of SNPs and primer design 

SNPs distributed within and flanking eight candidate genes including TFF1, S100A9, S100A12, 

S100A8, AMBP, SPP1, UMOD, and F2, encoding the eight urinary stone-inhibitor proteins (trefoil 

factor 1, calgranulin (B, C, and A), bikunin, osteopontin, Tamm-Horsfall protein, and urinary 

prothrombin fragment 1) were selected for genotyping in 112 DNA samples each of the case and 

control groups.  An average of 5-14 SNPs per gene were selected based on SNP data obtained from 
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SNP database of the National Center for Biotechnology Information and the International HapMap 

Project, focused on the data from Han Chineses in Beijing that genetic background is closely related to 

Thai population.  SNPs were selected according the following criteria: spread throughout the gene, 

minor allele frequency more than 5%, and, if possible, located in coding region, (as a non-synonymous 

> synonymous > regulatory element > intron).  Data of haplotype tagging SNPs was also considered to 

avoid redundant genotyping.  

 PCR primers were designed from nucleotide sequences of the corresponding genes (accession 

number AP001623, AL591704, AL137850, AC131944, AC106796, and AC115088 for TFF1, S100A9-

12-8, AMBP, SPP1, UMOD, and F2, respectively) by Primer3 program.  Extension primers, the 

oligonucleotide primer with 3’end complementary to the nucleotide sequence preceding the SNP site, 

for using in SNP genotyping were designed.  The sequences of primers are shown in Supplementary 

Table S3.  All primers were purchased from the BioService Unit-National Center for Genetic 

Engineering and Biotechnology, Thailand or from the Operon Biotechnologies, Germany. 

 

Genotyping 

To genotype SNPs in the eight candidate genes, primer extension (PE) reaction and denaturing high-

pressure liquid chromatography (DHPLC) analysis was performed.  Altogether 67 SNPs, on average 5-

14 SNPs per gene, were analyzed in each group.  Single or multiplex PCR (3- or 4- plex per reaction) 

were performed to obtain DNA fragments containing selected SNPs of each gene.  These PCR products 

were treated with ExoSAP-IT (Amersham Biosciences, USA) to remove excess primers and 

unincorporated dNTPs.  PE method, both single base extension (SBE) and a very short extension 

(VSET) reactions, was conducted in a 20-�l volume containing 5 �l of ExoSAP-IT treated PCR 

product, 5-15 pmole of extension primers, 50 �M of ddNTPs or combination of appropriate dNTP and 

ddNTP (Amersham Biosciences UK Ltd, Buckinghamshire, UK), 1 �l of Thermo Sequenase buffer, 

and 0.5 U of Thermo Sequenase™ DNA polymerase (Amersham Biosciences UK Ltd).  Thermal 
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cycling for all PE reactions was carried out in GeneAmp® PCR System 2400 or 9700, consisting of an 

initial denaturation at 96 °C for 1 min, followed by 50-60 cycles consisting of denaturation at 96 °C for 

15 sec, annealing at 43 °C or 50 °C  for 30 or 15 sec, and extension at 60 °C for 1 min.  The PE product 

was denatured at 96 °C for 1 min before loading and analysis by DHPLC machine (Wave, 

Transgenomic, USA) using fully denaturing condition with a column temperature of 70°C. 

Initially, an individual SNP was typed by PE reaction and DHPLC and their results were used 

as guidance for multiplex primer extension reaction.  Optimization of multiplex PE reactions was 

performed by testing with various combinations of extension primers until maximum multiplexing was 

obtained.  The amount of each primer in the reaction was adjusted to obtain high PE product leading to 

high peak of elution profile.  Finally, 2-6 sets of PE reaction for SNPs typing in 8 candidate genes were 

obtained (Supplementary Table S2). 

SNPs that could not successfully be genotyped by PE method were analyzed by heteroduplex 

analysis.  After amplification of DNA fragments containing SNPs, the PCR product was denatured by 

heating at 95�C for 1 min followed by slowly re-annealing and then applied for analysis by DHPLC for 

the first screening.  The difference in melting temperature or elution profile between homoduplex and 

heteroduplex is the basis for identification of SNP variations.  To differentiate between homozygous 

major allele and homozygous minor allele, the samples with homozygous genotype from the first 

screening were re-screened after premixed the samples with that of known homozygous genotype 

confirmed by DNA sequencing (in 1:1 ratio), prior to denaturation and subsequent heteroduplex 

analysis by DHPLC machine for second time. 

 

Statistical analysis 

Data of SNP genotyping from both case and control groups were collected and analyzed for association 

with the disease phenotype.  Statistical tests for deviation from Hardy-Weinberg equilibrium and for 

association between SNP frequencies and disease phenotype were performed by using DeFinetti 
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(http://ihg2.helmholtz-muenchen.de/cgi-bin/hw/hwa1.pl), SNPStats 

(http://bioinfo.iconcologia.net/snpstats/start.htm), and Haploview 

(http://www.broad.mit.edu/mpg/haploview/) web-based programs.  P < 0.05 was considered as 

significant. 
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FIGURE LEGENDS 

Figure 1 

Linkage disequilibrium (LD) plots showing D’ and LD block of 10 genotyped SNPs in F2 gene 

from 164 cases and 216 controls determined by the Haploview program. Genomic structure of F2 

gene and location of SNPs are indicated above the LD plot.  Exons are indicated by black boxes and 

untranslated regions are represented in blue.  LD block is indicated by the black pentagon line.  Squares 

represent LD and LOD score of between SNPs.  Numbers in boxes represent D’ (x 100).  Bottom left 

panel displays the frequency of haplotype with htSNPs indicated by arrow head. The strength of LD is 

indicated with the bottom right-color scheme. 

 

Supplementary Figure 1 

DHPLC chromatograms of primer extension products for genotyping ten SNPs in TFF1 gene in five 

sets, A-E, of multiplex primer extension reaction.  Each set is designed to detect: (A) SNP 8-10-1, (B) 

SNP 2-9*-5, (C) SNP 6-7, (D) SNP 3, and (E) SNP 4.  Genotypes of all SNPs calling from each sample 

are presented beside the chromatograms in order: SNP 8-10-1- 2-9*-5- 6-7-3-4.�

(* using of anti-sense extension primer) 

 

Supplementary Figure 2 

DHPLC chromatograms of primer extension products for genotyping fifteen SNPs in S100A9-12-8  

genes cluster in six sets, A-F, of multiplex primer extension reaction.  Each set is designed to detect: 

(A) SNP 8-7, (B) SNP 9-5*, (C) SNP 4-10-15*, (D) SNP 2-11, (E) SNP 12-1-14*, and (F) SNP 3-13*-

6.  Genotypes of all SNPs calling from each sample are presented beside the chromatograms in order: 

SNP 8-7-9-5*-4-10-15*-2-11-12-1-14*-3-13*-6. (* using of anti-sense extension primer) 

 

Supplementary Figure 3 
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DHPLC chromatograms of primer extension products for genotyping nine SNPs in AMBP gene in three 

sets, A-C, of multiplex primer extension reaction.  Each set is designed to detect: (A) SNP 3-4-2*, (B) 

SNP 6-7-8, and (C) SNP 9-10*-5*.  Genotypes of all SNPs calling from each sample are presented 

beside the chromatograms in order: SNP 3-4-2*-6-7-8-9-10*-5*.�

(* using of anti-sense extension primer) 

 

Supplementary Figure 4 

DHPLC chromatograms of primer extension products for genotyping fourteen SNPs in SPP1 gene in 

three sets, A-C, of multiplex primer extension reaction.  Each set is designed to detect: (A) SNP 2-11-

6-5*-12*-4, (B) SNP 10*-7-8-9*-13-14, and (C) SNP 1-3.  Genotypes of all SNPs calling from each 

sample are presented beside the chromatograms in order: SNP 2-11-6-5*-12*-4-10*-7-8-9*-13-14-1-3. 

(* using of anti-sense extension primer) 

 

Supplementary Figure 5 

DHPLC chromatograms of primer extension products for genotyping nine SNPs in UMOD gene in two 

sets, A-B, of multiplex primer extension reaction.  Each set is designed to detect: (A) SNP 9*-2*-3*-

10* and (B) SNP 5*-8*-6*-4*-7*.  Genotypes of all SNPs calling from each sample are presented 

beside the chromatograms in order: SNP 9*-2*-3*-10*-5*-8*-6*-4*-7*.�

(* using of anti-sense extension primer) 

 

Supplementary Figure 6 

DHPLC chromatograms of primer extension products for genotyping eight SNPs in F2 gene in two 

sets, A-B, of multiplex primer extension reaction.  Each set is designed to detect: (A) SNP 6*-7-2 and 

(B) SNP 10-1-4*-8-3.  Genotypes of all SNPs calling from each sample are presented beside the 

chromatograms in order: SNP 6*-7-2-10-1-4*-8-3.�
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(* using of anti-sense extension primer) 

 

Supplementary Figure 7 

DHPLC chromatograms of heteroduplex analyses of (A) SNP 5 (rs2070852) and (B) SNP 9 

(rs2282687) of F2 gene.  DHPLC elution profile showed 2 different patterns in the first screening (left 

panel), sample 1 and 3 with the homozygous genotypes and sample 2 with the heterozygous genotype.  

The homozygous genotypes of sample 1 and 3 represented different patterns in the second screening 

(right panel) after mixed with the PCR product of known homozygous genotype sample to make a 

distinction between homozygous major allele and homozygous minor allele. 
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Summary 

Kidney anion exchanger 1 (kAE1) mediates chloride (Cl-) and bicarbonate (HCO3
-) 

exchange at the basolateral membrane of kidney �-intercalated cells.  Impaired trafficking of 

kAE1 leads to defect of the Cl-/HCO3
- exchange at the basolateral membrane and failure of 

proton (H+) secretion at the apical membrane, causing a kidney disease – distal renal tubular 

acidosis (dRTA).  To gain a better insight into kAE1 trafficking, we searched for proteins 

binding to the C-terminal region of kAE1 (Ct-kAE1) containing motifs crucial for intracellular 

trafficking by a yeast two-hybrid (Y2H) screen.  An adaptor-related protein complex 1 μ1A 

subunit (AP-1 mu1A) was found to interact with Ct-kAE1 by the Y2H screen.  The interaction 

between Ct-kAE1 or full-length kAE1 with AP-1 mu1A was confirmed by in vitro and in situ 

studies, including GST pull-down assay, co-immunoprecipitation, affinity co-purification, co-

localization, and yellow fluorescent protein (YFP)-based protein fragment complementation 

assay (PCA).  Suppression of endogenous AP-1 mu1A in human embryonic kidney (HEK) 

293T by RNA interference decreased membrane localization of kAE1, suggesting a role of AP-

1 mu1A in the kAE1 trafficking in kidney �-intercalated cells. 
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1. Introduction 

Human anion exchanger 1 (AE1 or band 3), encoded by solute carrier family 4, anion 

exchanger, member 1 (SLC4A1) gene, is a plasma membrane transporter functioning in Cl-

/HCO3
- exchange to regulate intracellular pH and acid-base homeostasis in the human [1, 2].  

Two AE1 isoforms have been characterized.  Erythroid AE1 (eAE1), a major protein on red 

cell membrane, functions in both electroneutral anion (Cl-/HCO3
-) exchange and cytoskeletal 

anchorage.  It contains 911 amino acids which organizes into three structurally and functionally 

distinct domains: a cytoskeleton-associated amino- (N-) terminal domain, which interacts with 

ankyrin-1, proteins 4.1 and 4.2, glycolytic enzymes and hemoglobin, a central anion-

transporting transmembrane segment, and a short cytoplasmic carboxyl- (C-) terminal domain 

known to interact with carbonic anhydrase II [3].  Kidney AE1 (kAE1), which lacks the first 65 

amino acids, is expressed at the basolateral membrane of acid-secreting �-intercalated cells of 

kidney and mediates Cl-/HCO3
- transport across the basolateral membrane to balance H+ 

secretion across the apical surface into urine [4]. 

Failure of either acid excretion or bicarbonate reabsorption due to mutations in the gene 

encoding H+-ATPase or kAE1, respectively, leads to distal renal tubular acidosis (dRTA), a 

kidney disorder characterized by an inability to acidify urine resulting in systemic metabolic 

acidosis and several clinical manifestations such as muscle weakness, failure to thrive, 

hypokalemia, hypercalciuria, hypocitraturia, and nephrocalcinosis/nephrolithiasis [5].  Genetic 

studies revealed two modes of inheritance of dRTA attributable to SLC4A1 mutations: 

autosomal dominant (AD) [6] and autosomal recessive (AR) dRTA [7].  The SLC4A1 

mutations causing both forms of dRTA generate mutant kAE1 that still maintains functional 

anion-exchange activity but exhibits basolateral trafficking defect and intracellular retention 

when they were expressed in non-polarized HEK293 cells [8-11] and either intracellular 

retention or apical mistargeting of kAE1 in polarized MDCK cells [12-14]. 
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The involvement of the C-terminal portion of kAE1 in proper basolateral trafficking was 

reported.  A 20-bp deletion in exon 20 of AE1 leading to mutation in codon 888 followed by a 

premature termination codon at position 889 (A888L+889X) was identified in two affected 

brothers with dRTA [15].  Furthermore, Y904 is crucial for polarized transport of kAE1 as 

Y904A or Y904A+V907A mutation caused non-polarized distribution of kAE1 in polarized 

MDCK cells [12, 13].  Removal of the last 5 amino acids was sufficient to retard kAE1 

trafficking in HEK 293 and LLC-PK1 cells [19]. Despite many pieces of evidence suggest that 

C-terminal portion of kAE1 is involved in basolateral membrane trafficking, very little 

information is known for proteins that physically interact with the C-terminal tail of kAE1 [3].  

We reported here that kAE1 interacts with AP-1 mu1A, a subunit of AP-1A adaptor complex, 

in a yeast two-hybrid screen.  The interaction was further confirmed by GST pull-down assay, 

co-immunoprecipitation, affinity co-purification, immunofluorescence staining, and protein 

fragmentation complementation assay (PCA) [20].  Trafficking defect of kAE1 in AP-1 mu1A 

suppressed HEK 293T cells using RNA interference was also investigated. 
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2. Materials and methods 

2.1 Plasmid constructions

pcDNA3-kAE1 (a kind gift from Professor Reinhart Reithmeier, University of Toronto, 

Canada) containing full-length kAE1 cDNA was used as a template for amplification by 

polymerase chain reaction (PCR) of a sequence consisting of 108 base pairs (bp) encoding the 

C-terminal 36 amino acids of AE1 (Ct-kAE1).  The EcoRI/SalI-digested Ct-kAE1 was 

subsequently inserted in-frame into pGBKT7 plasmid (Clontech, Mountain View, CA, USA) to 

generate a bait construct (pGBKT7-Ct-kAE1) expressing a fusion of GAL4-DNA binding 

domain (DBD) and Ct-kAE1 in a yeast two-hybrid system.  The bait construct was tested for 

correct protein expression prior to library screening.  No intrinsic transcriptional activity of the 

bait construct was observed as measured in an autoactivation test by growing on synthetic 

dropout (SD)/-His-Ade medium [21] supplemented with X-�-gal. 

