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indicating that mutations of unknown genes (MODY-X) are

responsible for 20–25% of MODY cases.

 

19

 

 The estimated prevalence

of MODY-X is as many as 60–80% in Chinese,

 

20

 

 Japanese

 

21–23

 

 and

Korean families

 

24,25

 

 Owing to a different genetic background and

absence of molecular genetic information regarding MODY in

Thailand and Southeast Asia, we investigated the prevalence of muta-

tions in six known genes responsible for MODY in Thai patients with

MODY and early-onset type 2 diabetes.

 

Patients and methods

 

Patients and clinical data

 

Fifty-one unrelated probands with type 2 diabetes mellitus were

recruited at the diabetic clinic, Siriraj Hospital, Bangkok, Thailand,

according to the following criteria: (i) the proband and at least one

first degree relative diagnosed with type 2 diabetes before age 35, (ii)

two or more generations affected by diabetes, (iii) diabetes treatment

with diet and/or oral agents for at least 2 years, (iv) no history of

diabetic ketoacidosis (DKA), and (v) absence of anti-GAD antibody.

Twenty-one of the probands were in concordance with strict MODY

criteria.

 

22

 

 Non-diabetic subjects were 65 healthy staff members of the

Department of Immunology and Department of Research and

Development, Faculty of Medicine Siriraj Hospital. All of them had

fasting plasma glucose (FPG) level < 5·6 mmol/l and had no history

of diabetes in first-degree relatives. Approval for the study was

granted by the Ethics Committee of the Faculty of Medicine Siriraj

Hospital. All subjects were informed of the purpose and extent of the

study before signing a consent form and enrollment into the study.

DNA was extracted from EDTA anti-coagulated peripheral

blood by a standard phenol/chloroform method. Plasma glucose was

determined by glucose oxidase method (Gluco-quant® Glucose/HK,

Roche Diagnostics, Indianapolis, IN). Glycosylated haemoglobin

(HbA1c) was measured by turbimetric inhibition immunoassay

(Dimension® HA1C, Dade Behring Inc., DE). Total cholesterol and

triglyceride were assayed by enzymatic calorimetric test (Cholesterol

CHOD-PAP, Triglycerides GPO-PAP, Roche Diagnostics). HDL-

cholesterol was determined by homogeneous enzymatic colourimetric

test (HDL-C Plus 3rd Generation, Roche Diagnostics). LDL-cholesterol

was calculated by Friedewald formula (LDL-cholesterol = total

cholesterol–HDL-cholesterol–triglyceride/5) or measured directly

when appropriate (LDL-C Plus second Generation, Roche Diagnostics).

Anti-glutamic acid decarboxylase (GAD) antibody was measured by

radioimmunoassay method (CIS Bio International ORIS Group

Gif-Sur-Yvette Cedex, France). There was no interference with other

autoantibodies such as insulin auto-antibodies (IAA). Insulin was

determined by electrochemiluminescence assay (Insulin, Roche

Diagnostics). C-peptide was measured by immunoradiometric assay

(CIS Bio International ORIS Group Gif-Sur-Yvette Cedex, France).

 

Screening for sequence variations of six known genes 
responsible for MODY

 

All exons, flanking introns, 5

 

′

 

 flanking and minimal promoter

regions of 

 

HNF-4

 

α

 

, 

 

GCK

 

, 

 

HNF-1

 

α

 

, 

 

IPF-1

 

,

 

 HNF-1

 

β

 

 and 

 

NeuroD1

 

genes were amplified from a genomic DNA sample of each proband

by polymerase chain reaction (PCR). The PCR primers were

designed by using Omiga program version 2·0 (Molecular Ltd,

Oxford, UK). Thermal cycling was carried out in a DNA Thermal

Cycler 2400 (Perkin-Elmer, California, CA). The PCR products were

analysed for sequence variation by single strand conformation

polymorphism (SSCP) method using non-denaturing polyacrylamide

gel electrophoresis and visualized by a standard silver staining

protocol. The PCR product showing a mobility shift on the SSCP

gel was subjected to direct sequencing by using ABI Prism BigDye

 

TM

 

Terminator Cycle Sequencing Ready Reaction Kit (Applied Biosystems,

CA), as described in the manufacture’s instructions. Fluorescent

signals were detected with ABI Collection software in a computer

connected to an automated sequencer. Nucleotide sequence was

determined by Sequencer Navigator software and analysed by Chromas

program version 1·4·4 (Conor McCarthy, Griffith University,

Queensland, Australia).

 

Additional genotyping of identified sequence variations

 

Identified sequence variations which were present in at least one of

51 probands but absent in primary 15 non-diabetic controls were

then subjected to genotyping in additional 50 non-diabetic controls

by a PCR-restriction fragment length polymorphism (PCR-RFLP)

method. If these variants did not create restriction sites for any

restriction enzymes, new PCR primers containing introduced

restriction sites were designed by a web-based program, dCAPS

Finder 2·0 <http://helix.wustl.edu/dcaps/dcaps.html>, to analyse by

RFLP technique. Variations that were not present in the non-diabetic

controls were classified as potentially pathogenic mutations and were

subjected to segregation analysis with diabetes in the affected families.

 

Statistical analysis

 

Comparisons of clinical characteristics of classic MODY probands and

early-onset type 2 diabetic probands were analysed by using SPSS

software (version 11·5; SPSS Inc., Chicago, IL). The significant level

was determined at 

 

P

 

-value of 0·05, by 

 

t

 

-test or Mann–Whitney 

 

U

 

-test.

 

Results

 

The clinical characteristics of the probands were summarized in

Table 1. In contrast to patients with early-onset type 2 diabetes, the

classic MODY patients were diagnosed at an earlier age. The diastolic

blood pressure and serum cholesterol were significantly lower but

the proportion of patients placed on insulin therapy was slightly

higher and overall glycaemic control was poorer in the classic MODY

probands compared to the patients with early-onset type 2 diabetes.

The mean fasting C-peptide level of patients with early-onset type

2 diabetes was significantly higher than that of MODY.

Thirty-seven variations of six MODY genes were identified and

sequence variants of 

 

HNF-1

 

α

 

 gene were relatively more common

among Thai patients studied (Table 2). Eleven of these variations

were novel. Seventeen of these variations were not found in 30

chromosomes analysed in an initial group of non-diabetic controls,

including 

 

HNF-4

 

α

 

 R140Q and R312H; 

 

GCK

 

 –30 G > A, IVS +29

G > T and R327H; 

 

HNF-1

 

α

 

 R203C, L281L, IVS5 +9 C > G, L459L,
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P475L, IVS7 +65 G > C, IVS7 +68 A > G, IVS8-19 G > A and

G554fsX556; 

 

HNF-1

 

β

 

 D82D; 

 

NeuroD1

 

 –303 G > A and A322N. These

variations (excluding silent and intronic variants) were then

subjected to genotyping in an additional 100 chromosomes of non-

diabetic controls. Seven of them were not observed in the latter

analysis and were classified as potentially pathogenic mutations

(Table 3). No pathogenic mutation was found in 

 

IPF-1

 

 and 

 

HNF-1

 

β

 

.

 

HNF-1

 

α

 

 R203C was previously reported in two families, one from

Denmark

 

23

 

 and another from Japan.

 

24

 

 In our study this mutation

transmitted from a grandmother, who has diabetes, to the proband

(Fig. 1a). These data support segregation of the mutation with

diabetes. However, the relatives of the proband who carried 

 

HNF-4

 

α

 

R312H were not available for this study. Thus, its role in the develop-

ment of diabetes remains unclear.

Table 4 summarizes the clinical characteristics of patients carrying

novel mutations of known MODY genes. There was no acanthosis

nigricans and no biparental diabetes. None of them had chronic

complications. Proband with novel 

 

GCK

 

 R327H was in the

early-onset type 2 diabetes group and the BMI was obviously higher.

However, the clinical characteristics were compatible with MODY2

phenotypes, including mild hyperglycaemia (FPG 7·5 mmol/l), and

had good glycaemic control (HbA1c 6·7%) with diet control

alone.

 

11,25,26

 

 The BMI of probands with novel 

 

HNF-1

 

α

 

 and 

 

NeuroD1

 

mutations were not obese by Asian standards except for the patient

who carried 

 

HNF-1

 

α

 

 P475L (BMI 24·49 kg/m

 

2

 

). The 

 

HNF-1

 

α

 

frameshift mutation (G554fsX556), segregated with diabetes in

the family, transmitted from the mother to the proband (Fig. 1b).

However, relatives of the proband who carried 

 

HNF-1

 

α

 

 P475L were

not available for the study. Probands who carried 

 

NeuroD1

 

 –1972

G > A and A322N exhibited severe hyperglycaemia (FPG 15·04 and

17·76 mmol/l, respectively). However, 

 

NeuroD1

 

 A332N did not

segregate completely with diabetes in the family (Fig. 1c) and

relatives of the proband who carried 

 

NeuroD1

 

 –1972 G > A were not

available for segregation analysis. Thus, the role of these sequence

variations in glucose homeostasis remained to be explored.

 

Discussion

 

We have screened all six known genes responsible for MODY in 51

unrelated early-onset type 2 diabetic probands, 21 of them fitted into

classic MODY criteria. By using PCR-SSCP analysis and direct

sequencing, 37 sequence variations were identified and 7 of them

were classified as potentially pathogenic mutations. Five of these

mutations have not been previously reported. The average BMI of

our MODY probands (25·32 ± 6·27 kg/m

 

2

 

) was modestly higher

than the normal Asian standard. However, there is an overlap of BMI

among MODY patients studied in Asia. Studies of Chinese MODY

have indicated that the BMI of MODY3 patients was between 22 and

29 kg/m

 

2

 

 

 

20,21

 

 while the BMI of MODY2 patients could be as high as

28 kg/m

 

2

 

.

 

20

 

 In the Korean population the average BMI of their

patients being classified as MODY was approximately 22 kg/m

 

2

 

.

 

24,25

 

There is an epidemic of obesity in Asia and Thailand has a highest

rate of obesity (6·8%), perhaps due to a greater level of adoption of

western lifestyle.

 

32

 

 Furthermore, the prevalence of obesity and type

Table 1. Clinical characteristics of patients 
classified as MODY and early-onset T2DM

MODY

Early-onset 

T2DM P value

Number of patients 21 30

Age (years) 21·75 ± 9·66 36·88 ± 7·03 < 0·001*

Age at onset (years) 16·00 ± 5·06 31·25 ± 5·83 < 0·001*

Duration (years) 5·75 ± 7·47 5·75 ± 5·32 NS*

Biparental diabetes (n) 4 2 –

BMI (kg/m2) 25·32 ± 6·27 27·54 ± 4·42 NS*

Waist (cm) 81·13 ± 10·65 89·31 ± 13·27 NS*

Waist : hip ratio 0·85 ± 0·08 0·89 ± 0·12 NS*

Systolic BP (mmHg) 116·25 ± 13·72 120·69 ± 9·21 NS*

Diastolic BP (mmHg) 70·42 ± 8·73 79·00 ± 9·24 0·020*

Retinopathy (n) 2 1 –

Nephropathy (n) 1 1 –

Neuropathy (n) 0 2 –

Macrovascular complication (n) 0 1 –

FPG (mmol/l) 11·26 ± 1·54 10·94 ± 0·92 NS*

HbA1c (%) 10·02 ± 4·03 8·21 ± 2·01 NS*

Total cholesterol (mmol/l) 4·54 ± 0·85 5·29 ± 0·64 0·019*

Triglyceride (mmol/l) 1·88 ± 0·44 2·76 ± 0·46 NS†

LDL (mmol/l) 2·80 ± 0·52 3·09 ± 0·4 NS*

HDL (mmol/l) 1·07 ± 0·09 1·18 ± 0·06 NS*

Fasting C-peptide (nmol/l) 0·49 ± 0·18 0·95 ± 0·43 0·028†

Note: No acanthosis nigricans was identified in any patients. Values are expressed as mean ± SD. Normal 
range for C-peptide assay 0·35–1·18 nmol/l. NS, not significant; FPG, fasting plasma glucose. Statistical 
method used: *t-test, †Mann–Whiney U-test.
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2 diabetes in children and adolescents has also been increasing

in Thailand.33 It is possible that an interaction between genetic

predisposition to diabetes and obesity occur in our MODY and

early-onset type 2 diabetic patients. Unfortunately, we do not have

any data regarding the patients’ BMI before diagnosis of diabetes.

There was no acanthosis nigricans, which is a feature of insulin

resistance in all our patients being studied. Four of the 21 families

conforming to strict MODY criteria have biparental diabetes. This

scenario may be similar to the study by Xu et al.21 which reveals that

these families may have early-onset type 2 diabetes and, through

chance, it also appeared as autosomal diabetes. The mean fasting C-

peptide of our MODY probands was compatible with previous

reports in other Asian MODY.20,21,24,25

HNF-4α R312H is located in ligand-binding domain (LBD) of

human HNF-4α. Arginine at this position is conserved across nine

species. HNF-4α is a nuclear receptor that regulates many essential

genes related to nutrient transport and metabolism.27 Thus, alteration

of amino acid at this position could potentially affect function of

HNF-4α, such as DNA-binding, ligand-binding and interaction with

co-regulatory molecules.28

Table 2. Sequence variations identified in Thai subjects including 51 diabetic probands and 15 or 65 non-diabetic controls

Gene Location Nucleotide change Amino acid change Allele frequency

HNF-4α (MODY1) Promoter –728 A > C – A 0·69 C 0·31

Intron 1 IVS1-5 C > T – C 0·88 T 0·12

Exon 4 12352 C > T T139I C 0·99 T 0·01

Exon 4 12355 G > A† R140Q G 0·99 A 0·01

Exon 8 22688 G > A R312H G 0·996 A 0·004

GCK (MODY2) Promoter –516 G > A – G 0·97 A 0·03

Promoter –680 A > G – A 0·96 G 0·04

Intron 5 IVS5 +29 G > T – G 0·99 T 0·01

Exon 8 42452 G > A† R327H G 0·996 A 0·004

Intron 9 IVS9+8 C > T – C 0·58 T 0·42

HNF-1α (MODY3) Exon 1 51 C > G L17L C 0·72 G 0·28

Exon 1 79 A > C I27L A 0·73 C 0·27

Intron 1 IVS1-42 G > A – G 0·68 A 0·32

Intron 2 IVS2-51 T > A – T 0·58 A 0·42

Exon 3 14832 C > T R203C C 0·996 T 0·004

Exon 4 15523 C > T L281L C 0·99 T 0·01

Exon 4 15546 G > C† G288G G 0·98 C 0·02

Intron 5 IVS5 +9 C > G – C 0·99 G 0·01

Intron 5 IVS5–42 G > T – G 0·86 T 0·14

Exon 7 18771 C > T† L459L C 0·67 T 0·33

Exon 7 18773 G > A L459L G 0·99 A 0·01

Exon 7 18820 C > T† P475L C 0·99 T 0·01

Exon 7 18856 G > A S487N G 0·67 A 0·33

Intron 7 IVS7 +7 G > A – G 0·65 A 0·35

Intron 7 IVS7 +65 G > C† – C 0·99 G 0·01

Intron 7 IVS7 +68 A > G – A 0·99 G 0·01

Intron 8 IVS8 –19 G > A† G 0·99 A 0·01

Exon 9 20750_20751ins G554fsX556 wt 0·996 ins 0·004

AGTGAGTGAAGCCC†

Intron 9 IVS9–24 T > C – T 0·64 C 0·36

IPF-1 (MODY4) Promoter –109_–110delG – G 0·71 delG 0·29

Enhancer –1867 G > A – G 0·64 A 0·36

HNF-1β (MODY5) Exon 1 246 C > T† D82D C 0·99 T 0·01

Intron 8 IVS8–22 C > T – C 0·96 T 0·04

NeuroD1 (MODY6) Promoter –1631 A > G – A 0·81 G 0·19

Promoter –1972 G > A† – G 0·996 A 0·004

Exon 2 133 G > A A45T G 0·84 A 0·16

Exon 2 964 GC > AA† A322N GC 0·996 AA 0·004

Mutations which were not identified in 130 chromosomes of non-diabetic controls were classified as potentially pathogenic mutations, represented with bold 
characters. †Variations which were not previously reported.
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The arginine residue at position 203 of HNF-1α is conserved

among species and located within DNA binding domain (DBD).

Alteration from arginine to cysteine (HNF-1α R203C) should there-

fore affect trans-activation activity. Nevertheless, functional analysis

of the mutant protein revealed biphasic activity in which a decreasing

of activity was observed at a low concentration of transfected mutant

gene, whereas an increase of function was demonstrated at a high

level of transfected mutant gene.24 In addition, the mutant protein

showed weak but positive signal of nuclear localizing defects which

could be involved, at least in part, in a biphasic effect on trans-

activation activity. Thus, the precise mechanism of HNF-1α R203C

in contributing to aetiology of MODY3 should be further elucidated.

Proline at position 475 and glutamine at position 554 of HNF-1α
are conserved across several species. Substitution of proline by

leucine at the position 475 (HNF-1α P475L) may affect the protein

conformation. HNF-1α G554fsX556 occurred from a 14 nucleotide

insertion at codon 554 and results in a frameshift alteration, giving

rise to a replacement of two amino acids (glycine and leucine by serine

and glutamic acid) and an introduction of a stop codon (TGA) at

the position 556. The mutant protein had a truncation of 76 amino

acids at the C-terminus, compared with that of the wild-type HNF-1α
protein. The effect of 76 amino acid deletion on intrinsic trans-activation

of HNF-1α is currently under investigation by our group.

The NeuroD1 –1972 G > A substitution occurred at a highly

conserved promoter region of human and mouse genes which was

identified as a critical region for basal transcriptional activation.28

The NeuroD1 A322N mutation causes an amino acid change in the

region that associated with the co-activators CBP and p300. Alteration

from alanine to asparagine might affect stability of the protein and

might influence its association with co-activator proteins.

Although our sample size was rather small, such a low prevalence

of mutation of known MODY genes in our patients is in concordance

with the results from studies in other Asian populations. Enlarging

the sample size in future studies should give more insight into

Fig. 1 Pedigrees of probands carried mutations of HNF-1α R203C (a), HNF-1α G554fsX556 (b), and NeuroD1 A322N (c). ‘N’ refers to the normal allele and 
‘M’ refers to a mutated allele. Symbols indicate the state of glucose tolerance: � and �, normal fasting glucose; , impaired glucose tolerance; � and �, 
diabetes; � and � with ‘nd’, unknown.

Table 3. Possibly pathogenic mutations of four 
MODY genes observed in Thai patients

Gene Location Nucleotide change Designation

Segregating 

with disease

HNF-4α (MODY1) Exon 8 CGT > CAT R312H‡ ND

GCK (MODY2) Exon 8 CGC > CAC R327H†,‡ ND

HNF-1α (MODY3) Exon 3 CGT > TGT R203C‡ Yes

Exon 7 CCG > CTG P475L†,‡ ND

Exon 9 Insertion 14 nt G554fsX556† Yes

NeuroD1 (MODY6) Promoter G > A –1972 G > A† ND

Exon 2 GCT > AAT A322N†,‡ No

ND, not done. †Novel sequence variations. ‡Sequence variations alter amino acids that are conserved 
across species.
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specific prevalence of MODY in Thailand. Another limitation of our

study is the sensitivity of the PCR-SSCP method which was not

determined in the present work. It is generally known, however, that

the sensitivity of this method is approximately 80% or even greater

if the size of PCR product falls within the length of 300 bp.34,35 More-

over, larger fragments have been successfully investigated by SSCP.36

As most of our PCR fragments were shorter than 300 bp, we should

have been able to detect the majority of sequence variations of the

known MODY genes although there is a relatively small chance that

we might have missed some variants.

As our early-onset type 2 diabetic patients had higher BMI and

fasting C-peptide level, it is possible that insulin resistance may also

play an important role in this group of patients, as was observed in

Chinese21 and Caucasians.15 There is no prior study of molecular

genetics of early-onset type 2 diabetes in Thailand. It would be inter-

esting to explore this issue by investigating the roles of genes involved

in β-cell function and insulin action in Thais with early-onset type

2 diabetes.

In summary, this is the first report on the prevalence of MODY

subtypes in Thais, a Southeast Asian population. Despite the

relatively small number of our patients, this data indicated the

prevalence of genetic variability of known MODY genes in Thais.

The possible pathogenic mutations of six known MODY genes

account for only a small proportion of both classic MODY (19%) and

early-onset type 2 diabetes (10%). We concluded that genetic variability

of six known MODY genes is not a common cause of MODY and

early-onset type 2 diabetes in Thais. Our results are consistent with

that of the studies in Chinese,20 Japanese21 and Korean.24,25 Thus,

there are unidentified genes which await discovery in the majority

of MODY patients in Asia. Identification of these novel genes will

facilitate a better understanding of molecular mechanisms

underlying pathogenesis of MODY and type 2 diabetes and may lead

to the development of more rational preventive and therapeutic

strategies.
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a b s t r a c t

A novel frameshift mutation attributable to 14-nucleotide insertion in hepatocyte nuclear factor-1a (HNF-
1a) encoding a truncated HNF-1a (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-1a proteins were expressed by in vitro transcription and translation (TNT) assay and by transfection
in HeLa cells. The wild-type and mutant HNF-1a could similarly bind to human glucose-transporter 2
(GLUT2) promoter examined by electrophoretic mobility shift assay (EMSA). However, the transactivation
activities of mutant HNF-1a 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-1a (G554fsX556) on
the transactivation of its target-gene promoters would account for the b-cell dysfunction associated with
the pathogenesis of MODY.

� 2009 Elsevier Inc. All rights reserved.

Introduction

Maturity-onset diabetes of the young (MODY) is a genetically
heterogeneous monogenic form of diabetes characterized by an
early onset (usually before 25 years), absence of ketosis, and an
autosomal dominant pattern of inheritance [1–3]. Up to date,
abnormalities of six known genes including hepatocyte nuclear fac-
tor-4a (HNF-4a), glucokinase (GCK), HNF-1a, insulin promoter factor-
1 (IPF-1), HNF-1b, and neurogenic differentiation 1 (NeuroD 1), have
been identified to be responsible for MODY subtypes 1–6, respec-
tively [4]. The common subtype of MODY in Caucasian population
is MODY3 which is caused by defects of HNF-1a [5] while that in
French population is MODY2 which results from defects of GCK
[6]. It has been observed that MODY with unknown genetic defects
(MODY X) in Asian populations, accounting for 60–80% of MODY
cases [7,8], is more prevalent than that in Caucasian populations.
Our previous work indicated that genetic mutations of the six
known MODY genes may not be a major cause of MODY and

early-onset type 2 diabetes in Thais [9]. Nevertheless, mutations
of HNF-1awere detectable with a low frequency in Thai population
[9].

HNF-1a is a transcription factor that is expressed in liver, kid-
ney, intestine, stomach, and pancreas [10–12]. HNF-1a protein is
composed of three functional domains: an N-terminal dimeriza-
tion domain (residues 1–32), a DNA-binding domain (residues
150–280) with POU-like and homeodomain motif, and a C-termi-
nal transactivation domain (residues 281–631). It regulates
expression of several proteins including amylin [13], insulin [14],
GLUT2 [15] and L-type pyruvate kinase (L-PK), 3-hydroxy-3-meth-
ylglutaryl coenzyme A reductase, mitochondrial 2-oxoglutarate
dehydrogenase (OGDH) E1 subunit [16]. It also plays an important
role in glucose metabolism and insulin secretion [17,18].

Recently, our group identified a novel frameshift mutation with
14-nucleotide insertion at codon 554 in exon 9 of HNF-1a in a Thai
family with MODY. This mutation resulted in a replacement of two
amino acids (glycine and leucine by serine and glutamic acid) in
the protein and an introduction of a stop codon (GTA) at the posi-
tion 556 (G554fsX556). The encoded protein contained 555 amino
acids with a truncation of C-terminus, compared to the normal
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full-length HNF-1a protein. However, the functional effect of the
truncated HNF-1a to the b-cell function and pathogenesis of MODY
is unknown. We therefore, investigated into binding and transacti-
vation activities of the mutant HNF-1a on two target-gene promot-
ers in HeLa cells to understand its functional impact associated
with the pathogenesis of MODY.

Materials and methods

Analysis of genes responsible for MODY. This project was ap-
proved by the Human Ethics Committee of the Faculty of Medicine
Siriraj Hospital before its initiation. Fifty-one unrelated probands
with MODY were recruited at the diabetic clinic, Siriraj Hospital,
Thailand, according to the criteria as previously described [19].

Genomic DNAs were extracted from blood samples by a stan-
dard phenol/chloroform method. All exons, flanking introns, 50

flanking and minimal promoter regions of six known genes, HNF-
4a, GCK, HNF-1a, IPF-1, HNF-1b and NeuroD1, were analyzed by
the polymerase chain reaction-single strand conformation poly-
morphism (PCR-SSCP). The PCR product showing a mobility shift
on the SSCP gel was subjected to direct sequencing by using ABI
Prism BigDyeTM (Applied Biosystems, CA, USA), as described in the
manufacture’s instructions.

Construction of a recombinant plasmid containing a novel frame-
shift mutation with 14-nucleotide insertion in HNF-1a cDNA. A full-
length, human wild-type (WT) HNF-1a cDNA was cloned into
pcDNA3.1 to create pcDNA3.1-HNF-1a-WT. The 14-nt insertion
at codon 554 of HNF-1a (G554fsX556) was generated by using
modified site-directed ligase-independent mutagenesis (SLIM)
method described by Chiu et al. [20]. Briefly, two pairs of long-
tailed (FL and RL) and short-tailed (Fs and Rs) primers were de-
signed in order to insert 14 nucleotides at the codon 554 of the
HNF-1a cDNA construct. The two long-tailed primers contained
overhanging 14-nucleotides that would be inserted into the HNF-
1a cDNA at their termini which were complementary to each
other. The sequences of the two pairs of primers used for PCR were:
FL 50-AGTGAGTGAAGCCCGGGCTTCACACGCCGGCATCT-30, Rs 50-GG
ACTCACTGGAAGCTTCAGTGTC-30, and Fs 50-GGGCTTCACACGCCGG
CATCTCA G-30, RL 50-GGGCTTCACTCACTGGACTCACTGGAAGCTTCA
GT-30; the underlined regions were the complementary 14 nucleo-
tides to be inserted.

The linear PCR products from amplifications of the whole plas-
mid containing the 14-nt insert were obtained from two separate
reactions using two different pairs of primers as described. The
PCR products from two reactions were pooled together, denatured
and re-annealed to allow formation of double stranded DNA. The
re-annealed PCR products were transformed into competent Esch-
erichia coli cells. The E. coli colonies were screened for the presence
of the recombinant plasmid containing 14-nt insert within HNF-1a
cDNA, namely pcDNA3.1-HNF-1a-G554fsX556. The recombinant
plasmid was purified and its nucleotide sequence was examined
by sequencing.

Construction of pGL3-Basic luciferase reporter vector containing
human GLUT2 promoter or rat L-PK promoter. Human GLUT2 pro-
moter region from nucleotides �1296 to +312 was isolated from
human genomic DNA by PCR and cloned into pGL3-Basic luciferase
reporter vector (Promega Corp., Madison, WI). Rat L-type pyruvate
kinase (L-PK) gene was also regulated by HNF-1a [21,22]. Thus,
the rat L-PK promoter, between nucleotides �189 and +37 was
amplified by PCR and cloned into pGL3-Basic luciferase reporter
vector. Sequences of these constructs were verified by automated
DNA sequencing.

In vitro expression of wild-type and mutant HNF-1a. Wild-type
HNF-1a and mutant HNF-1a (G554fsX556) proteins were synthe-
sized by TNT assay (Promega) using pcDNA3.1-HNF-1a-WT and

pcDNA3.1-HNF-1a-G554fsX556 constructs. The proteins were sep-
arated on 10% SDS–PAGE and transferred onto a nitrocellulose
membrane by electroblotting. The membranes were incubated
with anti-HNF-1a antibody (Santa Cruz Biotechnology), followed
by horseradish peroxidase-conjugated anti-goat IgG (Santa Cruz
Biotechnology), and the antibody binding was detected by using
SuperSignal West Pico Chemiluminescence substrate (Pierce).

Expression of wild-type and mutant HNF-1a in HeLa cells. HeLa
cells were maintained in Dulbecco’s modified eagle medium
(DMEM) supplemented with 10% fetal calf serum and transfected
with 2 lg each of pcDNA3.1, pcDNA3.1-HNF-1a-WT, or
pcDNA3.1-HNF-1a-G554fsX556 construct using FUGENE� 6 trans-
fection reagents (Roche Diagnostics). After 24 h, the transfected
cells were lysed in M-PER reagent (Pierce) following the manufac-
turer’s protocol. Then, 50 lg of protein were subjected to 10%
SDS–PAGE and transferred by electroblotting onto nitrocellulose
membrane. The expressed proteins were detected by Western blot
method using anti-HNF-1a antibody as previously described.

Electrophoretic-mobility shift assay (EMSA). HeLa cells were
transfected with either pcDNA3.1-HNF-1a-WT or pcDNA3.1-HNF-
1a-G554fsX556 and cultured for 24 h. The nuclear proteins con-
taining either wild-type or mutant HNF-1a were extracted by
using NE-PER extraction reagents (Pierce) as described in the man-
ufacturer’s protocol. The nuclear proteins were incubated with
double-stranded oligonucleotide containing HNF-1a-binding site
from the human GLUT2 promoter sequences [23]; one strand of
the oligonucleotides was labeled at its 50-end with biotin
(biotin-5’-tcctccTGCAATGCATAACTAGGCCtaggc-3’). The oligonu-
cleotide–protein binding reaction was performed following the
manufacturer’s protocol. The oligonucleotide–protein complexes
were separated on 5% non-denaturing polyacrylamide gel and sub-
jected to electrophoresis in 0.5� Tris–borate/EDTA. The complexes
were transferred to the membrane, fixed, and detected by using
LightShift Chemiluminescent EMSA kit (Pierce). To inhibit and con-
firm binding specificity, unlabeled double-stranded oligonucleo-
tides was added into the binding reaction and then similarly
processed. Electrophoretic mobility shift of the complexes, com-
pared with the free biotinylated oligonucleotides that could be in-
hibit by unlabeled oligonucleotides, indicated the specific binding
between the protein and biotinylated oligonucleotides.

Transactivation activities of wild-type and mutant HNF-1a deter-
mined by luciferase reporter assay. HeLa cells were transfected with
500 ng of either pcDNA3.1-HNF-1a-WT or pcDNA3.1-HNF-1a-
G554fsX556 using FUGENE� 6 transfection reagent (Roche
Diagnostics) along with 100 ng of either pGL3-human GLUT2 or
pGL3-rat L-PK promoter, and 10 ng of pRL-SV40 (to control trans-
fection efficiency). After 24 h, the transactivation activities of the
wild-type and mutant HNF-1a proteins were measured by means
of the Dual-Luciferase Reporter Assay System (Promega). For each
plasmid construct, the experiments were repeated three times.

Statistical analysis. The data were analyzed by using SPSS soft-
ware (version 11.5; SPSS Inc.), expressed as mean ± SD, and tested
for their difference by unpaired t-test. The p value < 0.05 was con-
sidered significant.

Results and discussion

A novel frameshift mutation attributable to an insertion of 14
nucleotides in exon 9 of HNF-1a introducing two amino-acid
changes in the protein and creating an early stop codon at the po-
sition 556 (HNF-1a-G554fsX556) was identified in a Thai family
with MODY (Fig. 1). Thus, the mutant HNF-1a protein was trun-
cated by the deletion of 76 amino acids at its C-terminus. The
mutation was observed in the male proband who had diabetes at
the age of 12 years and also in his mother who had the disease
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at the age of 26 years while his father who was healthy did not car-
ry this mutation (Fig. 1). However, other members of the family
were not available for the studies. This mutation was not observed
in the screening of 214 non-diabetic subjects. Clinical findings of
the proband, his mother and father were shown in Table 1.

To examine expression of the mutant HNF-1a (G554fsX556)
protein and its functions in binding and transactivating target-
gene promoters, we constructed the recombinant plasmid contain-
ing HNF-1a G554fsX556 cDNA for the studies. The protein
expression was studied by TNT system and by HeLa cell transfec-
tion and detected byWestern blot method. By both expression sys-
tems, the wild-type and mutant proteins were expressed to the
predicted sizes of 68 and 59 kDa, respectively (Fig. 2A and B). In
the transfected HeLa cells, we determined the expression of wild-
type and mutant proteins in whole cell lysate in three independent
experiments and found that the wild-type and mutant HNF-1a
proteins had relatively similar quantities calculated as ratios with
the densities of b-actin protein (p = 0.219) (Fig. 2B). When the cyto-
plasmic and nuclear compartments were separated, the wild-type
and mutant proteins were found to be predominantly expressed in
the nucleus (data not shown). This indicated that, similar to the
wild-type HNF-1a, the mutant was stable and could migrate to
localize in the nuclear compartment of the cells.