To generate pGEX4T-2-Ct-kAE1, a plasmid construct expressing GST-Ct-kAE1 fusion 

protein, cDNA fragment encoding Arg870-Val911 for Ct-kAE1 were amplified and subcloned 

into SmaI/XhoI sites of pGEX-4T-2.  The full-length cDNA encoding AP-1 mu1A, amplified 

from a cDNA pool derived from human kidney tissue (Invitrogen, Carlsbad, CA, USA), was 

subcloned into BamHI/HindIII sites of pTrcHisA to generate pTrcHisA-AP-1 mu1A construct 

for the expression of AP-1 mu1A tagged with 6x-His at the N terminal.  pcDNA3.1/His-AP-1 

mu1A, a mammalian plasmid construct expressing human AP-1 mu1A N-terminally tagged 

with 6x-His, was generated by PCR-amplifying a full-length AP-1 mu1A sequence from the 

cDNA pool and cloned into pcDNA3.1/HisC. 

The sequences encoding two separate fragments of yellow fluorescent protein (YFP) fused 

with leucine zipper protein, YFP [1]-GCN leucine zipper and YFP [2]-GCN leucine zipper, 

inserted between the NotI/XbaI sites of the pcDNA3.1/Zeo vectors (Invitrogen, San Diego, CA, 

USA) which were named as pcDNA3.1/Zeo-YFP [1]-Zip and pcDNA3.1/Zeo-YFP [2]-Zip, 
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were the gifts from Professor Stephen W. Michnick, University of Montreal, Canada.  These 

constructs consisted of the sequences encoding YFP fragments (either YFP [1] – amino acids 1 

to 158, or YFP [2] – amino acids 159 to 240) and Zip cDNA encoding leucine zipper.  A 

sequence encoding flexible 10 amino-acid linker (GGGGS)2 was inserted between the 

sequences encoding YFP fragment and leucine zipper.  The full-length cDNAs encoding kAE1 

and AP-1 mu1A were amplified by PCR and subcloned into the BspEI/XbaI sites of the 

pcDNA3.1/Zeo-YFP [1]-Zip and pcDNA3.1/Zeo-YFP [2]-Zip constructs, generating 

pcDNA3.1/Zeo-YFP [1]-kAE1, pcDNA3.1/Zeo-YFP [2]-kAE1, pcDNA3.1/Zeo-YFP [1]-AP-1 

mu1A, and pcDNA3.1/Zeo-YFP [2]-AP-1 mu1A, which expressed YFP[1]-kAE1, YFP [2]-

kAE1, YFP [1]-AP-1 mu1A, and AP1 mu1A, YFP [2]-AP-1 mu1A fusion proteins, 

respectively. 

 

2.2 Yeast two-hybrid screening

To generate the bait strain, pGBKT7-Ct-kAE1 was transformed into the yeast AH109 

strain.  The prey strain, Y187, pre-transformed with the prey plasmids, pACT2, which carried 

the GAL4-activation domain [6] fused to fragments from a human kidney cDNA library, was 

purchased from Clontech (Mountain View, CA, USA).  The yeast two-hybrid screening was 

performed according to the manufacture protocol (Clontech, Mountain View, CA, USA).  

Mated diploids whose cDNA-encoded products interacted with the bait protein were selected 

by growth and galactosidase activity on SD/-Trp-Leu-His-Ade plates and SD/-Trp-Leu-His-

Ade plates supplemented with X-�-gal (Clontech, Mountain View, CA, USA) to assay for 

activation of reporter genes [HIS3, ADE2, MEL1 (�-galactosidase)].  The positive colonies 

with strong reporter activities were selected.  The prey plasmids rescued from positive colonies 

were transformed into E. coli for PCR amplification.  The AluI restriction patterns of PCR 

products were generated and representatives from different restriction patterns were chosen for 
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the specificity tests.  Specific interactions between the bait protein and the encoded products of 

isolated preys were tested by re-transforming both bait and prey constructs into opposite yeast 

mating types for re-mating.  The cDNA fragments of the positive clones from the specificity 

tests were sequenced and aligned with sequences in the database using BLAST homology 

search (http://www.ncbi.nlm.nih.gov) in order to obtain full-length sequences of corresponding 

genes. 

 

2.3 GST pull-down binding assay

E. coli BL21 (DE3) containing plasmid constructs encoding either GST, GST-Ct-kAE1-

WT, or 6x-His-tagged AP-1 mu1A were expressed by induction with IPTG.  The bacterial cells 

were lysed by sonication in lysis buffer (1xPBS, 1% Triton X-100, Protease Inhibitors Cocktail 

(Roche Molecular Biochemicals, Mannheim, Germany) and 1 mM phenylmethylsulfonyl 

fluoride).  GST or GST-fusion proteins in the lysates were purified by binding with 

Glutathione-Sepharose 4B beads (Amersham Biosciences, Piscataway, NJ, USA).  Unbound 

proteins were eliminated by the serial washing with 1%Triton X-100 in PBS for 2 times, PBS 

for 1 time, and 0.1%Triton X-100 in 1xPBS for 1 time.  GST pull-down assay was conducted 

as previously described [21].  GST or GST-Ct-kAE1 fusion protein fixed on Glutathione-

Sepharose 4B beads was incubated with His-tagged AP-1 mu1A protein from the bacterial 

lysate in binding buffer (1xPBS, 0.1%Triton X-100, Protease Inhibitors Cocktail and 1 mM 

phenylmethylsulfonyl fluoride) by gently rocking at 4�C overnight.  The beads were recovered 

by centrifugation and washed for three times with the binding buffer to eliminate the unbound 

proteins.  The binding protein complexes were eluted, subjected to SDS-PAGE and analyzed 

by immunoblotting. 

 

2.4 Cell culture and transfection
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HEK 293T cells were maintained in complete Dulbecco’s Modified Eagle Medium 

(DMEM, Gibco Life Technologies, Gaithersburg, MD, USA) supplemented with 10% fetal 

bovine serum (Perbio, Chester UK), 100 units/ml penicillin and 100 μg/ml streptomycin.  The 

cells were cultured in 25-cm2 flask at 37ºC with 5% CO2 and sub-cultured twice per week 

following a standard trypsinization protocol.  Two days before transfection, the HEK 293T 

cells were collected by trypsinization and seeded in 6-well plates.  The cultured cells were 

transiently transfected with pcDNA3.1 vector or different constructs according to experiments 

by DEAE-dextran as previously described [21] or lipofection transfection method following the 

manufacture protocol (Invitrogen).  After transfection for 2 days, the cells were collected for 

further experiments. 

 

2.5 Co-immunoprecipitation and affinity co-purification 

Two days post-transfection, the cells were lysed in 500 �l of IPB+ lysis buffer (20 mM 

Tris-HCl, pH 7.4, 150 mM NaCl, 0.5% Nonidet P-40, 1 mM EDTA, 0.2% BSA and protease 

inhibitor).  Co-immunoprecipitation procedure was performed as described in our previous 

study [21].  Affinity co-purification using Co2+-chelated resins (BD Biosciences, Franklin 

Lakes, NJ, USA) was carried out as described [21].  Immunobloting was performed using 

rabbit anti-Ct-kAE1 (a gift from Dr. Joseph Casey, University of Alberta, Canada), mouse anti-

His (Amersham Biosciences Corp., Piscataway, NJ, USA), and mouse anti-AP1 mu1A 

(Abnova, Taipei, Taiwan) as primary antibodies and swine anti-rabbit IgG-HRP (Santa Cruz 

Biotechnology, Santa Cruz, CA, USA) and rabbit anti-mouse IgG-HRP (Santa Cruz 

Biotechnology, Santa Cruz, CA, USA) as secondary antibodies and detected by SuperSignal 

West Pico Chemiluminescent Substrate (Thermo Scientific, Rockford, IL USA). 

 

2.6 Yellow fluorescent protein (YFP)-based protein fragment complementation assay (PCA) 



 9

Two days before transfection, the HEK 293T cells were collected by trypsinization and seeded 

in 6-well plates.  The cultured cells were individually transfected with 1 μg of each recombinant 

plasmids, pcDNA3.1/Zeo-YFP [1]-kAE1, pcDNA3.1/Zeo-YFP [2]-kAE1, pcDNA3.1/Zeo-YFP 

[1]-AP-1 mu1A, and pcDNA3.1/Zeo-YFP [2]-AP-1 mu1A, and were also co-transfected with 

pcDNA3.1/Zeo-YFP [1]-kAE1 and pcDNA3.1/Zeo-YFP [1]-AP-1 mu1A, pcDNA3.1/Zeo-YFP 

[2]-kAE1 and pcDNA3.1/Zeo-YFP [2]-AP-1 mu1A, pcDNA3.1/Zeo-YFP [1]-kAE1 and 

pcDNA3.1/Zeo-YFP [2]-kAE1, pcDNA3.1/Zeo-YFP [1]-AP-1 mu1A and pcDNA3.1/Zeo-YFP 

[2]-AP-1 mu1A, pcDNA3.1/Zeo-YFP [1]-kAE1 and pcDNA3.1/Zeo-YFP [2]-AP-1 mu1A, and 

pcDNA3.1/Zeo-YFP [2]-kAE1 and pcDNA3.1/Zeo-YFP [2]-AP-1 mu1A by using lipofectamine 

2000 (Invitrogen, USA) transfection method following the manufacture protocol as previously 

described [21].  After transfection for 2 days, the cells were fixed in situ in 3% formaldehyde for 

20 min, followed by thrice washing in PBS for 10 min and mounted with fluorescence mounting 

medium (Dako, USA).  Cell fluorescence and phase contrast images were captured using a 

confocal Zeiss LSM 510 microscope (Carl Zeiss, Göttingen, Germany). 

2.7 Co-localization

HEK-293T cells were grown on coverslips in a 6-well plate for one day prior to 

transfection.  Cells were transfected using lipofectamineTM 2000 (Invitrogen) and cultured for 

two days.  As a negative control, the transfected cells were fixed with 3.7% formaldehyde for 

10 min, rinsed twice in PBS, mounted with Fluorosave for image capture by a confocal 

microscope. For immunofluorescence staining, the transfected cells were fixed, rinsed, 

permeabilized with 0.1% Triton X-100 and blocked with 1% BSA.  Rabbit anti-Ct-kAE1 

antibody (1:1,000 dilution), mouse anti-His antibody (1:1,000 dilution), and mouse anti-AP1 

mu1A (1:1,000 dilution) were used as primary antibodies. Donkey anti-rabbit IgG antibody 

conjugated with Cy3 fluoresceine (Jackson Immunoresearch Laboratories, West Grove, PA, 

USA, 1:8,000 dilution) and goat anti-mouse IgG antibody conjugated with Alexa 488 
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fluoresceine (Molecular Probes, Eugene, OR, USA, 1:1,000 dilution) were used as secondary 

antibodies.  The coverslips were washed with PBS and mounted with Fluorosave.  Cellular 

localization of kAE1 and His-AP-1 mu1A was observed by using a laser scanning confocal 

Zeiss LSM 510 microscope (Carl Zeiss, Göttingen, Germany). 

 

2.8 RNA interference

The siRNA directed against mu1 subunit of AP-1 was described previously [22] (Invitrogen) 

and its target sequence was 5’-TCCGAAGGCATCAAGTATCGGAAGA-3’.  HEK-293T cells 

were transfected using lipofectamineTM 2000 (Invitrogen) as specified by the manufacturer.  The 

transfection mixture was left on the cells for 6 h, after which complete medium was replaced to 

each well.  Second transfection was performed for efficient knockdown with pcDNA3.1/His-kAE1 

co-transfection, and experiments were carried out 48 h after the second knockdown. 

Total RNA was prepared by Trizol reagent (Invitrogen) and chloroform extraction.  Assays 

were performed using LightCycler® 480 SYBR Green I Master (Roche, Mannheim, Germany), 

and the reactions were recorded and analyzed using a LightCycler® 480 Instrument equipped 

with a 96-well thermal cycler (Roche, Mannheim, Germany).  RNA samples (1 �g) were 

reverse transcribed using the SuperScript III First-Strand Synthesis System (Invitrogen, 

Carlsbad, CA, USA) as specified by the manufacturer.  Complementary DNA (cDNA) 

templates were then subjected to a 10-minute initial denaturation at 95°C prior to 50 cycles of 

PCR (95°C for 10 seconds, 60°C for 10 seconds, and 72°C for 20 seconds, per cycle) in the 

presence of Taq DNA polymerase and primers spanning AP-1 mu1A gene (forward primer, 5'-

CTAGTGTGGAGGCCGAAGAC-3'; reverse primer, 5'-CGGAGCTGGTAATCTCCATT-3').  

Experiments were performed in triplicate for each data point and beta-actin (ACTB) mRNA 

was used as a reference. 
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3. Results

3.1 Identification of AP-1 mu1A as a Ct-kAE1-binding protein in a yeast two-hybrid screen 

To explore the molecular trafficking machineries involved in the basolateral sorting and 

transport of kAE1, a yeast two-hybrid screen was carried out to search for proteins that bind to 

the C-terminus of kAE1 (Ct-kAE1, amino-acids 876-911).  A bait construct, pGBKT7-Ct-

kAE1, was used to screen a human kidney cDNA library.  One plasmid isolated from the 

library represented a fragment of AP-1 mu1A, a medium subunit of clathrin-associated AP-1A 

adaptor complex (Fig. 1A).  Interestingly, this fragment is a part of the C-terminal domain of 

AP-1 mu1A that directly recognizes and binds to tyrosine-based sorting signals present in the 

cytoplasmic domains of cargo proteins [23].  We next confirmed the specific interaction 

between Ct-kAE1 and the identified AP-1 mu1A fragment by plasmid-swapping transformation 

and re-mating.  The prey plasmid containing partial AP-1 mu1A cDNA sequence isolated from 

the initial screen was re-transformed into the yeast strain AH109 and then re-mated with the 

opposite mating strain Y187 harboring either the bait plasmid (Ct-kAE1), empty vector, or two 

other plasmids containing unrelated genes whose protein products do not interact with AP-1 

mu1A.  Mated diploid cells were plated on SD/-Trp-Leu-His-Ade and SD/-Trp-Leu-His-

Ade/X-�-Gal plates as shown in Fig. 1B.  Only the diploid cells with both Ct-kAE1 and AP-1 

mu1A-containing plasmids activated the expression of reporter genes, hence, grew and turned 

blue on SD/-Trp-Leu-His-Ade and SD/-Trp-Leu-His-Ade/X-�-Gal plates, respectively.

3.2 AP-1 mu1A interacts with Ct-kAE1 in GST pull-down assay 

The interaction between Ct-kAE1 and AP1 mu1A was confirmed by GST pull-down assay.  