The binding abilities of the wild-type and mutant HNF-1a pro-
teins expressed in HeLa cells to human GLUT2 promoter containing
HNF-1a binding site were determined by electrophoretic mobility
shift assay (EMSA). The results showed that both wild-type and
mutant proteins were able to bind and cause electrophoretic
mobility shift of the biotinylated oligonucleotides (Fig. 2C), indicat-
ing that the binding ability of mutant protein to the HNF-1a bind-
ing site was still intact. In addition, their binding to the
biotinylated oligonuleotides could completely be blocked by the
addition of 200-fold excess of unlabeled oligonucleotide (Fig. 2C),
confirming their binding specificity.

Since HNF-1a is a transcription factor that activates expression
of GLUT2 and L-PK genes [21,24], we examine whether the mutant
HNF-1a protein, would exhibit any defect in activation of these
two promoters. Human GLUT2 or rat L-PK promoters cloned into
pGL3-Basic luciferase reporter vector were co-transfected with
either pcDNA3.1-HNF-1a-WT or pcDNA3.1-HNF-1a-G554fsX556
into HeLa cells, which has no endogenous HNF-1a [25]. The results
showed that the wild-type HNF-1a could transactivate the human
GLUT2 and rat L-PK promoters, resulting in markedly increased
luciferase activities. However, the mutant HNF-1a could not simi-
larly transactivate these two promoters but only at the levels of
60% and 55% of that of the wild-type protein, respectively
(Fig. 3A and B). The reduction of transactivation activity of the mu-
tant protein is most likely due to the defect from the deletion of
transactivation domain in its C-terminal region since similar
amounts of wild-type and mutant proteins were expressed in the
transfected HeLa cells as shown by the Western blot analysis

Fig. 1. (A) The pedigree of Thai family with MODY. HNF-1a G554fsX556 mutation
was detected in the proband (III-1) and his affected mother (II-3) who had diabetes
at the ages of 12 and 26 years, respectively. Square and circular symbols represent
male and female members while filled and open symbols indicates diabetic and non-
diabetic individuals, respectively. Arrow indicates the proband. Roman numerals on
left site indicate the generation number and Arabic numbers on upper left of the
symbols indicate individual numbers in the generation. Age at onset of diabetes is
shown at the upper right of the symbol. The letters under the symbol indicate HNF-
1a genotypes: N, normal; M, mutant. (B) The result of HNF-1a mutation screening
(exon 9) by polymerase chain reaction-single strand conformation polymorphism
(PCR-SSCP). Positive screening results were found in the PCR products from the
mother (II-3) and proband (III-1) showing the mobility shift and double bands
(heteroduplexes) of DNA. Lanes are indicated above the gel: M, ladder of DNA
markers; I-1, II-2, II-3, and III-1 are the PCR products from the family members (the
numbers are corresponding to those in the pedigree); N, normal. (C) Sequencing
profiles of the exon 9 of HNF-1a in the mutation region: top panel, wild-type
sequence; lower panel, mutant sequence with 14-nucleotide insertion indicated by
box.

Table 1
Clinical characteristics of the patient, affected mother, an healthy father.

Proband Mother Father

Age (yrs) 18 50 52
Age at onset (yrs) 12 26 –
Duration (yrs) 6 24 –
BMI (kg/m2) 20.41 22.51 18.34
Waist (cm) 79 81 77
Hip (cm) 95 93 89
Waist/Hip ratio 0.83 0.87 0.86
FPG (mmol/l) 13.20 11.71 6.33
Serum creatinine (lmol/L) 61.88 79.56 –
Total cholesterol (mmol/l) 3.55 4.82 –
Triglyceride (mmol/l) 0.43 0.723 –
LDL (mmol/l) 1.77 3.24 –
Treatment OHA OHA –
Complications – Retinopathy mild neuropathy –

Normal range of fasting plasma glucose < 5.6 mmol/l.
Normal range of serum creatinine: adult males, 70.72–123.76 mg/dl; adult females,
53.04–97.24 mg/dl.
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(Fig. 2B) and both proteins could similarly attach to the HNF-1a
binding site in the human GLUT2 promoter (Fig. 2C).

The reduction in transcription activity of the mutant HNF-1a
(G554fsX556) protein may down regulate the expression of its
target genes such asGLUT2 and L-PK. GLUT2 is amajor glucose trans-
porter in pancreatic b-cells and plays an important role in glucose-
induced insulin secretion [26]. Therefore, decrease inGLUT2 expres-
sionmay lead to the impairment of insulin secretion [27–29]. On the
otherhand, L-PK is an importantenzyme in theglycolyticpathway in
liver, kidney, small intestine and pancreatic b-cells [30]. The defect
in L-PK expressionmay lead to defect in glucosemetabolism that in-

volves in insulin secretion in pancreaticb-cells. Thus, the decrease in
transactivation of the mutant HNF-1a (G554fsX556) protein on
GLUT2and L-PKmayresult in thedefect of insulin secretionandasso-
ciated with MODY in the reported Thai family.

In conclusion, the HNF-1a G554fsX556 mutation identified in a
Thai family with MODY should be pathogenic because although the
mutant protein with truncation of the transactivation domain
could be expressed and attach to the HNF-1a binding site, its trans-
activation activities on GLUT2 and L-PK promoters was markedly
decreased. This may explain the impairment of insulin secretion
and insulin sensitivity leading to hyperglycemia in the patients
with MODY caused by this pathogenic mutation.
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Fig. 2. (A) Western blot analysis of protein expression by TNT system. Equal
amounts of proteins were loaded on SDS–PAGE, transferred onto nitrocellulose
membrane, and detected by anti-HNF-1a antibody. The wild-type (HNF-1a WT)
and mutant (HNF-1a G554fsX556) proteins were expressed at the molecular
weights of 68 and 59 kDa, respectively. (B) Western blot analysis of protein
expression in HeLa cells. Equal amounts of proteins were loaded on SDS–PAGE,
transferred by onto nitrocellulose membrane, and detected by anti-HNF-1a
antibody: lanes 1 and 2, empty vectors; lane 3, wild-type protein; lane 4, mutant
protein. The wild-type and mutant proteins (in lanes 3 and 4) were expressed at the
molecular weights of 68 and 59 kDa, respectively. Lower panel were b-actin protein
with molecular weight of 42 kDa. (C) Electrophoretic mobility shift assay (EMSA)
for analysis of the binding between wild-type or mutant HNF-1a protein to GLUT2
promoter consisting of HNF-1a-binding sequence. The oligonucleotide–protein
complexes were analyzed on 5% non-denaturing polyacrylamide gel. In the
competitive assay, 200-fold excess of unlabeled double-stranded oligonucleotides
(competitor) were added into the binding reaction. Both wild-type and mutant
proteins (lanes 2 and 4) could bind to the biotinylated double-stranded oligonu-
cleotides, which could be inhibited by the competitor (lanes 3 and 5).

Fig. 3. (A) Transactivation activities of wild-type and mutant HNF-1a proteins on
human GLUT2 promoter in HeLa cells determined by dual-luciferase reporter assay.
HeLa cells were transfected with pcDNA3.1-empty vector, pcDNA3.1-HNF-1aWT, or
pcDNA3.1-HNF-1a G554fsX556 together with pGL3-human GLUT2 vector and pRL-
SV40. (B) Transactivation activities of wild-type and mutant HNF-1a proteins on rat
L-PK promoter in HeLa cells determined by luciferase reporter assay. HeLa cells
were transfected with pcDNA3.1-empty vector, pcDNA3.1-HNF-1a WT, or
pcDNA3.1-HNF-1a G554fsX556 together with pGL3-rat L-PK vector and pRL-SV40.
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a b s t r a c t

Dengue virus infection is an important mosquito-borne disease and a public health problemworldwide. A
better understanding of interactions between human cellular host and dengue virus proteins will provide
insight into dengue virus replication and cellular pathogenesis. The glycosylated envelope protein of den-
gue virus, DENV E, is processed in the endoplasmic reticulum of host cells and therefore reliant on host
processing functions. The complement of host ER functions involved and nature of the interactions with
DENV E has not been thoroughly investigated. By employing a yeast two-hybrid assay, we found that
domain III of DENV E interacts with human immunoglobulin heavy chain binding protein (BiP). The rel-
evance of this interaction was demonstrated by co-immunoprecipitation and co-localization of BiP and
DENV E in dengue virus-infected cells. Using the same approach, association of DENV E with two other
chaperones, calnexin and calreticulin was also observed. Knocking-down expression of BiP, calnexin, or
calreticulin by siRNA significantly decreased the production of infectious dengue virions. These results
indicate that the interaction of these three chaperones with DENV E plays an important role in virion pro-
duction, likely facilitating proper folding and assembly of dengue proteins.

� 2008 Elsevier Inc. All rights reserved.

Introduction

Dengue virus (DENV) infection is one of the most important
mosquito-borne viral diseases, which is endemic in many coun-
tries. Clinical severity ranges from febrile dengue fever (DF) to den-
gue hemorrhagic fever (DHF) and dengue shock syndrome (DSS).
DENV belongs to the Flaviviridae family and contains a single posi-
tive-stranded RNA genome, encoding a single precursor polypep-
tide. Host and viral proteases cleave this polypeptide into three
structural proteins (capsid, membrane and envelope) and seven
nonstructural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B and
NS5) [1].

Replication of flaviviruses occurs in association with the endo-
plasmic reticulum where virons assemble and bud into the lumen
of the ER. Virus particles transit through the Golgi where they
undergo maturation prior to being released by exocytosis [1].
DENV envelope protein (DENV E) is the major component of the
virion surface contains two functionally important glycosylation
sites, Asn-67 and Asn-153. DENV E lacking Asn-67 was able to
infect cells but the production of new infectious particles was abol-
ished. In addition, DENV E lacking Asn-153 showed reduced infec-
tivity [2]. Although DENV E biosynthesis and assembly is thought
to occur in the ER, limited information is available on the involve-
ment of host ER chaperones in the folding and assembly of DENV E.
We therefore performed a yeast two-hybrid assay to identify host
proteins that interact with DENV E. One of the proteins identified
in this screen was human immunoglobulin heavy chain binding
protein (BiP), a member of the heat shock protein 70 family found
in the ER lumen, the interaction between DENV E and BiP in
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dengue virus-infected Vero cells was confirmed by co-immunopre-
cipitation and co-localization studies. Two additional ER-resident
chaperones, calnexin and calreticulin, were similarly examined
and both exhibited co-immunoprecipitation and co-localization
with DENV E. Significantly, knocking down the expression of BiP,
calnexin, or calreticulin by siRNA decreased the yield of infectious
dengue virions, indicating that the role of these ER-resident chap-
erones in the folding and assembly of DENV E is essential for den-
gue virion production.

Materials and methods

Yeast two-hybrid screening. Two-hybrid screeningwas performed
by the interaction mating method as described by Finley and Brent
[3]. Domain III of DENV E, nucleotides 1819 to 2118 encoding amino
acids 295 to 394,was amplified frompBluescript II KS (S1SP6-4497),
a plasmidwhich contains the 50 portion of DENV serotype two strain
16681 [4] by a pair of nucleotide primers 50 AAG CCG GAA TTC AAA
GGA ATG TCA TAC 30 for the forward direction and 50 GCC CGC GGA
TCC CTA TTT CTT AAA CCA G 30 for the reverse direction. Domain III
is an immunoglobulin-like domain and does not contain a trans-
membrane domain [5]. The PCR reaction was carried out in a Gene-
Amp PCR System 9700 (Applied Biosystems) consisting of 35 cycles
of denaturation at 94 �C for 45 s, annealing at 55 �C for 45 s and
extension at 72 �C for 2 min. Subsequently, the amplified DNA was
cloned as an in frame fusion with the LexA DNA binding domain in
the yeast expression vector pEG202, which contains a HIS3 select-
ablemarker. The resultingbaitplasmid,pEG-E,was transformed into
S. cerevisiae strain RFY 206 (MATa his3A200 leu2-3 lys2A201 ura3-52
trp1A::hisG) containing a Lexop-lacZ reporter plasmid, pSH18-34,
under URA3 selection. A galactose-inducible HeLa cell cDNA prey
library was constructed in plasmid pJZ 4-5 containing a TRP1 select-
ablemarker and transformed into strainRFY231 (MATahis3 leu2::3-
Lexop-LEU2 ura3 trp1 LYS2) [6]. The bait strain was mated with the
library strains andplatedongalactosedrop-outmedium lackinghis-
tidine, tryptophan, uracil and leucine (gal/raf-u, -h, -w, -l) to select
for diploids. The production of a DENV E binding protein by a prey
plasmid was expected to activate the 3Lexop-LEU2 reporter. Puta-
tive positive clones were patching to four indicator plates: (glu/-u,
-h, -w, -l), (gal/raf-u, -h, -w, -l), (glu/X-Gal-u, -h, -w) and (gal/raf/
X-Gal-u, -h, -w). Prey plasmids were rescued from clones exhibiting
a galactose-inducible Leu+ lacZ+ phenotype by transformation into a
Trp� Escherichia coli strain KC8 [3]. To verify the interaction, recov-
ered prey plasmids were introduced into yeast strain RFY 231 along
with the lacZ plasmid and bait plasmid and again tested on the indi-
cator plates.

Co-immunoprecipitation. Sub-confluent monolayers of 1 � 107

Vero cells in a 100-mm dish were infected with DENV serotype
two strain 16681 at an MOI of 1 for 48 h. Cells were washed twice
with 5 ml of PBS and detached by incubating with 2.5 mM EDTA in
PBS for 15 min. Detached cells were collected by centrifugation.
The cell pellets were lysed with a buffer containing 150 mM NaCl,
20 mM Tris–HCl pH 7.4, 5 mM EDTA, 0.5% deoxycholate, 0.1% SDS,
1% Triton X-100 and protease inhibitors (complete, EDTA-free,
Roche) and the lysate was incubated on ice for 20 min. Cell debris
was removed by centrifugation at 13,000g for 10 min at 4 �C. Five
microgram of goat anti-BiP antibody, goat anti-calnexin antibody,
goat anti-calreticulin antibody or an isotype-matched control anti-
body (Santa Cruz Biotechnology) were added to lysates and incu-
bated 4 h in the presence of Protein G Sepharose beads
(Amersham Pharmacia Biosciences). Subsequently, the Protein G
Sepharose beads were collected by centrifugation at 13,000g for
5 min and washed twice with washing buffer. Lastly, the bound
proteins were eluted by boiling in SDS–PAGE loading buffer, sepa-
rated by SDS–PAGE, and transferred to nitrocellulose membranes.

After blocking with 5% skim milk, the membranes were incubated
with mouse anti-DENV E monoclonal antibody (3H5) [7,8] fol-
lowed by probing with horseradish peroxidase (HRP)-conjugated
rabbit anti-mouse antibody (Dako). The protein bands were de-
tected using ECL reagent (Amersham Pharmacia Biosciences).

Co-localization. Vero cells were grown on cover slips and
infected with DENV serotype two strain 16681 at an MOI of 1 for
48 h. Thereafter, the cells were washed, fixed with 4% paraformal-
dehyde in PBS for 20 min, and permeabilized with 0.2% Triton X-
100 in PBS for 10 min at room temperature. After washing three
times with 0.1% Triton X-100 in PBS, the cover slips were incubated
for an hour with (i) mouse anti-DENV E antibody (3H5) and goat
anti-BiP antibody (Santa Cruz Biotechnology) (ii) mouse anti-DENV
E antibody (3H5) and rabbit anti-calnexin antibody (Santa Cruz
Biotechnology) (iii) mouse anti-DENV E antibody (3H5) and goat
anti-calreticulin antibody (Santa Cruz Biotechnology). After wash-
ing, the cover slips (i and iii) were incubated with both Alexa 488-
conjugated donkey anti-goat antibody and Alexa 594-conjugated
donkey anti-mouse antibody (Molecular Probes) as secondary anti-
bodies at room temperature for an hour. Cover slip (ii) was incu-
bated with both Alexa 488-conjugated donkey anti-mouse
antibody and Cy3-conjugated donkey anti-rabbit antibody (Molec-
ular Probes) as secondary antibodies. Florescent images were cap-
tured by a confocal microscope (model LSM 510 Meta, Carl Zeiss).

Knock-downexperimentsby siRNAand infectionassays.TheBiP siR-
NA (50 GCGGAACCTTCGATGTGTCTCTTCT 30), calnexin siRNA (50 ATA
GAATGTGGTGGTGCCTATGTGA30), calreticulin siRNA (50 CCCGCTGG
ATCGAATCCAAACACAA 30) were purchased from Invitrogen, USA
and used to knock-down BiP, calnexin and calreticulin by transfec-
tion into Vero cells using LipofectamineTM 2000 reagent (Invitrogen,
USA). Transfection with irrelevant siRNA (Invitrogen, USA, Cat. No.
12935-300) was performed as a negative control. After 6 h of trans-
fection, cells were fed with 10% FBS in MEMmedium for 30 h. Sam-
ples were taken for mRNA and protein analysis using real-time PCR
(LightcyclerRNAamplificationkit, Roche) andWesternblot analysis,
respectively. Then, siRNA-transfected cellswere infectedwithDENV
serotype two strain 16681 at anMOI of 1 for 3 h. The infected siRNA-
transfected cells werewashedwith PBS and fedwith 2% FBS inMEM
medium for 24 h. The culture supernatants were collected to mea-
sure the amount of DENV production by a focus forming unit (FFU)
assay as previously described [9].

Results and discussion

DENV E interacts with BiP in a yeast two-hybrid system

To identify human proteins that interacted with DENV E, we
screened over 107 clones from a HeLa cDNA library using DENV E
as bait. Forty five putative positive clones were obtained. Sequence
analysis of the inserts showed that three of the cDNA inserts were
identical and encoded amino acids 467–655 of BiP. BiP, also known
as glucose regulated protein (GRP78), is an isoform five of the heat
shock protein 70, which functions as a molecular chaperone
involving in folding and assembly of several cellular and viral
membrane proteins [10–14]. The specificity of the interaction
between DENV E and BiP is shown in Fig. 1A wherein cells contain-
ing the DENV E bait plasmid and BiP prey plasmid exhibited galact-
ose-dependent leucine prototrophy and lacZ expression. As
controls, cells containing the DENV C bait plasmid and BiP prey
plasmid or cells containing the DENV NS5 bait plasmid and BiP
prey plasmid did not exhibit galactose-dependent leucine proto-
trophy and lacZ expression.

BiP, in complex with other ER chaperones, facilitates the proper
folding of proteins in the secretory system. It has two distinct func-
tional regions. The amino-terminal region of BiP possesses an
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ATPase activity [15,16] whereas its carboxyl-terminal region con-
tains an 18 kDa substrate-binding domain and a 10 kDa oligomer-
ization domain [17,18]. The region of BiP that interacted with
DENV E in yeast two-hybrid screening was further mapped by
yeast two-hybrid system and located between amino acids 467-
530 in the substrate-binding domain of the carboxyl-terminal
region of BiP (Fig. 1B).

DENV E associates with BiP, calnexin and calreticulin in dengue virus-
infected cells

In order to confirm DENV E-BiP interaction in mammalian cells,
lysates from dengue virus-infected Vero cells were tested for co-
immunoprecipitation of the proteins. As shown in Fig. 2A,

immunoprecipitation with anti-BiP antibody pulled down DENV
E protein suggesting the association of DENV E and BiP in dengue
virus-infected cells. Furthermore, co-localization of DENV E and
BiP in the ER was evident when DENV E and BiP fluorescence
images were superimposed (Fig. 2B). In hepatitis B virus (HBV),
BiP interacts with the large surface protein (L) and plays a role in
HBV morphogenesis by regulating proper folding of the L protein
and assembly of the envelope protein [19]. The envelope protein
of HIV type 1 has also been shown to interact with BiP [11]. Thus
the interaction of DENV E and BiP may contribute to DENV mor-
phogenesis by regulating the correct folding of DENV E.

Based on the immunofluorescence intensity of the images in
Fig. 2, BiP appeared to be strongly induced by DENV infection. This
is consistent with previous studies showing that DENV infection

C-terminus BiP (aa 1-655) 

DENV E binding (aa 467-530)

Substrate binding region 

ATPase domain 

Gal/Raf -u,-h,-w, X-GalGlu -u,-h,-w, X-Gal

BiP

Glu -u,-h,-w,-l Gal/Raf -u,-h,-w, -l

BiP

 E       C      NS5     V      E        C      NS5     V    

 E       C      NS5     V      E        C      NS5     V    

Fig. 1. DENV E-human BiP interaction in a yeast two-hybrid system. (A) Yeast strain RFY231 was co-transformed with a bait plasmid, a BiP prey plasmid and lacZ reporter
plasmid. The bait plasmids used were pEG-E, expressing the LexA-DENV E fusion protein (E), pEG-C expressing the LexA-DENV C fusion protein (C), pEG-NS5 expressing the
LexA-DENV NS5 fusion protein (NS5), and the empty bait plasmid pEG202, expressing the LexA fusion protein (V). A specific interaction was indicated by galactose-dependent
b-galactosidase expression, as evidenced by blue colonies on the galactose containing X-Gal plate and white colonies on the glucose containing X-Gal plate, and by galactose-
dependent growth on the leucine deficient plate. (B) The region of BiP that interacted with DENV E was located between the amino acid positions 467-530 in the substrate-
binding domain of the carboxyl-terminal region of BiP. (For interpretation of color mentioned in this figure the reader is referred to the web version of the article.)

Fig. 2. Interaction of DENV E with human BiP, calnexin and calreticulin in dengue virus-infected cells. (A) Lysates of dengue virus-infected Vero cells were
immunoprecipitated with mouse anti-DENV E antibody (lane 1), goat anti-BiP antibody (lane 2), goat anti-calnexin antibody (lane 3), goat anti-calreticulin antibody (lane
4) and goat isotype-matched control antibody (lane 5). Immune complexes were detected by Western blot analysis using anti-DENV E monoclonal antibody. (B) Dengue
virus-infected Vero cells at 48 h after infection were subjected to double immunofluorescence staining for DENV E and chaperones (BiP, calnexin [Cnx] and calreticulin [Crt])
and observed for their co-localization under a laser-scanning confocal microscope. Mock-infected cells served as controls.
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induces the unfolded protein response [20,21] and that BiP is in-
duced by other flaviviruses [22,23].

Interestingly, cell surface associated BiP was previously identi-
fied as a putative dengue virus receptor in hepatic HepG2 cells [24]
and our two-hybrid screen used domain III of DENV E which is
thought to bind host cell receptors [5]. Therefore, we tested the abil-
ity of anti-BiP antibodies to block DENV infection. However, in our
study using Vero cells both polyclonal antibody directed against
BiP andmonoclonal antibodydirectedagainst the carboxyl-terminal
region of BiP, the binding site between DENV E and BiP, failed to
inhibit DENV infection (data not shown), suggesting that an alter-
nate or additional receptors are present on Vero cells.

BiP is one of multiple chaperone systems important for ER qual-
ity control [25]. Calnexin and calreticulin are lectin-like chaper-
ones that interact with glycosylated proteins and are important
for viral glycoprotein processing and maturation [26]. Since DENV
E is a glycoprotein, we examined its interaction with calnexin and
calreticulin. As shown in Fig. 2A, immunoprecipitation with either
anti-calnexin antibody or anti-calreticulin antibody pulled down
DENV E protein. Immunoprecipitation of dengue virus-infected cell
lysates with an isotype-matched control antibody did not bring
down DENV E, demonstrating the specificity of these interactions.
As further evidence of interaction, dengue virus-infected Vero cells
were examined for co-localizations of the proteins by immunoflu-
orescence and confocal microscopy. Co-localization of DENV E and
calnexin or calreticulin in the ER and peri-nuclear regions was
clearly evident (Fig. 2B). The intensity of staining with anti-calnex-

in and anti-calreticulin was strongly enhanced following dengue
virus infection (Fig. 2B) suggesting that, like BiP, expression of
these two chaperones is induced.

Knocking-down the expression of BiP, calnexin and calreticulin by
siRNA decreases dengue virus production

Defects in the mechanisms controlling proper protein folding
and assembly mediated by ER chaperones affects morphogenesis
and production of virions [2,27–29]. We asked whether the inter-
action of BiP, calnexin or calreticulin with DENV E influence den-
gue virion production. Transfection of Vero cells with siRNA
against BiP, calnexin or calreticulin was performed and levels of
the corresponding mRNA and proteins were measured by real-time
PCR and Western blot analysis. The mRNA expression of BiP, caln-
exin and calreticulin was 15.57%, 27.69% and 7.4%, respectively,
relative to irrelevant siRNA-transfected control cells (Fig. 3A). A
corresponding decrease in protein expression of BiP, calnexin and
calreticulin proteins was observed by Western blot analysis
(Fig. 3B). The transfected cells were subsequently infected with
DENV, and 24 h post-infection virions present in the supernatants
were titrated by a focus forming unit assay (FFU). The reduced
expression of BiP, calnexin or calreticulin decreased the yield of
viral progeny a minimum of 50% (calreticulin) and as much as
90% (BiP) clearly demonstrating the involvement of BiP, calnexin
and calreticulin in the production of DENV infectious particles
(Fig. 3D). This is in agreement with the observation that BiP,
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Fig. 3. Knocking-down the expression of ER chaperones by siRNA decreases the yield of infectious dengue virus production. Vero cells were transfected with siRNA against
BiP, calnexin, calreticulin or an irrelevant siRNA (negative control) and harvested at 36 h post-transfection. The mRNA and proteins were measured by (A) real-time PCR and
(B) Western blot analysis using polyclonal antibodies specific to BiP, calnexin and calreticulin, respectively. The decreased expression of BiP, calnexin and calreticulin was
observed in the corresponding siRNA-transfected Vero cells relative to irrelevant siRNA-transfected control cells (*p 6 0.05). The viability of transfected cells with indicated
siRNA was measured by trypan blue stanining (C). Transfected cell lysates were then infected with dengue virus at an MOI of 1. At 24 h post-infection, the supernatants were
collected to measure the amount of dengue virion production by focus forming unit (FFU) assay. The virus yield is expressed as a percentage of the yield obtained from cells
transfected with irrelevant siRNA (D). The siRNAs to BiP, calnexin and calreticulin decreased the yield of viral progeny, relative to irrelevant siRNA-transfected control cells
(*p 6 0.05). Results are derived from three independent experiments.
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calnexin and calreticulin are essential for replication and infectiv-
ity of many human pathogenic viruses [28–30]. Chaperone
proteins are only a part of the host machinery necessary for virus
replication and assembly. Recently, silencing of ER-associated deg-
radation (ERAD) components including DERL2, NSFL1C, UBE3A,
UFDL1, SEC61G and SEC61A1 was shown to reduce dengue virus
infection in the Hela cells [31].

In summary, this work is the first to demonstrate direct
interactions between DENV E and the ER-resident chaperones
including BiP, calnexin and calreticulin, and the involvement of
these chaperones in the production of DENV infectious particles.
Future studies will be directed toward elucidating the detailed
molecular mechanism by which ER chaperones play a role in den-
gue virion assembly and cytoplasmic egress.
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Simple, Efficient, and Cost-Effective Multiplex
Genotyping with Matrix Assisted Laser Desorption/
Ionization Time-of-Flight Mass Spectrometry of
Hemoglobin Beta Gene Mutations
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A number of common mutations in the hemoglobin �
(HBB) gene cause �-thalassemia, a monogenic disease
with high prevalence in certain ethnic groups. As
there are 30 HBB variants that cover more than 99.5%
of HBB mutant alleles in the Thai population, an
efficient and cost-effective screening method is re-
quired. Three panels of multiplex primer extensions,
followed by matrix-assisted laser desorption/ioniza-
tion time-of-flight mass spectrometry were devel-
oped. The first panel simultaneously detected 21 of
the most common HBB mutations, while the second
panel screened nine additional mutations, plus seven
of the first panel for confirmation; the third panel
was used to confirm three HBB mutations, yielding a
9-Da mass difference that could not be clearly distin-
guished by the previous two panels. The protocol was
both standardized using 40 samples of known ge-
notypes and subsequently validated in 162 blind
samples with 27 different genotypes (including a
normal control) , comprising heterozygous, com-
pound heterozygous, and homozygous �-thalasse-
mia. Results were in complete agreement with those
from the genotyping results , conducted using three
different methods overall. The method developed
here permitted the detection of mutations missed
using a single genotyping procedure. The procedure
should serve as the method of choice for HBB geno-
typing due to its accuracy, sensitivity, and cost-effec-
tiveness, and can be applied to studies of other gene
variants that are potential disease biomarkers. (J Mol
Diagn 2009, 11:334–346; DOI: 10.2353/jmoldx.2009.080151)

To date, 739 point mutations in the hemoglobin, � (HBB)
gene causing �-thalassemia (MIM# 141900) have been
reported in HbVar: A Database of Human Hemoglobin
Variants and Thalassemias (http://globin.cse.psu.edu/
globin/hbvar/menu.html, accessed March 2009), but each
ethnic group has a limited number of common mutations
and a considerable number of rarer mutations.1 The
c.79G�A (also known as CD26G�A or Hb E) is the
most frequent HBB variant in Southeast Asia including
Thailand.2 “Thai” generally refers to speakers of Thai
(Tai) languages. The ethnic groups of Thailand com-
prise Thais (constituting 85% of the population) and Hill
Peoples living primarily in the north, as well as other
groups including the Chinese and minorities in the
south.3 In the Thai population, approximately 40 HBB
mutations have been identified,4 of which 30 variants
account for more than 99.5% of all mutant HBB alleles
(Table 1). Thus, an efficient, cost-effective, and highly
accurate screening method is required for their
detection.

Many simple methods for genotyping HBB mutations
have been used, including restriction fragment length
polymorphism analysis,5 reverse dot-blot hybridiza-
tion,6–8 amplification refractory mutation system,9 single
strand conformation polymorphism analysis,4,10 denatur-
ing gradient gel electrophoresis (DGGE),11,12 and direct
DNA sequencing.13 Recent advances in genotyping
technologies have enabled high sample-throughput
screening of several mutations in a large number of sam-
ples. Allele-specific arrayed primer extension has been
designed for the simultaneous detection of 15 nondele-
tion �-globin gene defects and 23 �-globin gene muta-

Supported by the National Center for Genetic Engineering and Biotech-
nology, National Science and Technology for Development Agency
(NSTDA), Thailand (BT-B-02-MM-SU-4904), Siriraj Chalermprakiat Fund
(to W.T.) and Mahidol University Research Grant (to C.L.). P.Y. is a Senior
Research Scholar of The Thailand Research Fund.

Accepted for publication March 6, 2009.

Address reprint requests to Wanna Thongnoppakhun, Division of
Molecular Genetics, Department of Research and Development, Faculty of
Medicine Siriraj Hospital, Mahidol University, Bangkoknoi, Bangkok
10700, Thailand, E-mail: siwtn@mahidol.ac.th; or Pa-thai Yenchitsoma-
nus, Division of Medical Molecular Biology, Department of Research and
Development, Faculty of Medicine Siriraj Hospital, Mahidol University,
Bangkoknoi, Bangkok 10700, Thailand. E-mail: grpye@mahidol.ac.th.

Journal of Molecular Diagnostics, Vol. 11, No. 4, July 2009

Copyright © American Society for Investigative Pathology

and the Association for Molecular Pathology

DOI: 10.2353/jmoldx.2009.080151

334



tions commonly found in Southeast Asian countries to
overcome the need to use multiple reverse dot-blot anal-
yses.14 Multiplex minisequencing also has been widely
applied as a basic molecular technique, with subsequent
detection using a variety of different platforms, including
capillary electrophoresis,15 denaturing high performance
liquid chromatography16,17 and matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry
(MALDI-TOF MS).18,19

MALDI-TOF MS has been developed as a genotyping
tool based on the differences in mass of variant DNA
sequences.20 This technique provides highly accurate
identification due to its ability in a single run to detect
directly the absolute masses of multiple variant
sites.21 MALDI-TOF MS in combination with multiplex
minisequencing has proven to be a cost-effective and
efficient procedure for high-throughput genotyping of a
number of disease-causing genes or of single nucleotide
polymorphisms (SNPs).19,22–24

Nevertheless, bottlenecks in multiplex genotyping us-
ing MALDI-TOF MS include optimization of highly multi-
plex-primer extension (PE) reactions25 and the need to
completely remove contaminating salt adducts that can
compromise spectral quality and reduce accuracy of
mass assignments.25–27 For genotyping of HBB, there is
the additional problem of the very close proximity and
partial overlapping of the mutations to one another. Re-
cently, a successful single analysis of the eight most
common HBB mutations in Taiwanese population has
been achieved by using eight parallel minisequencing
reactions and pooling of the minisequencing reaction
products for subsequent sequential desalting and multi-
plex MALDI-TOF analysis.19

To reduce analysis time and cost of HBB genotyping,
this study aimed to maximize multiplexing in both PCR
and PE steps, based on having well-designed primers
and well-optimized reaction conditions that give best

yields for every possible allele in each multiplex reaction.
We have developed an alternative approach for genotyp-
ing the 30 specific HBB mutations in the Thai population,
which comprises tetraplex PCR to amplify four fragments
spanning all 30 mutations, multiplex PE reaction of the
PCR products, desalting with magnetic bead separation,
and analysis of PE products by MALDI-TOF MS. Three
separate panels of multiplex PE reactions were devel-
oped for 21 mutations, 16 variants including nine addi-
tional mutations and seven mutations identical to the first
panel, and an optional third panel for confirmation of
c.20A�T, c.52A�T, or c.441_442insAC (Hb Tak). Using
this approach, the 30 HBB mutations were reliably and
unambiguously detected and the technique was vali-
dated using a total of 162 randomly selected �-thalasse-
mia samples previously genotyped by DGGE, restriction
fragment length polymorphism, and/or direct sequencing
techniques.

Materials and Methods

Collection of DNA Samples Carrying HBB
Mutations

DNA samples were anonymously obtained from DNA
bank of Siriraj-Thalassemia Program Project, Faculty of
Medicine Siriraj Hospital, Mahidol University during 2005,
with patients’ informed consent at the time of blood col-
lection conducted as part of a routine medical examina-
tion, and the process conforming to institutional and na-
tional ethical guidelines. Genomic DNA was isolated from
whole blood using Puregene DNA isolation kit (Gentra
Systems Inc., Minneapolis, MN). These samples have
been analyzed previously in our laboratory for HBB ge-
notypes using DGGE, restriction fragment length poly-
morphism, or direct DNA sequencing.

Table 1. Thirty Common and Rare HBB Mutations of Patients with �-Thalassemia and Carriers from the Siriraj-Thalassemia
Program Project, Faculty of Medicine Siriraj Hospital, Mahidol University during 2003–2004

Common HBB mutations (13) HBB mutations causing abnormal Hb (10) Rare HBB mutations (7)

Common
name

HGVS
nomenclature

Common
name

HGVS
nomenclature

Common
name

HGVS
nomenclature

CD26G�A (Hb E) c.79G�A* CD147�AC (Hb Tak) c.441_442insAC*†‡ CD43G�T c.130G�T*
CD41/42-TTCT c.124_127delTTCT*† CD126T�G (Hb Dhonburi) c.380T�G* CD123/125

(�8 bp)
c.370_377delACC

CCACC†

CD17A�T c.52A�T*†‡
CD136G�A (Hb Hope) c.410G�A* �87C�A c.�137C�A†

�28A�G c.�78A�G* CD6G�A (Hb C) c.19G�A*† CD15-T c.46delT†

IVS2#654C�T c.316�197C�T* CD56G�A (Hb J-Bangkok) c.170G�A* CD8/9�G c.27_28insG†

IVS1#5G�C c.92 � 5G�C* CD83G�A (Hb Pyrgos) c.251G�A* CD27/28�C c.84_85insC†

CD19A�G
(Hb Malay)

c.59A�G* CD6A�C (Hb G Makassar) c.20A�C*† CD41-C c.126delC*†

CD71/72 � A c.216_217insA* CD6A�T (Hb S) c.20A�T*†‡

IVS1#1G�T c.92 � 1G�T† CD121G�C (Hb D Punjab) c.364G�C*
�31A�G c.�81A�G† CD1T�C (Hb Raleigh) c.5T�C†

�30T�C c.�80T�C*
CD35C�A c.108C�A†

CD0T�G c.2T�G*

Each column is listed in order of decreasing frequency.
HGVS, Human Genome Variation Society.
*HBB mutations detectable by Panel 1 Multiplex SBE.
†HBB mutations detectable by Panel 2 Multiplex SBE.
‡HBB mutations detectable by Panel 3 Multiplex VSET.
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For method development of multiplex genotyping with
MALDI-TOF MS, 40 DNA samples of known HBB geno-
types from a normal control, 30 �-thalassemia carriers
with 30 different HBB mutations (Table 1), either single
heterozygotes or compound heterozygotes, as well as
nine different homozygotes were tested. Subsequently,
162 DNA samples randomly selected from �-thalassemia
patients (compound heterozygote or homozygote) and
carriers were tested for method validation.

Multiplex PCR Amplification and Purification

Four pairs of PCR primers, BGPL/BGEX1R, BGEX2.1L/
BGEX2.2R, BGInt2L/BGInt2R, and BGEX3L/BGEX3R,4

were used in a single PCR reaction to generate tetraplex-
PCR amplicons of 323, 276, 194, and 230 bp, respec-
tively, which encompass all of the 30 HBB mutations, as
shown in Figure 1. A 25-�l volume of multiplex PCR
reaction comprised 1.5 mmol/L MgCl2, 200 �mol/L
dNTPs, 0.5 U of Immolase DNA polymerase (Bioline USA
Inc.), 100 ng of genomic DNA, and 200 nmol/L PCR
primers, except for BGEX2.1L and BGEX2.2R, which re-
quired 600 nmol/L. Thermal cycling followed in a Gene-
Amp PCR System 2400 (PE Applied Biosystems, Foster
City, CA) at 95°C for 7 minutes, followed by 35 cycles of
94°C for 30 seconds, 57°C for 30 seconds, and 72°C for
20 seconds, and an additional extension step at 72°C for
10 minutes.

Excess PCR primers and dNTPs in the reaction were
removed by incubating 5 �l of PCR mixture with 2 �l of
“ExoSAP-IT” mix (U.S.B. Corporation, Cleveland, OH) at
37°C for 30 minutes followed by 20 minutes at 80°C.

Primer Design for Multiplex Primer-Extension
Reaction

To economize on time and cost, multiplex PE was de-
signed to cover all 30 mutations using at most three
reactions. PE reaction can be a single-base extension
(SBE) (PinPoint assay)28 or a very short extension
(VSET).21 For SBE, the primer anneals immediately next

to the mutation site and is extended with a single nucle-
otide, using terminating dideoxynucleoside triphosphate
(ddNTP), whereas in VSET, the primer is extended by
only one base from one allele and by two bases from the
other allele using three ddNTPs and a fourth nucleotide
in the deoxy form. Due to a high capacity of multiplex-
ing, SBE was performed in our study while VSET was
used to distinguish clearly the 9-Da mass difference
between extension product containing dideoxyade-
nosine monophosphate and that of dideoxythymidine
monophosphate.

Primers used throughout this study were synthesized
by BioService Unit, National Center for Genetic Engineer-
ing and Biotechnology, Bangkok, Thailand. Design of the
extension primers was based on the positions of individ-
ual mutations, taking into account the molecular mass
range of primers or products from both alleles that can be
reliably and unequivocally differentiated from one an-
other by MALDI-TOF MS (4000 to 9000 Da). The masses
of the primers and their corresponding extension prod-
ucts were calculated using Mongo Oligo Mass Calculator
v2.05 (http://library.med.utah.edu/masspec/mongo.htm,
accessed November 2006) and adding the mass of a
particular ddNTP to that of the primers. Primers were
grouped into three panels for multiplexing as shown in
Table 2.

Multiplex PE Reaction

Optimization of multiplex PE reactions was performed by
testing with various combinations of extension primers
until maximum multiplexing was obtained. Primer con-
centrations were adjusted to obtain balanced intensities
of MALDI-TOF MS signals. Finally, three panels, which
included 19, 14, and 3 primers per reaction for detection
of 21, 16 (with 7 repeated tests), and 3 (as confirmation)
HBB mutations, respectively, were obtained as Panel 1
and Panel 2 for multiplex SBE and Panel 3 for multiplex
VSET assay (Table 2).

Multiplex SBE reaction (Panels 1 and 2) was performed
in a 20-�l volume containing 5 �l of ExoSAP-IT treated

Figure 1. Schematic diagram of HBB gene showing distribution of 30 HBB mutations of interest and positions of tetraplex PCR products.
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Table 2. Expected Molecular Mass of Extension Primers and Products of Multiplex Single-Base Extension (SBE) and Very Short
Extension (VSET) Assay Employed for Detection of HBB Mutations

Primer
No

Mutation site in
HBB gene Primer sequence

Primer
strand

Primer
conc.

(nmol/L)
Primer

mass (Da)

Normal
product

mass (Da)

Mutant
product

mass (Da)
Mass

difference

Panel 1: Multiplex SBE–for detection of 21 HBB mutations (using 19 extension primers)
1.1 c.19G�A (Hb C) 5�-GCATCTGACTCCT-3� Sense 425 3885.6 �ddG �

4198.8
�ddA �

4182.8
�16

1.2 c.20A�T (Hb S) 5�-CCGGCAGACTTCTCC-3� Antisense 200 4489.0 �ddT �
4777.2

�ddA �
4786.2

�9

c.20A�C (Hb G
Makassar)

�ddG �
4802.2

�25

1.3 c.216_217insA 5�-TGCTCGGTGCCTTTA-3� Sense 300 4550.0 �ddG �
4863.2

�ddA �
4847.2

�16

1.4 c.410G�A (Hb
Hope)

5�-GAGGGCATTAGCCACA-3� Antisense 150 4915.3 �ddC �
5188.5

�ddT �
5203.5

�15

1.5 c.79G�A (Hb E) 5�-CCACCTGCCCAGGGCCT-3� Antisense 100 5092.3 �ddC �
5365.6

�ddT �
5380.5

�15

1.6 c.52A�T 5�-GTACTGCGCTGTGGGGC-3� Sense 385 5258.4 �ddA �
5555.6

�ddT �
5546.6

�9

1.7 c.-78A�G 5�-ATGGCTCTGCCCTGACTT-3� Antisense 225 5441.6 �ddT �
5729.8

�ddC �
5714.8

�15

1.8 c.170G�A (Hb
J-Bangkok)

5�-CTCCTGATGCTGTTATGG-3� Sense 175 5496.6 �ddG �
5809.8

�ddA �
5793.8

�16

1.9 c.59A�G (Hb
Malay)

5�-ACCACCAACTTCATCCACG-3� Antisense 100 5661.7 �ddT �
5949.9

�ddC �
5934.9

�15

1.10 c.-80T�C 5�-CATTAGCCAGGGCTGGGCA-3� Sense 150 5853.8 �ddT �
6142.0

�ddC �
6127.0

�15

1.11 c.441_442insAC
(Hb Tak)

5�-GCAAGAAAGCGAGCTTAGTG-3� Antisense 100 6215.1 �ddA �
6512.3

�ddT �
6503.3

�9

1.12 c.380T�G (Hb
Dhonburi)

5�-ACTTTCTGATAGGCAGCCTGC-3� Antisense 87.5 6397.2 �ddA �
6694.4

�ddC �
6670.4

�24

1.13 c.130G�T 5�-GGGACAGATCCCCAAAGGACT-3� Antisense 150 6449.0 �ddC �
6722.2

�ddA �
6746.2

�24

1.14 c.2T�G 5�-ACTAGCAACCTCAAACAGACACCA-3� Sense 150 7252.8 �ddT �
7541.0

�ddG �
7566.0

�25

1.15 c.251G�A (Hb
Pyrgos)

5�-TGGGTCACCTGGACAACCTCAAGG-3� Sense 125 7362.8 �ddG �
7676.0

�ddA �
7660.0

�16

1.16 c.316–197C�T 5�-ACAGTGATAATTTCTGGGTTAAGG-3� Sense 150 7446.9 �ddC �
7720.1

�ddT �
7735.1

�15

1.17 c.126delC 5�-GTTGCGTACCCTTGGACCCAGAGGTT-3� Sense 350 7978.2 �ddC �
8251.4

�ddT �
8266.4

�15

c.124_127delTTCT �ddG �
8291.4

�40

1.18 c.364G�C (Hb D
Punjab)

5�-CTCTCTCCTCGCCCATCACTTTGGCAAA-3� Sense 450 8395.5 �ddG �
8708.7

�ddC �
8668.7

�40

1.19 c.92 � 5G�C 5�-TCCTTAAACCTGTCTTGTAACCTTGATA-3� Antisense 225 8488.6 �ddC �
8761.8

�ddG �
8801.8

�40

Panel 2: Multiplex SBE–for detection of 16 HBB mutations (using 14 extension primers)
2.1 c.19G�A (Hb C) 5�-GCATCTGACTCCT-3� Sense 425 3885.6 �ddG �

4198.8
�ddA �

4182.8
�16

2.2 c.52A�T 5�-ATCCACGTTCACCT-3� Antisense 385 4158.8 �ddT �
4447.0

�ddA �
4456.0

�9

2.3 c.20A�T (Hb S) 5�-CCGGCAGACTTCTCC-3� Antisense 140 4489.0 �ddT �
4777.2

�ddA �
4786.2

�9

c.20A�C (Hb G
Makassar)

�ddG �
4802.2

�25

2.4 c.27_28insG 5�-GCTCCTGAGGAGAAG-3� Sense 250 4642.1 �ddT �
4930.3

�ddG �
4955.3

�25

2.5 c.126delC 5�-CCTTGGACCCAGAGGTT-3� Sense 125 5186.4 �ddC �
5460.0

�ddT �
5475.0

�15

c.124_127delTTCT �ddG �
5500.0

�40

2.6 c.108C�A 5�-AGGCTGCTGGTGGTCTA-3� Sense 125 5257.5 �ddC �
5530.7

�ddA �
5554.7

�24

2.7 c.441_442insAC
(Hb Tak)

5�-GAGAAAGCGAGCTTAGTG-3� Antisense 75 5612.7 �ddA �
5909.9

�ddT �
5900.9

�9

2.8 c.46delT 5�-CATTGCCGTTACTGCCCTG-3� Sense 125 5730.7 �ddT �
6018.9

�ddG �
6043.9

�25

2.9 c.�81A�G 5�-GGCAGGAGCCAGGGCTGGGC-3� Sense 125 6249.1 �ddA �
6546.3

�ddG �
6562.3

�16

2.10 c.84_85insC 5�-GATGAAGTTGGTGGTGAGGCCC-3� Sense 150 6871.5 �ddT �
7159.7

�ddC �
7144.7

�15

2.11 c.�137C�A 5�-AGACCTCACCCTGTGGAGCCACAC-3� Sense 100 7267.8 �ddC �
7541.0

�ddA �
7565.0

�24

(Continued)
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PCR product, 75 to 450 nmol/L extension primers (Table
2), 50 �mol/L ddNTP (Amersham Biosciences UK Ltd,
Buckinghamshire, UK), 1 �l of Thermo Sequenase buffer,
and 1 U of Thermo Sequenase DNA polymerase (Amer-
sham Biosciences UK Ltd). For multiplex VSET reaction
(Panel 3), the 20-�l reaction volume contained 5 �l of
ExoSAP-IT treated PCR product, 100 to 375 nmol/L of
extension primers (Table 2), 50 �mol/L each of ddATP,
ddCTP, ddGTP, and dTTP (instead of ddTTP), 1 �l of
Thermo Sequenase buffer, and 1 U of Thermo Seque-
nase DNA polymerase.

Thermal cycling for all PE reactions was performed in a
GeneAmp PCR System 2400, consisting of an initial de-
naturation at 96°C for 1 minute, followed by 90 cycles of
touch-down protocol using the same denaturation step at
96°C for 15 seconds and extension step at 60°C for 60
seconds in every cycle, but the annealing temperature for
15 seconds was reduced from starting 60°C to 42°C in
2°C decrement every two cycles. Annealing temperature
of 42°C was then maintained for the subsequent 72
cycles.

Sample Preparation and MALDI-TOF MS
Analysis

PE products (20 �l) were purified using 5 �l of magnetic
beads (GenoPure) according to manufacturer’s instruc-
tions (Bruker Daltonics GmbH, Bremen, Germany) to ob-
tain single-stranded oligonucleotide products.

For preparation of matrix solution, a saturated solution
of 3-hydroxypicolinic acid in 50% acetonitrile was mixed
with 50 mmol/L di-ammonium hydrogen citrate at a 1:1
ratio (v/v). A 0.5 �l aliquot of matrix solution was spotted
onto an AnchorChip target plate (Bruker–Daltonics) and
dried at room temperature. Subsequently, a 0.5 �l aliquot
of purified PE sample was applied on top of the dried
matrix and dried at room temperature. Mass spectra were
recorded in a linear Bruker reflex V delayed extraction
MALDI-TOF mass spectrometer (Bruker Daltonics), using

negative ion and linear mode. External calibration was
performed using a standard oligonucleotide mixture (0.25
pmol/�L of Oligo 12 mer, average m/z � 3646.4; 1.25
pmol/�L of Oligo 20 mer, average m/z � 6118.0; and 5
pmol/�L Oligo 30 mer, average m/z � 9192.0). Data were
analyzed using Flex Analysis software (Bruker Daltonics).

Genotype Determination

Genotype was manually assigned for each mutation
based on mass difference between primer and extension
peaks of the MALDI spectra by determining signal ratio of
specific to nonspecific PE reaction products.

Results

Design of Extension Primer Sets

The extension primers were designed specifically for
each of the 30 HBB mutations by dividing into two multi-
plex-SBE panels (Table 2). Very close proximity to each
other in some of the 30 HBB mutations made it difficult to
design extension primers that were interference-free.
Base positions where there might be mismatches due to
the presence of other closely located HBB mutations are
shown in bold italics in Table 2.

Panel 1 multiplex SBE was designed to detect a total of
21 HBB mutations using 19 extension primers (two were
shared by two variant sites). Detectable HBB mutations
included ten common and two rare mutation types, as
well as nine abnormal Hb variants (as classified in Table
1). Data obtained from Siriraj-Thalassemia Program
Project, Faculty of Medicine Siriraj Hospital, Mahidol Uni-
versity during 2003–2004, have revealed that the eight
most common HBB mutations account for about 90% of
mutant alleles in the Thai population, namely, c.79G�A
(Hb E), c.124_127delTTCT, c.52A�T, c.�78A�G,
c.316�197C�T, c.92 � 5G�C, c.59A�G (Hb Malay),

Table 2. (Continued)

Primer
No

Mutation site in
HBB gene Primer sequence

Primer
strand

Primer
conc.

(nmol/L)
Primer

mass (Da)

Normal
product

mass (Da)

Mutant
product

mass (Da)
Mass

difference

2.12 c.370_377del
ACCCCACC

5�-ACTTTCTGATAGGCAGCCTGCACTG-3� Antisense 150 7633.0 �ddG �
7946.2

�ddA �
7930.2

�16

2.13 c.92 � 1G�T 5�-CTCCTGTCTTGTAACCTTGATACCAA-3� Antisense 125 7856.2 �ddC �
8129.4

�ddA �
8153.4

�24

2.14 c.5T�C (Hb
Raleigh)

5�-ACTAGCAACCTCAAACAGACACCATGG-3� Sense 200 8215.4 �ddT �
8503.6

�ddC �
8488.6

�15

Panel 3: Multiplex VSET–for confirmation of three HBB mutations (using three extension primers)
3.1 c.20A�T (Hb S) 5�-TGCATCTGACTCCTG-3� Sense 150 4519 �ddA �

4816.2
�dT �

ddG �
5136.4

320.2

3.2 c.52A�T 5�-GTACTGCGCTGTGGGGC-3� Sense 375 5258.4 �ddA �
5555.6

�dT �
ddA �
5859.8

303.8

3.3 c.441_442insAC
(Hb Tak)

5�-GCAAGAAAGCGAGCTTAGTG-3� Antisense 100 6215.1 �ddA �
6512.3

�dT �
ddG �
6832.5

320.2

Bold bases are modifications for mass adjustment.
Underlined-bold bases are modifications for removal of self-complementary or hairpin formation.
Italic-bold bases are positions where there may be mismatches of bases due to the presence of other closely-located HBB mutations or SNPs.
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and c.216_217insA (Table 1). Thus Panel 1 multiplex SBE
was capable of detecting 95% of mutant HBB alleles in
Thailand.

Panel 2 multiplex SBE, using 14 extension primers,
was designed to detect 16 HBB mutations. Nine variants
other than those in Panel 1 could be detected in Panel 2,
including three common mutations, one abnormal Hb
variant, and five rare mutations (as classified in Table 1).
The three common variants (c.�81A�G, c.92 � 1G�T,
and c.108C�A) were grouped into this panel to avoid
incompatibility with their closely located mutations in
Panel 1. Seven mutations in Panel 1 were also detected in
Panel 2 as confirmatory tests, namely, those having 9-Da
mass difference between wild-type and mutant alleles
causing difficulty in interpretation (c.20A�T, c.52A�T,
and c.441_442insAC); the smallest mass allele yielding
poor signal (c.19G�A); the second most frequent variant
in Thais (c.124_127delTTCT) and its extension-primer
sharing variant (c.126delC); as well as the one (c.20A�C)
coupled with c.20A�T.

In Panel 3, instead of multiplex SBE, multiplex VSET
was established as an optional procedure for resolving
ambiguous results obtained from the three HBB muta-
tions, namely, c.20A�T, c.52A�T, and c.441_442insAC,
having 9-Da mass differences found in the first two
panels.

Optimization of the Three Multiplex PE
Reactions

To evaluate the minisequencing performance of the ex-
tension primer for each HBB mutation before incorporat-
ing it into the multiplex SBE set, each primer was individ-
ually used in a single-plex SBE reaction and the result

was analyzed by MALDI-TOF MS. Using various different
combinations of extension primers, successful set of 19-
plex and 14-plex reaction was obtained for multiplex
Panels 1 and 2 respectively. Optimal PE conditions were
further tested by varying the amounts of extension prim-
ers to adjust the signal balance of MALDI-TOF MS peaks
in the same multiplex set and by adjusting thermal pro-
files of PE reactions to obtain the highest yields of every
possible extension products.

To reduce the possibility of primer interactions in the
multiplex SBE panels, as well as interference of unex-
tended primers in MALDI-TOF MS analysis, an optimized
minimum concentration of each extension primer was
used. However, this could still yield very high signal-to-
noise ratio of mass spectra. An optimal thermal cycling
profile was achieved by the use of a modified touchdown
thermal-cycling minisequencing, with an initial annealing
temperature at 60°C followed by gradual reduction to
42°C. With amplification of up to 90 cycles, more primers
were consumed, resulting in higher product yields and
lower peak intensities of the primers. As a result, more
extension products could be clearly determined.

Genopure magnetic bead separation kit for purification
of oligonucleotides was used to purify PE products. Good
peak intensity of ionization, high signal-to-noise ratio, and
negligible salt-adduct peaks were observed from the
purified PE products.

Standardization of Multiplex SBE and VSET

Multiplex SBE, optimized for Panels 1 and 2, was used for
genotyping of a normal control and heterozygotes (single
and compound) carrying 30 HBB mutations (Figure 2 and
Table 1). Mass differences between each pair of wild-

Figure 2. Mass spectra of HBB mutations detected by Panel 1 and Panel 2 multiplex SBE. Representative mass spectra obtained from 21 heterozygous HBB
mutation sites detected by Panel 1 multiplex SBE (1.1–1.21) and 16 by Panel 2 (2.1–2.16) are shown. Genotype of the extension product is indicated above
each peak and mass value is in parentheses. Wt � wild-type.
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type and mutant allele of 9, 15, 16, 24, 25, and 40 Da
could be clearly distinguished by MALDI-TOF MS, except
for the 9-Da difference between A and T of c.20A�T,
c.52A�T, and c.441_442insAC, which appeared as
broad peaks (Figure 2: 1.2, 1.7, and 1.12). Mass spectra
of the extended products plus residual primers in Panels
1 and 2 multiplex SBE of representative samples are
shown in Figure 3, A–D. Inclusion in both multiplex SBE
panels of the three mutations producing a 9-Da differ-
ence allowed confirmation of the results. In cases where
there were high quality PCR and clean PE products, the
three mutations could be unequivocally genotyped, and
where inconclusive signals were obtained, Panel 3 mul-
tiplex VSET was performed to obtain the correct geno-
typing (Figure 4, A–D).

For discrimination of homozygotes from heterozygotes,
we evaluated the performance of Panels 1 and 2 multi-
plex SBEs using nine (available) homozygous HBB mu-
tations (Table 3). For Panel 1 multiplex SBE, eight ho-
mozygotes could be genotyped, giving the expected
results. Five homozygotes, c.124_127delTTCT, c.52A�T,
c.�81A�G, c.19G�A, and c.20A�T, could also be
genotyped accurately by Panel 2 multiplex SBE. More-

over, Panel 3 multiplex VSET correctly identified homozy-
gotes of c.52A�T and c.20A�T.

However, due to the crowded features of the 30 HBB
mutations, interferences or interactions among various
HBB alleles and extension primers are of concern. Ob-
servations that need to be taken into account for screen-
ing unknown samples with the three Panels are listed
in Table 4. For example, in Panel 1, homozygous
c.�81A�G (which is not within the detection scope of
Panel 1) results in the loss of detection of c.�80T�C
because c.�81A�G is located at the 3� end of an exten-
sion primer for c.�80T�C, leading to a strong mismatch
between primer and template.

Homozygous c.79G�A (Hb E) was also evaluated in
Panel 2 multiplex SBE. This mutation site is located at the
seventh base from the 3� end of the c.84_85insC primer
and has no effect on primer binding (Figure 5). Thus,
similar results could be expected in Panel 1 multiplex
SBE for the case of homozygous c.46delT and homozy-
gous c.84_85insC when the effect on the binding of
primer for c.52A�T and c.79G�A is considered respec-
tively, as the mutation sites are at the sixth base from the
3� end of both primers. However, the presence of base

Figure 3. Mass spectra of 19-plex minisequencing reaction for genotyping of 21 HBB mutation sites in Panel 1 multiplex SBE and 14-plex minisequencing
reaction for 16 HBBmutations in Panel 2 multiplex SBE. Panel 1 multiplex SBE: (A) c.79G�A � c.126delC (compound heterozygous) and (B) c.124_127delTTCT
heterozygous. Panel 2 multiplex SBE: (C) c.124_127delTTCT heterozygous and (D) c.92 � 1G�T heterozygous. Genotype of extension product is indicated above
each peak and mass value is in parentheses. Peaks labeled “Primer” indicate residual extension primers. Magnified views of heterozygote peaks are indicated by
arrows and shown in insets.

340 Thongnoppakhun et al
JMD July 2009, Vol. 11, No. 4



mismatch at the third position from 3� end of an extension
primer may inhibit PE reaction, as in the case of homozy-
gous c.2T�G detected by c.5T�C primer in Panel 2
multiplex SBE (Figure 5).

Primers used for Panel 3 multiplex VSET could detect
c.20A�T, c.52A�T, and c.441_442insAC mutations. The
primer for detecting c.20A�T could also pick up
c.20A�C mutation. However, it was observed that het-
erozygous c.20A�C gave no expected signal of mass
4792 Da from the mutant C allele (as SBE, not VSET). This
may have been caused by a preferential incorporation of
ddA for the wild-type allele (mass � 4816.2 Da) over that

of the mutant and/or by poor ionization/desorption of
oligonucleotide molecules of this mutant allele.

Validation of Multiplex SBE and VSET in
Thalassemia Samples

One hundred and sixty-two randomly selected thalasse-
mia subjects whose HBB mutations had previously been
genotyped by DGGE, restriction fragment length poly-
morphism, and/or DNA sequencing were used to validate
the technique. Samples consisted of 120 heterozygous
healthy carriers having 15 different HBB mutations, and
42 patients (eight homozygotes and 34 compound het-
erozygotes) having two homozygous and 10 different
compound heterozygous HBB mutations (Table 5). Every
sample identified using a combination of Panels 1 � 2
(104 samples) or Panels 1 � 2 � 3 (29 samples) consis-
tently demonstrated the expected genotype. Moreover,
10 samples determined by PE MALDI-TOF MS were
shown to have been misidentified by conventional meth-
ods. For example, c.79G�A (Hb E) was frequently dis-
covered in samples that previously had not been de-
tected by DGGE.

Discussion

We have developed a multiplex-PE method for genotyp-
ing using MALDI-TOF MS, based on mass difference
between wild-type and mutant alleles generated by an
addition of a single base. Using optimized minimum
primer concentrations, a touchdown thermal cycling pro-
tocol, and only two multiplex panels, the method enabled
efficient genotyping of 30 commonly found HBB muta-
tions specific to the Thai population. The procedure was
validated by correctly genotyping 162 thalassemia sam-
ples previously identified using conventional techniques
of DGGE, restriction fragment length polymorphism,
and/or direct DNA sequencing.

Due to the close proximity of the 30 mutation sites,
primers used in genotyping HBB mutations were chosen
so as to avoid false priming, self annealing, and primer-
dimer artifact, genotyping errors that could arise in neg-
ative controls. Presence of any additional SNP sites in the
extension primer sequence itself is an important factor
when genotyping homozygous samples carrying such
SNP sites as shown in Table 4. Other critical parameters

Figure 4. Mass spectra of 3-plex primer-extension reaction for genotyping in
Panel 3 multiplex VSET: (A) normal, (B) c.20A�T heterozygote, (C) c.52A�T
heterozygote, and (D) c.441_442insAC heterozygote. Genotype of extension
product is indicated above each peak and mass value is in parentheses. Peaks
labeled “Primer” indicate residual extension primers.

Table 3. HBB Genotypes Tested

Status of subject with known HBB genotype

Single heterozygous (trait) Compound heterozygous Homozygous

c.�137C�A c.27_28insG c.124_127delTTCT c.126delC � c.79G�A c.�81A�G
c.�81A�G c.46delT c.130G�T c.251G�A � c.79G�A c.�78A�G
c.�78A�G c.52A�T c.170G�A c.410G�A � c.79G�A c.19G�A
c.�80T�C c.59A�G c.216_217insA c.20A�T
c.2T�G c.79G�A c.316�197C�T c.52A�T
c.5T�C c.84_85insC c.364G�C c.59A�G
c.19G�A c.92 � 1G�T c.370_377delACCCCACC c.79G�A
c.20A�T c.92 � 5G�C c.380T�G c.92 � 5G�C
c.20A�C c.108C�A c.441_442insAC c.124_127delTTCT
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determining success of multiplex-minisequencing proto-
cols include high quantity and quality of amplicons, as
well as high quality purified primers with appropriate
sequences, mass ranges (about 4000 to 9000 Da) and

thermal profiles.29 In this study, optimization of primer
extension reaction was achieved by varying combina-
tions of extension primers taking into account priority of
HBB-mutation types and ensuring compatibility of all

Table 4. Allelic Loss Observed in Multiplex Panel

Multiplex panel
tested

Homozygous DNA sample
tested

Observed allelic
loss (of either

allele)
Cause Solution

Panel 1 c.�81A�G (detectable by
Panel 2)

c.�80T�C Homozygous c.�81A�G
causes a strong mismatch
at the 3� end of an
extension primer for
c.�80T�C

DNA sequencing focusing
on c.�80T�C

Panel 2 c.19G�A (Hb C) and
c.20A�T (Hb S)
(detectable by both
Panels 1 and 2)

c.27_28insG Homozygous c.19G�A and
c.20A�T result in a
mismatched site at the 9th

and 8th base respectively
from 3� end of primer for
c.27_28insG whose length
is only 14 bases. The
primer is furthermore at a
disadvantage in
competition for the same
template region with the
other two for c.19 and
c.20

DNA sequencing focusing
on c.27_28insG or
rechecking it by
exclusion of primers for
c.19G�A and c.20A�T
from Panel 2

c.92 � 5G�C (detectable
by Panel 1)

c.92 � 1G�T Homozygous c.92 � 5G�C
has a base mismatch at
the 4th base from 3� end
of a primer for c.92 �
1G�T

DNA sequencing focusing
on c.92 � 1G�T

Panel 3 c.19G�A (Hb C)
(detectable by both
Panels 1 and 2)

c.20A�T (Hb S) Homozygous c.19G�A has
a mismatch at 3� end of
extension primer for
c.20A�T (only in this
panel)

c.20A�T (Hb S) can be
detected in Panel 1 and
2 without this
interference (different
primer is used)

Figure 5. Mismatched bases generated by extension primers used in multiplex SBE reaction and by homozygous alleles of HBB mutations. Mismatched positions near
the 3� end are likely to cause allelic loss in multiplex SBE reaction, whereas those at sixth or seventh position are not. Mismatched bases are indicated in bold and italics in box.
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primers in the set, as well as uniqueness of individual
masses. The optimized minimum concentration of prim-
ers used in the minisequencing reactions yielded a high
signal-to-noise ratio, resulting in easier identification of the
extended products. As excess primers can dimerize to form
false peaks in the mass spectrum and can compete for the
ion current, thereby reducing detection sensitivity of
MALDI-TOF MS for the DNA fragments of interest,30 a
modified touchdown minisequencing thermal-cycling
program with a high cycle number of up to 90 cycles
yielded sufficient products for subsequent MS detection,
as previously demonstrated by Meyer et al.31

As shown in Figure 2, unequal signal intensities for
heterozygous alleles are frequently observed in this
study. Such uneven extension signals could be caused
by differences in SBE efficiency due to preferential incor-
poration of one ddNTP over another, as well as by com-
petitive ionization and desorption of oligonucleotide mol-
ecules in multiplex reactions. This phenomenon is
acceptable unless the signals from both alleles are more
than 10 times different and the low signal no longer
satisfies the signal-to-noise criterion for genotype deter-
mination.32 Although low concentrations of primers were
used, some primer signals still masked extension signals.
Extension products of c.52A�T (either A or T) sometimes
exhibited very low or no peak intensity. However, if a
peak absence was observed in DNA samples whose

genotypes could be assigned by the other two mutant
alleles (in cases of homozygote or compound heterozy-
gote), it could be ignored. Alternatively, problematic sam-
ples should be specifically rechecked by improving ev-
ery step including multiplex-PCR amplification, primer
extension, and purification, as well as sample preparation
and MALDI-TOF MS analysis. If a repeat test still failed in
one panel, the remaining panel could provide a back-up
analysis for this mutation (viz. c.52A�T). Thus, false-
negative results were not obtained from our protocol,
resulting in 100% sensitivity.