His-AP-1 mu1A was detected when GST-Ct-kAE1 was used as a bait (Fig. 2A), indicating that 

AP-1 mu1A directly binds to Ct-kAE1. 
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3.3 AP-1 mu1A interacts with kAE1 in HEK 293T cells as detected by co-

immunoprecipitation and affinity co-purification 

To establish whether AP-1 mu1A associates with kAE1 in mammalian cells, full-length 

cDNA sequences of kAE1 and AP-1 mu1A were subcloned into mammalian expression 

vectors.  HEK 293T cells were transfected with either pcDNA-kAE1 or pcDNA3.1/His-

AP1mu1A or co-transfected with both constructs and then subjected to co-immunoprecipitation 

and affinity co-purification.  Fig. 2B showed that immunoprecipitation with anti-His antibody, 

kAE1 co-isolated with the immunoprecipitated complex when co-transfected with His-AP-1 

mu1A.  Similarly, in the affinity co-purification assay using Co2+ column, kAE1 co-purified 

with His-AP-1 mu1A when co-transfected together (Fig. 2C). 

 
3.4 AP-1 mu1A interacts with kAE1 in HEK 293T cells as examined by yellow fluorescent 

protein (YFP)-based protein fragment complementation assay (PCA) 

This interaction was also examined by yellow fluorescent protein (YFP)-based protein 

fragment complementation assay (PCA).  Two separate fragments of YFP were fused to the N-

terminus of kAE1 and to the N-terminus of AP-1 mu1A.  pcDNA3.1/Zeo-YFP [1]-kAE1, 

pcDNA3.1/Zeo-YFP [2]-kAE1, pcDNA3.1/Zeo-YFP [1]-AP-1 mu1A and pcDNA3.1/Zeo-YFP 

[2]-AP-1 mu1A were transfected or co-transfected into HEK 293T cells and captured 

interaction by confocal microscopy.  The interaction between kAE1 and AP-1 mu1A in HEK 

293T cells was demonstrated by intracellular yellow fluorescent signals (Fig. 3). 

 
3.5 Subcellular localization of kAE1 and AP-1 mu1A in HEK 293T cells 

Subcellular localization of kAE1 and His-AP-1 mu1A was investigated in HEK 293T cells 

individually transfected with pcDNA-kAE1 or pcDNA3.1/His-AP1mu1A, or co-transfected 

with both plasmid constructs by immunofluorescence staining and confocal microscopy.  In 

single-transfected HEK 293T cells, kAE1 and AP-1 mu1A showed differential distributions; 
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kAE1 localized predominantly on the cell surface (Fig. 4A) whereas His-AP-1 mu1A dispersed 

throughout the cytoplasm (Fig. 4B).  In cells co-transfected with both plasmids, however, 

overlapped localization of His-AP-1 mu1A and kAE1 was observed at the plasma membrane 

(Fig. 4C-H). 

 
3.6 Supression of AP-1 mu1A accumulates kAE1 in cytoplasm of HEK 293T cells 

To address the functional importance of AP-1 mu1A, we employed RNAi to transiently 

deplete the expression of endogenous AP-1 mu1A in HEK 293T cells with kAE1 co-

transfection.  siRNAs of 25-mer oligoribonucleotides targeting AP-1 mu1A, was designed to 

suppress AP-1 mu1A expression.  The efficiency of the siAP-1 mu1A as shown by real-time 

PCR (Fig. 5A) and immunoblotting (Fig. 5B).  Transfection of HEK 293T cells with siAP-1 

mu1A reduced AP-1 mu1A mRNA and protein >80% within 48 h.  Moreover, siAP-1 mu1A 

treatment affected kAE1 localization.  In condition with low expression of endogenous AP-1 

mu1A, kAE1 was predominantly in cytoplasm where as in kAE1-trasfected HEK293T alone or 

co-trasfected with siControl showed that kAE1 localizes mostly at cell membrane (Fig. 6).  AP-

1 mu1A might be a key factor of membrane transport of kAE1. 
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4. Discussion

To date, it has not been clearly described the trafficking itinerary of kAE1 to the polarized 

basolateral cell surface or the molecular pathogenesis of dRTA-associated AE1 mutations.  

Trafficking defect caused by AE1 mutations has been explored as a potential molecular basis as 

all mutants showed near normal anion-transport activities [6, 10, 11, 21, 24].  To unravel 

defective steps in kAE1 transport process, identification of proteins involved in kAE1 

intracellular transport was essential.  In this study, we reported a novel interaction between 

kAE1 and AP-1 mu1A, a medium subunit of an adaptor protein complex AP-1A. 

Clathrin-associated adaptor protein complexes are heterotetrameric complexes comprising 

two large, one medium and one small subunit [16, 25].  They play crucial roles in cargo 

selection and vesicle formation in post-Golgi trafficking pathways.  So far, four types of 

adaptor complexes have been described: AP-1, AP-2, AP-3 and AP-4. AP-1, AP-3 and AP-4 

function in protein sorting at the TGN or endosomes, while AP-2 mediates endocytosis at the 

plasma membrane.  In mammalian, two forms of AP-1 complexes exist: AP-1A and AP-1B.  

Both share the same subunits except the medium chain, which is a central subunit that mediates 

cargo selection via direct binding with tyrosine-based sorting motifs on the cytoplasmic domain 

of cargo proteins [26-28].  AP-1A contains an ubiquitiously expressed mu1A whereas AP-1B 

contains an epithelial-specific mu1B subunit [23].  Functionally, the ubiquitous AP-1A 

facilitates vesicle transport between the TGN and early endosomes, and the epithelial-specific 

AP-1B is required for polarized trafficking of many basolateral membrane proteins [17]. 

The role of the AP-1B complex in kAE1 basolateral sorting was previously examined by 

expression of chimeric constructs harbouring wild-type C-terminal kAE1 or kAE1 R901X 

(with 11-amino acid deletion) in LLC-PK1 cells, which lack the mu1B subunit [13].  Although 

the AP-1B complex cannot form in these cells, wild-type kAE1 was correctly targeted to the 

basolateral membrane [13].  Another study in LLC-PK1 cells demonstrated that the C-terminus 
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of kAE1, which contain a tyrosine-based basolateral-sorting signal, did not recognize the AP-

1B complex [12].  These studies reveal that another adaptor complex other than AP-1B is 

responsible for the basolateral sorting of kAE1.  Using the C-terminal tail of kAE1, which 

contains a putative tyrosine-based sorting signal Y904DEV907, as bait in the yeast two-hybrid 

screen, we identified the C-terminal fragment of AP-1 mu1A (amino acids 306-408).  

Importantly, this region is part of the AP-1 mu1A segment that directly interacts with tyrosine-

based sorting signals present in cargo proteins [23].  Using GST pull-down assay, we found 

that AP-1 mu1A could interact with Ct-kAE1 (Fig. 2A).  Moreover, the interaction of AP-1 

mu1A and Ct-kAE1 was confirmed in HEK 293T cell using co-immunoprecipitation (Fig. 2B), 

affinity co-purification (Fig. 2C), and yellow fluorescent protein (YFP)-based protein fragment 

complementation assay (Fig 3H and I).  The minimal motif of interaction between Ct-kAE1 

and AP-1 mu1A should be further investigated.  Y904DEV907 motif conforms to a subset of 

YXXØ motif presenting on the cytoplasmic C terminal tail of human AE1 and plays an 

important role in kAE1 distribution in polarized cells.  Tyr904 in the YXXØ motif of kAE1 has 

been reported for the basolateral signal in MDCK cells and rat inner medullary collecting duct 

(IMCD) cells [12, 13].  kAE1 with substitution of Tyr904 by alanine (Y904A) or with an 11 

amino acid deletion (R901X) is mis-targeted to the apical membrane of MDCK cells [12, 13].  

The abnormal of kAE1 trafficking might due to loss of AP-1 mu1A binding.  The previous 

study showed the medium chains (mu1 and mu2) of two clathrin-associated protein complexes 

(AP-1 and AP-2, respectively) specifically interacted with tyrosine-based signals of several 

integral membrane proteins [27].  The “dileucine” motif DxxxLL was reported to interact with 

the beta1 subunit of AP1, not mu1 [30].  However, the dileucine motif may also bind indirectly 

to the mu subunit via an “adaptor” protein [31, 32].  Thus, there are at least two physically 

separate binding sites for sorting signals on kAE1 in associated to AP-1 mu1A, the first, and 
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most common, contains a critical tyrosine residue, and members of this group mostly conform 

to the consensus sequence YXXØ, the second is the “dileucine” motif. 

The mu1A protein is the medium subunit of the ubiquitous adaptor complex protein AP-

1A, which interacts with membrane proteins to be directed to their final compartment.  AP-1A 

has been involved in the trafficking of the cation-independent mannose-6-phosphate receptor 

(CI-M6PR) between the TGN and endosomes [33].  AP-1 is required for the transport of 

sortilin to the endosomes, while RNAi depletion of AP-1 causes accumulation of sortilin in the 

Golgi apparatus [34].  As AP-1 mu1A interacts with kAE1, we next examine whether AP-1 

mu1A is necessary for kAE1 targeting in HEK293T cells.  Knocking down of endogenous AP-

1 mu1A by siRNA showed the accumulation of kAE1 in cytoplasm of HEK 293T cells. 

In conclusion, we identify a novel binding protein of kAE1 which is AP-1 mu1A and 

identify the amino acid motif as an essential sequence of kAE1 for their interaction.  We also 

demonstrate a critical role for AP-1 mu1A in the targeting of kAE1.  Since dRTA mutations are 

carboxyl-terminal truncations of kAE1 protein and at least one of these two mutants is mis-

targeted to the apical instead of basolateral membrane, we showed that the AP-1 mu1A 

interacts with kAE1 and plays an important role for the targeting of kAE1 to the cell 

membrane.  Understanding of the molecular mechanisms overriding the trafficking of kAE1 to 

the basolateral membrane will explore new strategies for the treatment of this renal disease. 



 17

Acknowledgements 

PN was supported by the Thailand Graduate Institute of Science and Technology (TGIST) 

Scholarship from the National Science and Technology Development Agent (NSTDA), 

Thailand, and by the Graduate Thesis Scholarship from the Faculty of Medicine Siriraj 

Hospital, Mahidol University.  Dr. Wanna Thongnoppakhun is thanked for assisting in AP-1 

mu1A cDNA isolation and Dr. Siraprapha Sanchatjate for helping in some part of manuscript 

preparation.  PY is supported by Charoemprakiat Grant, Faculty of Medicine Siriraj Hospital, 

and Senior Research Scholar Grant, Thailand Research Fund (TRF) and Commission of Higher 

Education (CHE). 



 18

References 

[1] M.J. Godinich, M.L. Jennings, Renal chloride-bicarbonate exchangers, Current opinion 

in nephrology and hypertension 4 (1995) 398-401. 

[2] D. Sterling, J.R. Casey, Bicarbonate transport proteins, Biochemistry and cell biology = 

Biochimie et biologie cellulaire 80 (2002) 483-497. 

[3] M.J. Tanner, Band 3 anion exchanger and its involvement in erythrocyte and kidney 

disorders, Current opinion in hematology 9 (2002) 133-139. 

[4] A. Kollert-Jons, S. Wagner, S. Hubner, H. Appelhans, D. Drenckhahn, Anion 

exchanger 1 in human kidney and oncocytoma differs from erythroid AE1 in its NH2 

terminus, The American journal of physiology 265 (1993) F813-821. 

[5] F.E. Karet, Inherited distal renal tubular acidosis, J Am Soc Nephrol 13 (2002) 2178-

2184. 

[6] P. Jarolim, C. Shayakul, D. Prabakaran, L. Jiang, A. Stuart-Tilley, H.L. Rubin, S. 

Simova, J. Zavadil, J.T. Herrin, J. Brouillette, M.J. Somers, E. Seemanova, C. 

Brugnara, L.M. Guay-Woodford, S.L. Alper, Autosomal dominant distal renal tubular 

acidosis is associated in three families with heterozygosity for the R589H mutation in 

the AE1 (band 3) Cl-/HCO3- exchanger, The Journal of biological chemistry 273 

(1998) 6380-6388. 

[7] P. Yenchitsomanus, S. Kittanakom, N. Rungroj, E. Cordat, R. Reithmeier, Molecular 

mechanisms of autosomal dominant and recessive distal renal tubular acidosis caused 

by SLC4A1 (AE1) mutations, Journal of Molecular and Genetic Medicine 1 (2005) 49-

62. 

[8] S. Kittanakom, E. Cordat, V. Akkarapatumwong, P.T. Yenchitsomanus, R.A. 

Reithmeier, Trafficking defects of a novel autosomal recessive distal renal tubular 



 19

acidosis mutant (S773P) of the human kidney anion exchanger (kAE1), The Journal of 

biological chemistry 279 (2004) 40960-40971. 

[9] J.A. Quilty, E. Cordat, R.A. Reithmeier, Impaired trafficking of human kidney anion 

exchanger (kAE1) caused by hetero-oligomer formation with a truncated mutant 

associated with distal renal tubular acidosis, The Biochemical journal 368 (2002) 895-

903. 

[10] J.A. Quilty, J. Li, R.A. Reithmeier, Impaired trafficking of distal renal tubular acidosis 

mutants of the human kidney anion exchanger kAE1, American journal of physiology 

282 (2002) F810-820. 

[11] A.M. Toye, L.J. Bruce, R.J. Unwin, O. Wrong, M.J. Tanner, Band 3 Walton, a C-

terminal deletion associated with distal renal tubular acidosis, is expressed in the red 

cell membrane but retained internally in kidney cells, Blood 99 (2002) 342-347. 

[12] A.M. Toye, G. Banting, M.J. Tanner, Regions of human kidney anion exchanger 1 

(kAE1) required for basolateral targeting of kAE1 in polarised kidney cells: mis-

targeting explains dominant renal tubular acidosis (dRTA), Journal of cell science 117 

(2004) 1399-1410. 

[13] M.A. Devonald, A.N. Smith, J.P. Poon, G. Ihrke, F.E. Karet, Non-polarized targeting of 

AE1 causes autosomal dominant distal renal tubular acidosis, Nature genetics 33 (2003) 

125-127. 

[14] N. Rungroj, M.A. Devonald, A.W. Cuthbert, F. Reimann, V. Akkarapatumwong, P.T. 

Yenchitsomanus, W.M. Bennett, F.E. Karet, A novel missense mutation in AE1 causing 

autosomal dominant distal renal tubular acidosis retains normal transport function but is 

mistargeted in polarized epithelial cells, The Journal of biological chemistry 279 (2004) 

13833-13838. 



 20

[15] L. Cheidde, T.C. Vieira, P.R. Lima, S.T. Saad, I.P. Heilberg, A novel mutation in the 

anion exchanger 1 gene is associated with familial distal renal tubular acidosis and 

nephrocalcinosis, Pediatrics 112 (2003) 1361-1367. 

[16] J.S. Bonifacino, E.C. Dell'Angelica, Molecular bases for the recognition of tyrosine-

based sorting signals, The Journal of cell biology 145 (1999) 923-926. 

[17] H. Folsch, The building blocks for basolateral vesicles in polarized epithelial cells, 

Trends in cell biology 15 (2005) 222-228. 

[18] S. Schuck, K. Simons, Polarized sorting in epithelial cells: raft clustering and the 

biogenesis of the apical membrane, Journal of cell science 117 (2004) 5955-5964. 