In general, DNA analysis by MALDI-TOF MS is consid-
ered more complicated than protein analysis. Larger
DNA fragments can give less intense and broader sig-
nals due to DNA instability or fragmentation (mainly de-
purination), contributing to the effect of a more complex
isotope distribution of the poor mass spectrum.25 Higher
sensitivity, resolution, and accuracy of the MALDI mass
spectrum can only be achieved by using an appropriate
TOF instrumental configuration.33 Linear-mode MALDI-
TOF MS analysis, although unable to resolve isotopic
peaks of parent and fragment ions, was used in our study
to reduce fragmentation and to enhance signals from
DNA molecules of mass larger than 3000 Da. Discrimi-
nation of monoisotopic ions of 1-Da mass difference, as
obtained from the reflectron mode, cannot be seen in the
linear mode, but only average masses were shown as a

Table 5. Blinded Validation Analysis of Multiplex PE Panels Coupled with MALDI-TOF MS in 162 Randomly Selected Samples
Carrying HBB Mutations Previously Genotyped by Conventional Methods

HBB mutation

Number of samples tested by PE panel that gave 100% concordant results compared with
conventional methods

Panel 1
alone

Panel 2
Alone

Panel 3
alone

Panel 1 � 2
(in same sample) Panel 1 � 2 �3 (in same sample)

Homozygous mutation (2 types, 8 samples)
c.�78A�G 2 1 — 1 —
c.79G�A 6 6 — 5 —

Compound heterozygous mutation (10 types, 34 samples)
c.�81A�G/c.79G�A 1 2 — 1 —
c.�78A�G/c.59A�G 1 1 — 1 —
c.�78A�G/c.79G�A 2 2 — 2 —
c.52A�T/c.79G�A 5 10 8 5 5
c.59A�G/c.79G�A 1 1 — 1 —
c.92 � 1G�T/c.79G�A 2 4 — 2 —
c.124_127delTTCT/c.79G�A 4 8 — 4 —
c.364G�C/c.79G�A 1 2 — 1 —
c.441_442insAC/c.79G�A 1 2 2 1 1
c.216_217insA/c.441_442insAC 1 2 2 1 1

Heterozygous mutation (15 types, 120 samples)
c.�81A�G 1 1 — 1 —
c.�78A�G 10 9 — 8 —
c.2T�G 2 1 — 1 —
c.19G�A 2 1 1 1 1
c.52A�T 26 27 36 19 19
c.59A�G 5 2 — 2 —
c.79G�A 3 1 — 1 —
c.92 � 1G�T 3 4 — 3 —
c.92 � 5G�C 3 1 — 1 —
c.124_127delTTCT 33 35 — 27 —
c.216_217insA 3 3 — 3 —
c.316�197C�T 8 7 — 7 —
c.370_377delACCCCACC 1 1 — 1 —
c.410G�A 2 2 — 2 —
c.441_442insAC 3 4 5 2 2

Total 132 140 54 104 29

HBB Genotyping Using MALDI-TOF MS 343
JMD July 2009, Vol. 11, No. 4



continuous single peak of each SBE allele due to the
aggregation of ions of the individual isotopes, thereby
generating the overlapping mass spectral peaks. This
can lead to a high background and may result in false
positives in those cases with low signal-to-noise spectra.
In fact, only a potential false-positive result was gener-
ated by a Na� salt adduct (21.98 Da) in the product of
c.46delT wild-type allele (6019 Da), giving rise to a
6041-Da peak close to 6044 Da of the mutant allele.
However, mutation c.46delT is rare, and when it is
present, the mutant peak was always about twice that of
the wild-type peak (see Figure 2, 2.10). Nevertheless, a
mass difference of 25 Da in the mutant case should allow
discrimination from the 22-Da difference of the salt
adduct.

The c.79G�A (Hb E) mutation is often missed when
the DGGE technique is used, as heteroduplex DNA spe-
cies formed have very similar mobility in the gel. How-
ever, the PE reaction coupled with MALDI-TOF can
readily discriminate such alleles based on differences in
mass of the extended products.

Any individual DNA sample requested for HBB geno-
typing (regardless of relevant clinical information) should
be screened first by Panel 1 multiplex SBE, which covers
95% of mutant HBB alleles in the Thai population (cost/
mutation of $0.58). Panel 2 multiplex SBE, which detects
an additional 4.5% of the mutations, should be performed
on samples not identified by Panel 1. Panel 3 multiplex
VSET is used only to confirm the results of three muta-
tions, c.20A�T, c.52A�T, and c.441_442insAC, which
constitute approximately 15% of Thai mutant HBB alleles.
Even based on the use of up to three multiplex panels,
unit cost of the protocol for detection of all 30 HBB
mutations is $0.78 per genotype determination (average
cost $0.69), while that using a combination of three con-
ventional methods is $3.15. The major cost of MALDI-TOF
genotyping is that for Thermo Sequenase DNA polymer-
ase used in PE reactions. Other contributions to the cost
include the purification steps using ExoSAP-IT and Geno-
pure kit, as well as MALDI-TOF MS analysis. To reduce
reagent costs further, the reaction volume for primer ex-

tension can be reduced to 10 �l, allowing the subsequent
purification step to use only one half of the original pro-
tocol volume. A comparison of the costs involved in
MALDI-TOF genotyping methods in this study and other
conventional methods is summarized in Table 6. These
estimates include only reagent costs. The costs of all
plastic wares, consumables, and personnel were as-
sumed to be similar for all of the methods. Nonetheless,
the high levels of multiplexing and automation of MALDI-
TOF genotyping likely should reduce personnel costs below
those of other methods. Instruments can be amortized over
a large number of tests for a rather long period of time, and
thus the costs can be assumed to be negligible.

Increasingly multiplex PE combined with MALDI-TOF
MS has been applied to genotype mutations or SNPs in
variety of genes.19,22–24,32,34,35 Solid phase capturable
ddNTPs in SBE have been developed using biotinylated
ddNTPs to generate 3�-biotinylated extension DNA prod-
ucts, which then are purified by streptavidin-coated mag-
netic beads before analysis by MS.27 This solid phase
capturable-SBE method has been applied for simulta-
neous genotyping of 17 Y-chromosome SNPs,36 detec-
tion of 30 point mutations in p53 in a single tube,37 and for
concurrent analysis of 40 SNPs of CYP2C9 and 50 SNPs
of CYP2A13 genes.38 However, the cost-effectiveness of
this approach has not been evaluated. The method de-
veloped in this study employs unmodified oligonuclotide
primers, allowing the use of standard magnetic beads in
the purification step, and thereby substantially reducing
the unit cost when compared with that of the solid phase
capturable-SBE procedure.

In conclusion, a reliable multiplex system for simulta-
neously genotyping 21 (using Panel 1 protocol) and 16
(Panel 2 protocol) HBB mutations involving 2 PE reac-
tions and subsequent MALDI-TOF MS analysis has been
successfully developed. The 9-Da mass difference be-
tween wild-type and mutant allele in 3 HBB mutations
could be unambiguously confirmed using an additional
PE set (Panel 3 protocol). Purification of PE products by a
magnetic bead DNA purification system resulted in high
quality MALDI-TOF MS spectra. Data analysis was a

Table 6. Cost Comparison between MALDI-TOF Genotyping and Conventional Methods Used for HBB Genotyping in this Study

MALDI-TOF genotyping Conventional method

1 Panel 2 Panels 3 Panels DGGE RFLP DNA Sequencing

Number of detectable
mutations

21 30 30* 18 1 (Hb E) 11†

Percent total HBB alleles
in Thai population

95% 99.5% 99.5*% 65% 30% 4.5%

Analysis time (h) 22 22 22 17 22 14
Reagent cost ($)

DNA preparation 5.00 5.00 5.00 5.00 5.00 5.00
PCR 1.25 1.25 1.25 7.50 (1.25 � 6) 1.25 7.50 (1.25 � 6)
Post-PCR 3.75 7.50 11.25 � 0.75 52.50
Analysis step 2.00 4.00 6.00 2.50 � 7.50
Total cost 12.00 17.80 23.50 15.00 7.00 72.50

Cost ($) per mutation 0.57 0.59 0.78 0.83 7.00 6.60
Average for 30 mutations � 0.69 Average for 30 mutations � 3.15

*Optional for specific confirmation of c.20A�T (Hb S), c.52A�T, and c.441_442insAC.
†HBB mutations requiring DNA sequencing analysis are c.�137C�A, c.2T�G, c.5T�C (Hb Raleigh), c.19G�A (Hb C), c.20A�T (Hb S), c.20A�C

(Hb G Makassar), c.46delT, C.251G�A (Hb Pyrgos), c.364G�C (Hb D Punjab), c.380T�G (Hb Dhonburi), and c.410G�A (Hb Hope).
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bottleneck for high-throughput genotyping using the cur-
rent method, due to the high level of multiplexing. Soft-
ware for automatic allele identification should be devel-
oped to calibrate each mass spectrum using extension
primers in each reaction as internal references and to
identify genotypes based on mass differences between
primer and extension peaks. Nevertheless, this fast, ac-
curate, and flexible multiplex genotyping system should
prove useful for rapid and inexpensive screening of
�-thalassemia carriers and patients, as well as for prena-
tal diagnosis and molecular screening of the Thai popu-
lation harboring high frequencies of mutant HBB alleles.
This approach also could be used as a model in the
development of rapid and accurate genotyping of com-
mon point mutations in single-gene defects or of SNPs as
markers in multigenic disorders, and for identification of
potential markers for clinical diagnosis, monitoring and
prognosis.
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Hematological abnormalities in patients with distal renal
tubular acidosis and hemoglobinopathies

Sookkasem Khositseth,1 Apiwan Sirikanaerat,2 Siri Khoprasert,3 Sauwalak Opastirakul,4

Pornchai Kingwatanakul,5 Wanna Thongnoppakhun,6 and Pa-thai Yenchitsomanus7*

Mutations of the human SLC4A1 gene encoding erythroid and kidney isoforms of anion exchanger 1 (AE1,
band 3) result in erythrocyte abnormalities or distal renal tubular acidosis (dRTA) and such mutations are
observed in Southeast Asia, where hemoglobinopathies are prevalent. Genetic and hematological studies in
18 Thai patients with dRTA have shown that 12 of them (67%) carried SLC4A1 mutations (7 G701D/G701D, 3
SAO/G701D, and 2 G701D/A858D). Of these 12 patients, three had homozygous G701D/G701D and heterozy-
gous Hb E; one compound heterozygous SAO/G701D and heterozygous aþ-thalassemia; and one com-
pound heterozygous G701D/A858D and heterozygous Hb E. Of 6 patients without SLC4A1 mutation, two
each carried heterozygous or homozygous Hb E and one of the latter also had Hb H disease (--SEA/-a4.2).
The blood smears of patients with homozygous G701D/G701D showed �25% ovalocytes. Strikingly, the
patients with coexistence of homozygous G701D/G701D and heterozygous Hb E had 58% ovalocytes. Simi-
larly, the patients who had compound heterozygous SAO/G701D showed 49% ovalocytes, but the patient
with coexistence of compound heterozygous SAO/G701D and heterozygous aþ-thalassemia had 70% ovalo-
cytes. Our previous study has shown that under metabolic acidosis, the patients with homozygous G701D/
G701D or compound heterozygous SAO/G701D had reticulocytosis, indicating compensated hemolysis. A
patient with compound heterozygous SAO/G701D and heterozygous aþ-thalassemia presented with hemo-
lytic anemia and hepatosplenomegaly which was alleviated by alkaline therapy. Taken together, the coexis-
tence of both homozygous or compound heterozygous SLC4A1 mutations and hemoglobinopathy has a
combined effect on red cell morphology and degree of hemolytic anemia, which is aggravated by acidosis.
Am. J. Hematol. 83:465–471, 2008. VVC 2008 Wiley-Liss, Inc.

Introduction
Human solute carrier family 4, anion exchanger, member

1 (SLC4A1) gene encodes both erythroid and kidney iso-
forms of anion (Cl2/HCO3

2) exchanger 1 (AE1) protein (see
Fig. 1) [1]. The erythroid AE1 (eAE1) isoform is present in
the red cell membrane while the kidney AE1 (kAE1) iso-
form is found at the basolateral membrane of the type A
(a) intercalated cells [2,3] of the renal collecting duct which
functions in anion (Cl2/HCO3

2) exchange and indirectly
involves in Hþ secretion at the apical membrane of these
cells. Thus, SLC4A1 mutations show pleiotrophic effects
resulting in two distinct disorders—erythrocyte abnormal-
ities and distal renal tubular acidosis (dRTA) [4].
eAE1 is the most abundant glycoprotein on the erythro-

cyte membrane, present as dimers or higher oligomers. In
addition to anion exchange function, it serves as an anchor
protein of the cytoskeleton network, binding to ankyrin, pro-
teins 4.1 and 4.2, and a number of cytoplasmic proteins
[5,6]. This binding is critical for maintenance of the bicon-
cave disc shape of red blood cells [7]. SLC4A1 mutations
account for �20% of hereditary spherocytosis (HS) and
almost all ovalocytosis in Southeast Asia [6,8]. HS is a com-
mon hereditary hemolytic anemia with the presence of
osmotically fragile spheroidal-shape erythrocytes and spleno-
megaly [9], whereas Southeast Asian ovalocytosis (SAO) is
a morphological abnormality of erythrocytes caused by a
mutational deletion of 27 base-pairs in codons 400 to 408 of
exon 11 of SLC4A1, resulting in an in-frame deletion of 9
amino acids at the junction between the cytoplasmic and first
transmembrane domains [10]. The SAO may confer a selec-
tive advantage by prevention of cerebral malaria [11].
A defect of kAE1 at the basolateral membrane of the a-

intercalated cell indirectly results in a failure of Hþ secretion
at the apical side of the membrane and an inability to estab-

lish a cell-to-lumen Hþ gradient [3], leading to dRTA.
SLC4A1 mutations can give rise to autosomal dominant
(AD) or autosomal recessive (AR) dRTA [12,13]. The latter
has been found especially in children in the Southeast Asian
populations [14–17]. In Thailand, several genotypes of
SLC4A1 mutations causing AR dRTA have been reported,
including the homozygous G701D/G701D mutation, and the
compound heterozygous SAO/G701D, SAO/R602H, G701D/
S773P, and G701D/A858D mutations [8,14,15,17,18].
Hemoglobinopathies are highly prevalent in Southeast

Asia [19]. They are a group of AR disorders characterized
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by either reduced synthesis of one or more normal globin
chains (thalassemias), synthesis of a structurally abnormal
globin chain (hemoglobin variants) or reduced synthesis of
a hemoglobin variant, e.g., Hb E [20]. Two main forms of
thalassemia, a- and b-thalassemia, are caused by muta-
tions of the a- and b-globin gene, respectively. In Thailand,
the prevalence of a0-thalassemia (or a-thalassemia 1) car-
rier is �3–4%, whereas that of aþ-thalassemia (or a-thalas-
semia 2) carrier is 20–30% [21]. Approximately 5% of Thais
are b-thalassemia carriers [22]. The gene frequencies of
Hb E (b26 Glu>Lys) among Thais are 1–32.7% [23].
Since both SLC4A1 and globin gene mutations are pres-

ent in the Thai population, it is possible that these two
mutations may coexist in some individuals, which could
potentially increase the severity of hematological abnormal-
ities. Indeed, Tanphaichitr et al. [14] have reported xerocytic
anemia in two Thai siblings with dRTA due to the homozy-
gous SLC4A1 G701D/G701D (band 3 Bangkok I) mutation
with the presence of homozygous Hb E. Recently, a rever-
sal to normal osmotic fragility test has been reported in a
patient with coexistence of heterozygous SAO and bþ-tha-
lassemia trait [24]. We have previously described the
results of SLC4A1 mutation analysis in a group of Thai pe-
diatric dRTA patients [8]. In the same article, we have
reported that the patients with SLC4A1 mutations pre-
sented with compensated hemolysis when they had meta-
bolic acidosis and a patient with compound heterozygous
SAO/G701D and heterozygous aþ-thalassemia exhibited a
severe hemolytic anemia which was alleviated by alkaline
therapy [8]. However, hematological abnormalities in this
group of patients with dRTA associated with SLC4A1 muta-
tions in the presence of hemoglobinopathies have not been
systematically studied and documented.
Herein, we performed hematological studies and have

described red cell morphological abnormalities in this group
of patients. The data show that all patients with SLC4A1
mutations had abnormal red cells, if only a degree of ovalo-
cytosis. In those without detectable SLC4A1 mutations,
hematological abnormalities were only present if there was
coexistent hemoglobinopathy such as thalassemia. If an-
other hematological abnormality (typically thalassemia) was
present in addition to an SLC4A1 mutation, the phenotype
was more marked than expected. We confirmed, in an
uncontrolled study, that hemolysis in these cases improves
when the acidosis is treated, irrespective of the cause of
the hemolysis and irrespective of whether an SLC4A1
mutation is present or not.

Results

Hematological findings and SLC4A1 mutations
The hematological findings and SLC4A1 mutations of 17

patients were previously reported [8]. One patient was
added to this study (Q:II-1, Table I). The domicile of each
patient is indicated in a map of Thailand (Fig. 2). Selected
hematological data after treating iron deficiency are shown
in Table I. Briefly, 6 patients had heterozygous Hb E (Hb
AE) and 2 patients had homozygous Hb E (Hb EE) (Table
I). No b-thalassemia was observed in this group of patients.
Mutational deletions of the a-globin gene indicating a-tha-
lassemia were detected in two patients (J:II-2 and Q:II-1).
One patient (J:II-2) carried a single a-globin gene deletion
(-a3.7/aa) compatible with heterozygous aþ-thalassemia [8]
and another patient (Q:II-1) carried both homozygous Hb E
(Hb EE) and compound heterozygous a-globin gene dele-
tions (--SEA/-a4.2), known as EFBart’s disease [25].
Twelve of 18 patients (67%) were found to carry SLC4A1

mutations: 7 were homozygous G701D/G701D, 3 com-
pound heterozygous SAO/G701D, and 2 compound hetero-
zygous G701D/A858D. Six patients (33%) had no SLC4A1
mutations (Table I).

Hematological manifestations of patients with dRTA
associated with SLC4A1 mutations and coexistence
of hemoglobin E or thalassemia
Of 7 patients with dRTA who had homozygous G701D/

G701D mutation, 4 (A:II-1, B:II-1, C:II-1, and D:II-1) had no
anemia and normal hemoglobin type (Hb AA2). Their pe-
ripheral blood smears showed �25% (range 5 21–27%) of
ovalocytes and rare xerocytes (Tables I and III, and Fig.
4A). Note that the ovalocytic cells in this and other geno-
types included the cells with stomatocytic appearance
which was less prominent. Another three patients in this
group (E:II-1, F:II-1, and G:II-1) had coexistence of hetero-
zygous Hb E (Hb E �28–30%) with normal hemoglobin
level but �58% (56–62%) ovalocytes, few elliptocytes, and
rare xerocytes in peripheral blood smears (Tables I and III,
and Fig. 4B).
Three patients (H:II-1, I:II-1, and J:II-1) with dRTA carried

compound heterozygous SAO/G701D mutations. Peripheral
blood smears of 2 patients (H:II-1 and I:II-1) who had Hb
AA2 showed �49% (46–52%) of ovalocytes, rare ellipto-
cytes, and pincered cells (Tables I and III, and Fig. 4C).
One patient (J:II-2) presented with hemolytic anemia (Hb
86 g/L) and hepatosplenomegaly with a serum ferritin of
107 mg/mL. His reticulocyte count was 7%, indicating he-
molytic anemia, and Hb type was Hb A 96%, Hb A2 3%
and Hb F 0.5%. Analysis of the a-globin gene demon-
strated a single a-globin gene deletion (-a3.7/aa) or hetero-
zygous aþ-thalassemia. After receiving adequate alkaline
therapy, he still had mild anemia (Hb 103 g/L) without hep-
atosplenomegaly (Table I and Fig. 3). His peripheral blood
smear showed 70% of ovalocytes (Table III and Fig. 4D).
Two sisters (K:II-1 and K:II-2) carried compound hetero-

zygous G701D/A858D mutations. Their hematological data
were shown previously [8]. Peripheral blood smears of
these two sisters (K:II-1 and K:II-2) contained 56% and
31% of ovalocytes, respectively, with rare xerocytes, pin-
cered cells, echinocytes, and acanthocytes (Tables I and
III, and Fig. 4E,F). K:II-1 who also carried heterozygous Hb
E had a greater number of ovalocytes.
Our previous work [8] has shown that during metabolic

acidosis, the patients with dRTA associated with the
SLC4A1 mutation had low hemoglobin levels and reticulo-
cytoses, indicating that they had compensated hemolysis.
Interestingly, after receiving adequate alkaline treatment,

Figure 1. The human SLC4A1 gene locates on chromosome 17 at the region
q21-22. This gene encodes AE1 protein in erythrocytes and a-intercalated cells of
the kidneys. Erythroid AE1 (eAE1) contains 911 amino acids while kidney AE1
(kAE1) lacks the first 65 amino acids that is present at the N-terminus of eAE1
due to an alternative transcription using the promoter in intron 3 and alternative
splicing using K1 exon to join with exon 4 and others in the mRNA transcript.
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their hemoglobin levels were increased and reticulocytoses
were abolished (Fig. 3).

Hematological manifestations of patients with dRTA
but no SLC4A1 mutation
Six patients with dRTA (L:II-3, M:II-2, N:II-1, O:II-2, P:II-1,

and Q:II-1) had no SLC4A1 mutation. Their selected hema-
tological data are shown in Table I. The patients with Hb
AA2 (L:II-3 and M:II-2) had normal blood smears (Fig. 5A)
whereas those with Hb AE (N:II-1 and O:II-2) had some tar-

get cells (8%) (Fig. 5B), and those with Hb EE (P:II-1) had
a greater proportion of target cells (26%) (Fig. 5C). One
patient (Q:II-1) had both Hb EE and Hb H disease due
to compound heterozygous a-globin gene deletions (2SEA/
-a4.2). Her hemoglobin type was Hb E (82.04%), Hb F
(1.90%), and Hb Bart’s (1.32%), compatible with EFBart’s
disease, and peripheral blood smear showed numerous tar-
get cells (49%) and schistocytes (27%) (Fig. 5D). Five of
these 6 patients (except for Q:II-1) had neither hemolytic
anemia nor reticulocytosis during acidosis. The patient with
EFBart’s disease (Q:II-1) who had normal ferritin level (106
ng/mL) was slightly anemic (Hb level 109 g/L) with the
presence of polychromasias and spherocytes in the blood
smear during metabolic acidosis, which resolved after alka-
line therapy.

Hematological manifestations of individuals
with heterozygous SLC4A1 mutations
The patients’ parents who were heterozygous for

SLC4A1 mutations had no clinical phenotype of dRTA. The
hematological data of some individuals are shown in Ta-
ble II. Three individuals (C:I-1, C:I-2, and J:I-2) with hetero-
zygous G701D and normal hemoglobin type (or with coex-
istence of heterozygous aþ-thalassemia) did not have ane-
mia. The peripheral blood smears of C:I-1 and C:I-2
showed normal red cells with few ovalocytes (2–4%)
(Tables II and III, and Fig. 6A), whereas those of J:I-2 who
also carried heterozygous aþ-thalassemia showed a greater
number of ovalocytes (17%) (Tables II and III, and Fig. 6B).
Two individuals (K:I-2 and B:I-1) with heterozygous G701D
and heterozygous Hb E (Hb AE) had decreased MCV and
15–16% of ovalocytes in their peripheral blood smears
(Tables II and III, and Fig. 6C). An individual (E:I-1) with
heterozygous G701D and homozygous Hb E (Hb EE) had
a low-normal hemoglobin level and microcytosis. His pe-
ripheral blood smear showed many ovalocytes (22%) and
target cells (7%) (Tables II and III, and Fig. 6D).

TABLE I. SLC4A1 Genotypes and Hematological Data of Patients with Distal Renal Tubular Acidosis

Patient

Sex/age

(year)

Hb

typing

SLC4A1

genotypes

Hb

(g/L)

Hct

(%)

MCV

(fL)

MCHC

(g/dL)

RDW

(%)

Retic

(%)

Normal

RBC (%)

Ovalocyte

(%)

Target

(%)

Others

(%)

A:II-1 M/1.5 A/A2 G701D/G701D 133 36.8 73 35.9 15 2.1 79 21 0 0

B:II-1 M/3.5 A/A2 G701D/G701D 153 43.3 86 35.4 11.4 2.1 74 24 0 1a, 1b

C:II-1 M/2.5 A/A2 G701D/G701D 126 37.5 82 33.6 14 3.0 71 27 0 1b, 1c

D:II-2 M/1.5 A/A2 G701D/G701D 140 39.0 80 36 12 1.3 74 26 0 0

E:II-1 M/3.5 A/E G701D/G701D 140 39.0 69 36.1 12.1 1.0 39 56 1 1a, 1c, 2d

F:II-1 M/8.5 A/E G701D/G701D 142 40.0 70 35 12.1 1.2 36 58 2 1a, 1b, 2d

G:II-1 M/4 A/E G701D/G701D 130 38.0 74 36.6 15 1.2 32 62 1 1b, 4d

H:II-1 M/1.5 A/A2 SAO/G701D 120 37.0 91 38.6 13.5 1.0 50 46 0 1a, 1b, 1c,1d

I:II-1 M/1.8 A/A2 SAO/G701D 112 36.7 92 30.5 13.3 3.0 48 52 0 0

J:II-2 M/9 A/A2, -a3.7/aa SAO/G701D 103 31.0 90 34 14.1 1.4 26 70 0 1a, 1b, 2c

K:II-2 F/5 A/A2 G701D/A858D 139 38.0 82 37.1 10.9 3.0 62 31 0 2a, 3b, 1d

K:II-1 F/5 A/E G701D/A858D 120 35.0 80 37 10.7 4.0 41 56 0 1a, 1b, 1c

L:II-3 F/1 A/A2 Normal 130 37.5 81 34.7 13.9 2.0 99 0 0 1b

M:II-2 F/7.8 A/A2 Normal 124 37.0 78 33.5 15.8 2.5 99 0 0 1b

N:II-1 F/1 A/E Normal 123 36.4 67 33.1 14.2 1.5 91 0 8 1b

O:II-2 F/8 A/E Normal 130 40.5 74 32 14.7 2.0 89 0 8 3b

P:II-1 F/9 E/E Normal 115 31.6 57 36.4 16.5 1.5 58 0 26 1b, 6f

Q:II-1 F/16 E/E, 2SEA/-a4.2 Normal 109 34.9 47 31.7 17.4 13.0 13 11 49 27b

Hb, hemoglobin; Hct, hematocrit; MCV, mean corpuscular volume; MCHC, mean cell hemoglobin concentration; RDW, red cell distribution width;

Retic, reticulocyte count.
aPincered cell.
bSchistocyte.
cXerocyte.
dElliptocyte.
eAcanthocyte.
fEchinocyte.

Figure 2. A map of Thailand showing the domiciles of patients indicted by the
patients’ codes on the map.
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Two individuals (H:I-1 and I:I-2) with heterozygous SAO
and normal hemoglobin type had no anemia but numerous
ovalocytes (83–85%) (Tables II and III, and Fig. 6E). An
individual (K:I-1) with heterozygous A858D was not anemic
but he had peculiar red cell morphologies including ovalo-
cytes (20%), acanthocytes (6%), echinocytes (6%), and
schistocytes (5%) (Tables II and III, and Fig. 6F).

Discussion
We present herein hematological abnormalities in

patients with dRTA in the absence or presence of hemoglo-
binopathies—common genetic disorders in Southeast Asian
populations. A majority (67%) of the patients with dRTA in
this study resulted from SLC4A1 mutations. The most com-
mon genotype was homozygous G701D/G701D, accounting
for 58% of the dRTA patients associated with SLC4A1
mutations. The remaining (42%) were compound heterozy-
gous SLC4A1 mutations (SAO/G701D and G701D/A858D).
These homozygous and compound heterozygous SLC4A1
mutations normally result in morphological changes of
erythrocytes, predominantly ovalocytic morphology. As pre-
viously described in the studies by our and other groups

[8,26], under the condition of metabolic acidosis, these
morphologically changed erythrocytes were susceptible to
hemolysis, indicated by reticulocytosis or anemia. The
improvement of anemia after alkali therapy has been
reported [26]. However, the anemia in a majority of the
patients of the present study was milder than that observed
in the patients reported in the previous study. Since hemo-
lysis and reticulocytosis in these patients could be allevi-
ated after the correction of acidosis by alkaline therapy
(Fig. 3), the pathological process leading to hematological
abnormalities in these patients is likely to involve both
eAE1 defect and metabolic acidosis.
By contrast, the patients with dRTA but without SLC4A1

mutations did not have similar hematological abnormalities;
under the condition of metabolic acidosis, they had neither
hemolysis nor reticulocytosis. However, they might have
some hematological changes attributable to the coexistence
of hemoglobinopathies. We found a dRTA patient without a
SLC4A1 mutation who also had EFBart’s disease caused
by the coinheritance of both homozygous Hb E and Hb H
disease (--SEA/-a4.2). To our knowledge, she is the first
case with the presence of both dRTA and EFBart’s dis-
eases to be reported. During metabolic acidosis, this
patient had anemia with the presence of many target cells,
spherocytes, and polychromasias in her blood smear, which
also improved with alkaline therapy similar to that which

Figure 3. The effect of alkaline therapy on serum bicarbonate (A), hemoglobin
(B), and reticulocyte counts (C). Their levels before and after alkaline therapy were
demonstrated. The adequate alkaline therapy as indicated by normal serum bicar-
bonate levels (A) affected slight increases of hemoglobin levels (B) but great
decreases of reticulocyte counts (C).