[19] E. Cordat, J. Li, R.A. Reithmeier, Carboxyl-terminal truncations of human anion 

exchanger impair its trafficking to the plasma membrane, Traffic (Copenhagen, 

Denmark) 4 (2003) 642-651. 

[20] S.W. Michnick, I. Remy, F.X. Campbell-Valois, A. Vallee-Belisle, J.N. Pelletier, 

Detection of protein-protein interactions by protein fragment complementation 

strategies, Methods in enzymology 328 (2000) 208-230. 

[21] N. Sawasdee, W. Udomchaiprasertkul, S. Noisakran, N. Rungroj, V. 

Akkarapatumwong, P.T. Yenchitsomanus, Trafficking defect of mutant kidney anion 

exchanger 1 (kAE1) proteins associated with distal renal tubular acidosis and Southeast 

Asian ovalocytosis, Biochemical and biophysical research communications 350 (2006) 

723-730. 

[22] J. Hirst, A. Motley, K. Harasaki, S.Y. Peak Chew, M.S. Robinson, EpsinR: an ENTH 

domain-containing protein that interacts with AP-1, Molecular biology of the cell 14 

(2003) 625-641. 



 21

[23] R.C. Aguilar, H. Ohno, K.W. Roche, J.S. Bonifacino, Functional domain mapping of 

the clathrin-associated adaptor medium chains mu1 and mu2, The Journal of biological 

chemistry 272 (1997) 27160-27166. 

[24] L.J. Bruce, D.L. Cope, G.K. Jones, A.E. Schofield, M. Burley, S. Povey, R.J. Unwin, O. 

Wrong, M.J. Tanner, Familial distal renal tubular acidosis is associated with mutations 

in the red cell anion exchanger (Band 3, AE1) gene, The Journal of clinical 

investigation 100 (1997) 1693-1707. 

[25] J.S. Bonifacino, J. Lippincott-Schwartz, Coat proteins: shaping membrane transport, 

Nature reviews 4 (2003) 409-414. 

[26] H. Ohno, M.C. Fournier, G. Poy, J.S. Bonifacino, Structural determinants of interaction 

of tyrosine-based sorting signals with the adaptor medium chains, The Journal of 

biological chemistry 271 (1996) 29009-29015. 

[27] H. Ohno, J. Stewart, M.C. Fournier, H. Bosshart, I. Rhee, S. Miyatake, T. Saito, A. 

Gallusser, T. Kirchhausen, J.S. Bonifacino, Interaction of tyrosine-based sorting signals 

with clathrin-associated proteins, Science (New York, N.Y 269 (1995) 1872-1875. 

[28] D.J. Owen, P.R. Evans, A structural explanation for the recognition of tyrosine-based 

endocytotic signals, Science (New York, N.Y 282 (1998) 1327-1332. 

[29] F.E. Karet, F.J. Gainza, A.Z. Gyory, R.J. Unwin, O. Wrong, M.J. Tanner, A. Nayir, H. 

Alpay, F. Santos, S.A. Hulton, A. Bakkaloglu, S. Ozen, M.J. Cunningham, A. di Pietro, 

W.G. Walker, R.P. Lifton, Mutations in the chloride-bicarbonate exchanger gene AE1 

cause autosomal dominant but not autosomal recessive distal renal tubular acidosis, 

Proceedings of the National Academy of Sciences of the United States of America 95 

(1998) 6337-6342. 



 22

[30] I. Rapoport, Y.C. Chen, P. Cupers, S.E. Shoelson, T. Kirchhausen, Dileucine-based 

sorting signals bind to the beta chain of AP-1 at a site distinct and regulated differently 

from the tyrosine-based motif-binding site, The EMBO journal 17 (1998) 2148-2155. 

[31] M. Foti, A. Mangasarian, V. Piguet, D.P. Lew, K.H. Krause, D. Trono, J.L. Carpentier, 

Nef-mediated clathrin-coated pit formation, The Journal of cell biology 139 (1997) 37-

47. 

[32] S. Grzesiek, S.J. Stahl, P.T. Wingfield, A. Bax, The CD4 determinant for 

downregulation by HIV-1 Nef directly binds to Nef. Mapping of the Nef binding 

surface by NMR, Biochemistry 35 (1996) 10256-10261. 

[33] D. Zizioli, C. Meyer, G. Guhde, P. Saftig, K. von Figura, P. Schu, Early embryonic 

death of mice deficient in gamma-adaptin, The Journal of biological chemistry 274 

(1999) 5385-5390. 

[34] M. Canuel, S. Lefrancois, J. Zeng, C.R. Morales, AP-1 and retromer play opposite roles 

in the trafficking of sortilin between the Golgi apparatus and the lysosomes, 

Biochemical and biophysical research communications 366 (2008) 724-730. 

 



 23

Figure legends 

Fig. 1.  (A) Schematic diagram of the identified AP-1 mu1A fragment.  Top bar represents full-

length mu1A peptide sequence.  Middle bar is the C-terminal two-thirds of mu1A reported to 

bind to a tyrosine-based sorting signal (YQRL) [19].  Bottom bar is the mu1A fragment 

identified by yeast two-hybrid screen in this study.  (B) Specificity test of the interaction between 

AP-1 mu1A and Ct-kAE1.  Positive interaction between AP-1 mu1A and Ct-kAE1 was 

confirmed by growth of yeast diploids on synthetic dropout [21]/-Trp-Leu-His-Ade medium and 

SD/-Trp–Leu-His-Ade/X-�-Gal agar plates (column B).  +ve represents mated diploids between 

Y187 harboring pGBKT7-p53 and AH109 containing pTD1-SV40-T Ag. -ve represents mated 

diploids between Y187 harboring pGBKT7-laminC and AH109 containing pTD1-SV40-T Ag. 

B, V, p53, and lamC are mated diploids between AH109 harboring prey plasmid with AP-1 

mu1A sequence and Y187 containing pGBKT7-Ct-kAE1 (bait plasmid), pGBKT (empty vector), 

pGBKT7-p53 (unrelated gene), or pGBKT7-laminC (unrelated gene), respectively. 

Fig. 2.  GST pull-down assay of kAE1 and AP-1 mu1A.  (A) GST pull-down of Ct-kAE1 and 

His-AP-1 mu1A which was detected using anti-His by immunobloting.  (B) Co-

immunoprecipitation of kAE1 and AP-1 mu1A in HEK-293T cells.  Lysate from single-

transfected or co-transfected HEK-293T cells were incubated with anti-His antibody to 

immunoprecipitate His-AP-1 mu1A and associated complexes.  Input and immunoprecipitated 

samples were resolved on SDS-PAGE and analyzed by Western blot.  Lane 3 illustrated the co-

isolation of kAE1 with His-AP-1 mu1A.  The presence of co-immunoprecipitated kAE1 was 

detected with anti-Ct-kAE1 antibody.  Lanes 1, 2 and 5 are cell lysate inputs.  Lanes 3, 4 and 6 

are immunoprecipitated samples.  (C) Affinity co-purification of kAE1 and AP-1 mu1A in HEK-

293T cells.  Lysate from single-transfected or co-transfected HEK-293T cells were incubated 

with Co2+ beads.  Input and affinity-purified samples were resolved on SDS-PAGE and analyzed 
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by Western blotting.  The presence of co-purified kAE1 with His-AP-1 mu1A was shown in lane 

3.  Anti-Ct-kAE1 antibody was used to detect kAE1.  Lanes 1, 2 and 5 are cell lysate inputs. 

Lanes 3, 4 and 6 are purified samples. 

 

Fig. 3.  The interaction between kAE1 and AP-1 mu1A in HEK 293T cells examined by yellow 

fluorescent protein (YFP)-based protein fragment complementation assay (PCA).  

Transfections of the cells with YFP[1]-AE1+YFP[2]-AP-1 mu1A or YFP[2]-AE1+YFP[1]-AP-

1 mu1A (H and I) show intracellular yellow fluorescent signals indicating their interactions.  

Single transfection (A, B, D, and E) cannot detect signal while transfection of YFP[1]-

AE1+YFP[2]-AE1 (C) which is positive control show yellow fluorescent signal. 

 

Fig. 4.  Subcellular co-localization of kAE1 and AP-1 mu1A in HEK-293T cells.  HEK-293T 

cells were single-transfected with pcDNA-kAE1 (A) or pcDNA3.1/His-AP-1 mu1A (B) or co-

transfected with pcDNA-kAE1 and pcDNA3.1/His-AP1 mu1A (C-H).  Representative images 

are shown.  Co-localization of kAE1 and His-AP-1 mu1A at the plasma membrane marked by 

yellow color was demonstrated in the merged pictures (E, H).  F-H are enlarged images from 

insets in C-E.  pcDNA3.1/His empty vector show no background staining (data not shown). 

 

Fig. 5.  Endogenous AP-1 mu1A suppression by siAP-1 mu1A.  HEK 293T cells were 

transfected with siAP-1 mu1A or siControl using Lipofectamine 2000.  (A) Expression of AP-1 

mu1A mRNA by real-time PCR.  Relative AP-1 mu1A expression levels (% of parental) after 

siRNAtransfection for 24 h, 48 h, 72 and 96 h.  Results are the mean + SE (bars) of three 

independent experiments.  *P< 0.05 compared with parental cells.  (B) Expression of AP-1 

mu1A protein using Western blotting after siRNAtransfection for 24 h, 48 h, 72 and 96 h. 
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Fig. 6.  Subcellular co-localization of kAE1 and AP-1 mu1A in HEK-293T cells by confocal 

microscopy.  HEK-293T cells were single-transfected with HA-kAE1 (A-C) or co-transfected 

with siControl (D- F) and si AP-1 mu1A (G- I).  The presence of HA-kAE1 and AP-1 mu1A 

were detected with anti-HA antibody (red) and anti AP-1 mu1A (green), respectively. 
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INTRODUCTION

Diabetes mellitus (DM) is a group of common

metabolic disorder that at present affects over 171

millions people worldwide. The disease is characterized

by chronic hyperglycemia resulted from b-cell

defects in insulin secretion, defects in insulin action,

or combination of both. DM is generally recognized

as a complex or multifactorial disease in which

several genetic abnormalities together with

environmental triggering are required for its

development. However, 1%-5% of cases with DM

are caused by single-gene (monogenic) defects, of

which the genes controlling β-cell function is

predominant. The monogenic β-cell diabetes is also
found to be heterogeneous, comprising neonatal

diabetes mellitus (NDM), maturity-onset diabetes of

the young (MODY), and mitochondrial diabetes.

Among these, MODY is the most intensively

investigated. Currently, six different genes have been

ABSTRACT

Monogenic β-cell diabetes › a rare form of diabetes mellitus (DM) is caused by defects in a group of genes

controlling pancreatic β-cell development and function. The diabetic symptoms are manifested within a short

period after birth as neonatal diabetes mellitus (NDM), in childhood or early adulthood as maturity-onset

diabetes of the young (MODY) and mitochondrial diabetes. Several etiologic genes for this form of DM

have been identified in many patients. The common etiologic genes encode β-cell transcription factors and
proteins involving in glucose-stimulated insulin secretion. Owning to their nature of genetic heterogeneity,

monogenic β-cell diabetes presents the characteristics of variable age at onset, degree of severity, and
occurrence of diabetic complications. The study of this form of diabetes has provided new knowledge and

a better insight into the molecular mechanism controlling normal and pathological states of β-cells as reviewed

in this article.

Keywords: Monogenic diabetes, β-cell dysfunction, neonatal diabetes mellitus, maturity-onset diabetes of

the young, early-onset type 2 diabetes, mitochondrial diabetes, transcription factor, hepatocyte nuclear factor
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identified to be responsible for MODY. While most

of them encode transcription factors required for

β-cell development and function, one encodes

glucokinase › an enzyme in a rate-limiting step of

glycolysis. Extensively heterogeneous clinical

manifestrations of MODY are attributable to defects

of distinct genes. While MODY is usually developed

in childhood or young adult, the onset of NDM is

at an early infancy. The most common causes of

NDM are defects in genes encoding molecule

involved in insulin secretion but a few cases are

caused by mutations in the genes encoding transcription

factors that are required for the β-cell development.

Defects in some particular genes can cause either

NDM or MODY. Mutation in mitochondrial DNA

associated with DM is rare and can be differentiated

from MODY by the presence of maternal transmission

in conjunction with deafness. Due to their extensive

heterogeneity in clinical presentations, it has recently

been suggested that the terms of MODY and NDM

are obsolete and new terminologies based on

molecular genetic classification are proposed (Murphy

et al., 2008). The study of ùmonogenic β-cell
diabetesû has provided a better understanding in the

etiology of β-cell dysfunction, which is also involved

in other subtypes of DM. Knowledge of the

molecular pathology of diabetes is required for

appropriate treatment, prediction of disease progression,

family-member screening and genetic counseling.

Thus, the study into molecular genetics and

pathophysiology of monogenic β-cell diabetes as
well as other subtypes of DM will not only fulfill

an image of complex biological networks maintaining

glucose homeostasis but also lead to development of

novel methods for therapeutic management.

Monogenic βββββ-cell diabetes

Monogenic β-cell diabetes is caused by

defects of single genes critically responsible for

pancreatic β-cell development or function. The

patients with monogenic β-cell diabetes may develop

the disease since childhood, similar to type 1 diabetes

(T1D), or they may develop it later in early

adulthood. It can be differentiated from T1D by the

absence of islet autoantibodies › a marker for

autoimmunity. A markedly obesity, insulin resistance

and acanthosis nigrican (a skin condition characterized

by dark thickened velvety patches), generally presented

in type 2 diabetes (T2D), are not observed in the

patients with monogenic β-cell diabetes. NDM and

MODY are two main forms of monogenic β-cell
diabetes. NDM is a rare disease occurred and

diagnosed within six months after birth. The clinical

manifestations may be transiently observed (transient

neonatal diabetes, TND) or permanently appear

throughout the life (permanent neonatal diabetes,

PND). MODY is usually developed in childhood or

young adulthood and occurred from defects of

different genes. Because of distinct genetic etiologies,

monogenic β-cell diabetes presents with heterogeneous

clinical manifestations. Four broad categories are

proposed (Murphy et al., 2008) including (i) neonatal

diabetes with the disease diagnosed within the first

6 months of life, (ii) familial diabetes with mild

fasting hyperglycemia, (iii) familial and young onset

diabetes, and (iv) diabetes with extrapancreatic

features. These categories provide more helpful

guidance for clinical managements and new

terminologies of different forms of monogenic β-cell
diabetes also suggested.

Maturity-onset diabetes of the young

Definition and diagnostic criteria of MODY
Maturity-onset diabetes of the young (MODY)

is originally described as an autosomal dominant

inheritance of non-insulin dependent diabetes, now

known as T2D, which is diagnosed before 25 years

(Fajans et al., 1960). However, according to a better

understanding in its molecular etiology, MODY is

now classified as a form of çother specific types of

DMé which demonstrates monogenic defects in

β-cell functions (The Expert Committee on the

Diagnosis and Classification of Diabetes Mellitus,

2003). The diagnostic criteria of MODY are as

follows (Hattersley, 2003): (i) early onset of diabetes

(usually less than 25 years), (ii) autosomal dominant
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inheritance, (iii) rarely obese and non-ketotic diabetes,

and (iv) diabetes results from β-cell dysfunction. The
actual prevalence of MODY in general population is

difficult to determine because its clinical phenotype

is very heterogeneous and it is sometimes misdiagnosed

as other types of DM. However, the studies in

selected cohorts showed that it accounts for 1-5% of

DM cases.

Genetic and clinical heterogeneity of MODY
Molecular genetics of MODY has been more

progressively studied than other forms of DM. The

autosomal dominant model of inheritance and the

ability to collect large multi-generation pedigrees

due to an early onset greatly advanced genetic study

by linkage analysis. The studies by both candidate

gene approach and positional cloning led to the

identification of six different genes responsible for

MODY (Table 1). These genes encode glucokinase

enzyme (associated with MODY2) (Pearson et al.,

2001) and transcription factors expressed in pancreatic

β-cells, including hepatocyte nuclear factor-4α
(HNF-4α, MODY1) (Yamagata et al., 1996a),

hepatocyte nuclear factor-1α (HNF-1α, MODY3)

(Yamagata et al., 1996b), insulin promoter factor-1

(IPF-1, MODY4) (Stoffers et al., 1997), hepatocyte

nuclear factor-1β (HNF-1β, MODY5), and NeuroD1/

BETA2 (MODY6) (Kristinsson et al., 2001). The

prevalence of each MODY subtype varies among

ethnic groups. MODY2 are the most common cause

of MODY in France, accounting for more than 60%

of studied families, whereas its prevalence in United

Kingdom and Germany were 11% and 8%,

respectively. In general, MODY3 is most common

in Caucasians but its prevalence varies from 21% to

64%. The other four types of MODY are rare.

MODY with unknown genetic etiology (MODY-X)

represents 16-45% of MODY cases in Caucasians

and more than 90% of the cases in Asian populations.

Clinical phenotypes associated with defects

of the six genes are distinct, requiring different

treatments. Mild hyperglycemia in patients with

glucokinase mutations (MODY2) is presented at

birth and the patients are often asymptomatic at

diagnosis. In addition, obesity, hypertension,

dyslipidaemia and diabetic-associated complications

Table 1 Molecular genetics and clinical presentations of the different MODY subtypes (modified from

Fajan et al., 2000).

MODY1 MODY2 MODY3 MODY4 MODY5 MODY6 MODYX

Gene HNF-4α GCK HNF-1α IPF1 HNF-1β NeuroD1/Beta2 -

Gene locus 20q12-q13.1 7p15.3-p15.1 12q24.3 13q12.1 17cenq21.3 2q32 Heterogeneous?

Function Orphan nuclear Glucose- Homeodomain Homeodomain Homeodomain Homeodomain -

receptor phosphorylation transcription transcription transcription transcription

enzyme factor factor factor factor

Distribution

  - Caucasians 2-4% 8-63% 21-64% rare 0-1% Rare 16-45%

  - Asians 2% 2.5% 8% 0% 0.8-2% 0% >90%

Diagnosis age Post-pubertal Childhood Post-pubertal Post-pubertal Post-pubertal Post-pubertal Heterogeneous?

Primary defect Pancreas/ Pancreas/ Pancreas/ Pancreas/ Pancreas/liver/ Pancreas/others Pancreas/

liver liver Liver/kidney/ others Kidney/genitals Heterogeneous?

Associated - Low birth Diminished - Renal - -

phenotype weight renal glucose morphologic

threshold abnormalities,

renal insufficiency,

pancreatic atrophy,

genital abnormalities

Severity Severe Moderate Severe Moderate? Severe Severe? Moderate/

Heterogenous?

Chronic Frequent Rare Frequent Rare ? ? ?

complications
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are uncommon. Patients carrying HNF-4α mutations

(MODY1) exhibit a severe impairment in insulin

secretion but may present mild diabetes. However,

hyperglycemia tends to increase over time. Patients

carrying HNF-4α mutations may exhibit the extra-

pancreatic phenotypes; for instance, low serum levels

of triglycerides, apoAII, apoCIII, and lipoprotein a

(Shih et al., 2000). Hyperglycemia in patients

associated with HNF-1α (MODY3) is often

symptomatic and progressive. Clinical features of

MODY3 patients are highly variable from one family

to another, or even within the same family. Both

MODY1 and MODY3 patients are sensitive to

hypoglycemic effect of sulfonylurea and insulin is

required for treatment. Diabetic complications are

frequently observed in MODY3 patients and some

of them exhibited the extra-pancreatic phenotypes

such as kidney dysfunction, renal tubulopathy, low

serum concentration of apoM level, decreased renal

reabsorption of glucose and glycosuria. Patients

carried HNF-1β mutations (MODY5) is usually

associated with disorder in other organs. These

include renal dysfunction, pancreatic atrophy, abnormal

liver function tests, familial glomerulocystic kidney

disease, renal cysts, and genital malformations

(Edghill et al., 2006). The most common extra-

pancreatic feature of HNF-1β mutations is renal cysts

that, leads to a novel syndrome, namely çrenal cysts

and diabetes, RCADé. Clinical phenotypes of

patients carrying IPF1 (MODY4) and NeuroD1

(MODY6) mutations are similar to other transcription

factor-associated MODYs.

Pathophysiology of MODY
Five of six MODY subtypes are caused by

mutations in the genes encoding transcription factors

which are enriched in pancreatic β-cells (Fig. 1). The
studies in knockout mice and humans indicated that

these transcription factors coordinately play roles in

embryonic development of pancreas and final

differentiation to β-cells. In addition, they are

involved in normal β-cell functions regulating gene
expression in fully differentiated β-cells. Insulin and

glucose-transporter protein (GLUT2) genes are

important targets of their regulation. Insulin - a key

hormone in maintaining glucose homeostasis is

exclusively synthesized and secreted from pancreatic

β-cells in response to glucose and other nutrient
sensing. Once glucose is transported into the β-cell
via a specific glucose-transporter protein (GLUT2)

on β-cell cell membrane, it is catalyzed into glucose-

6-phosphate by glucokinase, a rate-limiting enzyme

in glycolysis pathway and associated with MODY2,

before passing through the sequential steps of energy

production. In turn, increasing of ATP and ADP ratio

inhibits and closes the ATP-sensitive potassium

channels, leading to depolarization of plasma

membrane. As a result, membrane depolarization

opens the voltage-dependent calcium channels.

Increased intracellular calcium elicits movement of

insulin-containing secretory vesicles to the plasma

membrane and insulin is then secreted into the

circulation (Fig. 1).

Hyperglycemia in MODY2 patients appears

to result from a reduction in the activity of

glucokinase which leads to decreased β-cell sensitivity
to glucose. Since HNF-4α (MODY1) regulates genes

involved in glucose transport and glycolysis (Stoffel

et al., 1997), the pathophysiology underlying MODY1

patients is described as an impairment of glucose-

stimulated insulin secretion, similar to that of

glucokinase mutations (MODY2). Because HNF-1α
expression is regulated by HNF-4α, pathophysiology

associated with HNF-1α mutations (MODY3) is

occurred in the same manner. Not only in pancreas,

but also in liver and kidney that HNFs play a role

in tissue-specific gene expression. Therefore, mutations

in HNF-1α (MODY3), HNF-4α (MODY1) and

HNF-1β  (MODY5) are associated with abnormalities

in liver and kidney functions. The understanding of

pathophysiology associated with IPF-1 (MODY4) is

based on the information from a single family whose

the proband was an infant with neonatal diabetes and

exocrine pancreatic insufficiency resulting from

pancreatic agenesis (Wright et al., 1993). Due to its

seldom occurrence, the molecular pathogenesis
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Figure 1 Schematic representation of the pancreatic β-cell and the proteins implicated in monogenic

β-cell diabetes (modified from Fajan et al., 2001). Proteins associated with MODY are marked

with asterisk (*).

underlying mutation in NeuroD1 (MODY6) is rarely

examined.

Molecular pathology of MODY genes
MODY1 › hepatocyte nuclear factor-4ααααα

mutations

Hepatocyte nuclear factor-4α (HNF-4A or

gene symbol TCF14) gene is located on chromosome

20q12-q13.1. This gene contains 13 exons with

alternatively spliced exons 1A, 1B, 1C, and 1D to

join with the sequence of exons 2-10 in RNA

transcripts. Nine isoforms of HNF-4α are generated

by two alternate P1 and P2 promoters, and by exonic

splicing. The liver-specific P1 promoter drives the

expression of transcripts HNF-4α1 to 6, while the

pancreatic-specific P2 promoter regulates HNF-4α7

to 9. HNF-4α protein is composed of six domains,

including A through F: A/B domain (amino acids

1-50), C domain (amino acids 50-116), D domain

(amino acids 116-174), E domain (amino acids 174-

370), and F domain (amino acids 370-465). HNF-4α

is a liver-enriched transcription factor belongs to the

nuclear receptor superfamily which normally expressed

in liver, kidney, intestine, and pancreatic islets. It

binds to DNA as a homodimer and activates the

transcription of various target genes involved in

embryogenesis, glucose and lipid metabolisms and

glucose-stimulated insulin secretion (Lehto et al.,

1999). Its target genes include insulin, GLUT2,

aldolase B, glyceraldehyde-3-phosphate dehydrogenase

(GAPDH), pyruvate kinase (PK), fatty acid binding

proteins (Fabp), and cellular retinol binding protein

(CRBP).

Heterozygous mutations in HNF-4α gene are

responsible for MODY1 (Yamagata et al., 1996a), a

rare MODY subtype accounting for 2-5% of MODY

cases. Up to now, more than 40 mutations have been

reported (Fig. 2) and genetic variations near the P1

and P2 promoters may be susceptible to late-onset

T2D. HNF-4α mutations including missense, nonsense,

insertion/deletions are found throughout the gene and

balanced translocation of HNF-4α gene is also
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DNA-binding domain  
(50-116)

Ligand binding and dimerization domain  
(133-373)

S34X
F75fsdelT 

V121I (2) 
R125W 
D126H/Y
R127W (6) 
R154X
R154Q

P436S
I454V 

V393I R244Q (2)
V255M
Q268X
E276Q
E276D

IVS5-2delA 
IVS5+1G>A 
D177fsinsG
D206Y

-206-207
  ins27 
-192C>G (7) 
-187C>T
-181G>A
-180C>A
-146T>C
-119G>A
-119delG
-97T>G

T(3,20)
(p21.2:q12)

C93W 
K99fsdelAA
G115S

R301Q
R303H (3) 
I314F 
R322C
R323H
G326R
V328-329ins
L332P 
L332insCTG 
T339I 
W340X 

           P2         1D                 P1     1A     1B  1C             2               3                    4                5              6          7            8                9                 10

Y16X

reported to cause MODY1. HNF-4α missense

mutations are predominantly located in exon 8,

encoding transactivation domain of the protein and

affected the regions that are well conserved among

species. Moreover, single nucleotide substitutions

of P2, pancreatic β-cell promoter, were reported

to be responsible for developing of late-onset T2D

(Ek et al., 2006).

MODY2 › glucokinase mutations

Glucokinase (GCK) gene is located on

chromosome 7p15.3-p15.1, comprising 12 exons

(spaning ~48,168 bp) and encoding glucokinase (or

hexokinase IV) › a protein with 465 amino acids.

GCK is expressed in pancreas, liver and brain. Three

tissue-specific GCK isoforms are generated by using

alternative promoters and transcription start sites.

The isoforms in pancreatic β-cells and hepatocytes
differ in their N-terminal sequences. GCK is a

glycolytic enzyme that acts as a glucose sensor in

pancreatic β-cells and plays important role in the

regulation of insulin secretion. In turn, insulin can

up-regulate the GCK expression in hepatocyte. Thus,

β-cells can control glucose utilization in hepatocytes
through the action of insulin that increases hepatic

GCK concentrations.

Glucokinase was the first gene to be identified

in MODY. MODY2 is the most common subtype in

European Caucasians, particularly in French, Spanish,

Italian, and is also common worldwide. In contrast,

less than 5% of MODY2 were reported in Asian

populations. Up to now, more than 210 different

GCK-inactivating mutations causing MODY have

been reported (Fig. 3). Missense, nonsense, frameshift,

and splice site mutations have been identified and are

distributed throughout the gene.

Homozygous GCK mutations result in a

more severe phenotype, a complete deficiency of

glucokinase, and are associated with permanent

neonatal diabetes mellitus (PNDM). Moreover,

heterozygous GCK-activating mutations cause familial

hyperinsulinism and hypoglycemia (Glaser et al.,

1998).

MODY3 › hepatocyte nuclear factor-1ααααα
mutations

Hepatocyte nuclear factor-1α (HNF-1α or

gene symbol TCF1) gene is located on chromosome

12q24.3, containing 10 exons, and encodes a protein

with 631 amino acids. Using alternative splicing and

polyadenylation sites, three isoforms (A, B and C)

of HNF-1α protein are generated, differing in their

Figure 2 Mutations in HNF-4α gene. Location of HNF-4α mutations within the 10 exons, promoter, and

splice sites of the gene. The functional domains of the HNF-4α protein are shown; the numbers

in brackets refer to codons. Mutations that have been reported in more than one family are

indicated by a number in brackets. Mutations with underlined were identified in Thai patients

(modified from Yamagata et al., 2003).
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Exon  1A       1B          1C            2                   3                     4                    5                        6                           7                           8                       9                    10

IVS1A+1G>T 
IVS1-2A>G 
IVS1+1G>T 

IVS1b+12 
A>T

IVS2-7G>A (2) 
IVS2-8G>A 
V16E
E17fsX161
I19N 
L20P 
Q26X
L30fsdelT 
L30P 
R36W (3) 
M37fsX7
Q38P
K39fsX6 (2) 
E40K
E40dup21
R43H
R43S (3) 
G44S
G44D
G44fsdelG
H50Y
H50R
A53S
T60I 
Y61S
Y61X
V62M
V62A
T65
E70K (4) 
E70D
G72R (5) 
D73G

IVS3+1G>A 
IVS3+1G>T 
IVS3-2A>G 
IVS3-1G>T 
L77P 
D78H
D78E (2) 
G80S
G80A
G80D
G81S
T82I 
L88del10 
Q98X
W99R 
W99X 
V101M
T103N
Q106P
Q106_M107
-delinsL 
Y108H (5) 
Y108C
Y108X
Y108F 
I110T 
P111L 
T116P
A119D

IVS4+7C>T 
IVS4+2del5 
L122P (2) 
L122V 
L122-1G>T 
F123L 
D128N
C129Y
I130T 
S131P
V133A
L134P 
H137R
H137D
E138P
H141fsdelC
L144P (2) 
T149P
T149I 
F150L 
F150S (2) 
S151fsdelT
CC
H156Y
E157K
D158A
K161N
K161+2del1
0
K161+2del1
5

IVS5-1G>A 
G162D
L164F 
T168P
T168A
K169N
F171L 
A173S
G175R
G175E
G175V
A176S
G178E
N180K
V181A
V182M (2) 
V182L (3) 
R186X (5) 
R186Q
D187Y (3) 
A188T (3) 
A188E
R191W (4) 
R191Q