Figure 4. Peripheral blood smears of patients with dRTA-associated with
SLC4A1 mutations in the absence and presence of hemoglobinopathy: (A), homo-
zygous G701D/G701D and Hb AA2, (B), homozygous G701D/G701D and Hb AE,
(C), compound heterozygous SAO/G701D and Hb AA2, (D), compound heterozgy-
gous SAO/G701D and aþ thalassemia, (E), compound heterozygous A858D/
G701D and Hb AE, and (F), compound heterozygous A858D/G701D and Hb
AA2. [Color figure can be viewed in the online issue, which is available at www.
interscience.wiley.com.]
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has been described in our previous report [8]. This finding
suggests that, to some extent, metabolic acidosis can
induce a greater degree of hemolysis of the thalassemic
erythrocytes. Thus, metabolic acidosis may affect erythro-
cytes with eAE1 defect as well as with thalassemia contain-
ing an imbalanced globin chain.
Coexistence of SLC4A1 mutations and hemoglobinopa-

thies usually caused more severe hematological abnormal-
ities. Hb E, b26 Glu>Lys, is the most common hemoglobin-
opathy widely distributed in Southeast Asians, including
Thais. Normally, individuals heterozygous and homozygous
for Hb E are clinically asymptomatic with variable degrees
of microcytosis. In the homozygous condition, microcytosis
and target cells are prominent but, anemia, if present, is
mild. The coexistence of SLC4A1 mutations with Hb E was
frequent in the studied patients. The presence of both
homozygous G701D/G701D and heterozygous Hb E
resulted in greatly increased ovalocytosis in addition to mild
hemolysis with reticulocytosis in the metabolic acidosis con-

dition. A more severe hemolysis with hepatosplenomegaly
was observed in a patient with the coexistence of com-
pound heterozygous SAO/G701D and heterozygous aþ-tha-
lassemia (-a3.7/aa), while the two separate conditions alone
do not lead to this severe clinical phenotype. The combina-
tion of compound heterozygous SAO/G701D and aþ-thalas-
semia may aggravate red blood cell membrane defects and
decrease membrane stability in the acidic environment,
leading to hemolytic anemia and hepatosplenomegaly. He-
molytic anemia in this patient improved with alkaline ther-
apy. The clinical phenotype of hemolytic anemia and
splenomegaly were also described in patients with the com-
pound heterozygous SAO/G701D from Malaysia, Papua
New Guinea, and Sarawak [16,26,27]. However, the coexis-
tence of thalassemia, especially aþ-thalassemia, which is a
common form of thalassemia in Southeast Asia [21] and
Melanesia [28,29], was not determined in these reported
patients with apparently severe hematological phenotype.
Erythrocyte morphologies in the patients with compound

heterozygous G701D/A858D were firstly described in this
study. In the patients with compound heterozygous G701D/
A858D, ovalocytic erythrocytes were prominent, but few
pincered cells, schistocytes, and xerocytes or elliptocytes
were observed (Table I, Fig. 4E,F). The degree of red cell
morphological changes in the patients with compound het-
erozygous G701D/A858D was less than that recorded for
the patients with compound heterozygous DV850/A858D or
A858D/SAO [16]. Microcytes, elliptocytes and poikilocytes
were found in the case of compound heterozygous DV850/
A858D while less elliptocytic red cells were observed in the
case of compound heterozygous A858D/SAO. In the indi-
viduals with heterozygous A858D mutation, echinocytes
and acanthocytes were striking (Fig. 6F). Of the two individ-
uals with heterozygous A858D previously described, one
patient had acanthocytic red cells, but the other had nor-
mal red cells [16]. Thus, it may be doubtful as to whether
acanthocytosis is caused by some other factor or this mor-
phological change is corrected by some unknown cause.
The milder degree of erythrocyte morphological changes
with the absence of echinocytes and acanthocytes in the
patients with compound heterozygous G701D/A858D as
found in our study suggests that AE1 G701D may be able
to compensate the effect of AE1 A858D. The patient with
the coexistence of compound heterozygous G701D/
A858D and heterozygous Hb E had more ovalocytic
change, a lower hemoglobin level, and little more reticulo-
cytosis than the one who had simply compound heterozy-

Figure 5. Peripheral blood smears of patients with dRTA without SLC4A1 muta-
tion in the absence and presence of hemoglobinopathy: (A), Hb AA2, (B), Hb AE,
(C), Hb EE, and (D), Hb EE and Hb H (EFBart’s disease). [Color figure can
be viewed in the online issue, which is available at www.interscience.wiley.com.]

TABLE II. Hematological Data of Available Parents with Heterozygous SLC4A1 Mutation

Parent

Sex/age

(year) Hb typing

SLC4A1

genotypes

Hb

(g/L)

Hct

(%)

MCV

(fL)

MCHC

(g/dL)

RDW

(%)

Retic

(%)

Normal

RBC (%)

Ovalocyte

(%)

Target

(%) Others

C:I-1 M/34 A/A2 G701D/N 180 54 84 34 12 1.0 96 4 0 0

C:I-2 F/32 A/A2 G701D/N 140 40 87 34 12 1.0 98 2 0 0

J:I-2 F/35 A/A2, -a4.2/aa G701D/N 137 41 83.9 35 12 1.5 83 17 0 0

K:I-2 F/37 A/E G701D/N 120 35 76 36 10 1.0 81 16 3 0

B:I-1 M/32 A/E G701D/N 140 41 75 36 11 2.0 83 15 2 0

E:I-1 M/36 EE G701D/N 120 36 59 34 14.4 1.5 69 22 7 2a

H:I-1 M/50 A/A2 SAO/N 140 41 97 35 13.4 1.0 17 83 0 0

I:I-2 F/22 A/A2 SAO/N 130 39 88 34 11.5 1.0 15 85 0 0

K:I-1 M/36 A/A2 A858D/N 140 38 88 37 10.8 2.0 63 20 0 5a, 6b, 6c

Hb, hemoglobin; Hct, hematocrit; MCV, mean corpuscular volume; MCHC, mean cell hemoglobin concentration. RDW, red cell distribution width;

Retic, reticulocyte count.
aSchistocyte.
bAcanthocyte.
cEchinocyte.
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gous G701D/A858D without heterozygous Hb E, indicating
an additional effect of Hb E or excessive a-globin chain or
both on the red cells with this compound heterozygous
condition.
The underlying mechanism of hemolysis in patients with

dRTA-associated SLC4A1 mutations in concomitance with
Hb E or thalassemia is unknown. One hypothesis is that
the combined damage to red cell membranes caused by
structural and functional abnormalities of eAE1 in addition
to an excess of a-globin (in Hb E) or b-globin (in a-thalas-
semia) that precipitates and binds to the defective mem-
brane cytoskeleton may enhance the susceptibility to he-
molysis. Moreover, abnormal eAE1 leads to anion im-
balance, and excessive a- or b-globin can produce
intracellular oxidative stress [30,31]. All these combined
defects may cause hemolysis upon exposure to metabolic
acidosis. Further study of red cell membrane protein
defects in these combined conditions should provide a bet-
ter understanding of the hemolytic mechanism.
The cause of dRTA in the 6 patients without SLC4A1

mutation may be due to either an environmental factor or
mutation of other gene. Autoimmune diseases were not
observed in this group of patients who were very young,
and the clinical phenotype of the disease in these patients
is not compatible with the defect of carbonic anhydrase II
(CAII) gene which is associated with dRTA and osteopetro-
sis. Mutations of ATP6V1B1 or ATP6V0A4 encoding B1
and a4 subunits of Hþ-ATPase can also cause AR dRTA
[32,33]. Severe sensorineural hearing loss has been
reported in the patients with mutations of these genes.
Although clinical hearing loss was not recorded in our 6
patients without SLC4A1 mutation, the study of ATP6V1B1
or ATP6V0A4 should be further carried out in these
patients. It should be pointed out that these genes are not
known to express in red cells. Thus, their defects would be
unlikely to cause erythrocyte morphological changes.
In conclusion, under the metabolic acidosis condition,

greater degrees of hematological abnormalities including
ovalocytosis and hemolytic anemia were observed in the
patients with the coexistence of dRTA-associated with
SLC4A1 mutations and hemoglobinopathy than in patients
with the same condition but no coexisting hemoglobinop-
athy. The example was clearly demonstrated in the patient
with presence of both compound heterozygous SAO/
G701D and heterozygous aþ-thalassemia who had hemo-
lytic anemia and hepatosplenomegaly. The hemolysis and

clinical symptoms in these patients could be alleviated by
an adequate alkaline therapy owning to the elimination of
unfavorable condition of metabolic acidosis.

Methods

Patients with dRTA
Pediatric patients diagnosed with dRTA were recruited from six refer-

ral hospitals in different regions of Thailand (Fig. 2). The study protocol
was approved by the pertinent Institutional Review Board. A total of
18 patients with dRTA, 10 males and 8 females, with mean ± SD age
at diagnosis of 4.4 ± 2.9 years, were studied. The clinical manifesta-
tions and the results of SLC4A1 analysis of 17 patients in this study
have previously been reported [8]. After giving informed consent to
their parents, patients’ blood samples were collected for laboratory
analyses. The criteria for diagnosis of dRTA were persistent hyper-
chloremic metabolic acidosis (HCO3 <18 mmol/L), urinary pH >5.5,
and absence of glucosuria. The patients with creatinine clearance lower
than 60 mL/1.73 m2/min were excluded from the study. For more
details of laboratory results, the reader may to refer to our previous
publication [8].

Hematological studies and a-globin gene analysis
Hematological studies and peripheral blood smears were performed

for all patients and available parents. Reticulocyte count was conducted
by methylene blue staining, and serum ferritin was measured by immu-
noassay. Morphological abnormalities were examined and scored from
1,000 red blood cells in one slide of each individual. The methods for

TABLE III. Percentages of Ovalocytes in Peripheral Blood Smears

of the Patients with dRTA and Their Available Parents

Genotypes Ovalocyte (%)

Normal SLC4A1 and Hb AA2 0

Normal SLC4A1 and Hb AE 0

Normal SLC4A1 and Hb EE 0

Normal SLC4A1 and Hb EE Hb H 11

G701D/G701D and Hb AA2 21–27

G701D/G701D and Hb AE 56–62

SAO/G701D and Hb AA2 46–52

SAO/G701D and aþ-thalassemia 70

A858D/G701D and Hb AA2 31

A858D/G701D and Hb AE 56

G701D/N and Hb AA2 2–4

G701D/N and Hb H 17

G701D/N and Hb AE 15–16

G701D/N and Hb EE 22

SAO/N and Hb AA2 83–85

A858D/N and Hb AA2 20

Figure 6. Peripheral blood smears of selected parents with heterozygous
SLC4A1 mutations in the absence and presence of hemoglobinopathy: (A),
G701D/N and Hb AA2, (B), G701D/N and aþ thalassemia, (C), G701D/N and Hb
AE, (D), G701D/N and Hb EE, (E), SAO/N and HbAA2, and (F), A858D/N and
HbAA2. [Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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hematological studies, hemoglobin typing, and a-globin gene analysis
have been reported in our recent article [8].

Analysis of SLC4A1 mutations
Genomic DNA was prepared from peripheral blood leukocytes. The

regions of all exons of kAE1 (exons 4 to 20) as well as the kidney pro-
moter sequence in intron 3 were amplified by PCR then subjected to
initial mutation screening by denaturing high-performance liquid chro-
matography (DHPLC) analysis using Wave DNA Fragment Analysis
System (Transgenomic1, Crewe, UK) as previously described [8]. The
fragments showing abnormal elution profiles on DHPLC were reampli-
fied by PCR, purified using QIAquick Gel Extraction Kit (Qiagen,
GmbH, Germany), and sequenced by using ABI-Prism BigDye Termi-
nator Cycle Sequencing Ready Reaction Kit and an automated ABI-
PRISM310 sequencer (Applied Biosystems1, Foster City, CA). Exami-
nations of the SLC4A1 mutations causing G701D and SAO were also
conducted by using PCR-based methods as previously described
[15,17].
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a b s t r a c t

Dengue virus nonstructural protein 1 (NS1) is a key glycoprotein involved in the production of infectious
virus and the pathogenesis of dengue diseases. Very little is known how NS1 interacts with host cellular
proteins and functions in dengue virus-infected cells. This study aimed at identifying NS1-interacting
host cellular proteins in dengue virus-infected cells by employing co-immunoprecipitation, two-dimen-
sional gel electrophoresis, and mass spectrometry. Using lysates of dengue virus-infected human embry-
onic kidney cells (HEK 293T), immunoprecipitation with an anti-NS1 monoclonal antibody revealed eight
isoforms of dengue virus NS1 and a 40-kDa protein, which was subsequently identified by quadrupole
time-of-flight tandem mass spectrometry (Q-TOF MS/MS) as human heterogeneous nuclear ribonucleo-
protein (hnRNP) C1/C2. Further investigation by co-immunoprecipitation and co-localization confirmed
the association of hnRNP C1/C2 and dengue virus NS1 proteins in dengue virus-infected cells. Their inter-
action may have implications in virus replication and/or cellular responses favorable to survival of the
virus in host cells.

� 2008 Elsevier Inc. All rights reserved.

Introduction

Dengue virus is a mosquito-borne human pathogen which
causes a serious public health concern around the world with
approximately 100 million cases of dengue infection and 500,000
cases of hospitalizations per annum [1]. The fatality rate of the af-
fected individuals is about 1–5% and occurs mostly in children [1].
However, the mechanisms involved in the pathogenesis of dengue
hemorrhagic fever (DHF) and dengue shock syndrome (DSS) re-
main unraveled.

Dengue virus is a positive, single-stranded RNA virus in the
genus Flavivirus of the family Flaviviridae and contains a 11-kb gen-
ome encoding three-structural proteins (capsid, C; premembrane,
prM; and envelope, E) and seven-nonstructural proteins (NS1,

NS2A, NS2B, NS3, NS4A, NS4B, and NS5) [2]. In virus-infected cells,
newly synthesized NS1 appears as a monomer in the lumen of the
endoplasmic reticulum (ER) and subsequently undergoes glycosyl-
ation and dimerization as the protein is transported along the host
secretory pathway to the cell surface and eventually to the extra-
cellular milieu [3–5]. The exact roles of NS1 in each compartment
are not clearly understood.

Secreted NS1 is found to activate complements in the presence
or absence of specific antibodies and interact with human comple-
ment regulatory protein clusterin, potentially leading to viral and
host immune complex formation and subsequent plasma leakage
[6,7]. The correlation between levels of secreted NS1 and disease
severity has also been observed [7,8]. Unlike the secreted form, cell
surface-associated NS1 requires cross-linking of specific antibodies
to induce efficient complement activation and intracellular signal
transduction in response to dengue virus infection [3,7].

How the NS1 molecule functions inside virus-infected cells is
still elusive. A number of previous studies propose the role of intra-
cellular NS1 in the maturation process of dengue virus [9–11]. The
NS1 molecule co-localizes with double-stranded dengue viral RNA
(dsRNA), and associates with intracellular membrane structures,
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which are presumed sites of virus replication, and possibly with
other viral nonstructural proteins, including NS2A, NS3, NS4A,
and NS5 to form viral replication complexes in virus-infected cells
[9–12]. Very little is known about the interplay between dengue
virus NS1, host proteins, and cellular responses during dengue
virus infection. We therefore hypothesized that the intracellular
NS1 may interact with host cellular proteins to facilitate its
proper folding, trafficking and/or to promote favorable environ-
ment for virus production in the host cell. Biochemical and
proteomic approaches were utilized in this study to identify NS1-
interacting proteins and subsequently confirm the protein–protein
interaction.

Materials and methods

Cell line, virus, and antibodies. A human embryonic kidney epi-
thelial cell line, 293T, dengue virus serotype 2 strain 16681, and
mouse monoclonal antibodies recognizing linear epitopes (1B2,
NS1-1F, NS1-3F, and NS1-4F) or conformational epitopes (NS1-
8.2 and 1A4) on dengue virus NS1 were obtained as described pre-
viously [13–15]. A mouse anti-human hnRNP C1/C2 monoclonal
antibody (clone 4F4) was purchased from Santa Cruz Biotechnol-
ogy, Inc., CA, USA.

Dengue virus infection and immunoprecipitation. 293T cells were
infected with dengue virus at a multiplicity of infection (MOI) of 1
and harvested at indicated time points post-infection to verify the
percentage of dengue virus infection by immunofluorescence
staining for viral E and NS1 antigen expression and flow cytometry
[15]. Mock-infected cells served as negative controls. Clear lysates
were prepared frommock and dengue virus-infected cells and then
subjected to immunoprecipitation using a mouse isotype-matched
control IgG1 or IgG2a antibody (MOPC 21 or UPC 10, Sigma, St. Loi-
us, MO, USA), a mouse anti-NS1 monoclonal antibody (1A4, IgG2a),
or a mouse anti-human hnRNP C1/C2 (4F4, IgG1) according to a
previously described method with minor modifications [15].

Two-dimensional (2-D) gel electrophoresis and mass spectrometry.
Immunoprecipitated proteins (200 lg) were subjected to the first
dimensional separation by isoelectric focusing (IEF) on Immobiline
DryStrip (nonlinear pH 3–10, 7-cm long; Amersham Bioscience)
and the second dimensional separation in 12% SDS–polyacrylamide
gel [16]. Separated protein spots were visualized by staining with
Coomassie brilliant blue R-250 and the protein spot of interest
was excised and in-gel digested with trypsin. Peptides were ex-
tracted from the gel pieces, purified, and analyzed by Q-TOF Ultima
mass spectrometer (Micromass, Manchester, UK) according to the
methods described previously [16].

Immunoblot analysis. Immunoprecipitated proteins, which had
been heated or left unheated at 95 �C for 5 min in the presence
or absence of 5% mercaptoethanol, were separated by electropho-
resis in 10% SDS–polyacrylamide gel and transferred to a PVDF
membrane (Millipore Corporation, Billerica, USA) using a SemiPhor
semi-dry transphor unit (Amersham Bioscience). The membrane
was processed as described previously [15], except that a mixture
of mouse anti-NS1 monoclonal antibodies described above or a
mouse anti-human hnRNP C1/C2 monoclonal antibody (4F4) was
utilized in this study. The immunoreactive proteins were visual-
ized by Western Lightning Chemiluminescence Reagent Plus (Per-
kin-Elmer Applied Biosystems, Foster City, CA, USA).

Double immunofluorescence staining. Mock and dengue virus-in-
fected cells on glass coverslips were fixed with 3.7% formaldehyde
in PBS for 7 min followed by absolute methanol for 10 min at room
temperature (RT). The cells were incubated with a mouse isotype-
matched control IgG1 antibody (MOPC 21) or a mouse anti-human
hnRNP C1/C2 monoclonal antibody (4F4) at the dilution of 1:500
for 1 h at RT. Successive incubations of the cells for 30 min at RT

in the dark were then performed using a Cy3-conjugated rabbit
anti-mouse IgG antibody (Jackson ImmunoResearch Laboratories,
Inc., West Grove, PA, USA) at the dilution of 1:4000, 10% normal
mouse serum in PBS, and 20 lg/ml of a FITC-conjugated mouse
anti-NS1 monoclonal antibody (1A4). The stained cells were visu-
alized under a laser-scanning confocal microscope (LSM 510 Meta,
Carl Zeiss, Jena, Germany).

Results and discussion

Determination of a suitable condition for preparation of dengue virus-
infected cell lysates

Initially, HEK 293T cell line that had been infected with dengue
virus at an MOI of 1 were collected daily for 3 days and assessed for

Fig. 1. Dengue virus infection of HEK 293T cells. Mock and virus-infected cells were
assessed for (A) the expression of viral E and NS1 by immunofluorescence staining
and flow cytometry and (B) the percentage of cell viability by trypan blue exclusion.
Mock (M) and dengue virus-infected (I) cell lysates were subjected to immuno-
precipitation using an anti-NS1 monoclonal antibody. Precipitated proteins were
electrophoresed in a 10% SDS–polyacrylamide gel under reducing and heated
conditions and visualized by Coomassie blue staining (C, left panel) or immunoblot
analysis probed with an anti-NS1 specific antibody (C, right panel). Arrows indicate
the dengue virus NS1 protein.
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the percentage of dengue virus infection and cell viability. Mock-
infected cells served as negative controls. Infection of HEK 293T
cells with dengue virus for 48 h resulted in high levels of viral anti-
gen expression (Fig. 1A) but low percentage of cell death (Fig. 1B).
As a result, we employed this condition for preparing cell lysates
and tested whether dengue virus NS1 could be immunoprecipi-
tated from these samples using an anti-NS1 monoclonal antibody.

Analysis by SDS–PAGE and Coomassie blue staining revealed
that, under reducing and heated conditions, a unique 46-kDa pro-
tein band was detectable in the precipitated sample from virus-in-
fected cell lysate (Fig. 1C, left panel, lane I), but not in that from
mock control (Fig. 1C, left panel, lane M). The reactivity with the
anti-NS1 antibody in immunoblot analysis (Fig. 1C, right panel,
lane I) strongly indicated that the specific 46-kDa protein was
monomeric NS1 of dengue virus. Two additional protein bands of
about 25 and 50 kDa were also observed in the precipitated sam-
ples from mock and dengue virus-infected cell lysates (Fig. 1C, left
panel, lanes M and I), corresponding to light and heavy chains of
IgG used for the immunoprecipitation (Fig. 1C, right panel, lanes
M and I). These results therefore demonstrated that the infecting
condition used in this study was adequate for establishment of
dengue virus-infected samples for immunoprecipitation.

Identification of dengue virus NS1-interacting proteins by 2-D gel
electrophoresis and mass spectrometry

Our results of SDS–PAGE could not show clearly any other pro-
teins that were co-precipitated with dengue virus NS1 following
immunoprecipitation with the specific antibody. This may have
been due to insufficient amounts of the starting materials used
for immunoprecipitation and/or the limited ability of SDS–PAGE
to separate proteins with similar molecular sizes. We therefore
prepared large amounts of mock and dengue virus-infected cell ly-
sates, utilized them for immunoprecipitation using an isotype-
matched control antibody or an anti-NS1 monoclonal antibody,
and analyzed precipitated proteins by 2-D gel electrophoresis.

Immunoprecipitation of dengue virus-infected cell lysate with
the isotype-matched control antibody resulted in the appearance
of twomajor sets of protein spots of about 25 and 50 kDa and other
minor protein spots on the 2-D SDS–polyacrylamide gel with sim-
ilar patterns observed in the mock-infected cell lysate precipitated
with the anti-NS1 antibody [Fig. 2A, Mock (anti-NS1) and DENV-2
(control IgG)]. Immunoblot analysis of the 25- and 50-kDa protein
spots using rabbit anti-mouse immunoglobulin antibody sug-
gested that these proteins may correspond to different isoforms

Fig. 2. Identification of hnRNP C1/C2 by 2-D gel electrophoresis and mass spectrometry. Mock and dengue virus-infected cell lysates were subjected to immunoprecipitation
using either an anti-NS1 monoclonal antibody or an isotype-matched control antibody. (A) Precipitated proteins were separated by 2-D gel electrophoresis and visualized by
Coomassie blue staining. A 40-kDa protein spot of interest (circled) and eight isoforms of dengue virus NS1 (indicated with a rectangle) are shown in DENV-2 (anti-NS1). The
NS1 isoforms were verified by immunoblot analysis [WB: DENV-2 (anti-NS1)]. (B) The 40-kDa protein spot was processed for Q-TOF MS/MS analysis. The profile of mass/
charge ratio of peptides is shown. (C) Five peptides resulting from the MS/MS analysis are shown to match the human heterogeneous nuclear ribonucleoproteins C1/C2.
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of IgG light and heavy chains, respectively (data not shown). Apart
from the detection of these protein spots, immunoprecipitation of
dengue virus-infected cell lysate with the anti-NS1 specific anti-
body yielded a unique profile of eight protein spots of approxi-
mately 46 kDa as well as a single 40-kDa protein spot [Fig. 2,
DENV-2 (anti-NS1)] which were not detectable in other precipi-
tated control samples [Fig. 2, Mock (anti-NS1) and DENV-2 (control
IgG)]. The former set of protein spots likely represented various
isoforms of dengue virus NS1 owing to their reactivity with an
anti-NS1 antibody in the immunoblot analysis [Fig. 2A—the right-
most inset, WB: DENV-2 (anti-NS1)]. The unknown 40-kDa protein
spot, which was co-precipitated with dengue virus NS1, was subse-
quently excised, in-gel digested with trypsin and processed for
mass spectrometry. Spectra of the eluting peptides obtained from
mass spectrometric analysis were shown in Fig. 2B. Five peptides
were identified and, based on the SwissProt database, were de-
duced to be from human heterogeneous nuclear ribonucleopro-
teins (hnRNP) C1/C2 (SwissProt accession number P07910)
(Fig. 2C). The identified peptides were common to both isoforms
of hnRNP C and corresponded to sequence coverage of about 13%
of the protein (Fig. 2C).

Co-immunoprecipitation of hnRNP C1/C2 and dengue virus NS1

Human hnRNP C1/C2 are members of the heterogeneous nucle-
ar ribonucleoprotein family which consists of 20 major hnRNP pro-
teins (designated hnRNP A1 through U) with molecular sizes of
approximately 36–120 kDa [17,18]. Alternative mRNA splicing of
hnRNP C proteins with a 13-amino acid deletion occurring after
glycine 106 or serine 107 generates two isoforms of proteins,
hnRNP C1 (290 amino acids) and hnRNP C2 (303 amino acids)
[19,20]. The hnRNP C1 and C2 proteins (41 and 43 kDa) are in-
volved in mRNA biogenesis and contain important conserved mo-
tifs essential for RNA binding, protein–protein interaction and
nuclear localization [17,18,21–23]. In order to determine whether
the hnRNP C1/C2 interacts with dengue virus NS1 in virus-infected
cells, immunoprecipitation of mock and dengue virus-infected cell
lysates was performed using isotype-matched control antibodies
or monoclonal antibodies specific against human hnRNP C1/C2 or
dengue virus NS1. The presence of the two proteins in each precip-
itated sample was then analyzed by the immunoblot assay under
nonreducing and unheated conditions. The lysates prior to immu-
noprecipitation were also included in this assay as controls for
detection of hnRNP C1/C2 and dengue virus NS1.

As expected, hnRNP C1/C2 was observed in mock and dengue
virus-infected cell lysate while dengue virus NS1 was detected
only in the latter sample (Fig. 3, input). Using the anti-NS1 mono-
clonal antibody for immunoprecipitation, dengue virus NS1 and
hnRNP C1/C2 were pulled down from virus-infected lysate, but
not from mock-infected control (Fig. 3, IP: aNS1). On the contrary,
immunoprecipitation with the anti-hnRNP C1/C2 monoclonal anti-
body yielded only the hnRNP C1/C2 in mock and dengue virus-in-
fected samples, but no NS1 dimer was observed (Fig. 3, IP:
ahnRNP). As negative controls, immunoprecipitation with either
isotype-matched control antibody did not give any specific band
of NS1 dimer; however, relatively low levels of hnRNP C1/C2 could
be detected probably as a result of certain extents of nonspecific
binding to protein G–Sepharose beads (Fig. 3, IP: IgG1 and IgG2a).
Taken together, these findings suggested that the interaction be-
tween the dengue NS1 and hnRNP C1/C2 occurred in virus-infected
cells. Inability to co-immunoprecipitate dengue virus NS1 using
the anti-hnRNP C1/C2 antibody could be due to either masking of
the hnRNP C1/C2 epitope by the interacting protein as suggested
by a previous work on the Epstein-Barr virus SM protein [24], or
only a small portion of the total hnRNP C1/C2 population involved
in the dengue virus NS1 interaction.

Co-localization of hnRNP C1/C2 and dengue virus NS1

Further investigation was carried out to determine sub-cellular
distribution of hnRNP C1/C2 and dengue virus NS1 by double
immunofluorescence staining and confocal microscopy. hnRNP
C1/C2 was found predominantly in the nucleus and, to a lesser ex-
tent, in the cytoplasm of both mock (data not shown) and dengue
virus-infected cells with an evenly distributed pattern (Fig. 4A and
B, hnRNP C1/C2). Although hnRNP C1/C2 is primarily a nuclear pro-
tein in the cells, it can be translocated to the cytoplasm following
the induction of apoptosis via Rho-activated kinase activation
[25] or during poliovirus and human rhinovirus infection through
an apoptosis-independent mechanism [26,27]. Nevertheless, an in-
crease in the nuclear efflux of the hnRNP C1/C2 was not observed
upon dengue virus infection in our study (data not shown).

Unlike the hnRNP C1/C2, dengue virus NS1 was detected as
large foci mainly in the cytoplasm of dengue virus-infected cells
(Fig. 4A and B, NS1), consistent with the staining pattern observed
in previous studies [7,10,15]. A partial co-localization of the hnRNP
C1/C2 and NS1 was detectable in some dengue virus-infected cells
particularly at the perinuclear regions (Fig. 4A and B, Merge). This
observation may help to explain the incapability to detect recipro-
cal co-immunoprecipitation with the anti-hnRNP C1/C2 antibody
(Fig. 3, IP: ahnRNP). Consistent findings on the co-localization
and the co-immunoprecipitation of hnRNP C1/C2 with dengue
virus NS1 was observed not only in HEK 293T cell line (Fig. 3 and
4) but also in other three human cell lines (including liver HepG2,
fibroblast HF and endothelial EAhy926) and primary human umbil-
ical vein endothelial cells, HUVEC, (data not shown), confirming
that this interaction is genuine, but probably transient and in-
volved in only a part of total host cellular hnRNP C1/C2.

A previous study using a yeast two hybrid system identified hu-
man signal transducer and activator of transcription 3b (STAT3b) as
a dengue virus NS1-interacting protein which may be implicated in
the induction of IL-6 levels and subsequent plasma leakage [28]. By
utilizing different approach, we demonstrated herein that hnRNP
C1/C2 is additional host cellular protein that associates with den-
gue virus NS1 in virus-infected cells, but mechanisms of this pro-
tein–protein interaction are not known. The common structural
motifs on hnRNP C1/C2 [17,22,23] may interact with dengue virus
NS1 directly or indirectly through a link of other host proteins, viral
proteins, and/or viral RNA resulting in the formation of viral repli-
cation complexes. This notion was supported by a previous study
on the role of hnRNP C1 in the initiation of positive-strand viral
RNA synthesis in poliovirus-infected cells through its interaction
with the 30-end of negative strand RNA of poliovirus and other
three viral protein precursors, polypeptide 3CD, P2, and P3, crucial
for poliovirus replication [29]. In addition, detection of various

Fig. 3. Co-immunoprecipitation of hnRNP C1/C2 and dengue virus NS1. Mock (M)
and dengue virus-infected (I) cell lysates were processed for immunoprecipitation
(IP) using isotype-matched control antibodies (IgG1 or IgG2a), an anti-hnRNP C1/C2
monoclonal antibody (clone 4F4, IgG1), or an anti-NS1 monoclonal antibody (clone
1A4, IgG2a). Each precipitated sample was detected for the presence of hnRNP C1/
C2 and dengue virus NS1 by immunoblot analysis using specific antibodies. Mock
and virus-infected cell lysates prior to the immunoprecipitation (input) served as
controls for the protein detection.
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isoforms of dengue virus NS1 with distinct isoelectric points (pI) by
2-D gel electrophoresis in our study implied that differential post-
translational modifications of NS1 might occur in virus-infected
cells and give rise to generation of different isoforms of the protein,
each of which potentially exerts different functions. Which partic-
ular isoform of dengue virus NS1 interacts with hnRNP C1/C2 and
whether this association is involved in virus replication and host
cellular responses during dengue virus infection require further
investigations.
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Abstract

Dengue fever (DF) and dengue hemorrhagic fever (DHF) are important public health problems in tropical regions. Abnormal hemo-
stasis and plasma leakage are the main patho-physiological changes in DHF. However, hepatomegaly, hepatocellular necrosis and ful-
minant hepatic failure are occasionally observed in patients with DHF. Dengue virus-infected liver cells undergo apoptosis but the
underlying molecular mechanism remains unclear. Using a yeast two-hybrid screen, we found that dengue virus capsid protein (DENV
C) physically interacts with the human death domain-associated protein Daxx, a Fas-associated protein. The interaction between DENV
C and Daxx in dengue virus-infected liver cells was also demonstrated by co-immunoprecipitation and double immunofluorescence stain-
ing. The two proteins were predominantly co-localized in the cellular nuclei. Fas-mediated apoptotic activity in liver cells constitutively
expressing DENV C was induced by anti-Fas antibody, indicating that the interaction of DENV C and Daxx involves in apoptosis of
dengue virus-infected liver cells.
� 2007 Elsevier Inc. All rights reserved.

Keywords: Dengue virus capsid protein; Human Daxx; Protein interaction; Apoptosis

Dengue virus is a mosquito-borne member of the family
Flaviviridae. Infection with dengue virus produces variable
clinical illness ranging from non-specific viral infection to
dengue hemorrhagic fever (DHF) and dengue shock syn-
drome (DHF/DSS) [1]. DHF patients generally present
with continuous fever lasting 2–7 days, with hemorrhagic
tendencies, plasma leakage, thrombocytopenia and hemo-

concentration. Liver injury with an elevation of amino-
transferases and reactive hepatitis are common in adult
patients with dengue virus infection [2,3]. Councilman
bodies in liver biopsies of DHF/DSS cases correspond to
hepatocytes in apoptosis and this may be a key element
in the pathophysiology of hepatic failure associated with
DHF/DSS [4].

Apoptosis of liver HepG2 cells during dengue virus infec-
tion has been observed [4–8]. Because the capsid protein of
other members of the family Flaviviridae have multiple func-
tions including either induction or inhibition of apoptosis
[9–12], we suspected that dengue virus capsid protein
(DENV C) might be involved in apoptosis. DENV C is a
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small, highly positively charged, 12-kDa protein that is
required for the maturation of viral particles and assembly
of the nucleocapsid core [13]. A proportion of DENV C
localizes to the nucleus [14–16] and interacts with heteroge-
neous nuclear ribonucleoprotein K (hnRNP K) [17]. By
using a yeast two-hybrid screen, we showed in this study that
DENV C interacts with human death domain-associated
protein Daxx, a modulator of Fas-mediated apoptosis
[18]. The interaction betweenDENVC andDaxx was exam-
ined by immnuoprecipitation, and co-localization studies in
dengue virus-infected HepG2 cells. Given the pro-apoptotic
role ofDaxx, the effect ofDENVC expression on viability of
HepG2 cells was examined. HepG2 cells expressing DENV
C became sensitive to Fas-mediated apoptosis, suggesting
the interaction with Daxx may be physiologically significant
and relevant to pathogenesis of dengue virus infection.