K420E
S433_1436del
C434Y
S441W (3) 
S445fsdel11
G446R
R447Q
S453L 
S453X (2) 
A454V
K459fsX610
G464fsdelG

IVS9+1G>T 
IVS9+1G>C 
IVS9-1G>C 
S418-7del1
S433_I436del 
E339X
T342F 
R358X
P359L 
S360X
C364X
V367M
R369Y
R369P
R377H
A378T
A379V (2) 
H380Q
H380D
C382Y
S383L (3) 
S383X
A384T
G385V
A387V
A387T
V389A
R392C
R392X
E395X
E399X (2) 
V401del1
R403fsdelC
I404fsdelAT (2) 
I404S 
G407S
S411F (2) 

IVS8+1G>A 
IVS8-2del29 
IVS8-1G>C 
IVS8-31_-3del 
E290X
G294D
G295fsdelG
Y297X
M298K (2) 
G299R
E300Q
E300K
R303W 
L304P 
R308W (2) 
L309P 
V310fsdelGT
L314fsdelC (2) 
L314P 
G318R
G318A
L324P 
F334fsdel19 
S336L 

IVS7+5G>T 
IVS7-1G>A (2) 
G227-2A>T
G227S
G227C
T228A
T228R
T228M (2) 
C233R
Y234X
M235T
E237K
M238fsdelT (4) 
Q239R
G246E
E248K
E248X
M251I 
C252Y
C252R
C252G
T255A
E256K (3) 
E256D
W256R 
W257fsinsT 
G258C
A259T
G261R (5) 
G261E
S263P (2) 
G264S
E265K (3) 
E265X
E268X
R275C
D278E
E279X
E279Q
S281F 

IVS6+1G>A (2) 
IVS6+5G>A 
IVS6+2T>A 
IVS6-2A>T 
G193+1del33
G193R
G193_D194ins
-DKSFCASWQ 
V200L (2) 
M202T
V203A
T206M (5) 
T206R (2) 
T209M
M210K
M210T
S212F 
C213R (2) 
Y214C
Y215X
E216X
C220X
E221K
C220X
E221K
G223S (2) 
M224T
M224R
I225M 
V226M
V226fsdelT
-insAA

Figure 3 Mutations in GCK gene. Location of GCK mutations within the 10 exons, and functional domains

of the GCK protein are shown; the numbers in brackets refer to codons. Mutations that have

been reported in more than one family are indicated by a number in brackets (modified from

Gloyn et al., 2003).

tissue distribution patterns. HNF-1α protein is

composed of three functional domains: N-terminal

dimerization domain (amino acids 1-32), DNA-

binding domain (amino acids 150-280) and

C-terminal transactivation domain (amino acids 281-

631). It is a liver-enriched transcription factor

belongs to homeobox gene family and expressed in

liver, kidney and pancreatic islets. It normally forms

homodimers or heterodimer with HNF-1β and

controls multiple genes implicating in pancreatic

β-cell function, notably in metabolism-secretion

coupling. Its target genes include amylin, insulin,

GLUT2 and L-type pyruvate kinase (L-PK), HMG-

CoA reductase, mitochondrial 2-oxoglutarate

dehydrogenase (OGDH) E1.

Over 300 different mutations in HNF-1α
associated with MODY, T1D and T2D have been

described so far. The prevalence of HNF-1α
mutations (MODY3) is different among various

ethnic groups. It is most common in Caucasian, but

less frequent in Asian populations. The HNF-1α
mutations including missense, nonsense, frameshift

insertions/deletions, duplications, promoter region

mutations, and splice site mutations are located

throughout the gene (Fig. 4). Among these, missense

mutations are most common, spreading throughout

the entire gene, and are concentrated in the

dimerization and DNA-binding domains (Bellanne-

Chantelot et al., 2007). The truncated HNF-1α
proteins are generated by nonsense mutation, or more
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Dimerization domain 
(1-32)

DNA-binding domain 
 (150-280) 

Transactivation domain 
(281-631)

Promoter                Exon   1              2                         3                           4                               5                            6                       7                           8                           9       10 

+102G>C
-8G>A
-62C>G
-97T>G
-119G>A
-119delG
-128T>G
-187C>T
-207, -206 
  fsin27 
-218T>C
-233-234
  delAT 
-283A>G
-462G>A
-527C>T

IVS1-1G>A 
M1L 
Q7X
L8M (2) 
Q9P 
T10M
L12F 
L12H 
A14V (2) 
L17V 
L17Q 
G20R (2) 
G20A
E24fsdelGA
A25P
L26P (2) 
I27T 
I27S 
Q28X
G31D (6) 
P33L 
L44fsdelCCinsA 
L44fsdelC (2) 
G47E
E48K (2) 
E48fsdelG
R54X
R55G56fsdel
-GAGGG
N62S
E66fsinsG
R68W (2) 
G69fsdelG
E73X
D75E
T82M
K87X
E95X
L107I (2) 
L107V 
L107R (2) 
Q109fsdelA (2) 

IVS2+1G>A 
IVS2+1G>C (4) 
IVS2+5G>A 
IVS2+21G>A 
(2)
P112L (6) 
W113X 
V115L 
A116T
A116V (2) 
K117E (2) 
S121fsdelC (3) 
Y122C (2) 
L123R 
Q124X
N127delAAC
I128N 
P129T
Q130H
R131W (11) 
R131Q (9) 
E132K
E132D
V133M (5) 
V133L 
V133fsdel
-GGTCGAT 
D135N
D135fsdelA
T137S
G138S
S142F 
H143Y (3) 
H143fsdelC
S145F 
Q146K;H147R
Q146X
L148I 
N149K
K150N
M154V
M154T
M154R
K158N
K158X
R159W (4) 
R159Q (8) 
A161T
R168P
R171X (8) 
V173M
A174V
Q175X
Q176X

IVS3+1G>A 
IVS3-1G>A 
G191D
T196A
T196fsdelCCAA
R200W (4) 
R200G
R200Q (4) 
R203C (2) 
R203H (8) 
K205Q
K205fsdelA (2) 
G207D (2) 
G207fsinsG
A209fsins10
S210fsinsGGG
-GCCAGC 
A217G
Y218C (3) 
P224S
S225fsdelC
K226E
E228K
E228fsinsG
R229Q (7) 
R229X (6) 
R229P (2) 
E230fsdelGA
V233L 
V233fsinsA
E234X
C236X
C236fsinsA
R228fs

IVS4+2T>C 
IVS4-2A>G 
A239T
A239V
E240Q
C241R (3) 
C241G (5) 
C241Y
Q243E
R244S
V246L 
V246G
S246fsdelGT
S247fsdelAG (2) 
Q250X
Q250fsinsC
G255S
S256T
V259F 
V259D (2) 
T260M
E261K
R263C (2) 
R263fsinsT
R263L 
R263H
V264F 
N266K
W267R 
W267X 
F268S 
R271W (7) 
R271G (3) 
R271Q
R271fsdelC
R272fsdelGC
R272S (2) 
R272C (3) 
R272H (11) 
K273N
E275fsdelGAAG
A276G
A276D
P289fsinsG
L281P (2) 
G288C
P289S
P291T
P291fsinsC (76) 
P291fsdelC (5) 
P291fsdelA
G292fsdelG
A301T
G307fsdelC
P308L 
A311D
S315fsinsA

IVS5+2T>A (2) 
IVS5+4.5insA 
IVS5-2A>G 
IVS5-1delTAG 
R321H
Y322C (2) 
Y322fs
Y322X
Q324X
S328R
L341X 
T343fsdelCA
V351fsdelG
T354M
T354fsinsC
P353delACGG
-GCCTGGAGC 
S361fs

A373G (2) 
G375fsdelG
P379T (5) 
P379A (8) 
P379S (2) 
P379R
P379H
P379fsdelCC
P379fsdelCT (12) 
P379fsdelC (2) 
P379fsdelT (4) 
P379fsinsT
P379fsinsC
L383fsinsA 
L389V (5) 
T392fsdelA
P393fsdelC
Q399X
Q401fsdelC
P409H
M412T
I414G415; 
ATCG>CCA (2) 
G415R
P424L 
S432C
T433I 

IVS7-6G>A 
IVS7-2A>G 
IVS7-2A>T 
Q442X
R442fsX456
A443fsdelCA (3) 
S445fsdelAG
P447L (5) 
T457I 
V462fs
Q463X
S465F 
Q466X
P467L (2) 
Q474X
P475L 
P475fsomsA
S482fsdelAG (2) 
Q486X (2) 
P488fsdelC
F489V 
T492I 
S498R
P499S
H500N
A501T

IVS8+1G>A 
IVS8+2T>C 
Y503X (3) 
H505N (3) 
E508K
T513S
R514H (2) 
T515K
L518fsdel 
-TCCinsA (3) 
P519L 
T521I 
M522V
T525S
T525I 
D526N
D526Y
T528I 
D529fsinsA
S531T
T537R
P538fs
T539fsdelC

IVS9-1G>A 
IVS9+1G>A 
D546G
D546fsdel
-GACA 
E548fsdelTG
G554fsX556
L555F 
A559fsinsC
A559fsinsA
V567I 
R583G (2) 
R583Q (3) 
S585fsinsTC
P588S
V590fsinsA

S608fsdelAG
D614fsdelAA
V617I 
I618M 
I618fsdelTC 
E619K
T620I (2) 

Figure 4 Mutations in HNF-1α gene. Location of HNF-1α mutations within the 10 exons, promoter, and

splice sites of the gene. The functional domains of the HNF-1α protein are shown; the numbers

in brackets refer to codons. Mutations that have been reported in more than one family are

indicated by a number in brackets. Mutations with underlined were identified in Thai patients

(modified from Yamagata et al., 2003).

frequently a nucleotide deletion/insertion resulting in

a frameshift encoding an altered amino acid sequence

downstream of the mutational event and an introduction

of a new stop codon. About 62% of truncating

mutations are found in the C-terminal transactivation

domain (Bellanne-Chantelot et al., 2007). There is a

HNF-1α mutational hotspot at codon 291 (P291fsinsC)

resulted from insertion of C nucleotide in the poly-

C tract of exon 4 which has been reported in more

than 70 MODY families worldwide. A few cases of

MODY3 patients have mutations outside the protein

coding region, such as in promoter region and
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5′-UTR. The mutations in promoter region may

affect binding sites of other transcription factors

including HNF-4α (Gragnoli et al., 1997), NF-Y,

C/EBP, HNF-3, and AP-1. In addition, deletions of

partial and whole HNF-1α gene have also been

identified in some MODY cases (Pearson et al.,

2001).

MODY4 › insulin promoter factor-1
mutations

Insulin promoter factor-1 (IPF-1, also known

as PDX-1, IDX-1 and STF-1) gene is located on

chromosome 13q12.1. It contains 2 exons, spaning

about 6 kb, and encodes a protein with 283 amino

acids. IPF-1 protein has two functional domains:

transactivation domain (1-38 amino acids) and DNA-

binding domain (146-206 amino acids). It is

expressed in pancreas, duodenum, and pylorus and

is a homeodomain-containing transcription factor

that plays crucial roles in pancreatic development

and in regulation of various target genes including

GLUT2, GCK, insulin, somatostatin and islet amyloid

polypeptide (IAPP).

Mutations of IPF-1 cause MODY4 (Fig. 5)

which is a rare form of MODY in various ethnic

groups. Homozygous IPF-1 mutation results in

pancreatic agenesis while its heterozygous mutations

are responsible for MODY4 phenotype (Stoffers

et al., 1997) and may contribute to susceptibility in

late-onset T2D. A previous report has described a

family which a proband carried homozygous mutation

of IPF-1 (P63fsdelC) who had pancreatic agenesis.

Both parents who had diabetes were heterozygous

for the same mutation. Moreover, IPF-1 mutations

have also been reported in gestational diabetes and

predisposition to T2D (Gragnoli et al., 2005).

MODY5 › hepatocyte nuclear factor-1βββββ
mutations

Hepatocyte nuclear factor-1β (HNF-1β or
gene symbol TCF2) gene is located on chromosome

17q12-q21. It contains 9 exons and encodes a protein

with 557 amino acids. HNF-1β protein comprises

three functional domains: dimerization domain (1›32

amino acids), DNA binding domain (90›311 amino

acids), and transactivation domain (312›557 amino

acids). It is a homeodomain transcription factor that

shares structural homology with HNF-1β in their
dimerization and DNA-binding domains. It is

expressed in liver, kidney, stomach, uterus and

pancreas and plays crucial roles in the embryonic

development of these organs. It can form homodimer

or a heterodimer with HNF-1β (Rey-Campos et al.,

1991) which recognizes the same binding site on

target promoters. HNF-1β acts as transcriptional
activator of the target genes including: insulin,

albumin, glucose transporter-2, L-type pyruvate

kinase and α-fetoprotein.

Exon                         1                                                                           2 

Transactivation domain 
 (1-38) 

DNA-binding domain 
 (146-206) 

C18R
P33T
D76N
P63fsinsC

A140T
R197H
E224K
P243dupP

Figure 5 Mutations in IPF-1 gene. Location of IPF-1 mutations within the 2 exons, and functional domains

of the IPF-1 protein are shown; the numbers in brackets refer to codons. Mutations that have

been reported in more than one family are indicated by a number in brackets (modified from

Winter et al., 2000).
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Mutations in HNF-1β are associated with

MODY5 (Horikawa et al., 1997), an uncommon

subtype of MODY accounting for less than 1% of

MODY cases. More than 40 different HNF-1β
mutations have been reported in 46 families (Edghill

et al., 2006). These mutations, including missense,

nonsense, frameshift insertion/deletions, and splice

site mutations, were identified throughout the gene

(Fig. 6). The majority of these mutations are private

but there is a hotspot of mutation at the intron 2

splice donor site. The mutations are predominantly

clustered in the first four exons, encoding for the

dimerization and DNA-binding domain (Edghill

et al., 2006). The high proportion of whole gene

deletions (one third of adult MODY5 patients),

single exonic deletions (Bellanne-Chantelot et al.,

2005), and duplication of HNF-1β were also reported

(Carette et al., 2007). Several molecular pathologies

of HNF-1β causing MODY5 were identified but the

explanation for their different mechanisms was

unclear. It was proposed, however, that the duplication

might lead to genomic instability due to an unusual

genomic architecture.

MODY6 › NeuroD1 mutations

NeuroD1 (also known as BETA2) gene is

located on chromosome 2q32 (Tamimi et al., 1996).

It contains two exons; exon 1 encodes part of the

5′-UTR of mRNA and exon 2 encodes for 11

nucleotides of the 5′-UTR and the protein with 356

amino acids. NeuroD1 protein is expressed in pancreatic

islets, intestine, and brain. It belongs to the basic

helix-loop-helix (bHLH) family of transcription

factor and functions as transcriptional activators by

forming heterodimer with the ubiquitous HLH protein

E47. NeuroD1 regulates insulin gene transcription by

binding to an E-box motif in the insulin promoter

(Naya et al., 1995; Sharma et al., 1999).

Mutations in NeuroD1 cause MODY6 › a

rare MODY subtype. Only 4 mutations in NeuroD1

were described in 4 MODY families (Fig. 7). The

R111L and P260fsinsC mutations were firstly

identified as NeuroD1 mutations-associated with

MODY6. The E110K and S159P mutation were

identified in an Iceland MODY family (Kristinsson

et al., 2001) and a Chinese proband with early-onset

type 2 diabetes, respectively (Liu et al., 2007).

Exon       1                                      2                                3                                 4                   5                    6               7                8                       9 

Dimerization domain 
(1-32)

DNA-binding domain 
 (90-311)

Transactivation domain 
(312-557)

S36F 
L48fsdelT 
V61G
H69fsdelAC
G76C
L95fsinsAGCT 
E101X
V110G

IVS2+1G>A (2) 
IVS2+1G>T (2) 
IVS2+2insT 
IVS2+2delAAGT (2) 
R112P
Q136E
Q136X
R137-K161del
Q147X
S148L 
S148W 
S151P
H153N
H156E
P159fsdelT
K164Q
R165H (2) 
Q176X
R177X
R181X
Q182X

N228K
R235Q
Q243fsdelC
A263fsinsGG

R276X
R276Q
R276G
S281fsinsC
G285D
R295H (2) 
R295C
R295P
H324S325fsdelCA
P328L239 
-fsdelCCTCT 
P334fsinsC

G349_M402del
G349_M402dup
Y352fsinsA
G370S
A373fsdel29

Q454fsdelAG
S465R
Q470X

M1_W557del (9)a

Figure 6 Mutations in HNF-1β gene. Location of HNF-1β mutations within the 9 exons, and functional

domains of the HNF-1β protein are shown; the numbers in brackets refer to codons. Mutations

that have been reported in more than one family are indicated by a number in brackets. a indicated

whole gene deletions of HNF-1β (modified from Yamagata et al., 2003).
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MODY-X

MODY-X is denominated for MODY with

unknown genetic etiology. It accounts for 20-25% of

MODY cases in Caucasians and as many as 60-80%

in Chinese, Japanese and Korean families. In Thai

ethnic origin, Siriraj Diabetes Research Group

(SiDRG) investigated genetic variations in the six

known MODY genes in patients with MODY and

early-onset T2D and found that the six known

MODY genes account for a small proportion of both

classic MODY (19%) and early-onset T2D patients

(10%), suggesting that the majority of cases are

MODY-X (Plengvidhya et al., 2008), which is

similar to the reports of other Asian ethnic groups.

Attempts have been made to identify unknown

MODY genes. The results of genome-wide scan in

European (Pearson et al., 2001) and American. (Kim

et al., 2004) families with MODY-X suggested the

existence of MODY-X loci on several chromosomes.

A number of candidate genes involved in pancreatic

β-cell transcription network as well as insulin

secretion process have been examined in MODY-X

families but none has been conclusively shown to

cause MODY in the studied families. Recently,

SiDRG investigated the role of PAX4, encoding

transcription factor that plays a crucial role for β-cell
development, in Thai patients with MODY-X

(Plengvidhya et al., 2007). A novel missense

mutation, R164W, has been identified and found to

be segregated with diabetes in the affected family.

The mutant Pax 4 protein showed reduced repressor

activities on insulin and glucagon promoters as

compared to the wild-type protein. Therefore,

mutation in Pax4 could be a cause of MODY in the

patients studied.

Functional studies of mutant genes responsible
for MODY

Glucokinase mutations

A majority of glucokinase mutations results

in alteration of enzyme kinetics. The overall effect

of inactivating mutations is the reduction of

phosphorylation potential of the enzyme, which may

lead to reduce glucose consumption in the β−cells
and reduce insulin secretion, finally resulting in

hyperglycemia. However, in more details, different

glucokinase mutations impair enzymatic function

through different mechanisms such as enzymatic

activity, protein stability, and increased interaction

with glucokinase regulator (GCKR). These data

promote the understanding of relationship between

glucokinase structure and function (Garcia-Herrero

et al., 2007). For examples, an insertion of asparagine

residue N161 fully inactivates glucokinase whereas

M235V and R308W mutations only partially impair

enzymatic activity. However, glucokinase kinetics

was almost unaffected by R397L mutation (Garcia-

Herrero et al., 2007).

Mutations of transcription factor-encoding genes

The transcription factors play roles in the

regulation of β-cell function, insulin production, and
glucose-stimulated insulin secretion. The functions

of the wild-type and mutant transcription factors are

E110K
R111L 
S159P
P206fsinsC
A322N

Promoter                            Exon     1                                                   2 

-303G>A

Figure 7 Mutations in NeuroD1/BETA2 gene. Location of NeuroD1 mutations within the 2 exons, and

the coding region of NeuroD1 protein is entirely localized to exon 2 as shown in dotted area.

Mutations found in Thais are shown with underlined and the numbers in brackets refer to codons.



Thai J. Genet. 2008, 1(2) : 93 › 108 Sujjitjoon et al.104

extensively investigated, particularly in regulation of

β-cell function using in vivo and in vitro models. The

most simple and popular technique for studying

mutant transcription factor proteins is in vitro

promoter assay. In general, the promoter assay

requires creations of three different constructs in

plasmid vectors including protein expression construct,

reporter construct, and internal control construct. The

gene encoding transcription factor is cloned into the

protein expression construct and the promoter region

of a target gene of interest is combined with a

reporter gene in the reporter construct. These two

recombinant plasmid constructs are introduced with

the internal control construct into an appropriate cell

line. If the reporter system is well chosen, then the

level of reporter gene expression will correlate with

the transcriptional activity of the introduced

transcription factor.

The transcriptional activity on target promoters

may be used as a criteria for classification of the

mutant proteins into several groups, for examples,

reduced transcriptional activity, completed

loss-of-function with or without dominant-negative

effects, and gain-of-function. In vitro functional

studies of HNF-4α, HNF-1α, IPF-1, HNF-1β, and
NeuroD1 mutations revealed that most of mutations

may cause the defects through the mechanism of

haploinsufficiency associated with loss-of-function

and/or gene dosage effect. Loss-of-function mutations

may occur in the regions encoding dimerization

domain, DNA-binding domain, transactivation

domain of the protein, and also occur in the promoter

region of the gene. The effects of loss-of-function

mutations were variable, ranging from absolute

aberration of transactivation potential caused by

nonsense mutations to partial loss of transactivation

potential caused by missense mutations. Mutations

in the promoter region may result in reduced protein

expression levels, in turn, reduction of genes relevant

to insulin secretory pathway. The reduction in

transactivation activity of mutant proteins may be

due to several reasons, for instances, reduction in

protein stability and/or DNA-binding ability,

impairment of nuclear import and defect in cooperative

transactivation with its heterodimeric partner

HNF-1β or coactivator p300 (Yang  et al. , 1999; Kim

et al., 2003).

Dominant-negative effect was reported in

some of the HNF-1α, HNF-1β, and also IPF-1
mutant proteins. Since HNF-1α can form a dimer,

it is not surprising that mutant proteins may possess

dominant-negative effect but their significance is not

yet clear. These mutant proteins with intact dimerization

domains but which are unable to bind DNA exhibited

a much more drastic effect; the mutation not only

abolished transactivation but also may form

nonproductive dimers with wild-type protein thereby

inhibiting the wild-type activity.

Gain-of-function mutants are defined as

protein with enhanced activity to transactivate

expression of target genes. It is a possible mechanism

to cause some cases of MODY3 and MODY5. The

HNF-1α gain-of-function mutants showed the

differential effects in enhancing the wild-type

activity. The downstream molecular mechanism of

HNF regulatory network is important in determining

pancreatic β-cell function. Thus, mutations in any

MODY genes resulting in breakdown and/or disruption

of this regulatory network may lead to impaired

insulin secretion and hyperglycemia. Studying of

functional properties of mutant proteins may provide

a better understanding in pathogenesis of MODY and

other types of DM.

Neonatal diabetes mellitus
Neonatal diabetes mellitus (NDM) is a rare

form of DM occurred at an early infancy. The disease

can be transiently developed (transient neonatal

diabetes, TND) or permanent throughout the life

(permanent neonatal diabetes, PND). NDM is caused

by mutations of the genes involving in β-cell
development and function. The most common causes

of NDM are mutations of ATP binding cassette,

subfamily C, member 8 (ABCC8) and potassium

inwardly rectifying channel, subfamily J, member 11

(KCNJ11) genes, which encode sulfonylurea receptor
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(SUR1) and Kir6.2, respectively. Both SUR1 and

Kir6.2 are essential subunits of pancreatic ATP-

dependent potassium channel (Fig. 1). Mutations in

these two genes lead to the abnormalities of SUR1

and Kir6.2 and reduction of response of potassium

channel to ATP. Patients carried mutations in

ABCC8 and KCNJ11 showed similar clinical features,

in which marked hyperglycemia and ketoacidosis are

presented. However, mutations in KCNJ11 are more

frequently found in PND and 20% of PND express

neurological features, while mutations in ABCC8 are

common among TND. Mutations of glucokinase

gene are involved in β-cell dysfunction. Homozygous

glucokinase mutations completely abolish the enzyme

activity. Therefore, the patients with neonatal diabetes

due to homozygous glucokinase mutation require

insulin treatment while the patients with MODY2

resulted from heterozygous glucokinase mutations

do not. Mutations in IPF1 (MODY4) and HNF-1β
(MODY5) can also cause NDM. However, mutations

in other genes encoding transcription factors, including

pancreas specific transcription factor-1α (PTF-1α)

and GLIS family zinc finger 3 (GLIS3) (Fig. 1) are

more frequently found to result in NDM (Hattersley

et al., 2006).

Mitochondrial diabetes mellitus
Mitochondrial diabetes or maternally inherited-

diabetes with deafness (MIDD) is a specific maternally

inherited form of DM, accounting for approximately

1% of DM cases (Kobayashi et al., 1997).

The presences of maternal transmission with

bilateral hearing impairment allow discrimination of

MIDD from other monogenic β-cell diabetes. The
most common cause of MIDD occurred from

A3243G mutation in the mitochondrial gene

encoding tRNALeu(UUR) (Kadowaki et al., 1994).

Pathophysiology underlying the disease is probably

due to a depletion of ATP level in β-cell cytoplasm
supporting a crucial role of β-cell respiratory-chain
in maintenance of glucose homeostasis.

CONCLUSIONS

Molecular genetic studies of monogenic β-
cell diabetes have provided an invaluable insight into

molecular pathogenesis and mechanisms for this and

other types of DM. The knowledge of molecular

defects in monogenic β-cell diabetes is useful not
only for selection of effective treatment, but also for

further development of new drugs. The successful

treatment of MODY3 and PND patients with

sulfonylurea is a well-illustrated example. The

evidence that defects in only one point of a particular

gene is sufficient to produce clinical phenotypes

indicate a central role of this particular gene in

pancreatic β-cell development and function. Defects

in several genes that have these roles have been

identified as a cause of MODY, NDM, and MIDD.

However, there are a number of patients with

monogenic β-cell diabetes, especially in the Asian

ethnic origins, that the causative genes are still

unknown. Further study to identify these unknown

causative genes and other genes that play interactive

roles will provide a better understanding of a

complex biological network underlying glucose

homeostasis and pathogenesis of DM.
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Association Study of Genetic Polymorphisms of Transcription Factor 7-Like 2 
(TCF7L2) Gene and Type 2 Diabetes in the Thai Population 

Watip Tangjittipokin1, Nalinee Chongjaroen1, Nattachet Plengvidhya2, Pa-thai 
Yenchitsomanus3

1Department of Immunology, 2Department of Medicine, 3Division of Medical Molecular 
Biology, Faculty of Medicine Siriraj Hospital, Mahidol University, Bangkok, Thailand 

Transcription factor 7-like 2 (TCF7L2) is a key element of the Wnt signaling pathway.  
Genome-wide association studies have showed that TCF7L2 has been the most important 
locus predisposing to type 2 diabetes. Genetic polymorphism of the TCF7L2 is one of the 
few validated variants with large effects on the risk of type 2 diabetes in the populations 
of European ancestry. 

OBJECTIVE— We aim to investigate whether the noncoding variants in TCF7L2 are 
associated with type 2 diabetes in Thai population. 

RESEARCH DESIGN AND METHODS— Five single nucleotide polymorphisms, 
(rs7896340, rs7901695, rs7903146, rs12255372 and rs11196205) within the LD block 
were genotyped in type 2 diabetes patients (n=202) and ethnically matched control 
subjects (n=205) by high resolution melting (HRM) analysis using simple probe format.  
The associations of SNPs, haplotypes with type 2 diabetes and clinical characteristics of 
the patients were analyzed. 

RESULTS—SNPs rs7896340 and rs11196205 of the TCF7L2 were associated with type 
2 diabetes in Thai population (p=0.023, dominant inheritance).  The odds ratios (ORs) 
was 1.89 for the minor allele (95% CI 1.08-3.3) compared with the major allele.  The 
haplotypes composed of GG minor allele of these two SNPs were also significantly 
associated with type 2 diabetes with ORs 1.89 (95% CI 1.12-3.19, p=0.018 (global p-
value=0.013).  Moreover, patients who carried minor allele of these two SNPS had earlier 
age onset of diabetes (AA=50.32� 10.78 year, AG+GG=45.51�10.52 year, p=0.012). 

CONCLUSIONS—These data suggested that the TCF7L2 polymorphisms are associated 
with type 2 diabetes and earlier age onset of the disease in the Thai population. 



“COPY NUMBER VARIATION (CNV) GENOTYPING OF CAPN10 GENE IN 
THAIS WITH TYPE 2 DIABETES BY DENATURING HIGH PRESSURE 
LIQUID CHROMATOGRAPHY (DHPLC)” (OP1-04) has been selected for 
oral presentation 

Date: 29 November 2009 
Time: 14.06-14.18 hr. (Present: 10 minutes, Q&A: 2 minutes) 
Venue: Boardroom 2 



Copy Number Variation (CNV) Genotyping of CAPN10 Gene in Thais with type 2 
diabetes by Denaturing High Pressure Liquid Chromatography (dHPLC)
Kanjana Chanprasert1, Watip Tangjittipokin1, Wanna Tongnoppakhun2, Nattachet 
Plengvidhya3, Pa-thai Yenchitsomanus4

1Department of Immunology, 2Departments of Research and Development, 3Department 
of Medicine, 4Division of Medical Molecular Biology, Faculty of Medicine Siriraj 
Hospital, Mahidol University, Bangkok 10700, Thailand 

Type 2 Diabetes Mellitus (T2D) is a multifactorial disorder. Positional cloning 
studies had mapped T2D susceptibility to CAPN10 encoding the intracellular cysteine 
protease that plays role in insulin-mediated glucose metabolism, insulin production and 
release from pancreatic beta cells.  However, Siriraj Diabetes Research Group (SiDRG) 
had not found association between variations in CAPN10 and T2D in Thais and 
deviations from Hardy Weinberg Equilibrium (HWE) were observed in genotype 
distribution.