Materials and methods

Yeast two-hybrid screening. Two-hybrid screening was performed as
described by Finley and Brent [19]. DENV C was amplified from pBlue-
script II KS (S1SP6-4497), a plasmid which contains the 5 0 portion of
dengue virus serotype 2 strain 16681 [20] , with a pair of primers, 5 0-GCG
CTG AAT TC ATG AAT GAC CAA CGG AAA-3 0 and 5 0-GAT ACG
GGATCC CTA TCTGCG TCT CCTAT-3 0. The PCR was carried out in
aGeneAmpPCRSystem 9700 (Applied Biosystems), startingwith an initial
denaturation step of 94 �C for 5 min and followed by 30 cycles of dena-
turation at 94 �C for 45 s, annealing at 60 �C for 45 s, extension at 72 �C for
2 min, and one cycle of final extension at 72 �C for 10 min. Subsequently,
the amplified DNA was cloned as an in-frame fusion with the LexA DNA
binding domain in the yeast expression vector pEG202, which contains a
HIS3 selectable marker. The resulting bait plasmid, pEG-C, was trans-
formed into S. cerevisiae strain RFY 206 (MATa his3D200 leu2-3 lys2D201
ura3-52 trp1D::hisG) containing a Lexop-lacZ reporter plasmid, pSH18-34,
under URA3 selection. A galactose inducible HeLa cell cDNA prey library
in plasmid pJG4-5 containing a TRP1 selectable marker was transformed
into strain RFY 231 (MATa his3 leu2::3Lexop-LEU2 ura3 trp1 LYS2) [21].
The bait strain was mated with the library strains and plated on galactose
drop-out medium lacking histidine, tryptophan, uracil, and leucine (gal/raf
-u, -h, -w, -l). The production of a DENV C binding protein by a prey
plasmid was expected to activate the 3Lexop-LEU2 reporter. Putative
positive clones were patched to four indicator plates: (glu/-u, -h, -w, -l),
(gal/raf -u, -h, -w, -l), (glu/X-Gal -u, -h, -w), and (gal/raf/X-Gal -u, -h, -w).
Prey plasmids were rescued from clones exhibiting a galactose-inducible
Leu+ lacZ+ phenotype by transforming into a Trp� Escherichia coli strain
KC8 [19]. To verify the interaction, recovered prey plasmids were intro-
duced into yeast strain RFY 231 along with the lacZ plasmid and bait
plasmid and again tested on the indicator plates.

Co-immunoprecipitation. HepG2 cells were grown in DMEM (Gibco-
BRL) supplemented with 10% heat inactivated fetal bovine serum
(Hyclone), 1 mM sodium pyruvate (Sigma), 1 mM non-essential amino
acids (Gibco-BRL), and 1.2% penicillin G-streptomycin at 37 �C in 5%
CO2. Up to 3 · 106 HepG2 cells were infected with dengue virus strain
16681 at a MOI of 1 for 32 h. The cell pellets were lysed with RIPA buffer.
Five microgram of purified mouse anti-DENV C monoclonal antibody
produced in the laboratory or 5 lg of rabbit anti-Daxx polyclonal anti-
body (Santa Cruz Biotechnology) or 5 lg of isotype-matched control
antibodies were added to lysates. The mixture was incubated at 4 �C
overnight and then protein G Sepharose beads (Amersham-Pharmacia
Biosciences) were added. The bound proteins were eluted, subjected to
SDS–PAGE and performed immunoblot analysis. The membranes were
incubated with mouse anti-DENV C antibody or rabbit anti-Daxx
antibody and followed by probing either with horseradish peroxidase
(HRP)-conjugated rabbit anti-mouse Ig antibody or HRP-conjugated

swine anti-rabbit Ig antibody, respectively. The protein bands were
detected by using ECL reagents (Amersham-Pharmacia Biosciences).

Co-localization. HepG2 cells were grown on cover slips as described
above. Subconfluent monolayer of these cells were infected with dengue
virus strain 16681 at aMOI 1 for 32 h, washed, fixed with 4% formaldehyde
in PBS for 20 min, and permeabilized with 0.2% Triton X-100 in PBS for
10 min at room temperature. After washing three times with 0.1%TritonX-
100 in PBS, cover slips were incubated both with mouse anti-DENV C
antibody and rabbit anti-Daxx antibody for an hour. After washing, the
cover slips were incubated both with Alexa 488-conjugated rabbit anti-
mouse Ig antibody (Molecular Probes) and Cy3-conjugated donkey anti-
rabbit Ig antibody (Jackson Immunoresearch laboratories) as secondary
antibodies at room temperature for an hour. Fluorescent images were
captured with a confocal microscope (model LSM 510, Carl Zeiss).

Generation of HepG2 cells constitutively expressing DENV C. The
DENV C gene was amplified from pBluescript II KS (S1SP6-4497) [20]
using primers CapBamHI: 5 0-GTAGGATCCATGAATGACCAACGG
AAAAAG-3 0 and CapXhoI: 5 0-GCACTCGAG CTATCTGCGTCTCCT
AT-30. The PCR was carried out as described above for construction of
the two-hybrid bait plasmid. The PCR product was cloned into the
plasmid pcDNA3.1/His C (Invitrogen). The integrity of positive clones
was verified by DNA sequencing and an evaluation of DENV C expres-
sion. HepG2 cells were transfected with either plasmid pcDNA3.1 his c/
DENV C or empty vector pcDNA3.1/His C using Lipofectamine (Invit-
rogen). Twenty-four hours post transfection, stable cell colonies were
selected in DMEM containing 1 mg/ml G418 (Calbiochem) for 1 month.
The isolated G418-resistant colonies were maintained in DMEM con-
taining 0.5 mg/ml G418 and examined for the expression of DENV C. To
compare the level of DENV C expression in dengue virus-infected HepG2
cells and G418-resistant clones, Western blot analysis was performed using
totally 75 lg of total protein and probed with b-actin (Santa Cruz Bio-
technology) and DENV C antibodies.

Apoptosis assays. Up to 1 · 106 of stable HepG2 transformants were
treated with 0.5 lg/ml anti-Fas mAb (Sigma) and 1 lg/ml cycloheximide
for 24 h in culture medium containing 2% FBS. Two clones of HepG2 cells
constitutively expressing DENV C; HepG2C1 and HepG2C6, and a clone
of HepG2 cells containing the empty vector; HepG2His, were examined
for the presence of apoptotic cells by harvesting both detached and
adherent cells, staining for cell surface phosphatidyl serine, assaying for
caspase-3 activation, and performing the DNA fragmentation assay.

For annexin V/propidum iodide staining, samples were suspended in
annexinVbuffer and incubated on icewithFITC-conjugated annexinV (BD
Biosciences) for 15 min. Immediately prior to analysis, propidum iodidewas
added and samples were analyzed by flow cytometry (Becton–Dickinson).

In the assessment of caspase-3 activation, the cells were lysed with
RIPA buffer and subjected to SDS–PAGE analysis as previously descri-
bed. The blots were incubated with goat anti-caspase-3 antibody (Santa
Cruz Biotechnology) followed by a HRP-conjugated rabbit anti-goat Ig
antibody. Protein bands were detected with ECL reagents.

The DNA fragmentation assay was performed using the SDS-high salt
extraction method [22]. Cell pellets (�106 cells) were suspended in 80 ll of
PBS and gently mixed with 300 ll of buffer containing 10 mM Tris–HCl
(pH 7.6), 10 mM EDTA, and 0.6% SDS. The lysates were mixed with
100 ll of 5 M NaCl and incubated overnight at 4 �C. Supernatants were
treated sequentially with RNase A (1 mg/ml) and proteinase K (0.2 mg/
ml) for 30 min at 37 �C. Precipitated DNA was resuspended in TE buffer,
electrophoresed in 1.5% agarose prepared in Tris–borate–EDTA buffer,
and stained with ethidium bromide.

Results and discussion

DENV C interacts with Daxx in a yeast two hybrid system

To identify human proteins that interact with DENV C,
107 clones from a HeLa cDNA library were screened using
DENV C as bait. Sixty putative positive clones were
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obtained. Restriction endonuclease analysis indicated that
23 unique genes were represented (data not shown).
Sequence analysis of the inserts showed that one of the
cDNA inserts encoded an amino acid stretch (529–740)
of Daxx. We demonstrated the specificity of the two-hybrid
interaction between DENV C and Daxx by showing galact-
ose-dependent activation of the reporters in cells contain-
ing the Daxx prey along with the DENV C bait but not
a domain III of dengue virus envelope protein DENV E
bait (Fig. 1A). After sequencing the prey plasmid contain-
ing Daxx obtained from our yeast two-hybrid screening,
the region of Daxx that interacts with DENV C was the

211 carboxyl-terminal residues, a region which binds to
multiple cellular proteins including Fas and Pml [18,23–
25] (Fig. 1B). Interestingly, the nucleocapsid protein of
hantavirus, which, like dengue virus, causes a hemorrhagic
fever, has also shown to interact with the 240 carboxyl-ter-
minal residues of Daxx [26].

Daxx is a 740 amino acid protein that contains two
amino-terminal amphipathic helices (PAH1, PAH2), a
coiled-coiled domain (CC), an acidic domain (D/E), and
a carboxyl-terminal serine/proline/threonine rich domain
(S/P/T). It is localized both in the cytoplasm and in the
nucleus, although the majority is present in the nucleus.

Gal/Raf -u,-h,-w, X-Gal Glu -u,-h,-w, X-Gal 

1 PAH1            PAH2        CC  NLS1    D/E                           NLS2      740

Glu -u,-h,-w,-l Gal/Raf -u,-h,-w,-l 

Daxx (1-740) 

JNK activation (501-625) 

PML-binding (625-740) 

ETS-binding (590-740) 

DENV C-binding (529-740) 

DENV C    EG202    DENV E DENV C  EG202   DENV E 

S/P/T rich domain

Fas-binding (625-739) 

A

B

Fig. 1. DENV C interacts with Daxx in a yeast two-hybrid system. (A) Yeast strain RFY231 was co-transformed with a bait plasmid, a Daxx prey plasmid
and lacZ reporter plasmid. The bait plasmids were pEG-C, expressing the LexA-DENV C fusion protein, the empty bait plasmid pEG202, or an unrelated
bait plasmid pEG-E. A specific interaction was indicated by galactose-dependent b-galactosidase expression, as evidenced by blue colonies on the galactose
containing X-Gal plate, and by galactose-dependent growth on the leucine deficient plate. (B) The region of Daxx that interacts with DENV C was the 211
carboxyl-terminal residues, a region which binds to Fas and Pml. (For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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In the cytoplasm, Daxx interacts with Fas at the plasma
membrane [18]. Stimulation of Fas causes translocation
of Daxx from the nucleus to the cytoplasm, where it inter-
acts with ASK1 and promotes JNK activation [27]. In the

nucleus, Daxx shuttles between two different sub-nuclear
structures, nucleoplasm and the promyelocytic leukemia
nuclear bodies (PML-NB) [23,24]. In the nucleoplasm,
Daxx acts as a transcriptional repressor [28,29]. Daxx asso-
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Fig. 3. Sensitization of Fas-mediated apoptosis by DENV C. (A) The untreated and anti-Fas antibody treated of HepG2C1, HepG2C6, and HepG2His
were incubated with FITC-conjugated annexin V. Immediately prior to analysis, propidum iodide was added and samples were analyzed by flow
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ciates with proteins that are critical for transcriptional
repression, such as histone deacetylase II [30]. The ability
of Daxx to repress transcription is inhibited by its localiza-
tion to the PML-NB [28].

DENV C associates with Daxx in dengue virus-infected

HepG2 cells

Clinical studies have implicated liver in the pathogene-
sis of dengue virus infection [2,3]. In addition, a trans-
formed liver cell line, HepG2, is permissive to dengue
virus and infection of HepG2 cells with dengue virus
results in the induction of apoptosis [4–8]. In order to
confirm DENV C-Daxx interaction in liver cells, the
lysates from dengue virus-infected HepG2 cells were tested
for coimmunoprecipitation of the two proteins. As shown
in Fig. 2A, anti-DENV C antibody pulled down Daxx
protein and, conversely, anti-Daxx antibody co-precipi-
tated DENV C in immunoprecipitation. Immunoprecipi-
tation with isotype-matched control antibodies did not
bring down Daxx or DENV C. These results suggest that
DENV C and Daxx interact during dengue virus infection
of HepG2 cells.

As further evidence of interaction, dengue virus-infected
cells were examined for co-localization of the proteins by
an immunofluorescence confocal microscopy. Daxx was
primarily localized in the nucleus of dengue virus-infected
HepG2 cells (Fig. 2B). A similar nuclear distribution of
DENV C was detected in these cells. Co-localization of
DENV C and Daxx was clearly evident when the DENV
C and Daxx images were superimposed (Fig. 2B). These
data support the physical interaction of DENV C and
Daxx and further suggest that association occurs in the
nucleus of dengue virus-infected HepG2 cells.

DENV C expression sensitizes HepG2 cells to Fas-mediated

apoptosis

Dengue virus infection induces apoptosis in HepG2 cells
[4–8] and Daxx has been implicated in a myriad of interac-
tions controlling apoptosis and cell death [31,32]. It is pos-
sible that DENV C, through an interaction with Daxx, may
influence apoptosis. To test this possibility, HepG2 cells
constitutively expressing DENV C were generated and
examined for apoptosis. Two DENV C expressing cell lines
were constructed; HepG2C1 and HepG2C6. The DEN C
expression in HepG2C1 is comparable to dengue virus-
infected HepG2 cells (Fig 3C). While both expressed
DENV C, expression was about twofold higher in
HepG2C1 than HepG2C6 and no DENV C expression
was detected in the negative control strain HepG2His.

As an indicator of apoptosis, cells were stained with
FITC-conjugated annexin V and propidium iodide and
analyzed by flow cytometry [33]. As seen in Fig. 3A and
B, cell lines HepG2C1 and HepG2C6 had a 2- to 3-fold
increase in the intensity of annexin V staining relative to
the control cells, HepG2His, but comparable numbers of

propidium iodide-stained cells. This result suggests that
DENV C- expressing cells are in an early stage apoptosis
before any evidence of caspase 3 activation or DNA lad-
dering is apparent (Fig. 3D and E).

Since Daxx participates in Fas-mediated apoptosis, the
effect of Fas activation in DENV C-expressing cells was
examined. Treatment with anti-Fas antibody had no effect
on HepG2His control cells as measured by annexin V
staining, caspase activation or DNA laddering (Fig. 3).
This is in agreement with prior work demonstrating that
HepG2 cells do not respond to Fas activation [7]. However,
both HepG2C1 and HepG2C6 showed a significant
increase in staining with annexin V and propidium iodine
upon treatment with anti-Fas antibody (Fig. 3A and B).
Apoptosis in response to this treatment was also evident
in the development of activation of caspase 3 and DNA
ladder in these cells (Fig. 3D and E).

The forgoing indicates that DENV C affects the HepG2
cells and sensitizes them to Fas-mediated apoptosis. Pre-
sumably this is due to the interaction of DENV C with
Daxx, which may disrupt one or more of the many interac-
tions of Daxx with other proteins controlling cell death
[31,32]. DENV C may not act alone in inducing apoptosis.
The apoptotic process in HepG2 cells can be induced by
the dengue virus ectodomain of the small membrane pro-
tein ApoptoM [5]. Apoptosis pathways other than the
Fas-mediated pathway are also involved in these cells,
including activation of NF-jB and TNF-related apopto-
sis-inducing ligand [4,7]. However, the apoptotic process
appears to be independent of p53 [8].

In summary, this work is the first to demonstrate an
interaction between DENV C and human Daxx and the
pro-apoptotic function of DENV C in liver cells. Future
studies will be directed toward elucidating the detailed
molecular mechanisms by which DENV C contributes to
Fas-mediated apoptosis.
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Abstract: Molecular mechanisms underlying myopathy
caused by prolonged potassium (K) depletion remain
poorly understood. In the present study, we examined
proteome profile of vastus lateralis muscle obtained from
cadaveric subjects who had K depletion (KD) (muscle K
< 80 μmol/g wet weight) compared to those who had no
KD (NKD) (muscle K g 80 μmol/g wet weight) (n ) 6 per
group). Muscle proteins were extracted, resolved by 2-DE,
and visualized with CBB-R250 stain. Spot matching and
intensity analysis revealed significant changes in levels
of 11 (6 increased and 5 decreased) protein spots in the
KD group. Q-TOF MS and MS/MS analyses identified
these altered proteins as metabolic enzymes (aldehyde
dehydrogenase 1A1, uridine diphosphoglucose pyro-
phosphorylase, enolase 1, cytosolic malate dehydroge-
nase, and carbonic anhydrase III), antioxidants (peroxire-
doxin-3 isoform b), cytoskeletal proteins (slow-twitch
skeletal troponin I and myosin light chain 2), and others.
These altered proteins are involved in many cellular
functions, including bioenergetics, acid-base regulation,
oxidative stress response, and muscle contractility. Vali-

dation was done by Western blot analysis, which con-
firmed the increased level of peroxiredoxin-3 and de-
creased level of troponin-I in the KD muscle. Linear
regression analysis also revealed a significant negative
correlation between peroxiredoxin-3 level and muscle K
content (r ) -0.887; p < 0.001), as well as a significant
positive correlation between troponin-I level and muscle
K content (r ) 0.618; p < 0.05). Our results implicate the
important roles these altered proteins play in the develop-
ment of KD-associated myopathy.

Keywords: Antioxidants • Cytoskeletal proteins • Meta-
bolic enzymes • Pathophysiology • Potassium depletion •
Proteome • Proteomics • Skeletal muscle

Introduction

Maintenance of homeostasis in normal cells requires a
normal range of potassium (K) level in blood circulation.
Skeletal muscle is the main organ responsible for K storage in
human body. Therefore, the most acceptable method for
determination of total body K status is the measurement of
muscle K content and K depletion (or deficiency) is widely
defined when muscle K content is <80 μmol/g wet weight.1 As
muscle is the major pool for K storage, prolonged depletion of
K in this important storage pool would result to systemic effects
of K deficiency, and in turn, can cause muscular disorder,
namely “hypokalemic myopathy”. Although this metabolic
disorder has been recognized for decades, its molecular mech-
anisms underlying this type of myopathy remain poorly
understood.

Previously, several studies had examined alterations in
skeletal muscles during K depletion. These studies, however,
focused most of their attention on physiological changes,
particularly roles of Na, K-ATPase and the balance of cellular
cations.1-4 Recently, our group has evaluated changes in
muscle proteome profile of BALB/c mice fed with K-depleted
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(KD) diet for 8 weeks compared to those fed with normal
chow.5 Comparative analysis revealed increased levels of 16
proteins in the KD muscles, most of which were muscle
enzymes playing significant roles in many metabolic pathways.
However, there was an argument that those data might be less
relevance as the artificial induction of chronic K depletion in
a murine model might not represent pathophysiological pro-
cesses of K deficiency in humans.

We, therefore, have extended our study to characterize K
deficiency in humans. Our recent study analyzing muscle K
contents in cadaveric subjects, who resided in the northeastern
part of Thailand and died from vehicle accident, revealed that
approximately 23% of the recruited subjects (7 out of 30 cases)
had K depletion (K < 80 μmol/g wet weight),6 consistent to the
previous surveys, which indicated that the northeastern part
of Thailand is a high prevalent area of K deficiency.7,8 This
population was therefore our focus in the present study aiming
for analyzing changes in proteome profile of skeletal muscle
in human subjects when muscle K was chronically depleted.
Specimens were collected within 6 h of death to obtain the
most reliable data.9 Proteins extracted from left vastus lateralis
muscles were analyzed by 2-DE-based proteomics approach,
comparing between KD and non-K-depleted (NKD) subjects.

Materials and Methods

Cadaveric Subjects and Sample Collection. All experiments
were reviewed and approved by Khon Kaen University Ethics
Committee. Totally, 30 vehicular accident cadaveric males who
were born and resided in the northeastern region of Thailand
were recruited. Their relatives were interviewed for past health
history and those who had one or more of the following
conditions were excluded from the study; (i) underlying medical
illness prior to the death; (ii) evidence of injury to left vastus
lateralis muscle; (iii) no information on past health history; (iv)
no permission from the cadaveric relatives.

Autopsies of the muscle tissues were conducted at the
Department of Forensic Medicine, Srinakarin Hospital, Khon
Kaen University. To minimize the effects of postmortem
autolysis of tissues, all autopsies were done within 6 h of the
death, according to our previous study.9 Approximately 1 cm3

of the left vastus lateralis muscle was taken from each subject,
weighed, and then subjected to measurement of K content and
proteome analysis.

Measurement of Muscle K Content. Approximately 35 mg
of the muscle sample was used for the measurement of K
content, which was performed in triplicate for each subject.
Briefly, muscle sample was homogenized at room temperature
in 2.1 mL of 5% trichloroacetic acid (TCA) using a glass
homogenizer, and then centrifuged at 1100g for 10 min. The
clear supernatant was subsequently analyzed for K content with
a flame photometer using lithium as an internal standard.

Sample Preparation and Two-Dimensional Gel Elec-
trophoresis (2-DE). Muscle tissues were briskly frozen in liquid
nitrogen and ground to powder using prechilled mortar and
pestle. The ground samples were then resuspended in a lysis
buffer containing 7 M urea, 2 M thiourea, 4% (w/v) 3-[(3-
cholamidopropyl)dimethyl-ammonio]-1-propanesulfonate(CHAPS),
2% (v/v) ampholytes (pH 3-10) and 40 mM dithiothreitol
(DTT), and the mixtures were incubated at 4 °C for 30 min.
After centrifugation at 12 000g for 10 min, the supernatants
were saved and the protein concentrations were determined
by spectrophotometry using the Bradford method.10

Immobilized pH gradient (IPG) strips (linear pH 3-10, 7 cm
long) (GE Healthcare; Uppsala, Sweden) were rehydrated
overnight with 200 μg of total protein derived from individual
subjects as mentioned above and premixed with a rehydration
buffer containing 7 M urea, 2 M thiourea, 2% (w/v) CHAPS,
0.5% (v/v) ampholytes (pH 3-10), 18 mM dithiothreitol (DTT),
and 0.002% bromophenol blue (to make the final volume of
150 μL per strip). The first-dimensional separation was per-
formed in Ettan IPGphor II Isoelectric Focusing Unit (GE
Healthcare) at 20 °C, using stepwise mode to reach 6500 Vh.
After completion of the isoelectric focusing (IEF), the separated
proteins were equilibrated with a buffer containing 6 M urea,
65 mM DTT, 29.3% glycerol, 75 mM Tris-HCl (pH 8.8), 2%
sodium dodecyl sulfate (SDS) and 0.002% bromophenol blue
for 15 min, and then with another buffer containing 6 M urea,
135 mM iodoacetamide, 29.3% glycerol, 75 mM Tris-HCl, 2%
SDS and 0.002% bromophenol blue for further 15 min. The
equilibrated IPG strips were then transferred onto 12% acry-
lamide slab gels (8 × 9.5 cm) and the second-dimensional
separation was performed in Hoefer miniVE system (GE
Healthcare) with the current of 20 mA/gel for approximately
1.5 h. The resolved protein spots were then visualized using
Coomassie Brilliant Blue R-250 stain.

Matching and Analysis of Protein Spots. Image Master 2D
Platinum software (GE Healthcare) was used for matching and
analysis of protein spots on 2-D gels. A reference gel was
created by combining all of the spots appeared in individual
gels into one image. The reference gel was then used for
matching of corresponding protein spots among different gels.
Background subtraction was performed and the intensity
volume of each spot was normalized with total intensity volume
(summation of the intensity volumes obtained from all spots
within the same 2-D gel).

In-Gel Tryptic Digestion. Protein spots whose intensity levels
significantly differed between the KD and NKD groups were
excised from the 2-D gels and the gel pieces were washed twice
with 200 μL of 50% acetonitrile (ACN)/25 mM NH4HCO3 buffer
(pH 8.0) for 15 min. The gel pieces were then washed once
with 200 μL of 100% ACN and dried using a Speed Vac
concentrator (Savant, Holbrook, NY). Dried gel pieces were
swollen with 10 μL of 1% (w/v) trypsin (Promega, Madison WI)
in 25 mM NH4HCO3. The gel pieces were then crushed with
siliconized blue stick and incubated at 37 °C for at least 16 h.
Peptides were subsequently extracted twice with 50 μL of 50%
ACN/5% trifluoroacetic acid (TFA); the extracted solutions were
then combined and dried with the Speed Vac concentrator. The
peptide pellets were then resuspended in 10 μL of 0.1% TFA
and the resuspended solutions were purified using ZipTipC18

(Millipore, Bedford, MA). Ten microliters of sample was drawn
up and down in the ZipTip for 10 times and then washed with
10 μL of 0.1% formic acid by drawing up and expelling the
washing solution 3 times. The peptides were finally eluted with
5 μL of 75% ACN/0.1% formic acid.

Protein Identification by Q-TOF MS and MS/MS Ana-
lyses. The proteolytic samples were premixed 1:1 with the
matrix solution (5 mg/mL R-cyano-4-hydroxycinnamic acid in
50% ACN, 0.1% (v/v) TFA and 2% (w/v) ammonium citrate)
and spotted onto the 96-well MALDI sample plate. The samples
were analyzed by Q-TOF Ultima MALDI instrument (Micro-
mass, Manchester, U.K.), which was fully automated with
predefined probe motion pattern and the peak intensity
threshold for switching over from MS survey scanning to MS/
MS, and from one MS/MS to another. Within each sample well,
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parent ions that met the predefined criteria (any peak within
the m/z of 800-3000 range with intensity above 10 count (
include/exclude list) were selected for CID MS/MS using argon
as the collision gas and a mass dependent (5 V rolling collision
energy until the end of the probe pattern was reached. The
MS and MS/MS data were extracted and outputted as the
searchable .txt and .pkl files, respectively, for independent
searches using the MASCOT search engine (http://www.
matrixscience.com), assuming that all peptides were monoiso-
topic. Fixed modification was carbamidomethylation at cys-
teine residues, whereas variable modification was oxidation at
methionine residues. Only one missed trypsin cleavage was
allowed, and peptide mass tolerances of 100 and 50 ppm were
allowed for peptide mass fingerprinting (PMF) and MS/MS ions
search, respectively, against the NCBI mammalian protein
database. Threshold for significant hits was probability-based
MOWSE (molecular weight search) scores >69 or ions scores
>37 for PMF and MS/MS analyses, respectively.

Western Blot Analysis. Equally, 20 μg of total proteins
extracted from vastus lateralis muscle (as described above) was
resolved in 12% SDS-PAGE and transferred onto polyvinylidene
fluoride membranes. The membranes were incubated at 4 °C
overnight with primary antibodies to peroxiredoxin-3 (Santa
Cruz Biotechnology, Inc.; Santa Cruz, CA), troponin-I (San-
tacruz) or to �-actin (Abcam, Inc.; Cambridge, U.K.); all with a
dilution of 1:4000 in 5% skimmed milk/PBS. After washing, the
membrane was incubated further with respective secondary
antibodies conjugated with horseradish peroxidase with a
dilution of 1:8000. Reactive protein bands were then visualized
with ECL Plus Western blot detection system (GE Healthcare).
Band intensity was measured by ImageQuant TL software (GE
Healthcare).

Statistical Analysis. All data are reported as Mean ( SD.
Statistical analysis was performed with SPSS software (version
11.0) (SPSS Corporation, Chicago, IL). To test for differences
between 2 sample groups, an unpaired t-test was used. To test
for correlations between two parameters, a linear regression
analysis was performed. P-values <0.05 were considered sta-
tistically significant.

Results

Totally, 12 cadaveric subjects were included for proteome
analysis. On the basis of K content in left vastus lateralis muscle,
the subjects were divided into two groups including 6 non-K-
depleted (NKD) (muscle K contentg80 μmol/g wet weight) and
6 K-depleted (KD) (muscle K content <80 μmol/g wet weight)
subjects. Their actual values were 90.77 ( 3.08 versus 72.09 (
2.18, respectively, p < 0.0001 (Figure 1). All were males with
ages of 39.17 ( 4.73 and 38.67 ( 4.55 years for NKD and KD
groups, respectively (p ) 0.940). The intervals or durations from
death to specimen collection were 3.88 ( 0.47 and 3.68 ( 0.38 h
(p ) 0.747) and ambient temperatures during sample collection
were 28.50 ( 0.89 and 29.00 ( 0.73 °C (p ) 0.674) for NKD and
KD groups, respectively.

Muscle proteome was analyzed by a gel-based method to
define differentially expressed proteins in vastus lateralis
muscle of KD subjects compared to NKD samples. Extracted
proteins were resolved in 2-DE and visualized with Coomassie
Brilliant Blue R-250 stain. With the use of 2-D analysis software,
approximately 270 protein spots were visualized in each 2-D
gel. Quantitative intensity analysis and statistics revealed
significantly differential expression of 11 protein spots (labeled
with numbers in Figure 2), including 6 up-regulated and 5

down-regulated spots. The degrees of alterations ranged from
1.21- to 7.94-fold increases and 0.11- to 0.54-fold decreases
(Table 1). These altered proteins were then subjected to mass
spectrometric protein identification. With the use of Q-TOF
MS and MS/MS analyses, 10 of 11 altered proteins were
successfully identified. Their identities, identifiers, PMF
scores, MS/MS ions scores, percentages of sequence cover-
age (%Cov), numbers of matched peptides, and intensity data
are summarized in Table 1.

The identified proteins were then classified into four
functional groups based on their major roles in biological
processes, including metabolic enzymes, antioxidants, cy-
toskeletal proteins and miscellaneous proteins, whose roles
remain unclear. Many of these proteins have several syn-
onyms. We also performed database search using the
information appeared in the well-established protein data-
bases including NCBI (http://www.ncbi.nlm.nih.gov/), Swiss-
Prot/TrEMBL (http://www.expasy.org/) and HumanCyc
(http://humancyc.org/) to obtain additional details for their
functions. Their synonyms and details of their main func-
tions, as well as metabolic pathways involved, are sum-
marized in Table 2.

To confirm our proteomic data, Western blot analysis of
randomly selected altered proteins was performed. Figure 3
illustrates that relative band intensity levels of peroxiredoxin-3
and troponin-I in Western blots normalized with �-actin band
were significantly increased and decreased, respectively, in the
KD muscle samples compared to the NKD group. We also
performed a linear regression analysis as to examine whether
intensity levels of peroxiredoxin-3 and troponin-I correlated
well with muscle K contents. Figure 4A demonstrates that there
was a significant negative (reverse) correlation between the spot
intensity levels of peroxiredoxin-3 and K contents in vastus
lateralis muscle (r ) -0.887; p < 0.001), whereas Figure 4B
illustrates a significant positive correlation between the spot
intensity levels of troponin-I and K contents (r ) 0.618; p <
0.05).

Discussion

The present study employed a gel-based proteomics ap-
proach and identified 11 proteins whose abundance levels were

Figure 1. K contents in left vastus lateralis muscle in male
cadaveric subjects included into this study. On the basis of cutoff
level established in previous studies,1,6 the subjects were grouped
as KD (K-depleted; muscle K < 80 μmol/g wet weight) and NKD
(non-K-depleted; muscle K g 80 μmol/g wet weight) groups.

technical notes Tavichakorntrakool et al.

2588 Journal of Proteome Research • Vol. 8, No. 5, 2009

D
ow

nl
oa

de
d 

by
 M

A
H

ID
O

L 
U

N
IV

 o
n 

A
ug

us
t 6

, 2
00

9
Pu

bl
is

he
d 

on
 F

eb
ru

ar
y 

26
, 2

00
9 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
pr

80
09

41
g



significantly altered in the KD muscle. To the best of our
knowledge, this is the first time that proteomics has been
applied to characterize the altered muscle proteome during K
depletion in humans. Some of these altered proteins have been
demonstrated to be involved in many cellular functions,
particularly energy production, acid-base regulation, oxidative
stress response, and muscle contractility. Functional signifi-
cances for some of these proteins are discussed as follows.

Aldehyde dehydrogenase is an important metabolic enzyme
in an oxidative pathway of alcohol metabolism and plays role
in catalyzing the oxidation of aldehyde to acid using NAD as a
coenzyme.11 Cytosolic malate dehydrogenase catalyzes the
reversible oxidation of malate to oxaloacetate, utilizing the
NAD/NADH cofactor system in citric acid cycle.12 It also plays

a crucial role in malate-aspartate shuttle in cellular metabolism
and is important for transporting NADH equivalents across the
mitochondrial membrane, controlling citric acid cycle pool, and
providing contractile function.12 Our present study identified
increased levels of both aldehyde dehydrogenase and cytosolic
malate dehydrogenase, suggesting their roles in the replenish-
ment of energy source in the low-K condition.

Uridine diphosphoglucose pyrophosphorylase plays role in
mammalian carbohydrate interconversion. It catalyzes the
transfer of glucose moiety from glucose-1-phosphate to UTP,
resulting to the formation of UDP-glucose.13 Muscle glycogen
provides a quick source of energy for either aerobic or anaero-
bic metabolisms, which can be exhausted in less than an hour
during vigorous activity/exercise. Enolase 1 is an important

Figure 2. Representative 2-D proteome maps showing 11 differentially expressed proteins between non-K-depleted (NKD) and K-depleted
(KD) groups (totally 6 gels per group). Numbers of protein spots labeled in these maps correspond to those reported in Table 1. Red-
circled spots denote the increased proteins, whereas blue-circled spots denote the decreased proteins.

Table 1. Summary of Differentially Expressed Proteins Between non-K-Depleted (NKD) and K-Depleted (KD) Groupsa

spot no. protein NCBI ID
scores

(MS, MS/MS)
%cov

(MS, MS/MS)

no. of matched
peptides

(MS, MS/MS) pI MW (kDa)
intensity levels

(KD/NKD) p-value

Metabolic Enzymes
153 Aldehyde dehydrogenase 1A1 gi|21361176 95, NA 25, NA 13, NA 6.30 55.45 1.94 0.035
164 Uridine diphosphoglucose

pyrophosphorylase
gi|881394 77, NA 28, NA 11, NA 8.16 55.84 0.28 0.049

183 Enolase 1 gi|4503571 155, 135 50, 8 18, 2 7.01 47.48 0.21 0.029
306 Cytosolic malate dehydrogenase gi|5174539 102, 86 44, 8 11, 2 6.91 36.63 1.21 0.049
332 Carbonic anhydrase III, muscle specific gi|13436164 163, 177 54, 28 14, 5 6.86 29.84 1.28 0.018

Antioxidants
370 Peroxiredoxin-3 isoform b gi|32483377 78, 47 37, 5 9, 1 7.04 26.11 7.94 0.008

Cytoskeletal Proteins
360 Slow-twitch skeletal troponin I gi|339965 NA, 50 NA, 12 NA, 2 9.55 21.82 0.14 0.023
402 Myosin light chain 2 gi|28372499 110, NA 72, NA 13, NA 4.91 19.12 0.54 0.034

Miscellaneous
136 Similar to tripartite motif-containing 4,

isoform CRA_b
gi|119572531 186, 24 62, 3 20, 1 5.99 37.57 2.28 0.019

146 Similar to tripartite motif-containing 4,
isoform CRA_b

gi|119572531 162, 14 56, 4 17, 1 5.99 37.57 0.11 0.008

354 Unidentified NA NA, NA NA, NA NA, NA NA NA 2.52 0.046

a NA ) Not applicable.
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enzyme in glycolytic pathway that catalyzes the conversion of
2-phospho-D-glycerate to phosphoenolpyruvate. This enzyme
requires Mg as a cofactor for stabilizing its dimeric structure.14-16

Both uridine diphosphoglucose pyrophosphorylase and enolase
1 are involved in carbohydrate metabolism; their down-
regulation in the KD subjects may be related to the energy
depletion. The decrease in ATP production and coordinated
declines of K and Mg levels may reflect the decrease of Na,
K-ATPase activity and muscle contraction.17 Likewise, the ATP
and Mg depletion may reduce the activity of Ca-ATPase and
may be associated with the reduction of sarcoplasmic reticulum
Ca reuptake and muscle function.18-20

Carbonic anhydrase III plays role in acid-base regulation
by reversible catalyzing the reaction of H+ and HCO3

- to CO2

and H2O.21-23 Chronic K depletion is associated with intracel-

lular acidosis,24,25 and thus, its increase may be for controlling
the acid-base homeostasis in the KD muscle. On the other
hand, the increase of this enzyme in muscle may be a result of
muscle damage and may be used as a biomarker, as for the
case of its serum level, which can be used for the evaluation
of myocardial infraction,26 muscular dystrophy,27 other neu-
romuscular disorders,27 and after intensive exercise.28 More-
over, the increased carbonic anhydrase III may have another
diagnostic value for neurological disorders, in which creatine
kinase level is normal.27

Peroxiredoxin-3 is a mitochondrial putative alkylhydroper-
oxide reductase that acts as an antioxidant. It plays an
important role in eliminating peroxides generated during
metabolism and may participate in the signaling cascades of
growth factors and tumor necrosis factor-alpha by regulating

Table 2. Brief Descriptions of Significantly Altered Proteins in KD Muscle

spot no. protein/synonyms function/catalytic activity

Metabolic Enzymes
153 Aldehyde dehydrogenase 1A1c Aldehyde dehydrogenase is the second enzyme of the major

oxidative pathway of alcohol metabolism.EC 1.2.1.3
Aldehyde dehydrogenase, cytosolic Aldehyde + NAD+ + H2O f acid + NADH
ALDH CLASS 1 L-lactaldehyde + NAD+ + H2O f L-lactate + NADH
ALHDII
ALDH-E1
Aldehyde dehydrogenase 1 family, member A1
Retinal dehydrogenase 1
Acetaldehyde dehydrogenase 1
Aldehyde dehydrogenase 1, soluble
Aldehyde dehydrogenase, liver cytosolic

164 Uridine diphosphoglucose pyrophosphorylasea Its role in glycogen synthesis, plays an important function
to synthesis of UDP-glucose from glucose-1-phosphate. In
muscle and liver tissue, UDP-glucose is a direct precursor
for glycogen synthesis.

EC 2.7.7.9.
UTP-glucose-1-phosphate uridylyltransferase.
UDP-glucose pyrophosphorylase
UDPGP R-D-glucose-1-phosphate + UTP f UDP-glucose + PPi
UGPase

183 Enolase 1a,c Its role in glycolytic pathway via ATP production.
EC 4.2.1.11 2-phospho-D-glycerate f phosphoenolpyruvate + H2O
Alpha-enolase Cofactor: Mg. Required Mg for catalysis and stabilizing the

dimeric structure.2-phospho-D-glycerate hydro-lyase
Non-neural enolase
NNE
Phosphopyruvate hydratase
C-myc promoter-binding protein
MBP-1
MPB-1

306 Cytosolic malate dehydrogenasec It catalyzes the reversible oxidation of malate to
oxaloacetate, utilizing the NAD/NADH cofactor system in
the citric acid cycle. It may participate in the
malate-aspartate shuttle.

EC 1.1.1.37
Malate dehydrogenase 1, NAD (soluble)
Cytosolic malate dehydrogenase
Soluble malate dehydrogenase Malate + NAD+ T oxaloacetate + NADH

332 Carbonic anhydrase III,c Its role in acid-base regulation, plays a parts in reversible
hydration of carbon dioxide.EC 4.2.1.1

Carbonic anhydrase 3 HCO3
- + H+ T CO2 + H2O Cofactor: Zn

CA-III

Antioxidants
370 Peroxiredoxin-3 isoform bc Peroxiredoxin 3 is an antioxidant protein.It is a putative

alkylhydroperoxide reductase that functions as an
antioxidant.

Peroxiredoxin 3 or PRX III
Antioxidant protein 1
AOP-1
MER5 protein homologue, HBC189
Thioredoxin-dependent peroxide reductase precursor

Cytoskeletal Proteins
360 Slow-twitch skeletal troponin I,c Troponin I is the inhibitory subunit of troponin, the thin

filament regulatory complex which confers calcium-
sensitivity to skeletal muscle actomyosin ATPase activity.

Troponin I, slow skeletal muscle
Troponin I, slow-twitch isoform
Troponin I, skeletal, slow

402 Myosin light chain 2,c It may modulate the interaction between myosin and actin.
Myosin regulatory light chain 2

Miscellaneous
136 Similar to tripartite motif-containingd, isoform CRA_b Its function has not been identified.
146 Similar to tripartite motif-containingd, isoform CRA_b Its function has not been identified.
354 Unidentified NAe

a Swiss-Prot database. b TrEMBL database. c HumanCyc database. d NCBI database. e NA ) Not applicable.
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the intracellular concentration of H2O2.29 Likewise, both re-
duced K and increased intracellular Na contents6 may favor
the cellular accumulation of Ca via the reduced Na/Ca ex-
change mechanism and lead to the mitochondrial swelling and
cellular damage.30-32 This mitochondrial Ca overload may lead
to the increased production of reactive oxygen species, causing
peroxidation of membrane lipids and possibly decrease in ATP
synthesis. The overload of mitochondrial Ca also increases the
risk of hyper-permeabilization of transition pore, which ulti-
mately leads to cell apoptosis or necrosis. Local increase in
cytosolic Ca may lead to phospholipase A2 activation, resulting
in the degradation of both cellular and organelle membranes.32

Therefore, the increase in peroxiredoxin-3 level in KD muscle
may be a biological response to control oxidative stress during
K depletion.

Troponin I is an inhibitory subunit of troponin, the thin
filament regulatory complex, which confers Ca-sensitivity to
actomyosin ATPase activity.33 Troponin I has two isoforms:
slow- and fast-twitch skeletal troponin I. They could provide
insight into differential types of injury of specific muscle fiber
types and may be present in blood samples of patients with
various skeletal muscle disorders.34,35 The fast-twitch skeletal
muscle also has myosin, which is a multisubunit protein
consisting of two heavy chains and a series of light chains.
Myosin light chains can be divided into phosphorylated light
chain (MLC2) (also called the regulatory light chain) and
nonphosphorylated light chains (MLC1 and MLC3) (also called
the alkali light chains). Among these, MLC2 is expressed
specifically in skeletal muscle.36 Phosphorylation of MLC2 by
the enzyme MLC kinase, in the presence of Ca and calmodulin,
increases actin-activated myosin ATPase activity and thereby
regulates the contractile activity.37-40 The lower MLC phos-
phorylation found in elderly people could impair their perfor-
mance by decreasing the rate and extent of force development
during contraction.41 Our previous study6 reported that K
depleted muscles also had the increase of intracellular Ca.
Sarcoplasmic reticulum is capable of storing quite large quanti-
ties of Ca. However, over buffering capacity may lead to a local

Figure 3. Confirmation of the proteomic data by Western blot
analysis. Panels A and C show immunoreactive bands of perox-
iredoxin-3 and troponin-I, respectively, with �-actin as the loading
control. Panels B and D show the band intensity levels of
peroxiredoxin-3 and troponin-I, respectively, normalized with the
band intensity of �-actin. Comparative analysis revealed signifi-
cant increase of the relative band intensity of peroxiredoxin-3
and significant decrease of the relative band intensity of tropo-
nin-I in KD muscle samples compared to NKD samples, consis-
tent with the proteomic data shown in Figure 2 and Table 1.

Figure 4. Linear regression analysis revealed a significant nega-
tive (reverse) correlation between levels of muscle peroxire-
doxin-3 and muscle K contents (A) and a significant positive
correlation between levels of muscle troponin-I and muscle K
contents (B). (O) ) values in KD vastus lateralis muscle; (b) )
values in NKD vastus lateralis muscle.
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activation of calpain, leading to degradation of cytoskeletal,
myofibrillar and membrane proteins.32 In our present study,
the decreases of slow-twitch skeletal troponin I and MLC2 may
aggravate or be make it more prone to the impairment of
muscle contractility in these KD subjects.

Comparing the data obtained from our present study on
human subjects to those reported in our previous study on a
murine model of prolonged K depletion,5 it was not unexpected
that there were no common changes identified from these two
studies. These differences were most likely due to the following.
First, the animal model was not able to simulate all the clinical
features and metabolic profiles of K depletion in humans.
Second, the degree and duration of K depletion were somewhat
different. Finally, adaptive responses to metabolic changes
between these two species significantly differed.

In summary, we identified several proteins with significantly
altered levels during K depletion in vastus lateralis muscle in
humans. These altered proteins play important roles in many
cellular functions, including bioenergetics, acid-base regula-
tion, oxidative stress response, and muscle contractility. Our
findings may be helpful for explaining the pathogenic mech-
anisms and pathophysiology of myopathy associated with
chronic K depletion commonly encountered in the Northeast-
ern Thais.

Abbreviations: ACN, acetonitrile; CHAPS, 3-[(3-cholami-
dopropyl) dimethyl-ammonio]-1-propanesulfonate; DTT, dithio-
threitol; IEF, isoelectric focusing; IPG, immobilized pH gradient;
KD, K-depleted; MALDI, matrix-assisted laser desorption/
ionization; MLC, myosin light chain; MOWSE, molecular weight
search; MS, mass spectrometry; MS/MS, tandem mass spec-
trometry; NKD, non-K-depleted; PMF, peptide mass finger-
printing; Q-TOF, quadrupole time-of-flight; SDS, sodium dode-
cyl sulfate; TCA, trichloroacetic acid; TFA, trifluoroacetic acid.
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© PHOTODISC

Variable-Length Haplotype
Construction for Gene–
Gene Interaction Studies

G
enetic epidemiology is a research field that aims to
identify genetic polymorphisms that are involved
in disease susceptibility. In this article, a variable-
length haplotype construction for gene–gene inter-

action (VarHAP) technique is proposed. The technique will
involve nonparametric classification where haplotypes
inferred from multiple single nucleotide polymorphism (SNP)
data are the classifier inputs. Usual candidate polymorphisms
include restriction fragment-length polymorphisms (RFLPs),
variable number of tandem repeats (VNTRs), and SNPs. In
recent years, SNPs are the most common choices because of
its simplicity and cost reduction in identification protocols.
SNPs in diploid organisms are excellent biallelic genetic
markers for various studies including genetic association,
gene–gene interaction, and gene–environment interaction.
The availability of multiple SNPs on the same gene can also
lead to haplotype analysis where genotypes of interest can be
phased into pairs of haplotypes. In this article, a VarHAP
technique is proposed. The technique involves nonparametric
classification where haplotypes inferred from multiple SNP
data are the classifier inputs for case–control studies.

Traditional techniques for identification of relationship
between a single SNP and disease susceptibility status involve
various univariate statistical tests including �2 and odds ratio
tests [1], [2]. However, many complementary computational
techniques have been developed in the past decade to handle
problems that involve multiple SNPs. Heidema et al. [3] have
categorized these multilocus techniques, which are capable of
identifying a candidate SNP set from possible SNPs, into para-
metric and nonparametric methods. Examples of parametric
method cover logistic regression techniques [4] and neural net-
works [5]. On the other hand, examples of nonparametric method
include a set-association approach [6], combinatorial techniques
[7]–[9], and recursive partitioning techniques [10], [11]. In some
of the aforementioned parametric [4], [5] and nonparametric [9]–
[11] methods, pattern recognition and classification approaches
have been successfully implemented as their core engines.

In addition to single and multiple SNP analysis, haplotype
analysis has also gained attention from genetic epidemiolo-
gists. Haplotypes provide a record of evolutionary history

more accurately than individual SNPs. Furthermore, haplo-
types can capture the patterns of linkage disequilibrium (LD),
a phenomenon where SNPs that are located in close proximity
tend to travel together, in genomes more accurately. Therefore,
haplotypes may enable susceptible gene identification in com-
plex diseases more effectively than individual SNPs [12]. In lieu
of this evidence, haplotype analysis should also be considered in
addition to direct genotype analysis. Many computational tech-
niques use haplotypes, which are inferred from multiple SNPs,
as problem inputs. For instance, Sham et al. [13] proposes a
logistic regression technique that produces a mapping model
between haplotypes and disease status, whereas Becker et al.
[14] combine haplotype explanation probabilities of given geno-
types from multiple gene or unlinked region data into a scalar
statistic for a permutation test. Nonetheless, haplotypes have
rarely been used as inputs for nonparametric classifiers for
genetic association and interaction studies.

Haplotype classification is thus the main interest of this arti-
cle. The chosen architecture for nonparametric classifier is the
multifactor dimensionality reduction (MDR) technique [9].
Similar to the original MDR technique, the proposed technique
would be able to identify appropriate candidate SNPs from
possible candidate SNPs and can be used in case–control
genetic interaction studies. However, this technique would also
be able to handle the situation where disease susceptibility is
detectable in different haplotype backgrounds.

MDR, Haplotype Inference,
and Haplotype Explanation Probability

MDR
MDR is a classifier-based technique that is capable of identi-
fying the best genetic marker combination among possible
markers for the separation between case and control samples.
Similar to the other classification systems, a k-fold cross-vali-
dation technique provides a means to determine the classifica-
tion accuracy of the candidate marker model. Basically, the
combined case and control samples are randomly divided into
k folds, where k � 1 folds of the samples are used to construct
a decision table for the classifier whereas the remaining fold
of samples is used to identify the prediction capability of the
constructed decision table. The decision table construction
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and testing procedure is repeated k times. Hence, the samples
in each fold will always be used both to construct and test the
decision table. The number of cells in a decision table is given
by Gnc , where nc is the number of candidate markers selected
from possible markers, and G is the number of possible geno-
types according to the marker. For an SNP, which is a biallelic
marker,G is equal to three. During the decision table construc-
tion, each cell in the table is filled with case and control sam-
ples that have their genotype corresponding to the cell label.
The ratio between the number of case and control samples will
provide the decision for each cell whether the corresponding
genotype is a disease-predisposing or protective genotype. An
example of decision table construction is illustrated in Figure
1. The prediction accuracy of the decision table is subse-
quently evaluated by counting the number of case and control
samples in the testing fold that their disease status can be cor-
rectly identified using the constructed decision rules. The
process of decision table construction and evaluation must be

cycled through all or some of possible 2nm � 1 combinations,
where nm is the total number of available markers in the study.
The best genetic marker combination is determined from three
criteria: prediction accuracy, cross-validation consistency,
and a sign test p value. Each time that a testing fold is used for
prediction accuracy determination, the accuracy of the inter-
ested marker combination model can be compared with that of
other models that also contain the same number of markers.
The model that consistently ranks first in comparison with
other choices with the same amount of markers would have a
high cross-validation consistency. The nonparametric sign test
p value is calculated from the number of testing folds with
accuracy�50%. This single-tailed p value is given by

p ¼
Xnf
i¼na

nf
i

� �
1

2

� �nf

, (1)

where nf is the total number of cross-validation folds, and na is
the number of cross-validation folds with testing accuracy�50%
[9]. Among the three criteria, the prediction accuracy is the main
criterion for decision making, whereas the other criteria are used
only as auxiliary measures. The cross-validation consistency
generally confirms that the high-rank model can be consistently
identified regardless of how the samples are divided for cross-
validation. On the other hand, a sign test p value indicates the
number of testing folds with acceptable prediction accuracy and
hence describes the usability of the model in the classification
task. In a situationwhere two ormoremodels with different num-
ber of markers are equally good in terms of prediction accuracy,
cross-validation consistency, and sign test p value, the most
parsimonious model (the combination with the least number of
markers) will be the best model.

Haplotype Inference
With the availability of multiple SNPs from the same gene, hap-
lotypes can be inferred from given genotypes. Let 0 and 1 denote
the major (common) and minor (rare) alleles at an SNP location
in a haplotype. A genotype can then be represented by a string,
which consists of characters 0, 1, and 2. In the genotype string, 0
denotes a homozygous wild-type site, 1 denotes a heterozygous
site, and 2 denotes a homozygous variant or homozygousmutant
site. A genotype with all homozygous sites or a single heterozy-
gous site can always be phased into one pair of haplotypes. On
the other hand, a genotype with multiple heterozygous sites can
be phased into multiple haplotype pairs. For example, genotype
0102 leads to haplotypes 0001 and 0101, whereas genotype
0112 leads to two possible haplotype pairs: 0001/0111 and
0011/0101. Many algorithms exist for haplotype inference [15]–
[17]. In this article, an expectation-maximization algorithm [15]
is chosen because of its simplicity and implementation efficacy.
Regardless of the inference technique employed, the usual result

AA

BB

Bb

bb

Aa aa

252
146

200

476

21 56
1

0101
58180

141

0

0 0

Fig. 1. An MDR decision table that is constructed using 1,200
case–control samples. The genotype of each sample is
determined from two SNPs. The table consists of nine cells,
where each cell represents a unique genotype. The left
(black) bar in each cell represents the number of case sam-
ples whereas the right (pale blue) bar represents the num-
ber of control samples. The cells with genotypes AaBb,

aaBb, Aabb, and aabb are labeled as predisposing geno-
types whereas the cells with genotypes AABB, AaBB, aaBB,
AABb, and AAbb are labeled as protective genotypes.

Examples of nonparametric method
include a set-association approach,

combinatorial techniques, and recursive

partitioning techniques.
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from an inference algorithm covers haplotype frequencies and
possible haplotype phases of each genotype.

Haplotype Explanation Probability
In a genomic region with multiple heterozygous sites, multiple
pairs of haplotypes can be inferred from a given genotype.
The probability of a genotype to be phased into one specific
pair of haplotypes would depend on the frequencies of haplo-
types constituting the pairs [14]. This probability is given by

wij ¼ fi fjP
(hk , hl)2H fkfl

, (2)

where wij is the probability for haplotype pair ij, fi denotes the
frequency of the ith haplotype, hk is the kth haplotype, and H
represents the set of haplotype explanations that are compati-
ble with the genotype of interest. For example, genotype 0110
can be phased into two haplotype pairs: 0000/0110 (h1=h4)
and 0010/0100 (h2=h3). If the frequencies for haplotypes
0000, 0010, 0100, and 0110, are 0.5, 0.2, 0.2, and 0.1, respec-
tively, the probabilities for the pairs 0000/0110 and 0010/0100
are 0.556 and 0.444. Obviously, the probability of a genotypewith
all homozygous sites or a single heterozygous site to be phased
into a pair of haplotypes would be equal to one. In genetic interac-
tion studies, where the number of genes or unlinked regions is
greater than one, the haplotype explanation probabilities from all
regions can be combined together. An overall contribution by one
sample to haplotype configuration (h1j , h

2
j , . . . , h

nu
j ) in a study

with nu genes/unlinked regions is given by

c(h1j , h2j ,..., h
nu
j ) ¼ 2

Ynu
i¼1

wijk
(1þ dijk)

2
, (3)

where c(h1j , h2j ,..., h
nu
j ) is the contribution value and d is defined as

djk ¼ 1 for j ¼ k and djk ¼ 0 for j 6¼ k. In the previous example
where haplotypes from only one region are considered,
ch1 ¼ 0:556, ch2 ¼ 0:444, ch3 ¼ 0:444, and ch4 ¼ 0:556. Note
that the sum of contribution values is equal to two; this reflects
the fact that each genotype is made up of two haplotypes.
Becker et al. [14] used this contribution value in the construc-
tion of a contingency table, where a �2 test statistic was subse-
quently calculated. Using Monte Carlo simulations, an
estimated p value is then obtained. Similar to the model explo-
ration strategy in MDR, the process of contingency table con-
struction and p-value calculation can also be cycled through all
or some of the possible interaction models. The model with
appropriate candidate SNPs taken from possible SNPs is the
one with minimum p value and is said to be the best model for
the explanation of interactions. This statistics-based procedure
can be found as an integral part of the FAMHAP program (soft-
ware for single-marker analysis and joint analysis of unphased
genotype data from tightly linkedmarkers) [18].

VarHAP
VarHAP is proposed for case–control interaction studies. Simi-
lar to MDR, this technique is also a classifier-based technique.
However, instead of using a genotype data analysis as a means
to identify the best SNP combination, the decision table for
classification is constructed from the haplotype contribution
value as described earlier. As a result, haplotypes with different
lengths must be inferred during the search for the best model.
The number of decision cells during the consideration on

haplotypes constructed from a specific set of SNPs is governed
by the total number of possible haplotype configurations as
illustrated in Figure 2. In brief, VarHAP would maintain the
ability to find the best SNP combination while also be able to
identify possible disease-predisposing and protective haplotype
configurations.

Since VarHAP is essentially a classification system, the
principal criterion for choosing the optimal SNP combination
model is still the prediction accuracy. However, using haplotype
contribution value as a means for decision rule construction, an
additional model selection criterion that exploits the nature of
haplotype can be formulated. This criterion can be referred to as
haplotype propagation capability. Basically, if a haplotype con-
structed from a specific set of SNPs is related to disease suscep-
tibility status, haplotypes constructed from a SNP set, which is a

h1
1 (0) h2

1 (0)

h1
2 (00)

h2
2 (01)

h3
2 (10)

h4
2 (11)

132.12

435.02

165.88
99.48

4.77

210.46

108.73
165.54

105.88

366.48

130.12
89.02

7.73

161.54
88.77

128.46

Fig. 2. A VarHAP decision table that is constructed from
1,200 case–control samples. Haplotypes in the first gene are
obtained from one SNP whereas haplotypes in the second
gene are inferred from two SNPs. The table consists of eight
cells, where each cell represents a unique haplotype config-
uration. The left (black) bar in each cell represents the accu-
mulative contribution from case samples whereas the right
(pale blue) bar represents the accumulative contribution
from control samples. The cells with haplotype configurations
(h12,h

2
1), (h

1
1,h

2
2), (h

1
2,h

2
2), (h

1
2,h

2
3), (h

1
1,h

2
4), and (h12,h

2
4) are

labeled as predisposing haplotype configurations whereas
the cells with haplotype configurations (h11,h

2
1) and (h11,h

2
3)

are labeled as protective haplotype configurations.
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superset of the previously specified SNPs, should also predict
the same relationship. This implies that predisposing and protec-
tive haplotypes in a low-order model must be able to propagate
into haplotypes in high-order models. For example, consider a
single-gene problem with four possible SNPs: X1, X2, X3, and
X4. If haplotypes in the model with SNPs (X2, X4) are related
to disease susceptibility, haplotypes in the models with SNPs
(X1, X2, X4), (X2, X3, X4), and (X1, X2, X3, X4) should

produce the same result. The haplotype propagation capability,
which is a dichotomous criterion, can be determined from the
evidence that the sign test p value and the prediction accuracy
can be maintained throughout the process of increasing the
model order. Again, in a situation where two or more models
with different number of SNPs are equally good in terms of both
prediction accuracy and haplotype propagation capability, the
most parsimonious model will be the best model.

Table 1. Description of two-locus disease models.

Model d22 d21 d20 d12 d11 d10 d02 d01 d00 p1 p2 /

Ep-1 / / 0 / / 0 0 0 0 0.210 0.210 0.707
Ep-2 / / 0 0 0 0 0 0 0 0.600 0.199 0.778
Ep-3 / 0 0 0 0 0 0 0 0 0.577 0.577 0.900
Ep-4 / / 0 / 0 0 / 0 0 0.372 0.243 0.911
Ep-5 / / 0 / 0 0 0 0 0 0.349 0.349 0.799
Ep-6 0 / / / 0 0 / 0 0 0.190 0.190 1.000
Het-1 w w / w w / / / 0 0.053 0.053 0.495
Het-2 w w / / / 0 / / 0 0.279 0.040 0.660
Het-3 w / / / 0 0 / 0 0 0.194 0.194 1.000
S-1 / / / / / / / / 0 0.052 0.052 0.522
S-2 1 1 1 / / 0 / / 0 0.228 0.045 0.574
S-3 1 1 / 1 / 0 / 0 0 0.194 0.194 0.512

dij is the penetrance of a genotype carrying i disease alleles at locus 1 and j disease alleles at locus 2. p1 is the frequency
of the disease allele at locus 1 and p2 is the frequency of the disease allele at locus 2. w ¼ 2/� /2.

Table 2. MDR, VarHAP, and FAMHAP results from the weak LD case study.

Two-Locus
Model

MDR
Prediction

Accuracy (%)

VarHAP
Prediction

Accuracy (%)
Correct Model
Identification Technique

Alternative Model
Identification
Technique

Ep-1 98.00 73.92 MDR(2), VarHAP(2), FAMHAP(2) FAMHAP(2)
Ep-2 98.58 78.39 MDR(2), VarHAP(4), FAMHAP(2) FAMHAP(2)
Ep-3 99.50 87.50 MDR(2), VarHAP(2), FAMHAP(2) FAMHAP(2)
Ep-4 99.25 78.96 MDR(2), VarHAP(2), FAMHAP(2) FAMHAP(2)
Ep-5 98.42 75.19 MDR(2), VarHAP(3), FAMHAP(2) FAMHAP(2)
Ep-6 100.00 85.10 MDR(2), VarHAP(2), FAMHAP(2) FAMHAP(2)
Het-1 93.75 73.29 MDR(2), VarHAP(2), FAMHAP(2)
Het-2 97.33 78.40 MDR(2), VarHAP(2), FAMHAP(2) FAMHAP(2)
Het-3 100.00 84.40 MDR(2), VarHAP(2), FAMHAP(2) FAMHAP(2)
S-1 94.00 72.98 MDR(2), VarHAP(2), FAMHAP(2)
S-2 97.58 79.81 MDR(2), VarHAP(2), FAMHAP(2) FAMHAP(2)
S-3 96.75 79.15 MDR(2), VarHAP(2), FAMHAP(2) FAMHAP(2)

A 10-fold cross-validation technique is used in MDR and VarHAP. The prediction accuracy is obtained for the identified
principal interaction model. Estimated p values in FAMHAP results are equal to zero whereas sign test p values in MDR and
VarHAP results are less than 0.001 in all two-locus problems. The number in each bracket denotes the order of the identi-
fied model (the number of SNPs in the model).

Haplotypes may enable susceptible gene
identification in complex diseases more

effectively than individual SNPs.
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Data Sets
The performance of the proposed VarHAP technique is eval-
uated through benchmark trials. Twelve simulated data sets,
which represent various gene–gene interaction phenomena,
including epistasis and heterogeneity, are considered [14], [19].
Each data set contains 600 case samples and 600 control sam-
ples. Each sample consists of ten total SNPs from two genes,
where five SNPs exist in each gene. All SNPs in control samples
are in Hardy–Weinberg equilibrium [20]. Only one SNP from
each gene is interacted with one another. The two-locus interac-
tion models are illustrated in Table 1. The epistatic models
Ep-1–Ep-6 and the heterogeneity models Het-1–Het-3 have
been discussed by Neuman and Rice [21], who also provides
examples of diseases for which these models may be applicable.
The heterogeneity models S-1 and S-2 and the epistatic model
S-3 have been investigated by Schork et al. [22]. From Table 1,
if the frequency of the disease allele at a locus is greater than
0.5, the major allele is the disease allele. Otherwise, the minor
allele is the disease allele. These interactionmodels describe dis-
ease susceptibility status in terms of penetrance. Penetrance of a
genotype with a specific number of disease alleles is the proba-
bility that a subject with this genotype has the disease. The test
data sets are simulated by a genomeSIM package [23] with the
default setting. As a result, it is also possible to vary the LD pat-
tern among SNPs in the same gene. This leads to two main case
studies that need to be explored: strong LD and weak LD cases.
In the strong LD case, the susceptibility-causative SNP in each
gene and its two adjacent SNPs are in LD, where the D0 value
[24] is in the range of 0.80–0.95. In contrast, the D0value for
each pairwise LD measurement between susceptibility-

causative SNP and its adjacent SNPs is in the range of 0.50–0.60
in the weak LD case. In the strong LD case, an interaction detec-
tion technique should be able to identify both the actual two-
locus model that directly leads to disease susceptibility and other
alternative models that consist of SNPs in strong LD patterns.
The ability to detect these other models is important. This is
because it is not always straightforward to identify SNPs that are
responsible for disease susceptibility in real case–control inter-
action studies. In contrast, an interaction detection technique
should narrow the search to the original two-locus model in
weak LD case since it is the only usable model.

Results and Discussions
VarHAP is benchmarked against MDR and FAMHAP. Since
the test data contains ten SNPs, all three techniques have to
explore 210 � 1 ¼ 1; 023 possible SNP combination models.
An initial investigation reveals that using minimum p value as
the sole model selection criterion, FAMHAP reports a large
number of models with the estimated p value equaling to zero.
As a result, haplotype propagation capability is also imple-
mented as an additional model selection criterion. Further, the
parsimony criterion is also used when there is a tie between
multiple models with different number of SNPs. The results
from all three techniques in weak and strong LD case studies
are summarized in Tables 2 and 3, respectively.

The prediction accuracy of MDR is higher than that of Var-
HAP in both case studies. This is because VarHAP uses contri-
bution values that are obtained from inferred haplotypes instead
of inferred diplotypes—pairs of haplotypes that together
describe correct phases of given genotypes—to create decision

Table 3. MDR, VarHAP, and FAMHAP results from the strong LD case study.