Copy number variations (CNVs) are 1 kb or larger in size and exist in variable 
copy numbers.  CNVs can cause genomic disorders, or confer risk to complex disease. 
CNVs comprised of deletion, insertion and duplication that may cause the genotype 
deviate from HWE.  Also the deviation from HWE in CAPN10 gene has been reported in 
various ethic groups.  Hence, we aim to detect existence of CNVs in CAPN10 and
investigate its impact on HWE and the risk of T2D in our population.   

Indel19, a variant showing frequency deviation from HWE, was studied in 262 
cases and 230 controls by multiplex PCR combining dHPLC method.  We were success 
to detect CNVs in CAPN10.  Indel19 was well-suited for HWE after correction (p>0.05).

The existence of CNV in CAPN10 has been identified in Thais.  This CNVs may 
lead to deviation from HWE. Although CAPN10 was not associated with T2D, the 
method and information that obtained from our study would be helpful for accurate 
genotyping the variation in CNV region which could be useful for precise association 
analysis of variation within CNV region and complex diseases.   
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Functional defect of truncated hepatocyte nuclear factor-1� (G554fsX556) associated with 
maturity-onset diabetes of the young 

Kooptiwut, S.1*, Sujjitjoon, J.2, Plengvidhya, N.2,3, Boonyasrisawat, W.2, Chongjaroen, N.2,  
Jungtrakoon, P.2, Semprasert, N.1, Furuta, H.4, Nanjo, K.4,  

Banchuin, N.2, Yenchitsomanus, P.5 
 

1Department of Physiology, Faculty of Medicine, Siriraj Hospital, Mahidol University, Bangkok, Thailand 
2Department of Immunology, Faculty of Medicine, Siriraj Hospital, Mahidol University, Bangkok, Thailand  

3Department of Medicine, Faculty of Medicine, Siriraj Hospital, Mahidol University, Bangkok, Thailand  
4The First Department, Wakayama Medical University, Japan 

5Division of Medical Molecular Biology, of Medicine Department of Research and Development, Faculty of 
Medicine, Siriraj Hospital, Mahidol University, Bangkok, Thailand 

 

Abstract 
A novel frameshift mutation attributable to 14-nucleotide insertion in hepatocyte nuclear factor-
1� (HNF-1�) encoding a truncated HNF-1� (G554fsX556) with 76-amino acid deletion at its 
carboxyl terminus was identified in a Thai family with maturity-onset diabetes of the young 
(MODY).  The wild-type and mutant HNF-1� proteins were expressed by in vitro transcription 
and translation (TNT) assay and by transfection in HeLa cells.  The wild-type and mutant HNF-
1� could similarly bind to human glucose-transporter 2 (GLUT2) promoter examined by 
electrophoretic mobility shift assay (EMSA).  However, the transactivation activities of mutant 
HNF-1� on human GLUT2 and rat L-type pyruvate kinase (L-PK) promoters in HeLa cells 
determined by luciferase reporter assay were reduced to approximately 55-60% of the wild-type 
protein. These results suggested that the functional defect of novel truncated HNF-1� 
(G554fsX556) on the transactivation of its target-gene promoters would account for the �-cell 
dysfunction associated with the pathogenesis of MODY.

Keywords: diabetes, maturity-onset diabetes of the young, MODY, HNF-1�, frameshift 
mutation, dual-luciferase assay, Thai 
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diabetes of the young. Biochem Biophys Res Commun 2009; 383 (1): 68-72. 
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Prothrombin Haplotypes Associated with Kidney Stone Risks 
in Northeastern Thai Population 

Rungroj, N.1,2, Sritippayawan, S.3, Thongnoppakhun, W.2, Paemanee, A.4, Sawasdee, N.1, 
Nettuwakul, C.1, Sudtachat, N.4, Ungsupravate, D.1, Praihirunkit, P.5, Chuawattana, D.3, 
Akkarapatumwong, V.5, Borwornpadungkitti, S.6, Susaengrat, W.6, Vasuvattakul, S.3, 

Malasit, P.1,4, Yenchitsomanus, P.1,4* 
 

  1Division of Medical Molecular Biology and  2Division of Molecular Genetics, Department of Research and 
Development, Faculty of Medicine Siriraj Hospital, Mahidol University, Bangkok, Thailand 

3Division of Nephrology, Department of Medicine, Faculty of Medicine Siriraj Hospital,  
Mahidol University, Bangkok, Thailand 

4Medical Biotechnology Unit, National Center for Genetic Engineering and Biotechnology (BIOTEC), National 
Science and Technology Development Agency (NSTDA), Bangkok, Thailand 

 5Institute of Molecular Biosciences, Mahidol University, Salaya, Nakorn Pathom, Thailand 
 6Khon Kaen Regional Hospital, Khon Kaen, Thailand 

 

Abstract 
Kidney stone is a common public health problem in northeastern Thai population.  Genetic and 
environmental factors may involve in its pathogenesis.  To determine genetic variations 
associated with the disease, we performed a case-control association study using 112 subjects 
each of patient and control groups by genotyping 67 single nucleotide polymorphisms (SNPs) 
within 8 genes including TFF1, S100A8, S100A9, S100A12, AMBP, SPP1, UMOD, and F2, 
encoding urinary stone-inhibitor proteins; trefoil factor 1, calgranulin (A, B, and C), bikunin, 
osteopontin, Tamm-Horsfall protein, and urinary prothrombin fragment 1, respectively. 
Significant differences between the case and control groups of allele and genotype frequencies 
of 8 SNPs in F2 were found while those in the remaining 7 genes were not.  Interestingly, 
frequencies of two F2 haplotypes were significantly different between the case and control 
groups, one haplotype (TGCCGCCGCG) associated with increased kidney stone risk (P = 
0.0013, OR 1.612, 95% CI 1.203-2.160) and the other (CGTTCCGCTA) with reduced disease 
risk (P = 0.0007, OR 0.464, 95% CI 0.296- 0.727); these significant differences were 
maintained after correction for multiple testing.  These findings indicate that F2 haplotypes 
associated with risks of kidney stone disease in the population studied. 
 

Keywords: kidney stone, nephrolithiasis, association study, single nucleotide polymorphisms, 
SNPs, urinary prothrombin fragment 1 
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Autophagic Gene Expression Profiling in Dengue Virus-Infected 
Liver Cell Line 
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Abstract 
 The study of host response to dengue virus infection contributes to the understanding of 

pathogenesis. This study aims to determine autophagic gene expression profiling of dengue virus-

infected liver cell line. Autophagy is a cellular degradation process which responses to various stimuli 

including virus infection. Autophagy supports dengue virus replication but the cellular mechanism 

remains elusive. Human Autophagy RT2 ProfilerTM PCR Array technology is a pathway-focused gene 

expression profiling using real-time reverse transcription polymerase chain reaction (real-time RT-

PCR). Among 84 autophagic genes, 19 genes were up-regulated in dengue virus-infected cells more 

than 2 folded comparing with those of uninfected cells. The up-regulated genes may involve in the 

induction or regulation of autophagy in dengue virus-infected liver cell line. The knowledge from this 

study leads to better understanding of the autophagic pathway stimulated by dengue virus.  
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Keywords : autophagy, dengue virus, gene expression 
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�.�$.�$�"
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28  �.�. 52 
Demonstration III  – Protein Purification and Detection 

-  Immobilized - Metal Affinity Chromatography (IMAC) for His tag protein 

   purification 

-  Detection of purified protein 
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29  �.�. 52 
Demonstration IV – Genetic Qualitative and Quantitative Analysis 

- Genetic qualitative and quantitative analysis by real-time polymerase chain 

  reaction (real-time PCR)  

 

�$.���"�� 	���.$�/�
/��U 

������
� ��0$H��&�� 

���H�$�"�.� �"H�U���4�+ 

 
Workshop I-IV  26 -29 �.�. 52  (10:00-12:00 �.)/ (13:00-16:30 �.)  
Workshop I – Genetic Analysis 

- Human genomic DNA preparation 

- Polymerase chain reaction (PCR) 

- Mutation/polymorphism analysis by restriction endonuclease digestion 

- Agarose-gel electrophoresis 

�.�$.�
%�$$� $�(��$��� 

�������� ����$�% 

�./.��$���$��� /��0���0� 

������
� ��0$H��&�� 
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Workshop II – Molecular Cloning   
- Plasmid and PCR product preparation 

- Restriction enzyme digestion 

- DNA ligation 

- Bacterial transformation and screening 

- Agarose-gel electrophoresis    

�.�$.�
%%� "��H�2
�H� 

�$.+���0� ���&�4� 

�./.H�"$$� "$��++�� 

�./.���"$ �
�.��$���.  

Workshop III – Sample preparation and protein  analysis  

- Protein extraction 

- Sodium dodecyl sulphate–polyacrylamide gel electrophoresis (SDS-PAGE) 

- Coomassie Blue staining    

�$.	$$"0 .�$��������& 

���/+��� ����+�+b� 

�./.�
]&��0� /��&+� 

Workshop IV – Cell Analysis  

- Immunofluorescent staining 

- Confocal microscopy 

- Flow cytometry  

�$.]���� �������� 

�$./�H� �/��4�+	�0$ 

�./."
�$� �$��$��
� 

�./.��0�H$ ������. 

 �././$$�"���� /�1�7�  

 

 
'+���'0�:  �&+��� –��,���-��  10:00 �./ 14:30 �. 
   ��,��$������ 12:00 – 13:00 �. (�6��7���#��	�	��-���&�) 
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1. #F�� - ���,�$� :  .. �$. �"��� ��)���0�/+�
/ 

!�@�	��� :  '�(�������������&�$�"��� /<��/(��/$�+&�$���
� 
���"��.�/0$�.�$�$��"��	�� 

 +'�������
�+'��� 

����������+'��� :  
- B.Sc. in  Medical Technology, Chiangmai University 

- M.Sc. in Biochemistry, Mahidol University 

- Ph.D. in Human Genetics, Australian National University, Australian 

- Other Molecular Genetic Research Training, 

UNESCO/TWAS Fellowship 

  St Mary Hospital, London, UK 

����/#��	�#�O :  Human Genetics, Medical Molecular Biology 

�����%�	����:�����:�/,�E% :  
- ������
��������"
�H�.�/0$��$
"
�H�&$$+ 

- ������
����������������2��&�$�&���$
!0@���&0���&�$2
	&$���@��������)&!�� 

- ������
������:�/
+"
�H�$�'�(����$0��  

- ������
� "
#�� ����$���&0���
����������������"
�H�.�/0$��������+�&/� ��&�$0$��

�����5
����.8&7����
��$
"
�H�&$$+��4"	��
�!�� 

 
 

2. #F�� - ���,�$� : $..�$. �$�1$��    �

$���+��.� 

!�@�	��� :  /<�	
���������������"
�H�.�/0$� +'�������
�+'���  .����� 

����������+'��� :  
- �����.�/0$	
�9�0 (�&��$0����+�
��
	 1) /�2���
��
&�$�"��� +'�������
�������'+( 

- �����.�/0$+'�	
�9�0 /�2�����
+� +'�������
�+'��� 

- Ph.D. in  Science,  University of Adelaide, Australian 

����/#��	�#�O :  Molecular Biology, Human Molecular Genetics 

�����%�	����:�����:�/,�E% :  Molecular Biology, Human Molecular Genetics 
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3. #F�� - ���,�$� : @.. �$. �". �
������ .$�/�
/��U 

!�@�	��� :  1�
��������
+� 
���"��.�/0$�.�$�$��"��	�� +'�������
�+'��� 

����������+'��� :  
- �"��.�/0$	
�9�0 (�&��$0����+�
��
	1) 
���"��.�/0$�.�$�$��"��	��+'�������
�+'��� 

- Ph.D. in Biological Chemistry, University of Michigan ( Ann Arbor), USA 

�����%�	 : 
- Developing RNA aptamers for research and diagnostics of human diseases (e.g. dengue viral 

infection, hemoglobin diseases) 

- Using the RNA interference technology for therapeutics. Currently, studying the suppression of 

collagen production in keloid fibroblasts with small-interfering RNAs against collagen genes. 

 

 

4. #F�� - ���,�$� :  �$. 	$$"0 .�$��������& 

!�@�	��� :  '�(���:�	
0�&�$��
���������1�"���&�$�"��� .����"
�H���.�&$$+���   

         ��
���������1�"�'(���0� 
����������+'��� :  

- B.Sc. (Biochemistry, Honors) Brown University, USA 

- Ph.D. (Molecular & Cell Biology) University of California, Berkeley, USA 

����/#��	�#�O :  Molecular and Structural Biology, Biochemistry 

�����%�	����:�����:�/,�E% :  .8&7�&�$�"�4+�,����2�� dengue virus �� cells ���+�(�����!���4&�$.8&7� 

     &�!&&�$�,����2�� replicating complex 2�� dengue virus �84��,�'�����4�� 

     &�$�"�4+�,����2�� genome 2�� virus 

  

 

5. #F�� - ���,�$� :  @.. �$. �". <��$�
�  ��*+�����"$ 

!�@�	��� :  1�
����&����1�
.�/0$� 
���"��.�/0$�.�$�$��"��	�� +'�������
�+'��� 
����������+'��� :  

- M.D. in Medicine,  Mahidol University 

- Ph.D. in  Microbiology and Immunology, Georgetown University 

- Post-doctoral training at Center for Molecular Medicine and Genetics, Wayne State University, 

Detroit, USA 

- Diplomate Thai Board of Family Medicine 
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����/#��	�#�O :  Genetics and molecular biology,  Protein protein interactions 

�����%�	����:�����:�/,�E% : Protein- protein interactions, especially in apoptosis of dengue virus-  

    infected cells

6. #F�� - ���,�$� :  �$. ]���� �������� 

!�@�	��� :  '�(���:�	
0�&�$��
���������1�"���&�$�"��� .����"
�H���.�&$$+���   

         ��
���������1�"�'(���0� 
����������+'��� :  

- B.Sc. Biochemistry, faculty of Science, Chulalongkorn University, Bangkok, Thailand 

- M.Sc. Biochemistry, faculty of Science, Mahidol University, Bangkok, Thailand 

- DPhil (Oxon) Clinical Medicine, University College, University of Oxford, Oxford, UK  

����/#��	�#�O :  T cell responses in virus infection, Pathogenesis of Dengue Haemorrhagic Fever  

    (DHF) 

�����%�	����:�����:�/,�E% :  T cell responses in virus infection, Pathogenesis of Dengue Haemorrhagic  

      Fever (DHF) 
  

 

7. #F�� - ���,�$� :  $.. �$. +H�$/ "�7���2�0+�
� 

!�@�	��� :  1�
��������
+� 
�������.�/0$� +'�������
�+'��� 
����������+'��� :  

- �����.�/0$	
�9�0(�&��$0����+) /�2������������ ������&$��+'�������
� 

- �����.�/0$+'�	
�9�0 /�2������������ +'�������
�+'��� 

- Ph.D. in Molecular Biology, Universite Louis Pasteur France  

- Post doc. Visiting Professor, Cancer Genetics, Osaka University, Japan 

�����%�	����:�����:�/,�E% : 	�	��2����3*�!�$
/ HPV ��������������2��+��$)���&+���& 
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