Two-Locus
Model

MDR
Prediction

Accuracy (%)

VarHAP
Prediction

Accuracy (%)
Correct Model
Identification Technique

Alternative Model
Identification
Technique

Ep-1 98.00 73.92 MDR(2), VarHAP(2), FAMHAP(2) VarHAP(2), FAMHAP(2)
Ep-2 98.58 77.02 MDR(2), VarHAP(4), FAMHAP(2) VarHAP(4), FAMHAP(2)
Ep-3 99.50 87.50 MDR(2), VarHAP(2), FAMHAP(2) FAMHAP(2)
Ep-4 99.25 78.96 MDR(2), VarHAP(2), FAMHAP(2) VarHAP(2), FAMHAP(2)
Ep-5 98.42 75.87 MDR(2), VarHAP(3), FAMHAP(2) VarHAP(3), FAMHAP(2)
Ep-6 100.00 85.10 MDR(2), VarHAP(2), FAMHAP(2) FAMHAP(2)
Het-1 93.75 75.41 MDR(2), VarHAP(3), FAMHAP(2) VarHAP(3), FAMHAP(2)
Het-2 97.33 78.40 MDR(2), VarHAP(2), FAMHAP(2) VarHAP(2), FAMHAP(2)
Het-3 100.00 84.40 MDR(2), VarHAP(2), FAMHAP(2) FAMHAP(2)
S-1 94.00 72.98 MDR(2), VarHAP(2), FAMHAP(2) VarHAP(2), FAMHAP(2)
S-2 97.58 79.81 MDR(2), VarHAP(2), FAMHAP(2) VarHAP(2), FAMHAP(2)
S-3 96.75 79.15 MDR(2), VarHAP(2), FAMHAP(2) VarHAP(2), FAMHAP(2)

The explanation for how the results are obtained and displayed is the same as that given in Table 2.

Agenotype with all homozygous sites

or a single heterozygous site can always

be phased into one pair of haplotypes.
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rules. Consider a situation where disease susceptibility can be
determined from a single SNP where the predisposing genotype
is the homozygous variant. In other words, the disease suscepti-
bility can be described by a recessive genetic model. MDR can
easily classify the heterozygous and homozygous wild-type
genotypes as protective genotypes. However, VarHAP would
only correctly classify both homozygous genotypes since each
genotype is made up from two copies of the same haplotype:
two major alleles for the homozygous wild type and two minor
alleles for the homozygous variant. VarHAP would partially
misclassify samples with heterozygous genotype. This is
because VarHAP identifies the major allele as the protective
allele and the minor allele as the predisposing allele. To increase
the prediction accuracy of VarHAP, it may be necessary to con-
struct decision tables from diplotype information instead of hap-
lotype contribution values. Nonetheless, this will also rapidly
increase the dimensions of decision tables in VarHAP.

In the weak LD case study, bothMDR and VarHAP are able
to identify correct sets of SNPs that lead to disease susceptibil-
ity. On the other hand, FAMHAP reports both actual and alter-
native interaction models. This is undesirable since it would
not be possible to further explain disease susceptibility from
multiple candidate models in the absence of strong LD among
SNPs. In other words, FAMHAP is quite sensitive in this sit-
uation. Further analysis reveals that MDR is marginally better
than VarHAP in two epistasis problems: Ep-2 and Ep-5. MDR
correctly identifies models that contain two SNPs, whereas
the models located by VarHAP contain a few extra SNPs.
Nonetheless, these two models identified by VarHAP are still
useful to susceptibility explanation.

All three techniques are able to locate correct interaction mod-
els in the strong LD case study. However, only FAMHAP and
VarHAP are capable of identifying alternative models. Since
MDR suggests one candidate model for each fixed-number SNP
set, it would not be possible for MDR to produce any alternative
models. Recall that these alternative models are equally impor-
tant since SNPs in the principal two-locus interaction model and
SNPs from an alternative model are in strong LD. This implies
that disease susceptibility can be explained using either the origi-
nal interaction model or the alternative models. This disadvant-
age in MDR can be overcome if the cross-validation consistency
criterion can be replaced by other decision criteria. In this case
study, FAMHAP is marginally better than VarHAP in terms of
identification of alternative models in three epistasis and hetero-
geneity problems: Ep-3, Ep-6, and Het-3. This means that FAM-
HAP is at its best when SNPs are in strong LD. Nonetheless, the
overall results from both case studies suggest that VarHAP is the
best technique. This is concluded from the fact that VarHAP does
not report ambiguous results in weak LD case study and is also
capable of producing alternative models in strong LD case study.
This is crucial because it is impossible to know beforehand

whether susceptibility-causative SNPs are in weak or strong LD
with other SNPs in real case–control interaction studies. In other
words, a technique that performs satisfactorily in both weak and
strong LD cases would have an advantage over a technique that
functions well in only one scenario.

Conclusions
In this article, a nonparametric pattern recognition/classification
technique for case–control, gene–gene interaction studies is
presented. Instead of using direct genotype inputs in classifica-
tion, inferred haplotypes, which are obtained through an expec-
tation-maximization algorithm [15], are used as inputs. Each
case–control sample contributes values derived from inferred
haplotypes to decision tables that are constructed and tested for
all possible gene–gene interaction models. This technique
primarily uses prediction accuracy obtained from k-fold cross-
validation as a means for identifying candidate SNPs, which are
responsible for disease susceptibility. This technique also
employs haplotype propagation capability as an additional crite-
rion. If the selection procedure ends in a tie between two or more
models with different number of SNPs, the most parsimonious
model is reported as the interaction model. Since haplotypes
with different lengthsmust be constructed duringmodel identifi-
cation, the proposed technique can be referred to as a VarHAP
technique. VarHAP has been benchmarked against two interac-
tion model detection programs namely MDR [9] and FAMHAP
[14], [18] in 12 two-locus epistasis and heterogeneity problems
[14], [19]. The results reveal that FAMHAP reports multiple
ambiguous models in the presence of weak LD among input
SNPs whereas MDR is not suitable for alternative interaction
model identification when input SNPs are in strong LD. In con-
trast, VarHAP emerges as the most suitable technique in both
situations involving weak and strong LD. Suggestions for
further improvement ofMDR andVarHAP are also included.

VarHAP, which is implemented in Java, and the simulated
data sets used in the article are available upon request. In addi-
tion to the use of the genomeSIM package [23], the data sets can
also be generated by a SNaP package [25]. Readers might also
be interested in applying the techniques discussed in this article
to examples of case–control data sets, which are available from
theWellcome Trust Case Control Consortium [26].
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With the completion of the human genome project, novel sequencing and genotyping 
technologies had been utilized to detect mutations. Such mutations have continually been 
produced at exponential rate by researchers in various communities. Based on the 
population’s mutation spectra, occurrences of Mendelian diseases are different across ethnic 
groups. A proportion of Mendelian diseases can be observed in some countries at higher 
rates than others. Recognizing the importance of mutation effects in Thailand, we 
established a National and Ethnic Mutation Database (NEMDB) for Thai people. This 
database, named Thailand Mutation and Variation database (ThaiMUT), offers a web-based 
access to genetic mutation and variation information in Thai population. This NEMDB 
initiative is an important informatics tool for both research and clinical purposes to retrieve 
and deposit human variation data. The mutation data cataloged in ThaiMUT database were 
derived from journal articles available in PubMed and local publications. In addition to 
collected mutation data, ThaiMUT also records genetic polymorphisms located in drug 
related genes. ThaiMUT could then provide useful information for clinical mutation 
screening services for Mendelian diseases and pharmacogenomic researches. ThaiMUT can 
be publicly accessed from http://gi.biotec.or.th/thaimut . © 2008 Wiley-Liss, Inc.
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INTRODUCTION

The existence of human mutation databases, such as Human Gene Mutation Database (HGMD; Cooper, et al., 
1998; Krawczak, et al., 2000) and Locus-Specific Database (LSDB; Claustres, et al., 2002), has influenced the 
occurrence of regional initiatives in the discovering and cataloging of genetic mutations and variations. The 
importance of collecting mutations and variations, which affect genetic diseases in various ethnic communities, 
was also raised during a HUGO meeting as the Mutation Database Initiative (MDI; Cotton, 2000). Complex 
interplay among population history, mating patterns and natural selection resulted in an accumulation of population 
specific mutation which underlies many common genetic diseases in a particular population. Discovery of novel 
mutations in an ethnic-specific population and storing them are consequential to disease detection, mutation 
screening and genetic counseling. Different ethnics exhibit varying mutation spectrums. The varying spectrums 
could be the cause of the different occurrences of Mendelian diseases across populations. As an example, 
hemoglobin genes reveal various mutation spectrums in different populations and even within the same population 
(Old, et al., 2001; Sirichotiyakul, et al., 2003). It has been known that �-Thalassemia is highly prevalent in 
Southeast Asia and Mediterranean while Sickle Cell Anemia is prevalent in African descendents (Clark and Thein, 
2004). Armed with the mutation spectrum information in a given population, researchers can devise an appropriate 
scheme for mutation detection in that particular population. Such mutation information will also be beneficial for 
carrier screening in Mendelian diseases. Consequently, practitioners and researchers will benefit from a well-
maintained mutation database.  

Ethnic specific mutation databases are necessary in the studies of comprehensive demographic history and 
patterns of migration flow (Patrinos, 2006). Comparison of available spectrums of genetic mutations across 
populations could facilitate genotype-phenotype correlation studies. Apart from the collection of ethnic specific 
mutations, public genotypic databases had revealed more than 10 million single nucleotide polymorphisms (SNPs) 
in human genome in different populations (Smigielski, et al., 2000). However, validating the existence of these 
SNPs in a certain population and capturing their frequencies are required to determine the population significance 
of these SNPs (Thorisson, et al., 2005). Upon completion of these tasks, researchers would be able to further 
investigate predisposing genetic factors influencing diseases in their specific population. 

This system is regularly maintained and updated to promote the utilization of this database in the Thai human 
genetic society. It allows direct personal submission, which must go through a manual assessment by the Thai 
human genetic research community before publishing the results on ThaiMUT. This establishment was prepared to 
ensure that the data and web application services available on this website will be beneficial not only to the local 
research community but also research communities outside Thailand. 

ETHNIC BACKGROUND 

Thailand covers an area of 514,000 km2 in the center of the Southeast Asian peninsula. It is bordered by 
Myanmar (Burma), Lao People's Democratic Republic (Laos), Cambodia and Malaysia, and has 2,420 km of 
coastline on the Gulf of Thailand and the Andaman Sea. Thailand stretches 1,650 kilometers from north to south, 
and 780 kilometers from east to west at its widest part (http://www.un.or.th/thailand/geography.html). The 
estimated population is 64 million, of which approximately 9.3 million live in Bangkok, the capital city, and its 
vicinity. The official language of the country is called “Thai” for which 94% of population use as their first 
language. Four major dialects of the Thai language are the dialects used in the central, northern, southern and 
northeastern regions. Northeastern dialect is closely related to the Lao language. In the four southern most 
provinces of Pattani, Satun, Yala and Naratiwat situated near the Malaysian border, majority of the population 
there is Muslim speaking "Pattani" Malay. In the mountainous area of the northern region, there are approximately 
525,000 highland people or hill tribes who speak distinct languages. Ten to fifteen percent of populations have 
Chinese origin due to steady flows of immigration from China to Thailand during 1850 toward the end of the 
World War II. Thus, the Chinese population in Thailand was established as commerce and artisan communities 
throughout the country (http://www.un.or.th/thailand/population.html). 

In terms of ethnic-specific Mendelian disease backgrounds, Thalassemia is the most common genetic disease in 
Thailand. Mutation carriers were estimated at 30–40% of the Thai population. The high prevalence of Thalassemia 
carriers results in more than 12,000 new cases of severely affected births annually in Thailand (Lagampan, et al., 
2004). For other genetic related diseases, cancer is also a major health problem and has been the most common 
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cause of death since 1999 (Ministry of Public Health, 2004). In Thai men, liver cancer is the most common disease 
followed by lung cancer. On the other hand, cervix and breast cancer are the two top cancer types prevalent in Thai 
women (Sriplung, et al., 2003). 
 

SYSTEM DESIGN AND IMPLEMENTATION 

 
The design of ThaiMUT is based on a three-tier architecture model (client, application server and database). 

Figure 1 depicts the overall architectural design of ThaiMUT. On the client layer, we use PHP-based scripts as a 
CGI on the Apache web server to render the graphical web-interface. Mutations, SNPs and other human genome 
reference information are tabulated in a MySQL relational database. To simplify the SQL complexity, we created a 
web interface using CGI scripts in the application server to compose the queries on behalf of the users. Users will 
only need to enter a keyword such as gene name, disease name then the web server will transform the requests to 
query language (SQL) to get the pertinent data from MySQL. 

The content and structure of ThaiMUT follows guidelines given by http://www.hgvs.org and by Scriver’s 
recommendation (Scriver, et al., 1999). ThaiMUT was constructed in such a way that mutations/SNPs can be 
incorporated into and queried from the database. We began by incorporating large number of Thai mutation reports 
excerpted from literatures in PubMed to our MySQL database. Some of the mutations not in PubMed were 
collected from local publications and personal communication with researchers. In addition to mutations, validated 
SNPs in Thai population were also cataloged. These SNPs were obtained from (Mahasirimongkol, et al., 2006) 
which compared amongst Thais and Northeast Asian populations (Chinese and Japanese) their allele frequencies 
and linkage disequilibrium (LD) patterns from 188 drug related genes. This data set was obtained by genotyping 
SNPs 280 individuals from 4 major geographical regions in Thailand. Allele frequencies from these drug-related 
SNPs were systematically made available for the first time through the ThaiMUT database. Flanking sequences of 
these SNPs were compared against the latest build of reference sequence (RefSeq) obtained from NCBI database 
(Pruitt, et al., 2007). They can be visualized along with SNPs from other populations in various public domain 
databases namely dbSNP (Smigielski, et al., 2000), JSNP (Hirakawa, et al., 2002) and HapMap (Thorisson, et al., 
2005). 

Related genomics and genetic information are supplied along with the mutations and SNPs, for example: locus 
IDs, gene names, OMIM associated Mendelian diseases, nomenclatures, allele frequencies and their publication 
references with link-outs to PubMed. In order to assist scientists to compare SNPs across different populations, 
ThaiMUT integrated the latest public domain SNP databases. Therefore, SNP maps from each database can be 
presented all at once along with Thai SNPs. For graphical viewing, a W3 standard Scalable Vector Graphics (SVG; 
http://www.adobe.com/svg) was adopted; users can visualize the location and characteristic of selected SNPs from 
a comparative view of different populations. An apache web-server was set up to interact with the underlying 
database and to provide web-based graphical output to users. Users can query for both mutations and SNPs via 
regular web search box or intuitively select a locus from ideogram view to get the required information. 

To regularly maintain data accuracy and to alert a curator to update the database, ThaiMUT features a direct 
submission of unpublished data from researchers. However, that data will be marked as unpublished and will be 
unmarked later when publication is officially made. The submission form complies with the guideline given by the 
Human Genome Variation Society (HGVS; http://www.hgvs.org). Most novel mutations and SNPs are expected to 
be submitted by members of the Thai Genetic Society who share common interests in Mendelian diseases and 
genetic epidemiological studies.  
 

DATABASE ACCESS 

 
ThaiMUT database is publicly available from http://gi.biotec.or.th/thaimut . Most popular web browsers, e.g., 

Internet Explorer (IE6 on Windows XP and IE7 on Vista) and Firefox, should be able to view mutation/variation 
contents in ThaiMUT. To access ThaiMUT, the JavaScript feature must be enabled. By default, web browsers 
enable JavaScript but disable other security-prone features such as ActiveX and pop-ups blocking. Since ThaiMUT 
relies only on JavaScript, most users should be able to access the web site. To graphically visualize SNPs on genes, 
Internet Explorer users are required to install SVG (Scalable Vector Graphic) viewer plug-in made available by 
Adobe software (http://www.adobe.com/svg).  
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Figure 1. Implementation of ThaiMUT database system: 1) Users search for 
mutation/variation via web interface implemented using PHP scripts 2) Apache web 
server receives search requests and converts them to SQL commands issued to 
MySQL database 3) MySQL returns queried results back to Apache server 4) PHP 
scripts process raw outputs and transform them to html or SVG results that web 
browsers can render. 

QUERYING THE DATABASE 

 
For convenience and efficiency, both mutation and variation information in ThaiMUT must be queried through 

intuitive web interface similar to other genomic database interfaces. We have made the interface using Ext JS2.0 
(extjs.com) which is a JavaScript library used in construction of many web applications. Four main feature search 
schemes (described below) are presented as tabs in the control frame of ThaiMUT. The database summary such as 
number, types of mutations is displayed in ThaiMUT welcome page. Figure 2 illustrates the ThaiMUT interface. 
 

1. Basic Search: This is the most recommended feature search to explore mutations and variations in 
ThaiMUT. The search box can accept any string of gene name or locus ID, disease name, chromosome 
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number, OMIM number, nomenclature, title and author of reference article. The basic search is 
separately provided for mutation as well as variation. 

2. Advanced Search: Similar to basic search, this feature accepts strings of all types. It also offers the 
search by mutation types and a range of years that an article was published. These queries can also be 
combined, e.g., user can search by gene name and/or author of the article at the same time.  

3. Alphabetical Search: This feature arranges gene symbols or names in alphabetical order. Clicking on 
each alphabet, i.e., the initial of the gene name, will narrow the search space. All available genes with 
mutations found will be displayed.  

4. Chromosomal Search: This feature offers a list of 22 autosomes plus the X and Y chromosomes. Users 
can directly jump to a chromosome of interest and visualize where mutations/variations are on the 
chromosome. Users can click on one of the colored boxes indicating where mutations/variations 
occurred on the chromosome. 

 
 

 
 
 

Figure 2. ThaiMUT web interface to the database: 1) Two tabs for basic search; one for mutation and the other for variation 2) 
Mutation advanced search 3) Search mutation by gene name ordered in alphabetical 4) Mutation search by chromosome, 5) 
Submission system and 6) Online help and contact. 

DATA SUBMISSION 

ThaiMUT encourages the human genetic research community both in Thailand and other countries to submit 
their discovered polymorphisms to the database. Users can click on the submission tab (see Fig. 2) to access the 
submission system. To submit either mutation(s) or variation(s), users are required to register their emails and 
contact information first. ThaiMUT will issue a password as in an alert box which can be copied and used to login 
to use the forms. The forms are provided separately for mutation and variation. In the design of ThaiMUT 
database, other types of mutations or variations such as STRs, microsatellites, minisatellites can be submitted and 
stored to the database. The submission form strictly follows proposed mutation entry and quality control form 
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(http://www.hgvs.org/entry.html), which is a recommendation by the MDI/HGVS. For security reasons, all 
submitted data would not be disclosed for public viewing unless they have been published or verified by a group of 
committees (e.g., appointed by the Thai Human Genetic Society), who are responsible for quality control of 
submission entries. 
 

RESULTS AND DISCUSSION 

 
Using the described design, the ThaiMUT database is now available for public access. There are now 119 

causative genes identified in Thais registered in the database. A total of 589 mutations are listed, which can be 
categorized as 507 substitutions, 59 deletion, 20 insertions and 3 indels. Clearly, this is a much smaller collection 
than those in some other national and international mutation databases (George, et al., 2007). However, the 
ThaiMUT database is another example of a collaborative endeavor to gather and make available to the public the 
crucial resource regarding endemic genotyping information. This effort will eventually contain most of the 
identified causative mutation as well as SNP variants found in populations which are descendants of Thai ancestry. 
Currently, a number of causative mutations described for Thais can be readily searched for and used by this 
database. Moreover, attempts were made to expand the number of SNPs in the registry to maximize the 
opportunity for the future research in pharmacogenomics and disease association. Clinicians searching for 
information about a given genetic disease can easily browse through the ThaiMUT web interface to find gene 
information, mutation data, as well as information on local laboratories performing a particular genetic test. A 
comprehensive list of genes whose mutations are available in ThaiMUT is also displayed. This can indirectly serve 
as a national diagnostic laboratory service directory.  

At present, data on 1312 SNPs from 188 drug-related gene loci have been deposited into the ThaiMUT 
database. Both common and rare alleles were included in this dataset. The study utilized tagSNPs, a minimum 
number of SNPs representing other SNPs in high linkage disequilibrium region, and common SNPs in these drug 
related gene loci to determine genetic distance between Thais and East Asian populations. Such tagSNPs were 
derived from the HapMap East Asian data set whose SNPs collocate with those of Thais’. Majority of these gene 
loci reveals similar haplotype spectrum and frequencies between Thai and East Asian populations suggesting that 
the tagSNPs could be informative for an indirect association study in these drug-related genes loci. However, for 
the minority of these loci that have different haplotype spectrum and frequencies, a small set of samples from a 
studied population should be used for SNPs discovery and tagSNPs selection before genotyping candidate 
polymorphisms for indirect association study. Underlying similarity information within these drug-related genes 
was deposited in the database for further utilization. Heterozygosity from multiple data sets in a certain population 
will be helpful in reducing the genotyping cost. In other words, we can avoid genotyping of uninformative (non-
polymorphic) loci in the population. SNP discovery of a given genomic region is also important. Knowing the 
extent of population sequence variation diversity will be tremendously useful for the design of genetic association 
study (Tocharoentanaphol, et al., 2008). 

With increasing amounts of genotype data in the future, the ThaiMUT database is certain to hold a central place 
for Thai genetic researchers for disease association as well as pharmacogenomics studies. Information contained in 
the mutation database can benefit both researchers and clinicians in the following ways. First, the data serves as a 
local reference for potential functionally significant variants that may be rare and have not been reported in other 
populations. This view justifies further functional studies of those particular variants rather than disregarding them 
as rare non-pathogenic polymorphisms. Second, researchers who are interested in a particular disorder can have an 
overview of spectrum of mutation found in Thailand as compared to those found elsewhere. This may give rise to a 
genetic mutation screening if a specific mutation is commonly found within our population. Third, using this 
database as an information portal, investigators having patients with similar genetic disorders or interested in 
similar genes can contact one another, share their resources and eventually undertake collaborative research 
projects. Moreover, this would potentially lead to a better cost-effective use of scarce resources for both physicians 
in Thailand and those neighboring countries interested in rare genetic diseases. 
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ABSTRACT 

Genetic and environmental factors may involve in pathogenesis of kidney stone disease. To determine 

genetic variations associated with the disease, we performed a case-control association study in 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 

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

prothrombin, respectively. Significant differences between the case and control groups in allele and 

genotype frequencies of 8 SNPs in F2 were found while those of 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 

Bonferroni's correction. These findings indicate that variations of F2 influence susceptibility or 

protection to kidney stone disease. 
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INTRODUCTION 

Kidney stone is a common urological disease characterized by the presence of hardened mineral 

deposits in the kidney.  This disease is a worldwide health problem occurring in all geographical and 

ethnic groups1,2 with increased prevalence in some Western populations3,4 and its recurrences with 

relapse rates are 50% in 5-10 years and 75% in 20 years.5,6  The causes of kidney stone are 

heterogeneous, ranging from monogenic defect to complex interaction between genetic and 

environmental factors.7  Previous studies have shown that genetic variations of several human genes 

involved in kidney stone associated hypercalciuria.  Some of these genes are calcitonin receptor 

(CTR)8, vitamin D receptor (VDR)9, urokinase10, interlukin (IL-1� and IL-Ra)11,12, E-cadherin13, 

androgen-oestrogen receptor14, vascular endothelial receptor growth factor (VEGF)15, and calcium-

sensing receptor (CaSR)16.  However, contributions of these genes as the cause of kidney stone are 

small and the major cause of the disease is still unknown. 

Approximately 80% of kidney stones contain calcium oxalate (CaOx) and/or phosphate (CaP), 

whereas other forms, such as struvite, uric acid and cystine stones, are less common.7  Calcium stone 

formation is a multi-step process consisting of crystal nucleation, growth, aggregation, and retention, 

though the physiochemical mechanisms of these processes are still in dispute.  Defects in the amount 

and/or function of urinary stone-inhibitor proteins have been proposed to be involved in kidney stone 

formation.17-19  Important urinary stone-inhibitor proteins that have been described include trefoil factor 

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

fragment 1.  These proteins might be found as matrix proteins in human kidney stone and were shown 

to influence the formation of kidney stone containing calcium oxalate and/or calcium phosphate.  They 

can inhibit kidney stone formation at different stages by coating the surface of growing calcium 

crystals or by forming complex with calcium and oxalate.20,21  Trefoil factor 119,22– a novel potent 

inhibitor, and calgranulin23 – a member of S100 family of calcium binding proteins, inhibits CaOx 

crystal growth and aggregation.  Bikunin, a light chain of inter-alpha-trypsin inhibitor present in human 
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urine, was found to retard crystal nucleation and inhibit crystal aggregation.24  Osteopontin, a major 

component in the urinary stone matrix, inhibits nucleation, growth, and aggregation of CaOx crystals 

and also reduces the binding of the crystals to the renal epithelial cells in vitro.25,26  Tamm-Horsfall 

protein, one of the most abundant proteins in urine, is capable of either an inhibitor or a promoter of 

crystal formation depending on its molecular properties.27  Urinary prothrombin fragment 1, a fragment 

of prothrombin that is incorporated into human stones and crystals induced in urine28, is a potent 

inhibitor of CaOx crystal growth, aggregation, and nucleation in vitro.29-31 

Kidney stone is an important public health problem in the northeastern (NE) population of 

Thailand.32-34  The etiology and pathogenesis of kidney stone in this population is still obscure.  

However,  it is most likely to be unique in terms of its etiology and pathogenesis from what was 

reported in other ethnic groups because it is not associated with the conditions of increased urinary 

solutes, which are known to be stone promoters, such as hypercalciuria, hyperoxaluria, and 

hyperuricosuria.35,36  We have recently reported evidence suggesting a genetic contribution to kidney 

stone in the NE Thai population as it was found to have familial aggregation with a high relative risk 

(�R = 3.18) among members of the affected families.37  The study of genetic polymorphisms, such as 

single nucleotide polymorphism (SNP), has come into view as a tool for identifying genes associated 

with many diseases.  To further investigate genetic factor contributing to kidney stone formation in the 

NE Thai population, we conducted a case-control association study by genotyping 67 SNPs distributed 

within and flanking 8 candidate genes including TFF1, S100A8, S100A9, S100A12, AMBP, SPP1, 

UMOD, and F2, encoding trefoil factor 1, calgranulins (A, B, and C), bikunin, osteopontin, Tamm-

Horsfall protein, and urinary prothrombin fragment 1, respectively.  In this paper, we firstly report 

association between F2 haplotype and kidney stone disease. 
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RESULTS 

 

Patients and normal control subjects 

A group of 112 patients with kidney stone (mean age 48.26±11.69; age range of 22-80 years) and a 

group of 112 normal control subjects with no history of kidney stone (mean age 48.01±12.87; age 

range of 22-80 years) were selected for the study.  Clinical characteristics of the patients are presented 

in Table 1. 

 

Genotyping 

A total of 67 SNPs in 8 candidate genes were selected for genotyping in this study (Supplementary 

Table S1).  Majority of them, 65 SNPs, were successfully typed by primer extension (PE) reaction and 

DHPLC analysis, but two SNPs in F2, SNP5 (rs2070852) and SNP9 (rs2282687), were failed to be 

typed by the DHPLC analysis.  SNP typing in TFF1, S100A9-12-8, AMBP, SPP1, UMOD, and F2 

genes by PE and DHPLC analyses were conducted as 5, 6, 3, 3, 2, and 2 sets of multiplex PE reaction, 

respectively, as shown in Supplementary Table S2. 

Heteroduplex analysis by DHPLC method was then set and optimized to genotype two SNPs in 

F2, SNP5 (rs2070852) and SNP9 (rs2282687).  PCR fragment containing SNP5 was amplified using a 

re-designed primer pair (5’-GAACTACCGAGGGCATGTGA-3’ and 5’-

GCGGCAGAAATTCTCCTGTA-3’) giving the product size of 229 bp while PCR fragment containing 

SNP9 was amplified using primer pair as shown in Supplementary Table S3 giving the product size of 

271 bp.  The PCR products were denatured by heating, followed by slowly re-annealing and then 

applied for analysis in the first and/or second screening by DHPLC. 

Altogether 67 SNPs including 10, 15, 9, 14, 9, and 10 SNPs in TFF1, S100A9-12-8, AMBP, 

SPP1, UMOD, and F2 genes were genotyped in 224 samples, 112 cases and 112 controls.  Examples of 

SNP genotyping for each multiplex PE set and heteroduplex analyses are shown in Supplementary 
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Figures S1-S7.  For homozygous genotype of SNPs analyzed by PE and DHPLC, two peaks in the 

chromatogram were observed; the first peak represented unextended primer, followed by a peak of 

extension product.  In contrast, for heterozygous genotype of SNP, three peaks in the chromatogram 

was observed; the first peak was unextended primer, followed by two peaks of different extension 

products. SNP calling from each pattern of DHPLC elution profile obtained from multiplex PE reaction 

and heteroduplex analyses was verified by DNA sequencing. 

 

Individual SNP analysis 

Genotyping of 67 SNPs of 8 candidate genes analyzed by PE or heteroduplex and DHPLC method in 

112 controls and 112 cases was obtained.  Data of SNP genotyping from both groups were analyzed for 

their association with the kidney stone disease.  SNP information, allele frequencies, and association 

analysis results for SNPs of each gene are listed in Supplementary Table S1.  Ten monomorphic SNPs 

were observed including SNP4 (rs1063933) of S100A9, SNP6 (rs3006475), SNP8 (rs2233864), and 

SNP9 (rs3014883) of S100A12, SNP15 (rs12040625) of S100A8, SNP4 (novel 2), SNP5 (novel 3), and 

SNP12 (rs4660) of SPP1, SNP3 (rs9940449) and SNP10 (rs8062123) of UMOD, which showed only 

one genotype in all cases and/or controls studied.  These SNPs were excluded for HWE and further 

analyses.  Tests for deviation from HWE and for association were carried out using web-based De 

Finetti program.  All remaining, 57 SNPs, were in HWE (P > 0.05) according to Pearson’s goodness-of 

–fit chi-squared test (df = 1).  The results of allele frequencies revealed significant differences (P < 

0.05) between control and case groups for 3 SNPs (SNP7, SNP10, and SNP11) of the S100A9-12-8 

genes cluster and for 7 SNPs (SNP1, SNP3, SNP4, SNP5, SNP7, SNP8, and SNP10) of the F2 gene. 

 

Association analysis of SNPs in F2 gene 

Since individual SNP analysis showing significant differences of allele frequencies between case and 

control groups of SNPs in the F2 gene, we further investigated to show how important of the 
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association of these SNPs to the disease. Individual SNPs of the F2 gene were also analyzed by using 

web-based SNPStats program.  The results revealed that genotype frequencies of 8 SNPs (SNP1, 

SNP3, SNP4, SNP5, SNP7, SNP8, SNP9, and SNP10) differed significantly between normal controls 

and cases (P < 0.05) as shown in Table 2.  The model of inheritance considered by less value of 

Akaike’s Information Criterion (AIC) was recessive for all of these SNPs.  The control group had 

significantly higher proportions of homozygous genotypes of minor alleles for all eight SNPs than the 

case group (P = 0.0036-0.0160), indicating that homozygous genotypes of minor alleles were 

protective to kidney stone.  The odds ratios (ORs) were between 0.15-0.40. 

 

Haplotype association analysis of SNPs in F2 gene 

More samples from both case and control groups were selected for SNP genotyping to confirm the 

result of the association analysis of the F2 gene in addition to the data that were obtained from 224 

subjects.  A group of 52 patients with kidney stone (mean age 51.9 ± 11.4 years) and a group of 104 

controls (mean age 53.3 ± 13.7 years) were analyzed for the SNPs in F2 gene.  The Haploview 

software package was used to estimate the pair-wise linkage disequilibrium (LD) and haplotype blocks 

structure and identify haplotype-tagging SNPs (htSNPs) using the confidence intervals (CI) algorithm.  

One LD block spanning 19 kb containing SNPs 1-10 with four htSNPs (SNP1, SNP2, SNP3 and 

SNP10) was defined and five haplotypes were obtained from the data of 164 cases and 216 controls 

(Figure 1 and Table 3).  The most common haplotype in studied samples was TGCCGCCGCG 

(frequency = 0.559).  This haplotype was found to be significantly frequent in the case group 

(frequency = 0.625) than in the control group (frequency = 0.509) with P-value of 0.0013 (OR 1.612, 

95% CI 1.203-2.160), indicating that this haplotype was susceptibility or increased risk of the disease.  

In contrast, haplotype CGTTCCGCTA was more represented in the control group (frequency = 0.178) 

than in the case group (frequency = 0.091) with P-value of 0.0007 (OR 0.464, 95% CI 0.296-0.727), 

indicating that this haplotype was protective or reduced risk of the disease.  The P-values after 

Page 8 of 41

ScholarOne support: (434)817 2040 ext.167

Journal of the American Society of NEPHROLOGY

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60


